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ABSTRACT OF THE DISSERTATION

Particle transport as a result of Resonant Magnetic Perturbations

by

Saskia Mordijck

Doctor of Philosophy in Engineering Sciences (Engineering Physics)

University of California, San Diego, 2011

Richard A. Moyer, Chair

This thesis makes contributes to field of plasma physics with a particular
focus on particle transport as a result of resonant magnetic perturbations (RPMs)
in magnetic confinement devices (Tokamaks). RPMs have proven to be a useful
technique to suppress edge localized modes (ELMs) that under certain conditions
can damage the confinement device. In order to suppress ELMs, these magnetic
perturbations are created to be be resonant at the edge of the plasma (i.e., by
selecting an n = 3 spectrum and a ggs = 3.6). However, RMPs lead to a changes
in the density profile, not only in the pedestal area, but also deeper in the plasma
core, limiting plasma performance. As a first contribution in this thesis we care-

fully investigate density pump-out, and show that it is the result of a change in
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particle transport (as opposed to a change in neutral fueling). A second contri-
bution of this work is the introduction of a weighted magnetic diffusion coefficient
(Dorr) that allows us to make quantitative comparisons between experimental
datasets from different Tokamak devices. By comparing Dopyp for MAST L-modes
and DIII-D H-modes, we find that both machines exhibit a very different density
pump-out for similar Doy, values. Since turbulent particle transport is very dif-
ferent for L and H-modes, we investigate, as a third contribution of this work,
the influence of RMPs on turbulent particle transport in both MAST and DIII-D.
We find that while an increase in turbulent transport on MAST correlates well
with density pump-out, no meaningful correlation was found for pedestal density
changes in DIII-D. Therefore, as a final contribution in this thesis, we investigate
how convective particle transport parallel to the magnetic field alters the density
profiles. We compare the increase in convective parallel particle transport and find

good agreement with experimental density profiles.
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Chapter 1

Introduction

1.1 Motivation

One of the main challenges for this and future generations is the develop-
ment of sustainable and reliable energy systems. Currently, 77% of our energy
production depends on carbon hydrates [3], and produce greenhouse gases. This
has led to an increase of 80% in C'O, concentration in the atmosphere since 1970,
which is believed to be the main contributor to global climate change [66].

Another disadvantage of fossil fuel based energy production is that they
are a limited resource. Predicting the remaining reserves of fossil fuel correctly is
impossible, since it is impossible to predict how many new accessible sources are
undiscovered. However, it is estimated that our oil reserves will be depleted within
this century [61]. The estimations for natural gas reserves are even more difficult,
but currently also point to depletion within this century [5]. This precludes both
oil and natural gas as a long term resource for large electricity production plants.

Another well-known solution for large scale electricity production is Nuclear
fission. While fissionable materials are also finite, breeding and re-processing can
extend the lifetime for this energy source for several centuries [34]. However, the
storage of the produced nuclear waste and the safety of power plants and nuclear
fuel are under constant discussion [2, 26].

In order to continue meeting the growing demand for electricity consump-

tion, alternative technologies need to be developed that can produce electricity on



a large scale. One such alternative technique is nuclear fusion. It has the advan-
tage that it does not result in the emission of greenhouse gases; Nuclear waste is
limited and has a short half-life cycle [33]; Supply of the primary fuel is nearly
unlimited [33, 60] and it is safe since a run-away reaction is physically impossible.

There are several promising techniques to harness the energy produced by
melting atoms together (i.e., fusion) and extracting the produced heat. This thesis
focuses on the Magnetic confinement technique utilizing a Tokamak [91].

The goal of a burning plasma, is to generate heat in the core of the plasma
with fusion reactions and extract the heat at the wall. Due to the high temper-
atures needed for fusion, this posses technological as well as physics challenges
on the control of plasma-wall interactions [73]. The heat fluxes to walls need to
be controlled. Especially impulsive heat loads created by Magneto-Hydrodynamic
(MHD) instabilities are a major concern, since they will damage the walls of future
tokamak devices like ITER [23, 50].

Edge Localized Modes (ELMs) are such an MHD instability that occurs
at the edge of the plasma and transports large short bursts of heat towards the
divertor in H-mode plasmas [103]. There are several observed types of ELMs that
occur in tokamak plasmas, depending on the equilibrium plasma conditions. Type-
I ELMs carry the largest amount of heat and are the result of the plasma edge
being peeling-ballooning unstable [35, 10]. The peeling instability is driven by the
large bootstrap current at the plasma edge and the ballooning instability is the
result of the large pressure gradient in an H-mode. The peeling-ballooning stability
limit can be calculated by ideal MHD codes (ex. ELITE [76, 94]) and has been
shown to strongly depend on the plasma shape and the bootstrap current [75].

The extrapolated heat loads associated with type-I ELMs will damage the
divertor wall and limit operations of ITER as a long pulse device [50]. It is therefore
crucial to reduce (by at least factor 20) or eliminated the heat loads associated with
type-1 ELMs [23, 50]. Several techniques are currently being evaluated: Small ELM
regimes [62], pellet pacing [47, 46] and Resonant Magnetic Perturbations (RMP)
[20]. RMP is the only technique that has achieved the necessary impulsive heat
reduction for ITER [18].
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Figure 1.1: Setup of magnetic coil sets on DIII-D

Resonant Magnetic Perturbations (RMPs) for ELM suppression on DIII-D
are created by a set of 12 internal coils (see Figure 1.1). There are 2 off-axis rows
with each 6 coils that produce radial magnetic perturbations, the so-called I-coils.
A 2nd set of external coils, the so-called C-coils are used for error-field control
during RMP experiments. For ELM suppression the I-coils generate RMPs with

n = 3 as main toroidal mode number. There 4 possible configurations:

e Even parity, 0 degree phasing : Upper and lower coil at same toroidal location
have the same polarity. The coils located at the toroidal angle of 30 degrees

create a magnetic field that is positive radially outward.

e Even parity, 60 degree phasing : Upper and lower coil at same toroidal
location have the same polarity. The coils located at the toroidal angle of 30

degrees create a magnetic field that is positive radially inward.

e Odd parity, 0 degree phasing : Upper and lower coil at same toroidal location
have the opposite polarity. The upper coil located at the toroidal angle of

30 degrees create a magnetic field that is positive radially outward.

e Even parity, 60 degree phasing : Upper and lower coil at same toroidal
location have the opposite polarity. The upper coil located at the toroidal

angle of 30 degrees create a magnetic field that is positive radially inward.



Early RMP experiments on DIII-D were performed in the odd parity config-
uration. These experiments were at high collisionality and had no or little density
pump-out. The large type-I ELMs were suppressed, but small grassy burst are still
observed in the divertor [20, 58, 8, 21]. ITER, however, is projected to operate
at low pedestal collisionality (v* < 0.1). We will therefore mostly focus on low
collisionality RMP H-mode experiments in DIII-D.

Experiments at low collisionality always show a density pump-out, as shown
in Figure 1.2. This density pump-out can be as small as 5% of the pedestal
density to 30%. The drop in pedestal density is a contributor in the drop in
pedestal pressure [18, 14], see Figure 1.3a. As a result the pressure gradient in
the pedestal also drops. This change in the pressure gradient makes the discharge
peeling-ballooning stable (Figure 1.3b) and eliminates type-I ELMs [74]. Since
the density pump-out is the largest contribution to this drop in pressure gradient,
we identify the responsible particle transport channels for this density pump-out.
If we understand how RMPs affect particle transport, we can better control and

minimize the density pump-out to achieve the plasma performance targets for
ITER.

1.2 Overview

To determine whether the changes in the pedestal density are indeed the
result of changes in transport, we first examine the influence of changes in neutral
fueling on the pedestal structure. In chapter 2, it is shown that changes in recycling
and cryo-pumping affect the pedestal density. However, not only is the density at
the top of the pedestal altered, the density across the whole pedestal region and
the Scrape-Off Layer (SOL) is also affected. As a result, the shape of the density
H-mode pedestal is not altered by changes in neutral fueling and therefore only a
change in particle transport can explain the changes observed in pedestal shape.
This work is also summarized in S. Mordijck et al. [53].

Next, in chapter 3, we introduce the calculation of a weighed diffusion

coefficient based on a vacuum field line tracing code, TRIP3D [17]. This weighed
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Figure 1.2: Time trace, that shows the suppression of ELMs and the resulting
density pump-out after applying n = 3 RMPs with the I-coils.
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diffusion coefficient allows us to compare different experimental devices to assess
if the resulting changes in transport (chapter 2) have a similar cause. A linear
correlation between the weighed diffusion coefficient and the change in pedestal
density is found for DIII-D H-mode. A similar calculation is performed for MAST
L-mode discharges and again a linear correlation was found, but the offset and
slope of the curve are significantly different from DIII-D H-mode data. We use
this database to quantify which observed transport changes in the pedestal can
explain the density pump-out and its correlation to the applied RMPs.

In chapter 4, the changes in turbulent drive terms, ion scale turbulence and
E x B shear as a result of RMPs are presented for DIII-D H-modes and MAST L-
modes. As a result of the different density pump-out behavior for similar weighed
diffusion coefficients for DIII-D and MAST (chapter 3) indicates that the by RMP
increased particle transport has a different origin. Since one of the main difference
between the two experimental devices is the confinement regime (i.e. L-mode versus
H-mode) an investigation of changes in turbulent transport is a sine qua non. We
conclude that the changes in turbulent transport is a probable explanation for the
density pump-out observed in MAST L-modes. However, the changes in £ x B
shear on DIII-D do not correlate with the changes in applied RMP, moreover the
ion-scale turbulence in the pedestal area is reduced. This work is summarized in
S. Mordijck et al. [54].

Due to the reduction in turbulence characteristics in the pedestal in RMP
H-modes in DIII-D (chapter 4), we investigate in chapter 5 the increase of con-
vective transport parallel to the magnetic field using a 2D fluid code as a possible
particle transport mechanism for RMPs. These open field lines create a partial ex-
tended Scrape-Off Layer that penetrates in the pedestal area. With TRIP3D, the
vacuum field line tracing code, we calculate the convective particle parallel trans-
port coefficient, which is then added to the base transport of an ELMing H-mode,
to investigate the changes in pedestal shape. We find very good agreement for

different H-mode discharges. This work is summarized in S. Mordijck et al. [55].



Chapter 2

Effects of neutral fueling on

pedestal density shape

2.1 Introduction

One of the challenges tackled in this thesis is to identify the cause of the
observed density pump-out generated by resonant magnetic perturbations observed
in DIII-D experiments. Before we can conclude that the changes in the pedestal
density are the result of changes in transport, we need to investigate how altered
neutral fueling influences the pedestal density’s shape and whether it plays a role

in the observed changes in pedestal shape.

2.1.1 Splitting of the seperatrix

Mathematically, the seperatrix, which is the boundary between closed flux
surfaces in the core and open field lines in the Scrape-Off layer (SOL), consists of
stable and unstable invariant manifolds and hyperbolic fixed points (X-points) [13].
In a perfect axisymmetric poloidally diverted tokamak, the stable and unstable
manifolds associated with a hyperbolic fixed point overlap with each other and
the traditional seperatrix. However, internal MHD modes, field-errors and applied
external perturbations disturb the manifolds and cause the formation of homoclinic

tangles. If the magnetic perturbation is strong enough, these homoclinic tangles



intersect with the tokamak vessel structure [95, 96, 16, 100] and these structures,
called lobes, become visible in the divertor area by means of: infrared cameras
22, 70, 38|, visible cameras that observe D, light or carbon impurities [22, 70,
and Langmuir probes [90]. The creation of these lobes changes the interaction of
the plasma with the divertor walls and the cryo pump. Wall surfaces that are
not yet saturated with deuterium are wetted and pump particles from the plasma,
reducing neutral fueling. Another facet is the interaction with the entrance to the
cryo-pump and the created lobes, since the location and geometry of the traditional
seperatrix in relation to the pump entrance determines the effectiveness of the

pump [49].

2.1.2 Changes in particle balance

A density pump-out has been experimentally observed when applying RMPs
[18, 14]. To understand where the particles in this density pump-out wind up, a
careful particle balance is performed. Recently, E. Unterberg et al. [87] showed
with a particle balance analysis that depending on the shape of the plasma in the
divertor region, the particles can end up in the cryo-pump or in the wall and SOL.
More specifically, E. Unterberg et al. [86] found that during the application of
RMPs, the pumping efficiency changes. On one hand, in low triangularity (< § >)
H-mode discharges in DIII-D, pumping decreases, whereas on the other hand in the
ITER Similar Shape (ISS) H-mode discharges in DIII-D, pumping increases and
remains elevated throughout the RMP application. Correlated with the pumping
increase in these ISS discharges, the neutral density also increases. The changes in
pumping were attributed to the distance of the traditional strike-point to the pump
plenum entrance. However, a subsequent publication by E. Unterberg et al. [87]
shows that location of the axisymmetric strike-point is not sufficient to explain the
difference in pumping behavior between the low < § > and ISS discharges.

Both plasma shapes also exhibit different behavior in recycling properties
[87]. In low < § > discharges, the amount of D, light measured by the filterscopes
decreases. This suggests that the particles exhausted by the plasma are pumped

by the walls, or become part of the SOL. However, for the ISS shape, the measured



D, light increases everywhere. Moreover, E. Unterberg et al. [88] show that at the
midplane D,, increases by a factor 2 when compared to the RMP-off phase of the
experiment, which results in higher neutral fueling rate of the core plasma.

All these changes in particle balance suggest a change in plasma interaction
with the walls. To better understand how this interaction influences the density
pedestal, we propose to perform numerical experiments with SOLPS5 [72], where
we change recycling coefficients and pumping efficiencies. Next we compare the new
density midplane profiles with the experimentally observed RMP density midplane
profiles.

2.1.3 Effects of 3D strike point on pumping
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Figure 2.1: Comparison of toroidal cross section of magnetic vacuum calculation
of 3D strike-point for a) low triangularity and b) ISS shape as a result of RMPs
88].

