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Abstract

The wide range of plasma parameters available on Alcator C-Mod has led to the ac-
cessibility of many regimes of operation. Since its commissioning, C-Mod has accessed
the Linear ohmic confinement, Saturated ohmic confinement, L-Mode and ELM-free,
ELMy and Enhanced D, H-Mode regimes. Recently, another novel regime, the I-
Mode, has been identified[1][2][3][4]. I-modes feature the presence of steep H-Mode-
like electron and ion temperature gradients at the edge of the plasma with L-Mode-like
density profiles. The I-Mode, in contrast to the H-mode, shows very weak degrada-
tion of energy confinement with increased input power, and routinely reaches Hgg > 1
while operating at low edge collisionalities (1,,~0.1), making it a good candidate for
reactor relevant tokamaks. Also relevant for reactors, this regime can be sustained in
steady state for more than ~15 energy confinement times without the need for ELMs
to regulate particle and impurity confinement. Changes in edge density, temperature
and magnetic field fluctuations accompany the L-mode to I-mode transition, with re-
duction of fluctuations in the 50-150kHz range as well as the appearance of a Weakly
Coherent Mode (WCM) in the 200-300kHz range, analogous to the Quasi-Coherent
Mode (QCM) characteristic of the Enhanced D, H-mode. Previous work[4] has es-
tablished a connection between the midrange fluctuation suppression and reduction
in the effective thermal diffusivity, x.s¢, in the pedestal region. The mechanism in
I-mode for maintaining sufficient particle transport to avoid impurity accumulation
and instabilities has been unclear. The O-mode reflectometry system has been ex-
tensively used for the characterization and detection of the I-mode and the WCM, in
part, enhanced by upgrades to the system which enabled the baseband detection of
density fluctuations at an array of cutoff locations at the edge of the plasma[5][6][7].
Using a novel model, the autopower signals of reflectometry channels detecting the
density fluctuations have been decomposed into a broadband component and a WCM
component. The latter is then used to estimate the intensity of the WCM. In parallel,
the particle transport across the LCFS in I-mode plasmas has been estimated using
a volume integrated particle transport model, where ionization source measurements
are acquired using D, profiles measured near the outboard midplane. This model
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takes into account the anisotropic ionization source density around the periphery of
the plasma by introducing an asymmetry factor, o, which is then estimated using a
study of I-Mode to H-Mode transitions. The results imply that measurements at the
outboard midplane overestimate the surface-averaged influx. Finally, a comparison
has been made between the particle flux across the LCFS of the I-mode and the inten-
sity of the WCM, which shows a generally positive correlation between the two. This
is supporting evidence that the WCM is, in fact, responsible for maintaining particle
and impurity transport across the edge of the [-mode energy transport barrier.

Thesis Supervisor: Earl S. Marmar
Title: Senior Scientist
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emissivity which, in turn, contains the local n, information. . . . . . .

By using poloidal columns of GPI views, a k — f diagram can be con-
structed that displays both the frequency information of signal fluctua-
tions, but also the kg decomposition. This is essential in characterizing
wavelike phenomena since it can display the frequency as well as the
poloidal wavenumber of the fluctuations. In the EDA H-mode, for ex-

ample, the QC-mode can be observed at ky ~ 2cm™!

at a frequency
of f =~ 130kHz, hence, its phase velocity in the lab frame can be

calculated to be: vprg = 27 f/ kg ~ 4.08km/s. Figure from [22]. . . . .
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2-23

2-24

2-25

a)The Phase Contrast Imaging (PCI) system detects line integrated
density fluctuations across 32 vertical chords that encompass the plasma
core. b) By using a phase plate the gives the unperturbed component
of the laser signal a A/4, hence, a 7/2, phase shift, the intensity of the
signal becomes dependent of the phase gained through the laser path
which, in turn, is proportional to the line integrated .. Figure from

(T4 o

The high resolution ECE system, installed in collaboration with FRC,
can provide local measurements of spatial resolution of < lem at the
edge of the plasma. The time resolution of the system is high enough
to conduct spectral analysis of signal to up to 100s of kHz. Figure

adapted from [77). . ... ...

a) The fast magnetic coils consist of simple wound solenoids aligned
in the 6 direction. By Faraday’s law, a voltage is induced in the coil
proportional to the fluctuating magnetic flux within the coil. There are
currently 66 operational coils (shown in blue) distributed (b) poloidally
and (c) toroidally around the outboard wall of Alcator C-Mod. . . . .

The L-mode before an L-H transition in unfavorable drift direction
plasma was found to have remarkably high edge temperature and en-
ergy confinement on Alcator C-Mod and on AUG. a)On C-Mod, the
L-modes prior to L-H transitions show high Hgg > 1.1 and edge temper-
atures above 200eV(adapted from [15]). b)On AUG, the unfavorable
drift direction L-mode prior to the L-H transitions was named the In-
proved L-Mode and it featured H-mode like temperature profiles (figure
from [16]). . . . . . ...

The two-phase transition was observed on C-Mod which showed a rise
in edge temperature and stored energy ((b) and (d)) while maintaining
constant density (a). The D, is seen to stay high during the interme-

diate phase and decrease as the density rises (e). Figure from [1].
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3-3

3-4

3-6

3-7

The I-mode regime has typically been accessed on Alcator C-Mod in
the unfavorable drift direction in normal field (I, and Bz clockwise
when viewed from above) as seen in (a). By reversing the fields, the
unfavorable drift direction is achieved using the more conventional LSN
topology, (c¢). Finally, by using an exaggerated J; topology in normal
field configuration, similar to the shape used for ELMy H-modes, I-

modes have also been accessed (b). . . ... ... ..o L

The time traces for a typical discharge with L-mode to I-mode and
I-mode to H-mode transitions show the global characteristics of the
I-mode regime. During the I-mode period, the edge and core temper-
atures rise while the density stays at the L-mode level. After the I-
to H-mode transition, the density rises rapidly, leading to the typical

H-mode regime. I, = 1.2M A during this discharge. . . . . ... . ..

I-modes suffer less power degradation than L-modes and H-modes.
Normalizing with I,, the plasma stored energy, W, is almost linear
in the unfavorable drift direction for both normal and reversed field

configurations. . . . . . . . ...

Impurity confinement times, 77, in I-mode are comparable to those of
L-mode, lower than EDA H-mode and much lower than ELM-free H-
mode. The high Hogg, low 77 characteristics of the I-mode are desirable

for reactor type plasmas. Figure adapted from [3]. . . . . . . ... ..

a)The confinement coeflicient, Hygs, for I-modes in unfavorable drift
direction in both normal and reverse field is similar to, or higher than,
that of the H-modes. The I-modes can be accessed at high I,, with
gos reaching below 3. b)The I-modes are typically restricted to very
low collisionality due to the very high 7, and low n. at the edge. Due
to the very high temperatures at the edge of the plasma, the expected

pedestal collisionalities for ITER are v, < 0.1[17)[18] . . ... . ..
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3-8

3-10

3-11

3-12

Typical L-mode, I-mode and EDA H-mode pressure profiles versus
normalized minor radius. Due to the high core temperatures, I-modes
reach high pressures at the core of the plasma, similar to, and even
surpassing, H-mode pressures. The pressure is derived from Thomson
scattering n. and 7, measurements. . . . . . . . . .. .. .. ... ..
Using charge exchange recombination spectroscopy, the E, radial pro-
files have been measured for L-mode, I-mode and EDA H-mode plas-
mas on Alcator C-Mod[2]. The presence of an intermediate E, well for
the I-mode suggests a mechanism for the enhanced energy confinement

in this regime. This finding leaves the mechanism behind particle and

impurity L-mode-like transport unresolved. The figure used is from [2]. 110

The change in toroidal rotation in H-mode (green) scales well with
both VI and Vp at the edge on Alcator C-Mod. Since I-modes can
have strong VT' while having small Vn it can be distinguished that the
changes in toroidal velocity are more correlated with edge temperature
gradients than with edge pressure gradients. Figure from [19].

The I-mode is accompanied by changes in the edge fluctuations, mainly
an enhancement at high frequencies (200kH z — 300kH z in this exam-
ple), and a reduction of broadband fluctuations at lower frequencies
(50kH z — 200kH z in this example). Shown, are the fluctuation spec-
tra for magnetic coils, reflectometry and PCI, but these phenomena
have also been observed on GPI and ECE (all described in Chapter
2). The bottom 2 traces show time histories of T, at the 95% flux
surface (near the top of the pedestal), and the line averaged density,
Te. I, = 1.3MA for this discharge. . . . . . ... ... ... ... ...
The broadband reduction during the I-mode correlates well with the
changes in x.z at the edge of the plasma. In this example, the power
balance code, TRANSP, has been used to estimate Xef at the top of the
pedestal, and the fluctuation changes are observed in the reflectometry

signal at the same edge region. . . . . . .. ... ... ... ... ...
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3-13

3-14

3-15

a)Using the n. profiles, the radial positions of the cutoff layers for the
reflectometry system can be determined. If a given channel observes
the WCM, the mode’s radial position can, then, be deduced. b) The
evolving location of the WCM throughout an I-mode period can be
estimated by observing the presence of the mode in the autospectra.
In this example, the mode is seen in the 75GHz channel throughout
the whole I-mode, whereas it can only be seen by the 88.5GHz channel
at the end of the I-mode period, when the density increases, moving
the cutoff layer from the core to the edge. In this case, the WCM is
observed at approximately 2cm inside the LCFS, that is at r/a~0.9.
¢) The GPI system has also been used to radially localize the WCM
to within the outer 1 to 2 cm of the confined plasma. The rollover
position, determining the peak of the mode, is not always observed
within the first ~1.5 e¢m inside the LCFS (the radial range of the
system), yet, in the example shown, the signal is observed to peak at