One potential problem with using a 2D fluid code like SOLPS5 is that it
cannot handle the effects of the by RMP created 3D geometry of the strikepoint.
The effects of 3D strike point on the pumping efficiency are investigated in [88].
They show that although the axisymmetric strike point can be in a similar location
for two different plasma shapes (low < § > and ISS), the way the homoclinic

tangles interact with the divertor and entrance to the pump plenum determines
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Figure 2.2: Comparison of 3D strike-point geometry on the divertor flow for a)

low triangularity and b) ISS shape as a result of RMPs [88].

the changes in pumping efficiency.

For the low < ¢ > discharges, vacuum field line tracing calculations show
that the homoclinic tangles intersect with the surface above the pump plenum
(Figures 2.1 (a) and 2.2 (a). As a result, the pump is less effective in pumping
particles and the filterscopes (monitoring the divertor area in front of the pump)
also observe a reduction in amount of neutrals [88]. In the ISS shape plasmas
the vacuum field line tracing calculations show an improved coupling to the pump
plenum (see Figure 2.1 (b) and the footprint of the homoclinic tangle is nearly
parallel to the pump entrance (see Figure 2.2 (b). Thus changes in 3D strikepoint
result in changes in pumping capabilities. However as noted before, a 2D fluid
code is not capable of handling the complex 3D geometry of the strikepoint, but
we can artificially increase the pumping efficiency to simulate a similar effect. This
allows us to compare the changes in upstream density versus experimental changes

observed during RMPs.

2.2 Experimental data

To investigate changes in neutral fueling, we start modeling from a reference
low < 0 > ELMing H-mode. We compare the numerical results with data from a

RMP H-mode, where the only difference with the ELMing H-mode is the use of
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an n = 3 perturbative field applied by means of the I-coils.

2.2.1 Time evolution
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Figure 2.3: Evolution of two selected low < 0 > discharges, respectively with

(123301) and without RMP (123302) application.

In figure 2.3, two selected discharges (123301 and 123302) have an iden-
tically experimental setup, with the exception of the application of the 3.2 kA
[-coil current in n = 3 even parity formation. The discharge without RMP appli-
cation has type-I ELMs which can be observed by the spikes in D, light at both
strike-points. After energizing the I-coils, a few ELMs are still visible, but they
are less frequent than before the application of RMPs and it takes 150 ms for
the remaining ELMs to completely disappear. After the energizing the I-coils at
2000 ms, a density pump-out is observed in the line averaged density. Initially

there is an increase in pumping that lasts 50 ms, but afterwards the pressure in
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the pump continues to decrease, which means that less particles are being removed
from the plasma through the pump. Similarly measurements of D, with the fil-
terscopes near the outer strike-point also show a decrease, which can be correlated
with a decrease in neutrals. However, D, light at the inner strike-point increases.
The decrease in D, after 2700 ms at the inner divertor for the RMP discharge is
correlated with the unset of MARFESs, an impurity instability [48].

To ensure steady state conditions, the modeling time is selected at a suffi-
ciently distant time from when the I-coil was energized (at 2675 ms). This allows
the plasma to come to a new equilibrium and avoid transient plasma changes as a

result of RMPs.
2.2.2 Pedestal changes
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Figure 2.4: Experimental and tanh density pedestal profiles for two low < § >
discharges, one with (123301) and the other without RMP (123302) application.

Figure 2.4 shows the changes in pedestal density as the result of RMPs
in a low < 6 > discharge. The density is not only lower in the pedestal area

(Uy ~ 0.9 — 1), but the drop in density also propagates into the core of the
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plasma. From Wy = 0.7 outward, the shape of the pedestal of the RMP H-mode
is different from the ELMing H-mode. A more gradual drop in density is observed,
resulting in a wider pedestal. Thus not only is the pedestal height lower, the
pedestal is also wider. In the remainder of the chapter we show that these changes
to the pedestal density are due to a change in particle transport and not only due

to a change in neutral fueling.

2.3 Modeling approach

Ideally we would conduct an experiment to determine the effect of neutral
fueling on the density pedestal change, however it is impossible to perform such
an experiment, where we can change the neutral fueling rate from the walls in a
controlled and knowing fashion. Experimentally there are two ways to alter neutral
fueling; moving the outer strikepoint’s location in relation to the pump plenum
entrance, and/or adding a gas puff. With a gas puff a known source is added,
which is toroidally localized and cools the plasma edge, which in turn influences
the neutral fueling process in itself. The other option of moving the outer strike-
point, which results in an altered pumping efficiency is an indirect change in neutral
fueling. However this also changes wall conditions and the plasma shape, all of
which can influence both neutral fueling and the particle transport. Therefore, it
would be difficult to interprete the results.

In this thesis we employ a different approach. Instead of trying to exper-
imentally determine the main source of the pedestal density change, we employ
a 2D modeling code of the plasma boundary, SOLPS5 [72], that consists of two
codes, B2 and EIRENE [67]. B2, is a 2D fluid code, which uses Braginskii fluid
equations [6] and Bohm-Chodura boundary conditions for the target plates [79].
The Monte-Carlo neutral modeling part, EIRENE, calculates self-consistently the
changes in neutral density and ionization of neutrals depending on the plasma
conditions (computed by B2) and given boundary conditions. SOLPS5 allows us
to simulate both a change in wall recycling in specific areas as well as the pumping

efficiency without altering any other parameters.
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Figure 2.5: SOLPS5 grid with applied boundary conditions and indicated areas

that are varied in the numerical experiments.

To obtain the correct plasma conditions, we calculate the radial transport
coefficients by matching the experimental profiles for an ELMing H-mode (see
section 2.4). Figure 2.5 shows an illustration of the 96x48 B2 grid in the DIII-D
vessel with the different boundary employed conditions. At the core boundary
we impose the measured experimental density and temperatures. At the SOL
boundary and the private flux region(PFR), we impose an e-folding length that
corresponds with experimental measurements. At the target plates, where the
plasma interacts with the vessel wall, we employ a Bohm-Chodura sheath boundary
condition and add flux limitations to better simulate the kinetic effects close to
the target plates.

For the EIRENE boundary conditions, we impose a recycling coefficient of
1 at all the walls that are not in contact with the B2 grid, see Figure 2.5. At the
target plates we employ a recycling coefficient of 0.97, to compensate for the fact
that the walls are not fully saturated. At the entrance to the pump plenum we

apply a recycling of 0.70. This translates into a pumping efficiency of 30%. In the
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numerical experiments discussed in section 2.5, we will change both the recycling
at the target plates and the pumping efficiency and illustrate how these changes
affect the density pedestal.

In the following sections (2.4 to 2.6), we discuss the results for the numerical

simulations in more detail.

2.4 Transport model for ELMing H-mode
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Figure 2.6: SOLPS5 calculations for a) density pedestal profiles for a low < ¢ >
ELMing H-mode discharge b) the radial diffusion coefficient needed to match the
SOLPS5 modeling to the experimental data.

The transport model is derived by matching the experimental midplane pro-
files. Figure 2.6 (a) shows the measured electron density with experimental error
bars. The solid blue curve is the fitted SOLPS5 data. The values for the particle
diffusivity (see Figure 2.6) (b), are the same magnitude as [32] and comparable to
commonly used estimates, i.e. 0.2 in the core, a transport barrier and 0.7 at the
outer edge of the SOL. Note that only one probe measurement is available near
the outer strike-point. The peak values given by our simulation are within a factor

of 2-3 of the probe measurements.
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Figure 2.7: Changing the recycling coefficient in the divertor from 0.97 to 0.91
has little effect on the a) density profile or b) density shape.

2.5 Numerical experiments of neutral fueling

We fix the radial transport coefficient from the previous section. In this
section, we change the recycling coefficient at the target plates from 0.97 to 0.95,
0.93 and 0.91, and observe a reduction in the pedestal density profile, see Figure 2.7
(a). The density profile drops over the outer extend of the radial simulation (with
exception at the inner core boundary where a fixed density is set), as a result of the
reduced recycling in the divertor. This can be explained by an increased number
of plasma particles that are now captured by the walls at the target plates, instead
of being recycled as neutrals, that can re-ionize and fuel the core. The changes
to the pedestal shape as a result of the reduction in recycling are compared to
the shape of the RMP pedestal, see Figure 2.7 (b). Nearly no change in shape is
observed for numerical experiments with lower recycling. The density gradient of
numerical simulations with lower recycling needs to be lower in the steepest region
of the pedestal and to increase at the top of the pedestal to match the experimental
results for the RMP H-mode. Moreover, the peak density in the divertor is reduced
by a factor 1.5 from a recycling coefficient of 0.97 to 0.91. In experiments however,
the change is more dramatic and the density peak is reduced by a factor 3. This
leads us to conclude that changes in recycling in the divertor area cannot explain

the observed experimental changes in pedestal shape of a RMP H-mode.
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Figure 2.8: Altering the pumping efficiency from 10 % to 90 % has a strong
influence on the density profile (a). This also strongly affects the shape (b).

Changing the pumping efficiency from 10-90% shows again the importance
of neutral fueling (see Figure 2.8 (a). We were unable to obtain results with 0%
pumping, due to the fixed density boundary condition in the core. The amount
of neutral fueling increased dramatically, resulting in an unstable numerical simu-
lation. The largest changes are observed from 10% upto 50% pumping efficiency.
From 50% to 90% the changes are more subtle. At a first glance this can be at-
tributed to chosen core boundary condition. However, due to the fact that the
radial transport is the same for all the simulations, the density gradient for all
the simulations is very similar at the core boundary condition (see Figure 2.8 (b).
This results in a similar fueling particle flux from the core and therefore a different
boundary condition would have resulted in similar limited changes for increased
pumping efficiency from 50% upto 90%. In Figure 2.8 (b), we can also observe that
the gradient in the steepest part of the density pedestal is reduced by increased
pumping, however the necessary reduction to achieve an RMP H-mode is still not
achieved.

From these simulations we can observe a drop of a factor 4 in peak density
from 30% to 90% pumping efficiency. Reducing pumping efficiency from 30% to
10% increases the density peak by a factor 2. The changes in density peak in the

divertor are of a similar magnitude as those observed for RMP H-mode. However,
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as seen in figure 2.8 (b), the changes in density pedestal shape are insufficient to

obtain an RMP H-mode density pedestal.

2.6 Transport changes for RMP H-mode
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Figure 2.9: SOLPS5 calculations for a) density pedestal profiles for a low < ¢ >
RMP discharge b) the radial diffusion coefficient needed to match the SOLPS5

modeling to the experimental data.

In the previous section we showed that neither wall-pumping nor improved
pumping efficiency can explain the changes in the density pedestal profile. We
therefore impose similar recycling and pumping efficiencies as for the ELMing H-
mode. Similarly as for the ELMing H-mode, we match upstream profiles by altering
the radial transport coefficients until we find the best fit to the data. Figure 2.9
(a) shows the experimental data points with error bars and the SOLPS5 fit to
the data. The resulting radial transport coefficients are shown in figure 2.9 (b).
The transport coefficients are nearly identical to the transport coefficients of the
ELMing H-mode up to ¥y = 0.9. From ¥y = 0.9 upto the seperatrix region, the
transport is slightly larger. We also observe that in the SOL the radial transport

coefficients are smaller than for the ELMing H-mode.
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2.7 Discussion

The density pump-out that is observed in RMP H-modes cannot solely be
the result of changes in neutral fueling. While changes in pumping efficiency can
reduce the density in the core, it also reduces the density in the SOL. From this
we can conclude that creating an extra sink for neutrals is not enough to explain
the pedestal shape changes observed in an RMP H-mode. Consequently, we derive
radial transport coefficients by matching the experimental profiles. These transport
coefficients are slightly different from the ones in the ELMing H-mode. However,

the changes are small and might fall within experimental error margins.
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Figure 2.10: (a) Error bar region for experimental density profile based on data
spread and tanh fit to the pedestal. (b) Radial diffusion coefficient with error bars

according to the experimental fitting area.

In figure 2.10 (a) a density region is determined based on the experimental
data points, their error bars and the tanh fit for the ELMing H-mode and the RMP
H-mode. The best SOLPS5 fit to the data are shown as solid curves in Figure 2.10
for both experiments. The corresponding transport coefficients are shown on the
right. We then vary the transport coefficients and recalculate the density profiles
with SOLPS5. For each radial point, the SOLPS5 calculation is compared to the
density region. Once the simulated density falls outside the error bar region, this
determines the extreme of the error bars on the transport coefficients.

Figure 2.10 shows that, although the change in particle transport from the
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ELMing H-mode to the RMP H-mode is small, it falls outside error bars. This
is therefore a meaningful change from ¥y 0.9 to 1. However, SOLPS5 can only
indicate that there is a change in transport, it cannot identify which transport
channel is altered. There are multiple options for changes in transport. Some are
the direct consequence of a 3D magnetic topology while others are the result of an
altered background plasma. In this thesis, we will first investigate if there is a direct
correlation between the applied perturbation and the density pump-out. Next, we
investigate changes in turbulent behavior in RMP plasmas, by comparing DIII-D
H-mode results to MAST L-mode results. Finally, we consider the possibility that
the RMPs open field lines inside the seperatrix, leading to an increased parallel

particle transport, similar to the parallel transport in the SOL.

2.8 Conclusion

Experimental evidence shows that the particle balance is altered when
RMPs are applied in DIII-D H-mode plasmas. Changes in D, light in the di-
vertor and at the midplane suggest changes in neutral fueling rates. However, the
changes are dependent on the plasma shape of the experiments. Vacuum calcula-
tions of the 3D strike point show a good correlation with the observed changes in
pumping efficiencies: Strike point alignment with the entrance to the pump results
in higher pumping rates.