~1 eminside the plasma. . . . . . . . . . ... ...

a)The fast magnetic field coils are poloidally separated and have ob-
served a poloidal variation of the amplitude of the WCM. In this case,
the I-mode is in favorable drift direction. b)The PCI signal observes
line integrated density fluctuations and has shown a peak of the WCM
away from the outboard midplane. In this case, the I-mode is in the
unfavorable drift direction and the green shading indicates the region

of the WCM amplitude peak in this example. Figure is adapted from

a) By using GPI and PCI, the &y of the WCM has been estimated to be
approximately 2em™! in the EDD. b) Magnetic field coil measurements
show a kg in the countercurrent direction. This is consistent with the
WCM being a field aligned mode (k - B = 0). The schematic shows a

midplane view of the plasma from the outboard midplane. . . . . . .
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3-16 a)In addition to being detected by magnetic pick up coils at the wall
and by the O-mode reflectometer, the WCM is observed using the fast
ECE radiometer. In this example, the detected signal is within lem of
the LCFS, at r/a~0.95. b) While the ECE signal is sensitive to T,/T5,
it also responds to 7. /n., if the plasma is optically thin. Here it is
shown that the optical thickness of the plasma is high enough (7 > 4)
at the edge of the plasma that the main contribution of the ECE signal

is from thermal fluctuations. Both figures are adapted from [21]. . . . 123

3-17 a)GPI measurements show the QCM (green) and the WCM (red) lo-
calized close to the top of the temperature pedestals, right inside the
steep gradient regions (shown in (b)). Note that, for other examples,
the radial positions of both modes have also been measured closer the
the LCFS. The value of f./n. is measured by integrating the WCM
contribution to the f —k spectra at a given radial position (e.g. Figure
3-18). The 7. /n. of the QCM is confirmed to be approximately 30%,
whereas the density fluctuation component of the WCM is measured

to be approximately 10%. Figure (a) is from [22]. . . .. ... .. .. 125

3-18 The k — f plots at the edge of the plasma for an EDA H-mode and
an I-Mode show the presence of the QCM and the WCM respectively.
While the frequency of the WCM is considerably higher (centered at
~ 250K Hz) than that of the QCM (centered at ~ 70kHz), the kg
values of both are relatively similar, at approximately 2cm™!. Figures

adapted from [23]. . . ... ... ... 126

3-19 One of the most clear differences between the QCM and the WCM
is the mode dependencies on the stored energy. For the QCM, the
changes in center frequency of the mode are inversely proportional to
changes in the stored energy of the EDA H-mode. In contrast, the
center frequency of the WCM varies proportional to the stored energy. 127
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3-20

3-21

3-22

3-23

a)In order to estimate the particle transport across the LCFS for the
EDA H-mode, a Lyman « array was used to measure the ionization
rate and, through a local particle conservation model, estimate I'pcrg.
b) By comparing the effective diffusivity at the edge of the plasma,
as defined in the figure, and the amplitude of the QCM, a strong cor-
relation is found, which supports the causal relationship between the

QCM and the particle regulation in the EDA H-mode. . . . ... ..

a) The autopower of the complex signal, [ +14@Q (in solid black), during
the I-mode can be modeled as a sum of two exponential decays (in
green) describing the broadband fluctuations and a Gaussian compo-

nent (in blue) describing the WCM at ~200kH z. The full fit is plotted

inred. . . . .. e

The autospectra reconstruction of a shot during L-Mode, I-Mode and
ELM-free H-mode plasmas based on the parametrization described.
The first plot shows the full spectrum, the second plot shows only the
broadband components, the third plot shows only the WCM /Gaussian

Two models, one with 2 exponential decay terms (top row) and the
second with 1 exponential decay term (bottom row), are used to fit
the autopower signal. The black trace is the original signal, the red
trace is the model fit. Using only one exponential decay term, the fit
reproduces the features of L-mode spectra well (as in the leftmost and
rightmost plots), but fails to describe well the autopower during the I-
mode, especially for low frequencies of the autopower (around 100kHz).
Using two decay terms, as is done for the top plots, the model fits well

to the full autopower in both the L-mode and the I-mode regimes. . .
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3-24 By doing individual fits to the autopower of the complex signal, I +iQ,

4-2

for 1ms intervals during the whole discharge, the reconstructed au-
tospectra are obtained. As for Figure 3-23, two models, one with one
exponential decay and one with two exponential decays are compared.
As expected from Figure 3-23, the broadband component of the au-
tospectrum is not well reconstructed by the single exponential decay
for the I-mode period (bottom-left plot), leading to a bad reconstruc-
tion of the WCM part (bottom-right). The two decay model (top right)
does a much better job than the one decay model (bottom right) of
reconstructing the spectra during the I-mode phase (t~0.85s). Note,

the same range is used for the color scales in all plots. . . . . .. . ..

The fast visible spectrum camera has a 64 x 64 viewing array, straddling
the LCFS at the outboard midplane. The lines of sight are parallel to
the local magnetic field at I, ~ 1M A and measure the line integrated
brightness. Since no deuterium gas puffing is used, the background
emissivity profiles at a given spectral line (D, filtering is used for the

work presented), can be obtained. . . . . ... ... . ... ... ...

Since there is no local deuterium puffing along the lines of sight during
these plasma discharges, the brightness profiles obtained by the fast
visible camera can be Abel inverted to measure the D, emissivity radial
profiles. These can then be used to infer the local ionization source

demsity. . . .. ...
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4-3

o-1

The local particle continuity equation is applied to individual wedge
differential elements. The source density is restricted to the neutral-
plasma interaction zone within the LCFS (shown in purple), the dn/dt
term comes from contributions throughout the whole wedge elements
and the flux can be divided into I'pcrg, across the LCFS and I'g g4
and I'4 9 of flux crossing to the poloidally adjacent wedge element
above and below respectively. As the wedges are added to create an
integrated particle flux equation, all the I" 4 1 contributions cancel out

with the 'y p_ term from the element poloidally above. . . . . . . ..

To advance from a differential, local particle transport equation to an
integrated form which takes into account all of the source contributions
to the plasma, it is necessary to introduce a weighing factor, o, to take
into account source density asymmetries around the poloidal cross-
section. For o < 1, the S,,, measured at the fast camera location
(shown in the figures), overestimates the average sources in the plasma.
For o > 1 the measured signal underestimates the average sources. The
symmetric case, wherein the measured source density is the same as

the average source density,is that of o= 1.. . . . . . ... ... ...

A typical I-mode to ELM-free H-mode transition shows a sudden sup-
pression of the WCM accompanied by a break in slope of the average
electron density, while the D, trace, which serves as a proxy for the
particle source, stays fairly constant. For this example, the plasma
current is 1.2MA and the plasma is in the normal field, USN configu-

ration. . . . .. L e
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5-2

5-4

5-5

An I-mode to H-mode transition in a 1MA plasma, in reverse field LSN
configuration, is shown. For this case, the source term from the visible
camera D, array, [ Sopsdr, is directly measured and is seen to stay con-
stant through the I-H transition. The Do(udivy measurement decreases
by ~20% during the transition. Note that the apparent amplitude de-
crease of the WCM at the end of the I—mode' phase is a consequence
of the shift of the cutoff layer of the reflectometry channel (87.5GHz)
outside of the region of the WCM. . . . . . . ... ... ... ..., ..

The coherence of the WCM signal, defined as feen:/Af, measured by
reflectometry, shows increases as the plasma current, I,. The large
blue dots are the binned averages of the coherence from individual

measurements (small black dots). . . ... ... .. ... ... ...

Time traces from a discharge used in the present study. The plasma
current for this shot is maintained at I, = 1M A throughout the flattop,
while the Pjogr is changed in a stepwise manner in order to change the
stored energy and edge temperature gradients during the I-mode phase.
The autospectrum of the 75GHz reflectometry channel is shown; the

time varying WCM is clearly observed (feen: &~ 150kHz to 250kH z). .

Time traces of a 1IMA discharge are shown. The top autospectrum
is only the Gaussian component extracted using the fitting procedure
described in Section 3.5, of the reflectometry signal from the 75GHz
channel, which, for the data points used, reflects off of the WCM region.
The black points in the bottom plot are the f Ay Sobsdr data measured
directly from the D« camera, the red trace is the main deuterium
fueling and the green is the GPI He puffing. As shown, there is ap-
proximately a ~50ms lag between the fueling curve and the f Ay Sobsdr
term, hence, at least a 50ms post-puff before the data is used. Note
that in cases in which, after 50ms, there is still a sharp decrease in the

Ja, Sovsdr signal, the 50ms is extended. . . . . . . . .. ... ... ..
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5-6

CIJ‘(
EN|

The two discharges for which the criteria are satisfied in enough data
points to make a statistical argument about the trend, are shown above.
The T';_g = I Lcrg constraint is used to deduce a o value for each cur-
rent. For IMA and 1.1MA, the correlation coefficients found between
the plotted variables are pwear,ry = 0.81 and p(weon,ry = 0.76 respec-

tively, . . .

Using the maximum and minimum I'zeps(I) (I7—g) from Tables 5.1
and 5.2, the o range is estimated, to test the robustness of the corre-
lation. As observed, the correlation is sustained for the two extremes.