Numerical experiments to change the neutral fueling rates with SOLPS5
confirm a density pump-out. However when comparing the changes in pedestal
shape with the shape of an RMP H-mode, the changes in neutral fueling are not
sufficient. An increase in particle transport is needed to fit the RMP H-mode
profiles. When investigating the sensitivity of the change in particle transport, we

found it to be small but significant. This work was summarized in [53].



Chapter 3

Correlating density pump-out

with applied RMPs

3.1 Introduction

In the previous chapter we showed that the observed changes in pedestal
density shape can only be the result of changes in particle transport. Several the-
ories on particle transport and RMPs have been proposed to explain the density
pump-out. The different theories, which will be discussed in the subsequent sec-
tions, are based on experimental data from different experimental devices, plasma
equilibria and magnetic perturbations spectra. This raises the question whether
the density pump-out created by RMPs is always the result of the same changes
in transport, or if plasma shape (i.e. no X-point versus 1 or 2 X-points), type
of magnetic perturbations (i.e. resonant versus non-resonant), plasma equilibrium
conditions (i.e. L-mode versus H-mode),or collisionality play a role.

In this chapter, we develop a technique that allows us to compare experi-
ments performed on different experimental devices, in order to investigate if the
RMP induced changes in density are the result of one or more transport chan-
nel changes. This technique, based on an integrated weighted stochastic diffusion
coefficient, Dprr, enables us not only to compare different experimental devices,

but also different plasma equilibria conditions (ex. L- versus H-mode ) and differ-
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ent magnetic perturbation spectra (ex. resonant versus non-resonant). Comparing
databases of experimental discharges allows us to investigate if the observed density
changes can be linked to a particular theory for the increase in particle transport as
a result of RMPs or if the changes dependent on the plasma background conditions
to which the RMP is applied.

First, we give an overview of the different theories on enhanced particle
transport as a result of RMPs. Next, we introduce the large database of low colli-
sionality H-mode discharges on DIII-D. This database contains experiments with
different plasma shapes, g-profiles and RMP spectra. We show that there is no
visible correlation between the density pump-out and the applied I-coil current.
Subsequently, we introduce the computation of an integrated weighted magnetic
diffusion coefficient, Dopy, that behaves non-linearly with respect to the I-coil
current magnitude and the resonant radial component of the RMP on the 11/3
surface, bit/3, Finally, we show that when using this more complete representation
of the magnetic field perturbation, the density pump-out correlates with the ap-
plied RMP. We illustrate that this technique can be employed to compare different
experimental plasma conditions: ex. we compare DIII-D low collisionality H-mode

data with MAST L-mode data by using Dopp.

3.1.1 Stochastic particle transport

Stochastic particle transport is among the most popular theories to explain
the density pump-out observed in RMP experiments. The seminal paper by Rech-
ester and Rosenbluth [64] discusses particle and heat transport in a collisional and
collisionless plasma regime where magnetic surfaces are completely destroyed and
become stochastic. They link stochastic transport directly to the width of magnetic
islands, that can be described by the resonant radial magnetic field component,

SbI"™ on a resonant magnetic surface:

Dy = WR%; bmg;r)a (9?:“) - n) . (3.1)

Here Dy is the magnetic stochastic diffusion coefficient and has units of m. R is the
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major radius, m is the poloidal mode number, n the toroidal mode number, by,
is the radial component of the resonant magnetic field, B, is the toroidal magnetic
field and g(r) = m/n which is also called the safety factor ¢. In a collisionless
regime, multiplying Dy with the sound speed, cg, results in a stochastic particle
diffusion coefficient, D);, whereas multiplying with the electron thermal speed,
vr,, gives the electron heat conductivity, xe.

Joseph et al. [41] extensively compare the theoretical quasi-linear approach
of stochastic transport with the observed experimental profile changes and resulting
estimates for particle and heat transport. They find that Dy, = 0.3 — 0.4m?/s
is of the correct order of magnitude, and only slightly larger than one found with
the CORSICA code, a 1D transport code [11]. However, the electron thermal
diffusivity, x. = 20m?/s is two orders of magnitude too large, when compared to
experimental values. Joseph et al.’s conclusion is that the magnetic field must be
screened, due to high toroidal rotation, to explain the discrepancy between the
theoretical electron heat transport and the experimental values.

Evans et al. [14] also performed a quasi-linear estimate of stochastic trans-
port and obtain much larger values than Joseph et al. [41], see table 3.1. Their
results are based on a different experimental discharge. Nevertheless, this experi-
ment has a similar setup as the one described by Joseph et al. [41]. Consequently,
it is not clear what the source of the disagreement between [14] and [41] is.

Yan and Evans [100] also calculate Dg. However, they employ a field line
tracing code, TRIP3D [19], in order to calculate the radial displacement in Wy

space:

M
1
(D¥) = Vi > 607/2L;. (3.2)
=1

Here M is the amount of field lines started on a flux surface, ¥? is the radial
displacement of the field line in W space and L is the length of the field line. Both
equations 3.1 and 3.2 come from the same idea that Dy = (Ar?)/L. While, D
in Rechester and Rosenbluth is a quasi-linear approximation, Yan and Evans use

a field line tracing code, which makes it possible to calculate the exact length
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and radial displacement of the field line. As a result the calculation of D, is
not restricted to rational surfaces, but can be performed on any surface in the
plasma. Yan and Evans’ [100] results are an order of magnitude smaller than
those presented in Evans et al. [14].

Stacey and Evans [78] employed a weighted stochastic magnetic diffusion
coefficient. They use the same D as Yan and Evans, but multiply this coefficient
with the field line loss fraction. This is the fraction of field lines that hit the
vessel wall versus all field lines started on that same flux surface with the field
line tracing code. They only published the results for the electron thermal heat
coefficient, which is slightly smaller than the calculation by Yan and Evans [100].
This suggests that Dy and D), will also be smaller than those by Yan and Evans
[100].

Table 3.1: Different results in the literature for stochastic magnetic diffusion.
Joseph et al. | Evans et al. | Yan and Evans | Stacey and Evans

41] [14] [100] (78]
Quasi-linear | Quasi-linear | Field line tracing | Field line tracing

Dy 3.5x 107 %m 4.6 x 107" m
Dy | 0.3 —0.4m?/s 2m?/s 0.29m?/s
Xe 20m?/s 49m?/s 6.7m?*/s 3m?/s

We have summarized the results found in the different articles on stochastic
magnetic diffusivity in table 3.1. All articles, with exception of Joseph et al. [41]
are calculations based upon the same experimental discharge, but using different
techniques. This illustrates the extreme non-linear behavior of the field lines,
because the quasi-linear approach results overestimate the stochastic transport for

RMP experiments when compared to the field line tracing calculations.

3.1.2 MHD transport

Applying perturbative magnetic fields always leads to a plasma response.

There are several theories on plasma response, ranging from ideal MHD to resistive
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MHD, or rotational screening models. This section will give a brief overview of
how different models of plasma response can affect particle transport.

Generally the application of small radial magnetic fields are associated with
a drag on the plasma rotation. Recently researchers have made a distinction be-
tween resonant magnetic fields and non-resonant magnetic fields. Resonant mag-
netic fields induce an electro-magnetic braking torque on the plasma [30]. Non-
resonant magnetic perturbations on the other hand can damp the flow as explained
by neoclassical toroidal viscosity (NTV) [9]. Recently, it has been shown that NTV
does not only damp flow, but can also lead to a spin up of the plasma rotation,
leading to a higher energy confinement [77]. In these cases it was shown that the
FE x B shearing rate increased and modeling showed a reduction in the ion temper-
ature gradient modes [77]. Therefore, both resonant and non-resonant magnetic
perturbations can indirectly lead to changes in particle confinement, by influencing
the momentum balance and growth rates for turbulent transport.

Resistive MHD modeling results [59, 36] indicate that RMPs can have a
direct influence on particle transport by creating F x B convection cells close to
the seperatrix. However, the resistivities employed in these simulations are much
higher than those encountered in DIII-D H-mode experiments. Nardon et al. [59]
show that lowering the resistivity in the simulations also decreases the influence of
the convection cells. Depending on the scaling of convection cells with resistivity,

convection cells are a possible source of the observed density pump-out.

3.1.3 Transport along open magnetic field lines

A popular recent explanation for the density pump-out is based on the
creation of open field lines inside the traditional seperatrix, thus partially extending
the Scrape-Off layer. Jakubowski et al. [40] are the first to connect the calculated
vacuum magnetic topology with 2D experimental imaging on TEXTOR. In their
paper they show that the structures observed with a visible camera of the Cp;;
light match the magnetic topology determined using a vacuum approximation.
The magnetic topology is separated in two distinctive zones: the ergodic zone and

the laminar zone. The laminar zone is defined as the region where field lines have a
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connection length which is shorter than the Kolomogorov length. The ergodic zone
is the region where field lines have a connection length which is longer than the
Kolomogorov length [31]. The Kolomogorov length is a measure of the e-folding
length of the exponentially growing separation of neighboring trajectories and is

defined as [31]:

TO Chir ) —4/3

Ly = mqRy < 9

(3.3)

Here q is the safety factor, Ry is the ratio of the B-field with the current and ooy,
is the Chirikov parameter. The Chirikov parameter is a measure of island overlap:
it is the ratio of the size of two neighboring islands divided by the radial distance

between those islands.
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(a) Experimental heat measurement of 3D (b) Vacuum field line tracing calculations of
structures during a g-scan in TEXTOR. 3D structures during a g-scan in TEXTOR.

Figure 3.1: Comparison of simulated and experimentally determined 3D heat

structures in TEXTOR with during a g-scan.

The laminar zone in a limiter device is similar to a SOL in a poloidally
diverted tokamak: The parallel transport along open field lines dominates over the
cross-field transport. In fact, Jakubowski et al. [37] show that the heat flux creates
a strike point pattern on the wall which corresponds to the calculated strike point
pattern from the magnetic perturbations. They also show that depending on the

penetration depth of the laminar zone, the heat deposition is different.
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Another aspect that alters the heat deposition pattern is collisionality. A
density scan shows that at higher densities, the heat flux pattern is more smeared
out as a result of higher cross-field transport. A closer examination of field line
tracing footprint structures by Jakubowski et al. [39] shows that the strike point
pattern has internal structures with short connection lengths (see Fig. 3.1b) that
penetrate deeper than the surrounding field lines. This exact pattern is also ob-
served in the heat flux to the vessel wall (see Figure 3.1a). All this indicates that
perturbations at the plasma edge create an extended SOL layer (laminar zone)
where parallel transport dominates over cross-field transport at low collisionality.

Schmitz et al. [71] continues the work of comparing experimental 2D imag-
ing with calculated magnetic structures for TEXTOR experiments and makes the
first comparison with 3D fluid modeling. The same analysis as for TEXTOR was
also performed for DIII-D [70]. More extensive 3D fluid modeling for DIII-D illus-
trates that increased cross-field transport smears out the strike-point pattern [28].
3D fluid modeling shows good agreement with experimental profiles for changes in
particle transport, but vastly over estimates the heat loss. Similar results for the

heat flux were reported by Ilon et al. [41].

3.1.4 Neoclassical transport changes

Where the creation of the laminar zone and the free-streaming of electrons,
discussed in the previous section, agrees well with experiments, ions have a much
shorter mean free path than electrons. Tokar et al. [85] discuss, based on ambipo-
larity, how the radial transport of ions increases. They argue that if the radial
electric field is different from the ambipolar electric field, a poloidal viscous force
leads to an outward drift of the ions. As a result, the radial electric field changes
from its negative neoclassical values to a positive ambipolar electric field. This
agrees quantitative with experimental results from Moyer et al. [57].

To explain the unexpected results for the electron temperature profile,
which does not decrease as theoretically predicted by the stochastic transport the-
ory and even increases slightly in certain cases [18]), Tokar et al. [84, 83] remind us

that perpendicular neoclassical heat transport in a colisionless system is propor-
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tional to the density squared. Moreover, the increase in parallel heat transport is
limited in a collisionless system by the non-locality of heat transport and kinetic
flux limitation.

A recent publication by G. Park et al. [63] shows results that are similar to
Tokar et al. [84, 83| calculated with an ion-electron-neutral guiding-center code.
They find that the toroidal rotation is damped by a j x B ion torque and that
the E, profile goes from negative to positive, comparable to the ambipolar electric
field. However, the simulated changes as a consequence of RMPs are too large
(especially close to the seperatrix), so they introduce an ad-hoc screening factor to
give results, that are in good agreement with experimental observations. However,
the overestimation of changes close to the seperatrix (where the laminar zone is
located) could be the result of the assumption in the code that the electro-static
potential is fixed on a flux surface. This assumption is an accurate approximation
for closed flux surfaces in an axisymmetric system, however for field lines that have
a short connection length to the target plates, the electro-static potential is not

constant along a field line.

3.1.5 Turbulent transport changes

A lesser explored transport mechanism to explain the density pump-out,
is turbulent transport. Rozhansky et al. [68] also start from neoclassical princi-
pals (see previous section), and expand to include effects of anomalous transport.
Using a version of SOLPS5, that has been adapted to include neoclassical trans-
port effects, they show that for H-mode modeling on MAST a screening factor is
necessary. Without a screening factor the stochastization is too large yielding in
an overestimation of particle transport. However for L-mode modeling on MAST
they find that the stochastization in itself is not enough to explain the density
pump-out. An increase in anomalous transport is needed to explain the observed
changes.

A recent publication by Tamain et al. [80] confirms that in MAST L-mode
discharges the anomalous transport increases as a result of RMPs. They show that

the changes in turbulent transport are not the result of a lower density, but a direct
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consequence of applying a magnetic perturbation. This is different from previous
ion scale fluctuation measurements in limiter L-mode plasmas on TEXTOR [99]
and TORE-SUPRA [12], where a decrease in fluctuation levels was observed.

Earlier work [98] on turbulence measurements in TEXTOR shows that the
turbulent particle flux, < T >, changes from locally outward, to locally inward as
a result of the phase shift between E and 7 in the ergodic zone. However the total
particle inventory does not increase and therefore created stochastic transport com-
pensates the turbulent changes. These changes cannot be explained by a change in
local E x B shear modifications. In Xu et al. [97], this analysis is extended to show
that the reversal of the turbulent particle flux dependents on the applied magnetic
spectrum. In the ergodic zone turbulence properties are modified by quenching of
coherent modes. A reduction in the radial and poloidal correlation lengths occurs
with suppression of large-scale turbulence eddies and wavenumber broadening is
observed at all frequency components. In the laminar zone, the turbulence corre-
lation length increases and Reynolds stress is generally suppressed independent of
the applied magnetic perturbation spectrum. This implies a rearrangement of the
poloidal momentum profile.

The only work on turbulent transport changes in RMP H-mode plasmas
was performed on DIII-D [58, 57]. Moyer et al. [58] show that for high collisional-
ity H-mode discharges there are no changes in the radial electric field although the
magnetic fluctuations increase. Moyer et al. [57] compare two discharges, with and
without RMP, for low collisionality plasmas. The results in low collisionality are
completely different from those at high collisionality. Where at high collisionality
no changes in the E, profile are observed, at low collisionality the radial electric
field becomes positive. As a result, the F x B shear increases outside ¥y = 0.9
and decreases inside Uy = 0.9. At the same time, FIR coherent scattering (a
non-localized measurement) shows that there is an increase in turbulence. Mea-
surements of the pedestal with the homodyne reflectometry show changes in the
character and amplitude of the fluctuations. Moyer et al. [57] conclude that parti-
cle transport increases as a result of an increase of ion scale drift wave turbulence

or the creation of convective cells.
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3.1.6 Discussion

The previous sections illustrate the wealth of theories on increased particle
transport due to RMPs. Most of these theories are supported by experimental ev-
idence. However, the experimental evidence is obtained in different experimental
devices, with different plasma conditions and different magnetic perturbation spec-
tra. This makes comparison and validation of the different theories difficult and
illustrates the need to find a technique to compare the density pump-out between
the different experimental devices.

In this chapter we will show that the density pump-out is correlated with
the applied RMPs, but that the magnitude of the density pump-out can differ
by an order of magnitude between two machines with completely different plasma
conditions. The results suggest that the density pump-out is the result of different

transport mechanisms.

3.2 Database with DIII-D H-mode discharges

As illustrated in the introduction, there are several possible explanations as
to how resonant magnetic perturbations alter particle transport. The validity of
these explanations depends on the equilibrium plasma conditions before RMP is
applied. Therefore it is important to develop a database of experimental discharges
and find commonalities and differences for different sets of plasma conditions. The
most direct method of comparing the changes in particle transport with the applied
perturbation is by comparing the density pump-out with the applied I-coil current,
as shown in Figure 3.2.

In figure 3.2 the density pump-out is plotted versus the applied I-coil cur-
rent. No clear trend can be observed. The database of experimental discharges in
figure 3.2 consists of low collisionality H-mode discharges on DIII-D to which the
even or odd parity I-coil configuration is applied. Figure 3.3 shows the two main
different plasma shapes that are considered in this database. Different shapes de-
termine the position of the plasma in relation to the coils. The distance to the coils

is important, especially since these are lower single null discharges, the plasma is



31

2.5 | | | | | |
B Lowtriangularity, [
Even parity e °
20 . . . He —
@ High triangularity,
A . : ° §o o u
.E ven parity g e °pn
o Vv High triangularity, [ ] ® °
o 1o Odd parity ok ® e o ]
X m g‘ ®
ks o
Q10+ °* F g ®v -
o' [ 2N J v
c | ] =Y
[ ]
< v
05F 1] \V4 -
0.0 | | | | | |
0 1 2 3 4 5 6 7

I-coil Current [kAt]

Figure 3.2: Correlation of I-coil current with density pump-out.

Figure 3.3: Two representative equilibrium plasma shapes from the RMP

database. 123302 is a low < § > discharge and 126443 is the ISS shape.



32

not up down symmetric. The shape changes are the largest in the lower half of the
plasma and therefore the lower row of I-coils might have more or less influence on

the spectrum and magnitude of the B-field.
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Figure 3.4: Different g-profiles in RMP database. 123302 is a low < § > dis-
charge, 126443 is an ISS and 128466 is an ISS discharge with qg5 = 7.2.

In figure 3.2, we differentiate between the different plasma shapes and ap-
plied spectra. However, even when the discharges with similar shape and spectrum
are compared, no clear trend can be observed. Although, we already separate shape
and applied I-coil spectrum, we do not incorporate the fact that the spectrum is
very sensitive to the g-profile of the equilibrium plasma. This database contains
discharges with different g-profiles, see figure 3.4. The g-profile determines the
position and distance between the rational surfaces. The position of the rational
surface partly determines the strength of applied RMP field on that surface and
the distance between the rational surfaces is important for island overlap. The
g-profile is therefore very important to determine the vacuum prediction of the
edge-stochasticity and resulting particle transport.

The above described topics are related to the limitations of the I-coil current
as a complete description of the applied RMPs. A practical challenge in creating
such a database of discharges is the definition of density pump-out. To obtain
such a large database of discharges, the density pump-out is quantified as the

difference in pedestal density from before the I-coil activation to afterwards. As
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Figure 3.5: Definition of density pump-out.

illustrated in figure 3.5, some RMP discharges have not reached a steady-state
density when the I-coil is activated, whereas some have. To eliminate transient
effects of establishing a steady-state H-mode discharge, the density pump-out needs
to be compared to a reference discharge, without I-coil application. This limits the
amount discharges that are suitable for comparison. Often in past experiments,
there are only a limited number of reference discharges that truely mimic the RMP

H-mode discharges, without altering other input plasma parameters.

3.3 Calculation of a weighted magnetic diffusion

coefficient

In section 3.2, we illustrated the limitations of using I-coil current as a
parameter to define the amount of RMP applied to the plasma. In this section, we
introduce the calculation of a weighted magnetic diffusion coefficient, Dorr. Dorr,
allows us to compare different plasma shapes with different g-profiles and RMP
spectra. This technique can help identify how RMP induced transport depends on

plasma equilibrium conditions.

3.3.1 Benefits of using field line tracing

As illustrated in DIII-D H-mode discharges, the I-coil current alone fails to

accurately quantify the applied magnetic perturbation. Using a field line tracing
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code allows us to make a direct computation of the impact of the applied magnetic
perturbation. The most important limitation in using a field line tracing code is
the lack of a plasma response model. We overcome this problem by limiting the
comparison to plasmas with similar equilibrium conditions only, thus assuming
that the plasma response will have the same impact in all experimental discharges.

The advantages of using a field line tracing code are numerous. First,
it allows us to compare different plasma shapes in a single experimental device.
Second, this allows us to investigate if the plasma shape changes the type of particle
transport as result of RMPs. Third, it also accommodates changes in the spectrum,
that result from a change in I-coil configuration or g-profile. Fourth, using a field
line tracing code allows us to expand the database to include discharges from
different experimental devices, which can have completely different shapes, plasma
conditions and spectra. A fifth advantage is that by using a field line tracing code,
all the resonant as well as non-resonant effects are included. In contrast, when

comparing only the resonant phenomena, two practical questions arise:

1. Which resonant surface should be used for comparison,

2. how does the extreme non-linearity of the stochasticity affect the linear ap-

proach.

Finally, Dory, is limited to the plasma edge by using the field line loss frac-
tion as a weighting function. Only field lines close to the plasma edge change from
closed to open in the vacuum picture. This avoids including vacuum calculations
deeper in the core, where ideal MHD calculations have shown good agreement with

experiments [65].

3.3.2 Calculation of Dygy,

To calculate Dopr, we multiply the magnetic diffusion coefficient D, with

the field line loss fraction FLLF:

Dorr, = Dy FLLF (3.4)
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Figure 3.6: Stochastic diffusion coefficient for a low triangularity H-mode dis-

charge on DIII-D.

First, we start from the magnetic diffusion coefficient, D;:

N
1 (A?"z‘)z
Dy = — . .
ve5 2 G (3.5)

Here N is the number of field lines started on a flux surface, r; is the radial
displacement of the field line and L; is the total length of the field line. In this
thesis, we limit the length of the field line to 200 toroidal turns. If a field line
takes longer to leave the plasma, it is very unlikely that it will transport large
quantities of particles towards the divertor. While this formula is similar to the
one by Yan and Evans [100]. There are two important implementation differences.
First, a mistake was found in the calculation of the length of a field line. Yan
and Evans did not include the poloidal component of the length. This can lead
to an increase of 30% for closed fields lines, because of proximity to the ¢ = 3
rational surface. Second, to calculate Ar;, Yan and Evans use a geometric factor
which depends on shape, but is not defined in their paper. To avoid geometric
factors which are shape and machine dependent, we map the displacement in Wy
to R space at the midplane. Figure 3.6 shows the calculation of D, for a DIII-D

H-mode discharge. When comparing this values of Dj; with those from Yan and
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Evans [100], we notice that in the region of Wy > 0.9 the agreement is fairly good.
Deeper inside, our values are about a factor 3 smaller. This is the result of the
correction in the calculation of the field line length and of mapping the results
directly at the midplane, versus using a geometric factor that is independent of
radius (the distance between flux surfaces is not a linear function of the major

radius).
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Figure 3.7: Field line loss fraction for a low triangularity H-mode discharge on

DIII-D.

Next, we multiply D), with the field line loss fraction, FLLF":

(3.6)

N is again the number of field lines started on one flux surface and N is the
number of those field lines that hit a wall before reaching 200 toroidal rotations.
Figure 3.7 shows that the amount of field lines that are lost in a vacuum picture
due to RMPs is very high close to the seperatrix, but decreases towards zero
at Uy = 0.8. The field line loss fraction acts as a weighting function for D,
eliminating large D), values deeper inside the plasma core, see figure 3.8.

In order to be able to reduce this complicated curve for the weighted mag-
netic diffusion coefficient to a single number, we calculate the surface between the

weighted magnetic diffusion coefficients which includes the n = 3 perturbation,
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Figure 3.8: Weighted stochastic diffusion coefficient for a low triangularity H-
mode discharge on DIII-D.
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Figure 3.9: Calculation of [ Dopy, for a low triangularity H-mode discharge on
DIII-D.

error field correction, known error fields, and the weighted magnetic diffusion co-
efficient of the reference discharge, which only contains the error field correction

and the known error fields, see figure 3.9.
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Figure 3.10: Calculation of f Doy, for 6 different I-coil current values and two

DIII-D plasma shapes: low < ¢ > and ISS.

3.3.3 Comparison with I-coil current and 00,

In order to illustrate the strong non-linearity of stochasticity as a result of
RMPs, we compare the changes in f Dorr, with the applied n = 3 even parity
I-coil current (see figure 3.10). In this figure, we started from two low collisionality
discharges with different shapes (see figure 3.3). We can observe that Dopy has
a strong non-linear dependence on I-coil current. Furthermore, the increase of
f Dorr, has not saturated with the maximum possible I-coil current on DIII-D.
There is also a small difference between the different shapes, especially at lower
I-coil values. A recent publication by Kirk et al. [43] for the MAST spherical
tokamak shows an exponential dependence of the density pump-out with I-coil
current for a database of similar L-mode discharges.

Figure 3.11 shows that f Dopy, is very non-linear when compared to the
radial resonant magnetic component of the perturbative field on the 11/3 surface,
bit/3 Although the calculation of bit/? includes the g-profile and shape of the
plasma, the two comparisons do not line up. This is the result of the limitations
of the linear approximation for b,, or of the non-resonant components of the field.
We conclude that [ DoFL is a more complete and exact representation of the
stochasticity of the magnetic field than b,. Figure 3.11 clearly shows the strong

non-linear behavior perturbative field. This illustrates the limitations of using the
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Figure 3.11: Variation of f Dorp, with 0b, for two DIII-D plasma shapes: low
< 0 > and ISS.

quasi-linear approach to estimate stochastic transport in the plasma edge.

3.4 Correlation of density pump-out with Dop;

We have now gather the necessary tools to compare the experimental den-
sity pump-out due to RMPs with f Dopr. In Figure 3.12, we plot the density
pump-out, An,, versus the change in [ Dopj, by comparing the density in each
RMP discharge to a matching non-RMP reference discharge. For MAST An, is
based on the line averaged density; for DIII-D An, is based on the change in elec-
tron density at the top of the pedestal. To visualize both datasets on a similar
scale, we have multiplied the An,. by a factor 10 for MAST. In both cases, there

is a linear correlation between the density pump-out, An. and Dopy:

y = (0.08 x 10°z — 0.032) x 10" (3.7)
y = (0.23 x 10°z + 1) x 10" (3.8)

Equation 3.8 is the linear fit for DIII-D and 3.7 is the linear fit for MAST.
The norm of the residual is 0.37 x 10! for MAST and 0.23 x 10" for DIII-D.
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Figure 3.12: Correlation of density pump-out with [ Dopy, for DIII-D and MAST

plasmas.

3.5 Discussion

If An, were solely due to the increase in stochasticity (without plasma re-
sponse model), the data for each confinement regime should be a line from (0,0)
with a slope of n/D. The slopes should differ by approximately an order of magni-
tude between L-mode and H-mode due to differences in edge density (n?°?/nl ~ 2)
and diffusivity (D /Dy ~ 5). This is qualitatively consistent with Figure 3.12 if
we enforce that the linear regression curve has to go through (0,0). However, nei-
ther linear regression curve goes through (0,0) and consequently the difference in
slope between both curves is only a factor 3. This is a strong indication that the
increase in particle transport might be different for MAST L-modes versus DIII-D
H-modes.

The DIII-D H-mode data also show a very large An, at extremely small
ADgopr; in contrast, a threshold ADgpy, is needed to achieve density pump-out in
the MAST L-modes. We believe that the DIII-D data has a large off-set, which

can be explained by:
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e transport processes other than stochasticity that are more important (this

would alter the y-axis), and

e the plasma response is important (this would alter the x-axis).