Note that the I'rors axis is normalized to the maximum for each o

used in order to study the trends, independent of the actual magnitude. 166

The He puffed discharges are suitable for direct measurement of the
/ Ay Sobsdr term, since the requirements for Abel inversion are satisfied.
For the top two shots plotted (those with He puffing), the measured
source term is shown (black dots). As stated, throughout the run day,
an empirical linearity was observed between the measured pressure
at the upper diverter, P4, and the directly measured source term,
fa, Sobsdr. Using linear fits between Pygi, and [, Sopsdr, for the cases
where both are measured (the top two shots), the f Ay Dobsdr term is

deduced for the Dy puffed cases. . . . . . . . . .. ... ... ...

Using the | Ar Sobsdr deduced from the measured Py, the I'pops can
be compared to the Iwey. In the He puffed shots, for which the
f A Sobsdr is measured directly, the I'r g = TLcrs constraint is used
to deduce o, whereas for the Dy puffed shots, the o is set from the He
case (with equal I,) and the Tpcpg is calculated. For the Dy puffed
shots, the point scatter is much larger than for the He puffed shots,

and the correlation is weaker. . . . . . . . . . ...
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A-1

A-2

A-3

A-4

A-5

A-7

a) Alcator A results found a linear dependence between 7 and 7.
Which is, both, lower than the expected neoclassical estimates and with
opposite density dependence. Figure from [24]. b) First observed on
Alcator C and then on Alcator C-Mod, the linear regime was observed
to saturate after a n.~4/qgs. This Figure is from [25]) . . . . . .. ..
The SOC regime and the L-Mode regime are well characterized by
the ITER89 scaling law wherein the energy confinement time degrades
with the input power as Py¢° (Figure from [25]) . . . . . . ... ...
Turbulent fluctuations in the plasma create potential perturbations
that lead to turbulent eddies. These eddies determine the step size and
step frequency in an anomalously dominated plasma. A similar figure
showing an E'x B eddy forming around a region of charge accumulation
in a magnetized plasmas is shown in [26] (Figure 1). . . . . . . . . ..
a) E, measurements at the edge of an H-Mode plasma on Alcator C-
Mod. H-Modes show radial electric field wells forming close to the
region of steep temperature and density gradients. These wells create
shears in ExB velocities in the poloidal direction. b) The turbulent
eddies which experience this velocity shear are first poloidally elongated
(time ¢;) and are subsequently torn (time o). . . . . . ... ... ..
When the peeling-ballooning modes become unstable, the pedestal is
transiently destroyed until it cycles back into the stability region. The
relaxation cycles of the three common ELM types are schematically
shown in Jperg — Vppea Phase space. This figure is adapted from [27].

A typical LSN C-Mod topology is shown in dotted blue. As the lower
triangularity is increased and the upper triangularity lowered, a new
ELmy regime is accessed. . . . .. ... ... ... ... ... .. ...
The EDA H-mode, characterized by the enhanced D, signal. has high
particle and energy confinement and can be sustained for many 7.
The Quasi-Coherent signature on the density fluctuations is shown, as

measured from a phase contrast imaging diagnostic. . . . . . . . ...
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Chapter 1

Introduction

1.1 Nuclear fusion and magnetic confinement

1.1.1 Fusion as an energy source

Following the development of nuclear technology for defense purposes in the 1940s
and 50s, a push began towards the development of fission and fusion technology for
peaceful purposes. Advances in fission technology quickly led to the development of
the fission nuclear power plant[28]. Parallel efforts focused on the advancement of
fusion technology were undertaken.

The basic physics behind fusion as an energy source relies on the exothermic reactions

involving hydrogen and helium isotopes:

D+D — He+n+32TMeV (1.1)
D+D — T+p+4.03MeV (1.2)
D+ He® — He*+p+183MeV (1.3)
D+T — He*+n+17.6MeV (1.4)

Due to the abundance and ease of handling of deuterium, the first two reactions might
be the preferable choice in a hypothetical reactor. However, as can be observed in

Figure 1-1, the D-D reactions suffer from low reaction rates at the temperatures
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Figure 1-1: The reaction rates for the fusion relevant reactions are shown. The rate

with the highest cross section is the Deuterium-Tritium reaction. This is the reaction
on which the fusion community is focused for future reactors.

realistically accessible in laboratory plasmas (< 40keV). The D — He? would also be
a desirable reaction to exploit due to its impressive energetic yield and to the fact that
the reaction products are charged particles which can be contained by the magnetic
fields and would reduce the wall damage due to very energetic neutrons. The main
disadvantages of this reaction are, again, its low rates at reactor temperatures and
the fact that He® is very rare on earth.

The remaining reaction, D-T has the disadvantage of requiring tritium which, itself,
is rare and radioactive and of having energetic neutrons as one of its byproducts. The
proposed use of Li blankets surrounding the nuclear reactor could tackle the tritium
supply problem by utilizing the neutron output[29]. By using L:® enriched blankets,

the tritium can be produced in the following reaction:

Li® 4+ ngow — He* + T + 4.8MeV (1.5)
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from which it would be extracted as well as the excess heat which would be used to
generate electricity through a power cycle. The tritium would then be used in the
main fusion reaction. Several steps, including neutron multiplication and neutron
moderation would also be needed for a working reactor.

The fusion reaction rate, as a function of the reaction cross sections, o, can be written
as f = npnr (oprv) where the (...) denotes velocity space averaging, and np and
nr refer to the deuterium and tritinm density respectively. The rate is maximized
when np = nr = in. = in, hence f = in®(ov) = (p?(ov))/(16T?) (the DT
subscript has been suppressed) where p = n.7, + npTp + nyTr, which, assuming
T=1T,=Tp =Tr, gives p = 2nT. This assumes that the impurities are negligible
contributions to the density and the temperature. Since the energy with which every
He* nucleus (known as an “a” particle) from the DT reaction (shown in Equation
14) is E, = (1/5) x 17.6MeV ~ 3.5MeV, the power density provided by the as
from the fusion reactions is, therefore, given by[30]: P, = 3.5MeV x p? (ov) /(16T2).
Meanwhile, the power lost from the plasma is characterized by the energy confinement

time, 7g, as:
W . 3fLTkB

= 1 T 1
V-Ploss Vlloss

(1.6)

TE

where W is the stored energy density (with stored energy, W = [WdV), V is the
total volume of the plasma and kg is the Boltzmann constant. For an ignited plasma,

the a power must overcome the lost power|[30]:

Ploss

P, 7 (1.7)
3.5MeV 2 3/2)pk

VX pov)  (3/2pke "

].6T“ TE

24kgT? _

2nTTy = —— > 83 ¢ @T =15 1.9
nl'te =pTe > = o) = atm s @ T = 15keV (1.9)

The product nT'7g is known as the triple product and it is a figure of merit for the reac-
tor. The RHS of Equation 1.9 has been evaluated at T=15keV (note, 1eV=11,604K)
for which it reaches its minimum, giving the triple product a lower limit below which

ignition cannot be attained. This inequality implies that, in order to reach ignition
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the plasma must be dense enough, hot enough and well confined. Similarly, the prod-
uct n7g, known as the Lawson parameter[31], is also used in the literature as a metric
to gauge the quality of a fusion experiment[32][24][33].

The fact that the required temperatures for which these fusion reactions take place are
in the tens of keV range require the use of clever confinement schemes that separate
the reactants from the surrounding laboratory environment. Two main approaches
have been proposed to deal with the confinement of the plasma, inertial confine-
ment and magnetic confinement'. Inertial confinement fusion (ICF) uses very fast
compression of pellets containing the fusion reactants (D and T) to generate fusion
energy yield during the inertial timescale of the system[34][35]. With the construction
and operation of the National Ignition Facility (NIF)[36], among other experimen-
tal facilities[37], ICF research has advanced greatly in the last decades. The second
principal approach towards fusion, which I will focus on for the rest of this thesis,
is magnetic confinement fusion (MCF')[33] which will be described in the following

section.

1.1.2 Magnetic confinement and tokamaks

The Lorentz force exerted on an electrically charged particle of charge ¢ moving
with velocity ¥ in a space with an electric field E and a magnetic field B is: F =
q(E + U X ﬁ) This implies that when B dominates, the electrically charged particle
will spiral, following the direction of the magnetic field line (see Figure 1-2a). In
this simple picture, the particle Will traverse freely in the direction parallel to the
magnetic field but is confined perpendicular to it to a gyroradius: p, = mwv, /qB
where v; = )z")' X B" /B (note that, as a shorthand, the magnitude of a vector is
written as the variable with suppressed vector sign, e.g. B = 'E ‘) If the magnetic
fields close upon themselves the parallel direction is also confined as shown in Figure
1-2b. This is the basis of magnetic confinement.

The simplest solution is a torus with circular magnetic fields, where the magnetic

!Confinement schemes have been proposed that utilize alternative methods such as inertial-
magnetic hybrids, nonetheless, the two most. developed methods are ICF and MCF described.
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Figure 1-2: a)electrons and ions spiral around magnetic fields at the gyro frequency
and gyro radii. b) In order to contain the particles in the direction parallel to the
magnetic field, the fields can be closed upon themselves.

fields can be constructed through magnetic coils surrounding the torus, creating fields
in the qB direction and the plasma is confined in a given region of Rand Z (see Figure
1-3). The problem with this configuration comes from the VB drift:

2 Bx VB
YLZxX V2 (1.10)

WET o0 B?

where € is the species cyclotron frequency, Q) = ¢B/m, and the curvature drift:

Y R.xB
O RB

Wi (1.11)
where R, is the radius of curvature of the magnetic field. These drifts are in the
Z direction and are in opposite direction for positive (ions) and negative (electrons)
species, separating the charges vertically. This creates an electric field in the z
direction that ejects the plasma radially through an E x B type drift towards the
walls of the machine. To solve this problem, a magnetic field is created that includes
both a toroidal component, in the direction of the main torus, as well as a poloidal
one circling the cross section of the plasma in the 6 direction of as shown in Figure

1-3. The two configurations which have been studied the most in MCF research that
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Figure 1-3: In order to maintain the plasma in equilibrium, a magnetic field with
both a toroidal and a poloidal component is needed.

incorporate these types of magnetic fields are the Stellarator and the Tokamak|33].