The threshold for MAST L-modes might be the result of the high rate of anomalous
transport (D ~ 1m/s?) in L-mode that masks transport changes at small [ Dogr,

until they become significant relative to the background anomalous transport.

3.6 Conclusion

In this chapter we show that there are several theories to explain the density
pump-out in RMP discharges. These theories are often based on experimental
observations made in one single experimental device with very specific set of plasma
conditions.

To be able to compare different experimental conditions and devices, we
introduce the calculation of Do, a weighed magnetic diffusion coefficient. The
calculation of Dopy is performed with a vacuum field line tracing code. We show
that in discharges with comparable plasma conditions, the density pump-out is
correlated with | Dopr. However, there is a clear difference in pump-out between
MAST and DIII-D for similar values of f Dorr. We have to conclude that the
density pump-out depends strongly on plasma and machine conditions and that we
need to be careful when making theoretical predictions based on only 1 discharge

in 1 experimental device.



Chapter 4

Turbulent transport changes in

DIII-D and MAST

4.1 Introduction

In the previous chapter we compared the density pump-out in MAST L-
mode and DIII-D H-mode discharges. We found that for similar RMP levels, the
magnitude in density pump-out differed by nearly an order of magnitude. In this
chapter we investigate the changes in turbulence, since they play an important role
in understanding particle and heat transport in plasma physics.

Recent work on turbulent heat transport highlights the good agreement
and the limitations of theoretical predictions when compared to density and tem-
perature fluctuation measurements in the core of L-mode plasmas in DIII-D [93,
92]. Turbulent particle transport in the core of a Tokamak is driven by micro-
instabilities at the ion Larmor radius scale. Typical drive terms for these micro-
instabilities are the temperature gradients and the density gradient. This is of
direct relevance for the application of RMPs, since one of the main characteristics
of RMPs is that they alter the pressure gradient in the pedestal. Therefore, even
without apprehending the impact of the complex 3D magnetic field structure on
particle transport, the final new plasma equilibrium has altered density and tem-

perature gradients. Consequently, in order to obtain an accurate characterization
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we need to investigate how the drive and damping terms for turbulence change as
a result of RMPs.

Although turbulent transport at the plasma edge is not as well understood
as in the core, it plays a critical role in the formation of the H-mode transport
barrier [82, 7], also called the pedestal. The formation of a transport barrier is
accompanied by an increase in the E X B shear flow. The F x B shear flow
stretches and distorts the turbulence eddies until they lose their coherence [4]. As
a result, the sustainable size of eddies in a strong sheared flow area of the plasma
is reduced, strongly diminishing turbulent transport. In chapter 3, we showed that
neoclassical modeling of RMPs indicates that the radial electric field, F, at the
edge changes from neoclassical to ambipolar values. This can change the E x B
shear in the pedestal area, which can lead to a change in turbulent transport.
Hence, we will investigate the changes in ' x B shear in this chapter.

Additionally, a direct analysis of the changes in fluctuation measurements
completes our review of RMP altered turbulent transport. We focus on changes
in long-wavelength density (kg ~ 1 cm™!) fluctuations as measured by the beam
emission spectroscopy (BES) system in DIII-D [51]. In MAST L-mode discharges
we investigate the changes in Iy, measured by the reciprocating probe [102].

This analysis of turbulent transport is done for MAST L-mode discharges
(section 4.2) as well as DIII-D H-mode discharges (section 4.3). Even without
the application of RMP, turbulent transport is significantly different in both con-
finement regimes. It is therefore not unreasonable that changes in turbulence

characteristics by RMPs are distinct to each mode.

4.2 Turbulent transport changes in MAST L-mode
plasmas

Systematic turbulent transport measurements in MAST RMP plasmas were
performed in connected double-null (CDN) ohmic L-mode discharges [80] (see fig-
ure 4.1). These discharges have the following general experimental parameters:

I, =400 kA, By = 0.52 T, By ~ 0.7 and qg5 = 6. Although this go5 (see figure
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I

(a) Plasma shape for MAST (b) q profile for MAST CDN L-mode discharges.
CDN L-mode discharges.

Figure 4.1: Shape and g-profile of CDN L-mode RMP discharges in MAST.

4.1b) is far outside what would be considered the resonant window on DIII-D, vac-
uum modeling with the ERGOS code shows nice alignment of the applied RMP
perturbation with the even parity n = 3 fazing of the I-coils [43]. The Chirikov
island overlap width, AUy = 0.1 is smaller than the DIII-D ELM suppression
criterium of AUy = 0.165 [24].

We compare 3 discharges with 0 kA,1 kA and 1.4 kA n = 3 even parity
I-coil current (see the bottom of figure 4.2). In this configuration a clear and
repeatable reduction in the line-averaged density is observed, see the top of figure
4.2. While the D, changes for DIII-D H-mode discharges, investigated in chapter 2,
are very distinct, there is no such measurable change in the D, light in the lower
divertor for MAST L-mode discharges. This indicates that divertor conditions
remain similar and changes in neutral fueling are minor.

Figure 4.3a shows how the how the drop in line averaged electron density
translates to changes in the electron density profile. The electron density measured

at 0.4 seconds drops not only at the edge where the perturbation is applied but
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Figure 4.2: Time evolution of the CDN RMP L-mode discharges on MAST.

over the whole profile. The electron temperature profile at the same time shows
little change at the edge (see Figure 4.3b). In the core the changes are larger
(however, this change is minimal in comparison to changes in density). Changes
to the electron temperature profile in the core, should not be over interpreted,
especially the hollow profile of discharge 22490 is the result of sawtooth activity,

which is unrelated to the application of RMPs in these experiments.

4.2.1 Changes in drive terms

In order to understand turbulent transport changes due to RMPs, we start
by investigating the drive terms of turbulent transport. Figure 4.4a show the

changes in a/L,, here a is the minor radius and L, = %Z—:}, with n, the electron
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Figure 4.3: Changes in midplane density and temperature profiles as a result of
n =3 RMPs in CDN L-mode discharges on MAST.
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Figure 4.4: Changes in inverse scale lengths as a result of RMPs in CDN L-mode
discharges in MAST.

density and dn/dr the electron density gradient. While there is no observable
change at the plasma edge for the inverse scale length, there are changes in a/L,
in the core as a result of RMPs. However, these changes are not systematic with
increasing I-coil current.

1 dT.

a/Lr., with a being the minor radius and Ly, = 5 %<, the inverse scale
e

length for the electron temperature, changes at the plasma edge when RMPs are
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applied. However, again this change is not consistent with increasing coil current

(see Figure 4.4b). So it is unclear whether these changes are correlated with the

applied RMP and whether they affect turbulent transport in a systematic way.
From this we can conclude that, there is no clear systematic change in

inverse scale lengths for these L-mode RMP discharges on MAST.

4.2.2 Changes in fluctuations

Another source that alters turbulent transport is the change in fluctuation
levels. Tamain et al. [80] extensively investigate changes in fluctuations in RMP
L-mode discharges in MAST with a reciprocating probe, measuring the Ion Satura-
tion current Ig4r. Although the discharges in Tamain et al.’s [80] are not the same
as the ones discussed in this thesis, their setup is identical and the observations

are similar.
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Figure 4.5: Changes in < Igar > as a result of RMPs in CDN L-mode discharges

in MAST [80].

The radial profiles of the dIgar/ < Isar > (see figure 4.5) from Tamain et
al. [80] show that when RMP is applied at the maximum possible current, a 50%

increase in the RMS fluctuation level inside the seperatrix is observed, whereas
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there is no measurable change at 1 kKA. Tamain et al. [80] show that the RMS fluc-
tuation levels measured at r — r5, = —3 cm, the innermost measurement point,
correlate exponentially with increasing I-coil current. Moreover, the PDFs of the
Ig a7 fluctuations 3 ¢m inside the separatrix change from a symmetric 'Gaussian-
like” distribution to a broader distribution with dominant tails. The probe mea-
sures negative skewness on half the pins and positive skewness on the other half
inside the seperatrix. This indicates that RMPs are responsible in MAST L-mode
discharges for the appearance of intermittency inside the separatrix. The existence
of tails in the PDFs of the Ig47 fluctuations is generally observed in the SOL in
L-mode plasmas. Consequently, Tamain et al. [80] concludes that the turbulent
characteristics inside the seperatrix are more intermittent with RMPs and therefore
more comparable to the fluctuations generally observed in the SOL. In contrast,
measurements taken in the SOL are barely altered by RMPs and exhibit the typi-
cal asymmetric shape with a dominant positive tail, indicating strong intermittent
behavior.

The changes in I 47 fluctuations presented by Tamain et al. [80] are however
not correlated with changes of the inverse scale lengths. Therefore, the increase
in fluctuation levels and characteristics can not be explained by a change in drive

terms. As a result, the changes in F x B shear are investigated next.

4.2.3 Changes in F X B shear

Tamain et al. [80] also discuss the changes in E, at the plasma edge and
observe a reduction of the E, well inside the seperatrix. S. Mordijck et al. [54]
compare the F X B shearing rate deeper inside the plasma. The radial electric
field is measured by Doppler spectroscopy using an outboard Helium gas puff
to give a mid-plane edge-localized source of the 468.57 nm He II emission line
[52]. The intensity profile is converted to a density profile using the Thomson
scattering diagnostic in conjunction with atomic modeling based on the ADAS
atomic physics database [1]. Finally by solving the force balance equation, we get
the radial electric field and then calculate the E x B shear, wgyp with formula 3

from [7].
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Figure 4.6: Changes in F x B shearing rate measured with a Helium gas puff in
RMP CDN L-mode discharges in MAST.

Figure 4.6 show the wgyp for three discharges: 22492 has no n = 3 I-coil
current, 22490 has 1 kA and 22487 1.4 kA. The E x B shear does not change
when the RMP-coil is energized for measurement with the Doppler spectroscopy.
However, probe measurements of E, show a clear change for ¥y > 0.92 [80].
For ¥y < 0.92 both diagnostics agree that wgyp does not change when RMP is
applied.

4.2.4 Summary of MAST turbulence results

To summarize, we find that the inverse scale lengths in MAST do change
with the application of RMPs. However, we were unable to find a systematic corre-
lation with increasing I-coil current. In contrast, the RMS value of the fluctuations
increases inside the seperatrix and the increases is exponentially correlated with
the applied I-coil current. Moreover, the fluctuations change character and show a
more intermittent behavior. The E, well becomes less deep inside the seperatrix,

but measurements of the £ x B shear deeper in the plasma remain constant.
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4.3 Turbulent transport changes in DIII-D H-

mode plasmas
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(a) ITER Similar Shape in (b) Kinetic g-profile for ITER Similar Shape H-mode dis-
DIII-D RMP H-mode dis- charges in DIII-D.

charges.

Figure 4.7: Experimental equilibrium conditions for ISS discharges in DIII-D.

In this section we look at three important aspects that give an indication
as to how turbulent particle transport changes in DIII-D RMP H-mode plasmas.
We compare the changes in turbulence characteristics in a set of low collisionality
H-mode discharges, v* < 0.2 in the ITER similar shape (ISS) [18] (see figure 4.7).
The discharges have an average triangularity of < ¢ >~ 0.53, I, = 1.68 M A,
Br=21T, By ~ 2.0 and gg5 = 3.6.

In a series of 5 discharges, the I-coil current is varied from 4 kA to 6.3 kA
n = 3 even parity. The final discharge of the series is a reference discharge without
the application of the I-coil. The I-coil is applied before a steady state condition
in H-mode is achieved (see Figure 4.8). The first graph in figure 4.8 shows the
line-averaged density. The I-coil is turned on at 1800ms (4th from the top in figure
4.8), nearly no change is observed in the temperatures (2nd and 3rd graphs). The
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Figure 4.8: Time evolution of the ISS RMP H-mode discharges in DIII-D.

bottom plot of figure 4.8 is the D,, light close to the outer strike-point in the lower
divertor. A density pump-out is observed and with exception at the lowest applied
I-coil current, ELMs are suppressed.

The density profile is not only reduced in the pedestal area, but drops over
the whole profile (see figure 4.9. The density at the top of the pedestal (U ~ 0.9)
is very similar for most of the RMP discharges, with exception of discharge 126435,
which is not ELM suppressed, because the I-coil current was at its lowest for this
set of discharges. The discharge with the highest I-coil current (126442 at 6.3 kA)
peaks at the inner most radius. One more discharge is peaking in the core, however,
since it does not have the second highest I-coil current, it is unclear if this peaking
is related to the I-coil current magnitude, or to some other unrelated event in the

plasma.



— 0.0 kA

52

Figure 4.9: Changes in midplane density profiles as a result of n = 3 RMPs in
ISS H-mode discharges in DIII-D.
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Figure 4.10: Changes in midplane temperature profiles as a result of n = 3 RMPs
in ISS H-mode discharges in DIII-D.

The electron temperature profile is reduced at the top of the pedestal for all

ELM suppressed discharges (see figure 4.10a). However close to the magnetic axis

all RMP discharges are at a similar or higher electron temperature as the reference

ELMing H-mode discharge without RMP. Contrary, the ion temperature at the

plasma edge remains fairly constant, with the slight difference that the pedestal
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becomes narrower (see figure 4.10b). In the core all RMP discharges show a peaked

ion temperature profile.

4.3.1 Changes in drive terms

In the previous section we showed that RMPs do not only affect the plasma
edge, but also change the density and temperature profiles deeper inside the
plasma. This new equilibrium state changes the drive terms for turbulence. To
understand how the drives for turbulence change we calculate the inverse scale
lengths from the experimental tanh fits to the density and temperature profiles at
3000 ms. For the ELMing discharges, the data is chosen in the 80 — 99% percent
of the ELM cycle over a steady state period of ~ 500 ms. For the ELM free

discharges, a 100 ms time window is sufficient.
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(a) Density gradient drive term in the core. (b) Density gradient drive term at the plasma
edge.

Figure 4.11: Changes in electron density gradient drive term profile as a result

of different I-coil currents.

Figure 4.11a shows that a/L,, increases from ¥y = 0 — 0.9 when RMP is
applied. Whereas from ¥ = 0.9 — 1 this inverse scale length is reduced when the
I-coil is applied, see Figure 4.11b. We can observe a minor difference in how a/L,,
is reduced depending on the applied I-coil current. At the lowest applied current,
ELMs are not suppressed and from ¥y = 0.92 — 0.98, a/L,, is larger than for all
the other ELM suppressed discharges. This change is minimal and more data is

needed to verify this effect and its significance.
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Figure 4.12: Changes in electron temperature gradient drive term profile as

a result of different I-coil currents.

Figure 4.12a shows that a/ Ly, increases slightly in the core, but the increase
is independent of the magnitude of the applied RMP. More interestingly, the profile
of a/Lr. changes from being exponential without any RMP to linear when RMP
is applied. At the plasma edge (U = 0.9 — 1), the changes are more complex (see
Figure 4.12b). The global trends are that the a/Ly, profile narrows, and the peak
of the inverse scale length does not correlate with the applied I-coil current. It is
not clear why discharge 126438, where 5.8 kA is applied, has a significantly higher

peak in a/ Ly, than the other discharges and this warrants further research.
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Figure 4.13: Changes in ion temperature gradient drive term profile as a result

of different I-coil currents.
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In figure 4.13a, a/Ly; (a being the minor radius and Lp; = :% ‘g” with T} the
ion temperature) increases up to Wy = 0.5, while decreasing from Wy = 0.5 —0.9.
From figure 4.13b, we can see that a/Ly; initially increases close to Wy = 1, until
a peak is reached. The location and magnitude of this peak moves to lower Wy
values and decreases with increasing I-coil current, thus increasing the a/Ly; profile
width. Discharge 126435, where 4 kA of I-coil current is applied and ELMs are not
yet suppressed does not show the peak of the ELM suppressed discharges. More
experimental discharges are needed to understand the different a/Ly; profiles at

the plasma edge as a result of RMPs. This will assist in separating out whether

changes are the result of ELM suppression or the application of RMPs.

4.3.2 Changes in fluctuations

Previous work on characterizing changes in density fluctuation levels as a
result of RMPs in DIII-D H-modes focused on core plasma changes or concentrated
on line integrated measurements and not localized measurements [101, 57]. In
contrast, in this thesis we will focus on localized measurements at the plasma edge
of DIII-D H-mode plasmas.

The localized core measurements are done with the Beam Emission Spec-
troscopy (BES), a high-sensitivity, good spatial resolution imaging diagnostic sys-
tem [51]. BES observes collisionally-induced, Doppler-shifted D, fluorescence
(A = 652 — 655 nm) of injected deuterium neutral beam atoms. The diagnostic is
capable of long wavelength (k,p; < 1) density fluctuations. A recent publication
by Yan et al. [101] shows that core turbulence increases dramatically as a direct
consequence of RMP application to suppress ELMs. Measurements taken at three
radial locations p = 0.68,0.85 and 0.96 show a substantial increase in fluctuation
power at the inner locations, whereas the outer location mostly shows a change in
spectral shape and nearly no increase in fluctuation amplitude. Yan et al. [101]
also shows that the response time of fluctuation changes at different radial loca-
tions to I-coil current changes in an ELM suppressed plasma. At r/a = 0.85 the
response is almost instantaneous, essentially tracking the I-coil current. Deeper at

r/a = 0.7 the response decay time is 20 ms and at the most inner measurement
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location 7/a = 0.58 the decay time is 40 ms. Although the density profile changes
with 5 —10%during the changes in I-coil current, the variation is less. The changes
in density gradient cannot explain the rapid temporal turbulence response in this
paper.

Prior reported non-local measurements with the FIR coherent scattering
diagnostic show an increase in density fluctuation, n with poloidal wavenumbers
ke = 1+ lem™' [57]. This increase in density fluctuations is the result of an
increase in coherent mode activity as well as increases in broadband fluctuations
levels. In Moyer et al. [57], localized measurements at Wy = 0.98 show a change
in fluctuation character and overall amplitudes. The authors conclude that the
changes in n result in an increase in particle convection either due to changes in
ion scale drift wave turbulence or convective cells, which leads to the observed

changes in particle balance.
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Figure 4.14: Changes in density fluctuations at two radial locations, ¥ = 0.88,
at the top of the pedestal and Wy = 0.95, inside the pedestal, as a result varying

n = 3 I-coil amplitudes.

In this thesis we focus on transport changes in the pedestal area. For the
series of discharges in section 4.3 we investigate the changes in long wavelength
density fluctuations as measured by BES at Uy = 0.88 and 0.95. In contrast

to the results deeper in the plasma core, n/n fluctuations increase moderately
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at Uy = 0.88 and decrease at Uy = 0.95, see Figure 4.14. At the most outer

measurement location, the density fluctuations increase again at 6.3 kA I-coil

current, but they are still lower than those for the reference ELMing H-mode.
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Figure 4.15: Changes in inverse scale length a/L,, at two radial locations, Wy =

0.88, at the top of the pedestal and ¥y = 0.95, inside the pedestal, as a result of

varying n = 3 I-coil amplitudes.

When we compare the changes in density fluctuations, n/n, with the changes

in the inverse scale length, a/L,, at the same Wy = 0.88 and 0.95 locations, we

observe a similar behavior (see figure 4.14 and 4.15). At Wy = 0.95, the density

fluctuations and the a/L, curves follow exactly the same trend. At Wy = 0.88,

a/L, does not increase as pronounced as the fluctuations. We can conclude that

turbulence levels and the density gradient follow a similar pattern, but to be more

conclusive linear growth rates and frequencies need to be calculated and compared

to a more extensive set of turbulence diagnostics, which have recently become

available.
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4.3.3 Changes in F x B shear

One final aspect of turbulent transport is the influence of the £ x B shear
on the suppression of turbulent transport. Research in the formation of transport
barriers has shown the importance of the F x B shear, wgy g to reduce the turbulent
particle transport [82, 7, 4]. The changes in drive terms and fluctuations are
therefore not enough to address the changes in turbulent transport. In this section
we compare the changes in radial profiles of wgyp in function of different applied
RMP I-coil currents for the same DIII-D ISS H-modes.
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Figure 4.16: Changes in F X B shear at the plasma edge in DIII-D ISS H-mode

discharges with different I-coil current magnitudes.

Figure 4.16 shows the changes in E x B shear from ¥y = 0.7 — 1. Inde-
pendently of the applied I-coil current, the E x B shear is strongly reduced from
Uy =0.7—0.9. For ¥y > 0.9 the results are less clear. In this area, the results
depend strongly on the experimental fits to the data. A tanh fit to the pedestal is
used, based on averaged Thomson scattering and CER data. For ELM suppressed
discharges a 100ms time window around 3 seconds is chosen, whereas for ELMing
discharges this window is expanded to 500ms. Only the data points that are taken
in the 80 — 99% of the ELM cycle are included in determining the best tanh fit.

When we compare the changes in £ X B at the same location as the density
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Figure 4.17: Changes in E' x B shear at two radial locations in DIII-D ISS H-mode

discharges versus different I-coil current magnitudes.

fluctuations, we find that the changes in E' x B shear do not correlate with the
changes in density fluctuations. Where at W = 0.88 there is a clear reduction
in the wpy g, nearly independent of the magnitude of the I-coil current (see figure
4.17), the fluctuations increase gradually with increasing I-coil current (see figure
4.14). At ¥y = 0.95, the fluctuations decrease (see figure 4.14), with increasing
[-coil current, however the wgyp, does not show this same trend (see figure 4.17).

When comparing the changes in the inverse ion temperature scale length
(see Figure 4.13), there is a reduction in a/Ly; from ¥y = 0.7 — 0.9, which con-
tributes to the reduction in wgyp. The other contributions to the £ x B shear are
from the poloidal and toroidal plasma rotation. In DIII-D, we can only measure
the toroidal and poloidal carbon rotation with CER. This is not a direct repre-
sentation of the plasma rotation and as a result we need to be careful with the
interpretation. The poloidal carbon rotation does not show any variation with
variations in I-coil current (see figure 4.18), whereas the toroidal carbon rotation
decreases slightly in the plasma core upto Wy = 0.8 (see 4.19a). From ¥y = 0.9,
We can conclude that

the toroidal carbon rotation increases (see figure 4.19b).

the large reduction in £ x B shear from ¥ = 0.7 — 0.9 is the mostly result of a
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discharges due to different I-coil currents.
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Figure 4.19: Changes in toroidal carbon rotation profile as a result of different

I-coil currents.

reduction in the ion temperature gradient.
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4.3.4 Summary of DIII-D turbulence results

In section 4.3 we discuss the changes in drive terms, long wave-length den-
sity fluctuations and E x B shear for DIII-D ISS H-mode discharges with different
n = 3 I-coil current magnitudes. We find that the E x B shear decreases from
Uy = 0.7 — 0.9, independent of the magnitude of the I-coil current. In this same
region, the density fluctuations increase, with increasing I-coil current, whereas
changes in a/L, are minimal. In the pedestal at Wy = 0.95, the density fluctu-
ations decrease, with increasing I-coil current, with exception of the discharge at
6.3 kA. The inverse density scale length exhibits the exact same trend. In contrast,

the F x B shear does not change consistently with increasing I-coil current.

4.4 Discussion

These results on the change in turbulent transport characteristics give a
first indication as to how RMPs affect turbulent transport. At a first glance (see
table 4.1), the changes in turbulent transport are different for MAST L-modes
than for DIII-D H-modes.

Table 4.1: Summary of turbulence characteristic for MAST L-mode and DIII-D
H-mode as a result of RMPs.

Core Edge
MAST DIII-D MAST DIII-D
a/Ly, no trend | increases | no trend | decreases
Ex B no change | decreases || decreases | no trend
fluctuations | increases | increases | increases | decreases

In MAST L-modes, there is clear increase in the fluctuation levels every-
where inside the seperatrix, whereas in DIII-D H-modes, an increase is only ob-
served deeper in the core (see table 4.1). At Uy = 0.88, nn/n rises and at U = 0.95,
n/n decreases. Contrary, in MAST L-modes the fluctuation levels increase and are

correlated with increasing in RMP levels [80].
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Another difference between both experiments is the behavior of the £ x B
shear. In DIII-D, the E' x B shear decreases from ¥y = 0.7—0.9 (independently of
the I-coil amplitude), whereas in MAST, the E x B shear deeper inside the plasma
does not change (see table 4.1).

In MAST L-modes, the drive terms are similar and do not indicate a clear
trend with increasing I-coil current. However, in DIII-D H-modes, the inverse
density scale length decreases at the edge and correlates with changes in fluctuation
levels at Uy = 0.95. We can conclude that even though on MAST previous work
shows that the increase in fluctuations is directly correlated to the density pump-
out [43, 80], this explanation cannot be extended to the plasma edge in DIII-D
H-modes.

In DIII-D, all experimental available data indicates that there is an in-
crease in turbulent transport deeper in the core, but a reduction at the plasma
edge [101, 54] is observed. However, turbulent transport does not only depend on
long wave-length density fluctuation, but also on potential fluctuations and the
cross phase between these two [82, 56]. Moyer et al. [56] showed that while po-
tential fluctuations increase after the H-mode transition, the cross phase between
potential and density fluctuations changes. This phase change ends up being more
important, due to the strong reduction in particle transport in H-mode. Unfortu-
nately, this measurement is not available inside the pedestal of beam heated type-I
ELMing H-mode plasmas, so we can only base our conclusions on the dataset

presented in this thesis.

4.5 Conclusion

Experimental measurements show a clear increase in fluctuations and an
increase in ' x B shear at the plasma edge in MAST L-mode as a result of a
n = 3 RMP perturbation. This increase in fluctuations is correlated with the den-
sity pump-out [43, 80]. This indicates that RMPs increase the turbulent particle
transport in MAST L-mode discharges. Recent fluid modeling confirms that for

these L-mode plasmas the anomalous transport coefficients need to increase to ex-
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plain the density pump-out; the effective stochastic particle transport is too small
[69].

For DIII-D, the story is more complicated. Deeper in the core, fluctuation
levels increase and there is a drop in the F x B shear. Also the changes in n/n
follow closely the changes in a/L,. However, the changes in turbulent transport
characteristics in the pedestal area are more complex. Due to the limitations of
the tanh fit to the data, it is not possible to define a clear trend in changes to
E x B. Previous results show a decrease of the E, H-mode well. Fluctuation
levels decrease in the pedestal area, with a/L,, following a similar trend at the
same radial location. So from the dataset presented in this thesis, we can conclude
that turbulent particle transport does not increase in the pedestal area as a result
of n = 3 RMP application. Therefore, we need to investigate other transport
mechanism to explain the changes in density pedestal profile in DIII-D H-mode

plasmas.