Initially developed in the 1950s , the stellarator uses specially designed magnetic
field coils which break the axisymmetry[38] (g—f = 0) of the system. The magnetic
field lines are no longer circular but full toroidal flux surfaces which, on average,
cancel out the drift away from the flux surfaces. The second major configuration,
known as a Tokamak, features a central magnetic solenoid. During operation, a time
varying current is applied to the solenoid which acts as the primary of a transformer,
with the plasma acting as the secondary, inducing a plasma current in the toroidal
direction. The current, in turn, produces a poloidal magnetic field inside the plasma.
The resulting magnetic field is composed of By in the toroidal direction and By in the
poloidal direction. As in the stellarator, the magnetic field lines in a tokamak trace
full toroidal flux surfaces instead of circles, and the particles have no net curvature
of VB drift away from the flux surfaces; in principle, the tokamak configuration is
axisymimetric.

Since a linearly increasing current in the solenoid is needed to induce a toroidal
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electric field, the tokamak configuration is intrinsically pulsed, that is, it cannot run
steady state. In contrast, the stellarator requires no induced current, hence, it is
not inherently transient. Advances in tokamak physics, like the discovery of the
bootstrap current, a toroidal current generated by pressure gradients in the plasma,
as well as technological advances like the development of auxiliary RF current drive,
has extended tokamak pulses to order 100s lengths. The simplified geometry of the
tokamak magnetic field coils results in more flexible plasma geometries as well as
greater port access, which is ideal for physics and engineering research reactors.

The basic geometry of a tokamak can be seen in Figure 1-4. Its main components
are: The metallic toroidal vacuum vessel wherein the working gas, typically deuterium
(and tritium for D-T experiments), is puffed in and maintained at low pressure,
toroidal magnetic field coils generating the §¢ in the plasma, equilibrium magnetic
field coils used for vertical and radial control, as well as plasma shaping, and the
central solenoid responsible for the plasmas current, I,, which provides the poloidal
magnetic field, Eg, and ohmic heating of the plasma: Pypmic = IgRQ, where Rgq is
the total plasma resistance. While this is the basic tokamak configuration, they are
also equipped with various forms of auxiliary heating such as neutral ion beams, ion
cyclotron minority heating, ECE heating, etc; as well as expansive diagnostic sets,
additional magnetic field coils, cryogenic thermal shielding, etc. Over 200 tokamaks
have been built up to date, of which, by 2012, more than 30 are still in operation?,

each with a unique configuration, hence, focused on specific areas of study.

1.2 Alcator C-Mod tokamak

After the successful operation of two previous high magnetic field compact tokamaks
at MIT: Alcator A and Alcator C, a new tokamak was commissioned in 1993 which
expanded the operational range of the previous iterations[39]. Alcator C-Mod retains
the thrust set by its predecessors by operating at high magnetic field and density, with

the addition of a divertor which enables a magnetic configuration in which the last

2For an up to date list, go to http://www.tokamak.info/
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toroidél magnetic
field coils

vertical magnetic
field coils

Figure 1-4: The basic tokamak includes a vacuum vessel to contain the plasma, a
central solenoid which provides I, and, hence, By, as well as ohmic heating to the

plasma, toroidal magnetic field coils for §¢ and vertical field coils for plasma shaping
and vertical positioning
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Figure 1-5: The Alcator C-Mod tokamak cross-section, wherein a lower single null
plasma is plotted. The machine is encased in a cryostat needed to maintain the
magnetic coils within operational temperatures.

closed flux surface of the confined plasma has no contact with the limiting surfaces
of the main chamber. In this configuration, a magnetic X-point separates the main

plasma from the divertor surfaces.

1.2.1 Alcator C-Mod parameters

The main engineering and plasma parameters of Alcator C-Mod are summarized in
Table 1.1. It was constructed to study many topics of plasma physics and plasma
engineering necessary for the development of future, energy producing tokamaks. Fig-
ure 1-5 shows the cross section of C-Mod. The main gas of operation is deuterium,
but helium and hydrogen can also be used as main ion species.