Chapter 5

Increased convective parallel

particle transport due to RMPs

5.1 Introduction

In this chapter, we investigate whether convection parallel to magnetic field
due to RMP leads to the experimentally observed density pump-out. This hypoth-
esis is only valid for cases, where the connection length of the open field lines is
shorter than the Kolmogorov length (i.e. laminar zone). Previous experimental
work on TORE-SUPRA [31], TEXTOR [40] and LHD [44] show that the creation
of open field lines with a connection length shorter than the Kolmogorov length
(see section 3.1.1) is important to explain the changes in particle and heat fluxes
towards the divertor. To simulate this complex effect, we use SOLPS5 [72]: a 2D
fluid code B2 [67], coupled to a Monte Carlo neutral code EIRENE [67]. With this
code package, we first identify the radial varying effective transport coefficients by
matching to the experimental pedestal profiles for a reference ELMing H-mode,
without perturbations from the I-coils, similar to the work in chapter 2. Next we
calculate the enhanced particle transport resulting from the RMPs. In the vacuum
limit, the RMPs create a stochastic field inside the separatrix and open previously
closed field lines. These field lines penetrate inside the last closed flux surface

(LCFS) and connect to the top of the pedestal allowing electrons to leave as a

64
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result of convective parallel particle transport along the magnetic field. TRIP3D
[100], a vacuum magnetic field line tracing code, calculates the change in the edge
magnetic topology. This new magnetic topology is used to calculate an increase in
the radial particle diffusion coefficient. Finally, we add the magnetically induced
convective parallel particle transport to the effective transport coefficients from
the ELMing H-mode and recalculate the pedestal profiles. The numerical results
are compared to experimental RMP H-mode results. Our simulations show that
this increase in the free-streaming component of the transport results in midplane
density pedestal profiles that are in good agreement with measured profiles during
the RMP pulses. Finally, we discuss the results in terms of the physics included in
our model and other physics effects that can influence our results but are not yet

included in our model.

5.2 Experimental Setup

RMPs successfully suppress ELMs in different plasma scenarios, where sev-
eral plasma parameters are varied. We are limiting the discussion to low colli-
sionality DIII-D H-mode discharges where vx = qosRe */2A7! ~ 0.05. Here, R
is the major radius, €(= a/R) is the inverse aspect ratio, a is the minor radius
and \.(= vr.7e), the product of electron thermal velocity vy, and collision time
7.) is the mean free path for electron collisions. We consider two distinct sets
of experiments, where shape is the major variable, as shown in figure 5.1. First
there is discharge 123302, which is a lower single null discharge at low triangular-
ity (< 0 >~ 0.25). In this discharge the outer strike point is close to the pump
entrance in the old divertor geometry increasing pumping capability and therefore
at low collisionality. The second scenario (discharge 126443) is the ITER similar
shape (ISS), which is at higher triangularity, namely < § >~ 0.53. Here the ITER
shape is modified to allow for better pumping of the outer strike point.

For each of these two scenarios there is a so-called reference ELMing H-
mode. This is a normal H-mode with type-I ELMs without any I-coil magnetic

perturbations, but with the external C-coils configured for n = 1 (toroidal mode
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Figure 5.1: Low triangularity and ITER Similar (ISS) experimental shapes.

number) field-error correction. The only difference for the RMP H-mode is that
the I-coils are activated in n = 3 even parity (upper and lower coils at the same
toroidal location have the same currents with a perturbation strength of about
dB, ~ 1074 Tesla at Wy of 0.95) with a 60 degree phasing configuration [14]. As a
result, ELMs are suppressed creating an ELM-suppressed RMP H-mode instead of
an ELMing H-mode. In this thesis, for simplicity, we call the one RMP experiment
without ELM suppression still an RMP H-mode to distinguish it from the ELMing
H-modes without applied n = 3 I-coil field. Depending on exact plasma parameters
such as shape [15], Oy (normalized plasma pressure) [24], go5[25] (¢ at the 95%
normalized ¥ surface) and the strength and topology of the perturbation [25],
ELMs are suppressed.

Three different RMP H-modes are modeled. The first is an RMP H-mode
for the low triangularity scenario. In this case, the I-coils have a current of ~ 3 kA

and are initialized 2000 ms into the experiment. Figure 5.2 shows that the size of
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Figure 5.2: Time evolution of two low < § > discharges. One reference discharge
(without n = 3 RMP), 123302, and one n = 3 RMP ELM suppressed discharge,
123301.

the ELMs decreases and after 200 ms the ELMs are suppressed compared to the
reference ELMing H-mode. At the same time, a density pump-out occurs (figure
5.2).

The density pump-out alters the pedestal density profile, shown in figure
5.3. The density drops at the top of the pedestal and over the whole core region.
The profile data for the ELMing H-mode, discharge 123302, is obtained by aver-
aging between ELMs over a period of 400 ms from 2600 ms to 3000 ms. Only
Thomson scattering data points in the 80%-99% of the ELM cycle are taken into
consideration. Next a tanh curve is fitted to the experimental data. For the RMP
H-mode, the Thomson scattering data is simply taken over a period of 100 ms
(from 2600 ms to 2700 ms), since this part of the discharge contains no ELMs
that affect the density profile, thus more Thomson scattering points are available.
Again, a tanh curve is fitted to the experimental data. The slope in the pedestal
region for the tanh fit of the RMP H-mode is less steep than for the ELMing H-
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Figure 5.3: Experimental midplane electron density profile in low triangularity
discharges. The points are from the Thomson scattering diagnostic and the curves
are the tanh fits to the data. Discharge 123302 is the reference ELMing H-mode
and discharge 123301 is the RMP H-mode.

mode. Chapter 2 shows that this is due to a change in transport and not just a
result of a change in particle balance due to altered wall conditions or pumping
efficiency [18, 53].

For the ISS shape a similar behavior in the pedestal changes is observed. In
this scenario, the I-coil perturbation is initialized at 1800 ms as illustrated in figure
5.4. In this figure, we observe that the density of the reference ELMing H-mode
keeps on rising. Whereas, during the RMP pulse (discharge 126435) with 4 kA
currents in the I-coils the density curve remains flat. In this case, the ELMs are
not fully suppressed, but they are smaller in size and their frequency has increased.
This behavior is referred to as ELM mitigation. When the current in the I-coils
is increased to 6.3 kA, the line averaged density drops a little further and the
ELMs are suppressed. We obtain tanh fits similarly as for the low triangularity
shape, explained in the previous paragraph (figure 5.5). We again observe that the
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One reference discharge,

126443, and two RMP discharges, 126435 and 126442. From top to bottom: line
averaged density, D, for a discharge with no I-coil (126443), 4 kA (126435) and

6.3 kA (125443).

density drops over the whole core region and that the pedestal gradient changes.

5.3 Modeling

In this section, we model the background transport for and ELMing H-

mode and then add the convective particle transport along the magnetic field for

the RMP H-modes and compare the results to experimental RMP density profiles.

First we derive the effective radial transport coefficients for the ELMing H-modes

by matching midplane experimental data with the modeled SOLPS5 results. Next,

we find the increase in particle transport due to topological changes in the magnetic

field with TRIP3D. This enhanced particle transport is the result of increased

convective transport along newly opened magnetic field lines. This transport is

expressed as a radial diffusion coefficient and then added to the effective transport
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Figure 5.5: Experimental midplane electron density profile in ISS discharges. The
points are from the Thomson scattering diagnostic and the curves are the tanh fits
to the data. Discharge 126443 is the reference ELMing H-mode, discharges 126435
(4 kA) and 126443 (6.3 kA) are RMP H-modes.

coefficients found for the ELMing H-modes. Using the combined radial particle
transport coefficients, SOLPS5 calculates the new pedestal density profiles. These

are compared to the experimental data.

5.3.1 Effective transport for ELMing H-mode

In this section we compute the radial effective transport (D.sr) coefficients
to match the midplane density profiles for the ELMing H-modes. To find these
coefficients we employ a 2D fluid code, B2, coupled to a Monte Carlo neutral code,
EIRENE, combined in the SOLPS5 package. The technique applied to estimate
these effective coefficients and initial results for the low triangularity cases can be
found in chapter 2. The same technique and setup is then applied to the high
triangularity ELMing H-mode. Figure 5.6a shows the obtained density profiles

versus the experimental data. The effective radial transport coefficients (D.yy)
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Figure 5.6: SOLPS5 modeling of experimental ELMing H-mode profiles results

in an effective radial diffusion coefficient.

required to obtain these profiles, are shown in figure 5.6b. Note that these transport
profiles represent the total radial transport as a diffusion coefficient. However this

does not imply that all the transport in the pedestal is purely diffusive.

5.3.2 Enhanced transport due to 3D magnetic topology

TRIP3D [100] is a vacuum magnetic field line tracing code which starts
from a reconstructed magnetic equilibrium using the EFIT code. EFIT is a Grad-
Shafranov equation solver that gives a 2D axisymmetric equilibrium reconstruction
constrained by experimental data. We superimposed on this equilibrium, the mag-
netic fields created by the different coils and known field-errors. These magnetic
fields are calculated using Biot-Savart for existing coils currents and artificial cur-
rents to mimic field-errors. To trace field lines, we calculated B-fields at the starting
point and subsequently use a fourth order Runge-Kutta integrator to spatially step
to the next point on a field line.

To calculate the change in convective particle transport parallel to the mag-
netic field, we need a dense grid of field lines to average out the extreme effects
of X-point and O-points of the created island chains. Therefore, 180 equidistant

poloidally distributed field lines on 40 axisymmetric surfaces for ¥y = 0.8 — 1
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are needed to calculate the magnetic topology. We follow each field line for 200
toroidal turns or until it hits the boundary of the vessel, resulting in a very dense
grid of points.

Next, for each surface we calculate the transport based on convective par-
ticle transport parallel to the magnetic field using the following equation from

[100]:

1 N (ATZ‘)Q
Dy = N; 2L, [m). (5.1)
x107/
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Figure 5.7: Ilustration of resulting magnetic diffusion coefficient (Dj; with units

[m]) profile for low triangularity RMP discharge.

We calculate Ar; based upon the difference in Wy from the starting point of the
field line to the end point. We map these differences in Wy back to values in
real space at the midplane, as opposed to using a geometric factor as in [100].
Mapping the Wy at the midplane versus mapping them close to the X-point leads to

different results due to flux expansion yielding in an overestimation of the enhanced
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transport. L; is the length of each field line and the sum is over all the field
lines started on one axisymmetric surface, in this case where N = 180 poloidally
distributed points. Figure 5.7 plots the resulting curve after application of equation

5.1 to all 40 surfaces.
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Figure 5.8: Illustration of resulting field line loss fraction profile for low triangu-

larity RMP discharge.

This formula overestimates the influence of field lines that do not leave the
plasma. Since particle convection parallel to the magnetic field is dominated by
field lines that leave the plasma, we multiply D), with the field line loss fraction
(figure 5.8), which distinguishes between the open field lines for which convection
parallel to the magnetic field line actually leads to a density pump-out and the
closed perturbed field lines that improve the mixing of field lines, without changing
the particle inventory. Finally the weighted D}, is multiplied with the sound speed
of the plasma (defined as ¢, = sqrt(T./m;)), resulting in an artificial radial diffu-
sion coefficient with units m?/s. This coefficient is used in the 2D axisymmetric
fluid code, to mimic the behavior of the 3D topology for particle transport. The
difference in the artificial radial diffusion coefficient between the RMP H-mode and

the ELMing H-mode is added to the effective transport coefficients obtained from
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reproducing the upstream density profiles in the ELMing H-mode.
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Figure 5.9: Vacuum predictions of the increase in transport as a result of increased

particle convection parallel to the magnetic field .

Figures 5.9a and 5.9b show the calculated radial diffusion coefficients based
on the principle of convective particle transport parallel to the magnetic field. The
curve for discharge 133302 in figure 5.9a (the low triangularity ELMing H-mode)
shows a substantial D,; based on error field correction coils and error fields. The
addition of the even parity n = 3, 60 degree phasing of the I-coil, increases the
transport further as seen for discharge 123301. The curve for discharge 126443
in figure 5.9b (an ELMing H-mode at high triangularity) shows no substantial
transport based on the stochastic radial diffusion coefficient. When adding the
I-coil perturbation at 4 kA for discharge 126435, we see a substantial increase in
the stochastic radial diffusion coefficient (figure 5.9b). However the peak value for
discharge 126435 is still lower than the peak value obtained for discharge 123301.
Finally, further increasing the current in the I-coils (6.3 kA) results in discharge
126442, which has a higher peak value at the edge than the suppressed discharge
for low collisionality (figure 5.9). A secondary peak appears deeper in the core and
is separated from the main peak by a valley which correlates with an island chain.
This island chain has stochastic X-points acting as channels for field lines to leave

the plasma from deeper inside the core.
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5.3.3 Predicting RMP H-mode densities with SOLPS5
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Figure 5.10: Increase in D.ss obtained when the particle parallel convection due
to the RMP is added to the ELMing H-mode transport model for the reference
discharge (123302).

In order to model the RMP H-modes, we start from the effective radial
transport coefficients obtained from matching the ELMing H-modes. Next, we
add the difference in enhanced particle transport from the RMP H-mode versus
the ELMing H-mode, based on the altered magnetic topology from the previous
section, to calculate the new total radial transport [= Desr + (Darpyp — Drigpar)]-
The core boundary conditions (fixed density and temperatures) are changed to
match the experimentally observed values for the RMP H-modes. The neutrals
are treated self-consistently by the EIRENE part in the code package and are
determined by recycling coefficients and the pumping at the pump-entrance. As
in chapter 2, the recycling is set to 1 at all the walls, except for the divertor target
plates, where 0.97 is chosen. Both experiments have active cryopumping and the
pumping efficiency is set to 30%. The increased transport, for the low triangularity

case (figure 5.10) mostly affects the area of the transport barrier (figure 5.11b).
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(b) Changes in density profile gradient as a re-

sult of increased parallel particle convection.

Figure 5.11: SOLPS5 predicted density profiles and gradients as a result of RMPs

in low triangularity discharges.
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Figure 5.12: Increase in D.ss obtained when the particle parallel convection due

to the RMP is added to the ELMing H-mode transport model for the reference

discharge (126443).
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when compared to experimental data.

Figure 5.13: SOLPS5 predicted density profiles and gradients as a result of RMPs
in ISS discharges.

This results in an altered midplane density profile, as shown in figure 5.11a, where
the SOLPS5 simulation matches the experimental profile for the RMP H-mode.
This match is also observed in the high triangularity cases, where the convection
parallel to the magnetic field is different from the low triangularity case. Figure
5.13a shows that the enhanced transport from figure 5.12 does not only match the
ELM suppressed RMP H-mode, but also the still ELMing RMP H-mode. Again,
the largest change in particle transport and, as a result, change in the pedestal
density gradient is observed at the steepest part of the pedestal (figure 5.13b). The
unperturbed transport coefficients dominate the profile shape and the perturbed
coefficients are small in comparison. Chapter 2 shows that only for the steepest part
of the pedestal, the change is outside the experimental error-bars. The magnitude
and trends in the calculations of the enhanced particle transport are consistent

with trends observed in experiments.

5.4 Discussion

The results presented in the previous section indicate that the change in

magnetic topology created by the external perturbations from the coils lead to a
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change in particle transport. The change in particle transport matches the RMP
pedestal profiles to within the error bars of the experimental data. This suggests
together with the work done on neutral sources in chapter 2, that by controlling
the perturbation spectrum, we can control the density pump-out. This would be
very beneficial to the operation of ITER. However, it is not yet understood if ELM
suppression can be achieved with an altered pattern that leads to less density
pump-out. Only the high collisionality experiments ( v* ~ 1 versus v* ~ 0.05),
which were performed in the ITER shape (different from the low < ¢ > and ISS
shapes studied in this work) and with a different I-coil parity, were able to maintain
a fixed line averaged density and still achieve ELM suppression [20].

Although there is good agreement between experiments and modeling, our
model for the enhanced convection parallel to the magnetic field is not complete.
First of all, the model does not include the effects of RMPs to the ambipolar electric
field. Including these effects will change the electron thermal heat transport and
could limit the particle transport. Next, convection parallel to the magnetic field
is based on vacuum calculations. It does not include the plasma response to the
applied magnetic perturbation field. There are regions where the field may be
screened [89] or amplified [45]. These phenomena can reduce or increase transport
in different areas of the plasma. However, we would like to point out that if the
magnetic perturbation was fully screened inside of ¥y = 0.9, this would not alter
these results in a significant way, since the additional convective parallel transport
is very small due to the lack of open field lines in this area. Moreover, the effective
transport coefficients from the ELMing H-mode are already 10 times larger in this
region than in the transport barrier region, reducing the impact of added transport.
Another possible explanation for the lack of density profile changes in this region
of the model, is the influence of the particle source term at the core boundary
condition. This effect will be investigated in further modeling. Also, the fraction
of trapped particles can change the influence of convection parallel to the magnetic
field, since the trapped particles may be turned in the magnetic mirror, retracing
on a banana orbit prior to traveling a Kolmogorov length. However, this is mostly

dependent on collisionality and since the experiments discussed in this paper have
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similar collisionalities, it would affect both studied experiments in a similar way.
Another aspect of neoclassical transport that is not included in this simple model
is the change in perpendicular transport due to collisions.

Additional to different transport mechanism and the effect of plasma re-
sponse to the RMPs, which are not included in our model, plasma wall interactions
are also altered. Chapter 2 shows that some of these effects, like increased pump-
ing and changes in recycling, lead to a density pump-out, but not to a sufficient
change in the pedestal shape. So a change in the neutral source does not affect the
pedestal profiles enough to obtain a complete agreement with experimental data.
Also, experimental data shows that RMPs decrease the amount of impurities in
the core plasma and alters the radiation [81].

Another apparent paradox is the difference between the particle flux and
the heat flux. Two different 3D fluid codes show that the calculated heat flux
is inconsistent with experimental observations [42, 28]. However, [28] shows that
the increased particle flux as a result of the RMP and the footprint pattern are in
good agreement. Previous work on parallel heat fluxes in the scrape-off layer (SOL)
shows that the Spitzer-Harm conductivity, as employed in plasma edge fluid codes,
overestimates the parallel heat transport [29]. The deviation from Spitzer-Harm
increases with lower collisionality. 2D fluid codes, like SOLPS5, have ad-hoc flux
limitations to limit the parallel heat flux, however this is still under development in
the 3D fluid codes. Tokar et al. [84] and Schmitz et al. [70] show that a 1D sheath-
limited heat flux regime approximation is not in disagreement with an increase in
particle flux as a result of free-streaming in low collisionality plasmas. A recent
publication by Jakubowski et al. [38] illustrates that the parallel heat flux behaves
differently in high collisionality RMP plasmas (i.e. footprint pattern visible in the
heat flux), versus low collisionality (i.e. no visible footprint pattern in the heat
flux). In this thesis, we refrain from increasing the electron heat conductivity;
however, there is an increase in convective heat transport as a result of the increase
in particle transport. This is still an active and complicated research topic in SOL
physics and the influence of RMPs is not well understood.

Finally, the SOLPS5 code is a 2D axisymmetric fluid code. It does not



80

have the full 3D topology created by the RMPs and does not include kinetic effects.
Therefore, these results should be interpreted as a first indication that the pedestal
shape changes are related to the changes in magnetic topology and the creation
of open magnetic field lines inside the axisymmetric separatrix for DIII-D low

collisionality H-mode discharges.

5.5 Conclusion

In this chapter, we discuss the relation between the changes in pedestal
density characteristics and changes in radial particle transport due to convection
parallel to the magnetic field by RMPs in low collisionality DIII-D H-modes. We
find that in low collisionality, for two different plasma shapes, the theoretical cal-
culated changes in particle transport correspond well to the changes observed in
pedestal density shapes, modeled with a 2D fluid code. The transport changes
calculated by the enhanced particle convection parallel to the magnetic field corre-
spond well to transport changes required in chapter 2 and [18, 53] to match RMP
H-modes experiments in the pedestal region. Furthermore, the transport calcula-
tions are more detailed than those in [18], which did not allow for varying radial
transport coefficients inside the separatrix and include more plasma shapes than
those in chapter 2.

Chapter 4 shows that turbulent transport increases in MAST and in the
core of DIII-D H-mode discharges. However, in the pedestal area of DIII-D low
collisionality H-mode plasmas, where turbulence doesn’t appear to be correlated
with the increased pedestal transport, calculated vacuum convective particle trans-
port parallel to the magnetic field is in good agreement with experiments density

profiles.



Chapter 6
Conclusions

In this final chapter we summarize the work discussed in this thesis and
summarize the original contributions. Finally, we conclude this thesis with some

directions for future research on the effects of RMPs on particle transport.

6.1 Summary

This thesis contributes to the work on increased particle transport resulting
from resonant magnetic perturbations (RMPs). These resonant magnetic pertur-
bations are choosen to be resonant with the edge of the plasma; by choosing an
n = 3 spectrum and having a gg5 = 3.6. RMPs lead to a changes in density profile,
not only in the pedestal area, but also deeper in the plasma core.

In chapter 2, we show that the changes in the pedestal density profile
are not solely due to changes in plasma-wall interactions. We show that although
changes in recycling and cryo-pumping lead to a different level of neutral fueling
and therefore can cause a density pump-out, they do not reproduce the changes
in density pedestal shape that are experimentally observed. To reproduce the
experimentally observed pedestal density changes, the particle transport has to
increase at the steepest part of the density pedestal.

In chapter 3, we identify whether the experimentally observed density
pump-out correlates with the applied RMPs. We introduce the parameter Dogy,

which is the magnetic diffusion coefficient D,; weighted with the field line loss
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fraction. This parameter includes much more experimental details such as plasma
equilibrium (e.g., shape, pressure profile, g-profile, etc.) and RMP details (e.g.,
RMP strenght, spectrum, non-resonant and resonant components) than previous
techniques (e.g.: I-coil current and chirikov overlap coefficient, o). By taking
these details into account we can compare different experiments in a similar regime,
illustrating that there is a correlation. Moreover, it introduces the possibility of
machine comparisons. In this thesis we compare low collisionality DIII-D H-mode
experiments with MAST L-modes. We find that there is significant difference
between both machines and in the following chapter we start to investigate this
difference.

Chapter 4 discusses experimental measurements of changes turbulent trans
port as a result of RMPs for DIII-D H-mode plasmas and MAST L-modes. We

find that althought the drive terms for turbulence are not altered in an signif-

icant way for MAST, fluctuations increase and the E x B shear at the plasma
edge decreases. Both measurements indicate that anomalous transport increases
for MAST L-modes at the plasma edge. In DIII-D H-mode discharges, the drive
terms vary depending on radial location and type. There is a positive correlation
between the changes in the invariant scale length a/L,, and changes in long wave-
length fluctuation measurements, measured by the Beam Emission Spectroscopy
(BES) diagnostic. From W = 0.7 — 0.9, the E x B shear decreases, independently
of the magnitude of the n = 3 applied I-coil current. For the pedestal area, the
changes in E x B are highly dependent on the profile fits and as a result no clear
trend is observed. Fluctuation measurements increase in the core, but actually
decrease in the pedestal region. As a result, characteristics of turbulent particle
transport show an increase in the core and a decrease in the pedestal area. This
illustrates, that density pump-out from RMPs can have multiple causes, depending
on experimental plasma conditions.

Finally, in chapter 5 we show that in low collisionality H-mode discharges,
an approximation for particle convection parallel to the magnetic field, based on
a vacuum calculation agrees well with experimental changes in pedestal density

profiles. To make predictions on pedestal density profiles with RMPs, SOLPS5, a



83

2D fluid code, first deduces the effective radial particle transport for a reference
ELMing H-mode. Next, the weighted magnetic diffusion coefficient multiplied with
the sound speed, ¢, is added to this effective transport coefficient, to predict RMP
pedestal density profiles. Good agreement with experimental profiles is found for

multiple discharges with different plasma shapes.

6.2 Original contributions

In this section we review my original contributions of this work organized
per chapter.

Chapter 2. This chapter explores the effects of altered wall conditions on
H-mode discharges in DIII-D. It demonstrates how reduced fueling can lead to a
density pump-out and the limitations of altered neutral fueling on the pedestal
shape. This chapter concludes that experimental observed density changes from
RMPs are the result of increased particle transport. This work as published in
[53].

Chapter 3 In this chapter we introduce the correlation coefficient, Doy,
based on a weighted magnetic diffusion coefficient. We show, that Doy, correlates
with the experimentally observed density pump-out in DIII-D low collisionality
H-modes and MAST L-mode discharges. However, we show that the magnitude of
the density pump-out and the slope of the correlation are vastly different for both
machines. This correlation presented in this chapter is in review [54].

Chapter 4 This chapter looks in more detail at the differences in turbulent
transport for RMP discharges in DIII-D and MAST. We find that in the pedestal
are for DIII-D H-mode discharges, the fluctuation levels decrease. Part of this
work is in review [54].

Chapter 5 In this chapter, convective parallel particle transport resulting
from RMPs is investigated as a possible explanation for the changes in density
pedestal. We find good agreement for multiple discharges, using a vacuum 2D rep-
resentation of free streaming transport in a 2D fluid code. This work is published

in [55].
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6.3 Directions for future research

Although, in recent years together with contributions in this thesis a large
body of work on changes in particle transport as a result of RMPs (see Chapter
3) has emerged, there are still many challenges ahead.

Influence of rotation The work presented in this thesis only includes
a vacuum representation of the perturbative magnetic field. Previous work per-
formed on error field penetration and locked modes, shows that the toroidal plasma
rotation screens the externally applied RMPs [27], making a high rotating plasma
less prone to error field penetration. The DIII-D plasmas in this thesis are all fast
co-rotating plasmas and it is therefore a logical extension of this work to include
rotational screening as an extension of the vacuum representation of RMPs and to
investigate how this would affect the free streaming transport.

Not only can the rotational screening mask the effect of the RMPs, pertur-
bative magnetic fields (e.g. error fields) have shown to brake the plasma rotation
[65]. This braking has a resonant component and a non-resonant component, that
both reduce the plasma rotation. Reduction in the plasma rotation lowers the
E x B shear and als changes the fluctuation levels. So the braking of rotation by
RMPs can lead to indirect changes in turbulent particle transport.

Ideal MHD effects Recent work comparing the plasma response of
n = 1 externally applied perturbative magnetic fields to ideal MHD calculations
shows a very good agreement and a large amplification of the applied field [45].
This amplification is the result of the external magnetic field being enhanced by an
internal kink mode. How an amplification or reduction of the applied n = 3 RMP
affects the transport as a result of free streaming would be a logical extension of
this work.

Neo-classical transport Modeling by XGCO shows that the density
pump-out is caused by a change in neo-classical transport of the ions [63]. However,
to be able to mimic the observed changes in the first 4ms of the turn of the I-coils,
an ad-hoc screening model is employed. The screening is the strongest in the
region where the vacuum model predicts a large amount of open field lines with

short connection lengths. One of the limitations XGCO is the assumption that the
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potential on a flux surface is constant, which is violated in the SOL region (or any
region of open field lines). The sheath at the target plates repels electrons, which
can result in a similar effect as the employed ad-hoc screening coefficient.

Turbulent transport One of the limitations noted in the conclusions
on turbulent transport (chapter 4) in this thesis is the lack of potential fluctuations
with the reciprocating probe. To calculate the direct particle flux resulting from
turbulence, probe measurements of the potential fluctuations, together with the
density fluctuations and the cross-phase between these two [56] are required. In
the DIII-D H-mode plasmas discussed in this thesis, it is impossible to plunge
a probe inside the separatrix without arcing, therefore it would be benefitial to
explore this regime in L-mode discharges and ECH H-mode discharges.

Inward Pinch This thesis only deals with changes in effect transport;
it does not seperate out changes to the inward particle pinch V' and the diffusive
outward particle transport D. Gas modulation experiments can help seperate out
the effects on D and V, leading to a better understanding of the influence of RMPs
on plasmas. 2D fluid modeling of these discharges can then validate these changes
and investigate the influence of increased neutral fueling by the gas puff modulation
on the experimental results.

ITER One of the main concerns for ITER is the amount of density
pump-out that is needed to obtain ELM suppression. It is therefore crucial to be
able to make a correct prediction for the different proposed RMP schemes what
the level of density pump-out will be. Therefore, we need to expand the correlation

in chapter 3 to include more experimental devices with ITER like conditions.
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