The plasma is enclosed in a stainless steel vacuum vessel with 20 vertical and 10 hor-
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| Alcator C-Mod Parameters |

Major radius 0.67m
Minor radius 0.22m
Toroidal Maguetic Field 3—-8T
Plasma Current < 2.02MA
Central density <5 x 10®°m3
Central temperature < 8keV
Pressure ~1.8atm
gos 3-7
. . ICRF
Auxiliary Heating LHRF
Plasma surface components W
Mo

Table 1.1: Alcator C-mod physics and engineering parameters.

izontal entry ports used for diagnostic and RF antenna access. A 120 turns toroidal
field magnetic coil, running currents of up to 250kA, surrounds the vessel creating
magnetic fields of up to 8T at the center of the plasma with operation spanning
2T < §¢ < 8T'. 10 toroidally wound copper coils are used for position control and
shaping.

The central solenoid in C-Mod consists of 3 independent coils wound around the core
of the toroidal field magnet. By running linearly increasing currents of up to 30kA,
the variable magnetic field induces a current inside the plasma, I, in the toroidal
direction of up to 2MA which serves to ohmically heat the plasma as well as inducing
a poloidal magnetic field, By, used to maintain plasma equilibrium.

The first wall of the tokamak is lined by metallic high Z (Z=42) molybdenum tiles,
including the inner and outer wall limiters. A closed divertor at the bottom of the
machine and an open divertor at the top complete the interior of the machine. The
high 7 plasma surface components provide low deuterium retention and high heat
load capabilities with low erosion. The need for low tritium retention and high power
handling make high Z PFCs the leading candidates for use in tokamak reactors.
The presence of both limiters and divertors provides increased flexibility of plasma

shaping, including the ability to run in lower single null topology, as shown in Figure
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1-5, as well as in upper single null configuration, where the main x-point is above
the plasma column. This flexibility has been crucial in the discovery of the I-mode
regime, which will be discussed later in the chapter.

In addition to ohmic heating, the main auxiliary heating on Alcator C-Mod utilizes
RF waves to heat minority Hydrogen or Helium?® ions in the deuterium plasmal[40].
The waves are launched at 50-80.5MHz into the plasma and can provide a total of
up to 6MW heating. The minorities interact with the electrons through binary colli-
sions and they, in turn, heat up the majority ions. Similarly, microwaves, at 4.6GHz,
launched from the outboard side of the plasma column, can be used to accelerate
electrons to high energies and drive currents non-inductively, thereby supplementing
the solenoid-induced I,,.

While Alcator C-Mod is small in physical size compared to other fusion research toka-
maks like DIII-D[41] and JET|[32] which have major/minor radii of 1.66m/0.67m and
2.96m/1.25m respectively, due to C-Mod’s high magnetic field, it has many param-
eters that are similar to ITER’s. One of the advantages of the high magnetic field
is that the magnetic pressure, B?/2uo, can sustain higher plasma pressures without
letting the plasma go unstable. This has led to C-Mod reaching volume averaged
pressures of p = 1.8 atm, a tokamak record[42]. While the temperature in ITER is
expected to be about twice as high as that in C-Mod (approximately 15keV), ITER’s
B = 2uop/B? is expected to be closer to C-Mod’s than that of other tokamaks, as

seen in Figure 1-6.

1.2.2 Summary of confinement regimes on Alcator C-Mod

Alcator C-Mod has featured several confinement regimes, including:

e The Linear Ohmic Confinement (LOC) and Saturated Ohmic Confinement

(SOC) regimes, which were originally observed on Alcator A and Alcator C.
e The L-Mode regime, both ohmic and with auxiliary heating.

e ELM-free H-modes, which exist without the presence of edge localized modes

(ELMs) and are typically short lived.
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Figure 1-6: C-Mod’s pressure and toroidal magnetic field position it well to study
physics relevant to future tokamaks.

e ELMy H-modes which feature type I, II and III ELMs all of which have been
observed on C-Mod.

e Enhanced D, (EDA) H-Modes which can be sustained in steady state without
the need for ELMs.

A review of these confinement regimes can be found in Appendix A, including a discus-
sion about the possible physical mechanisms responsible for the different confinement

characteristics of each regime.

1.2.3 Introduction to the I-Mode regime

The H-mode regime is characterized by the férmation of edge transport barriers that
confine both particles and energy which, as discussed in Appendix A, is believed to
be due to the presence of E, wells at the edge of the plasma, creating strong vgyp
shears that reduce turbulent transport at the pedestal. Nonetheless, the variety of
H-modes discovered hint at the complexity of the physics behind the formation of
this regime and its stabilization mechanisms.

Within the last 5 years, a novel regime has been discovered on the Alcator C-Mod

Tokamak(1][2][3][4], which has also have been observed on AUG[16] and is currently
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being searched for on DIII-D. It features high energy confinement reminiscent of the
H-mode and low particle and impurity confinement similar to the L-mode (see Figure
1-7). The regime, named the I-mode, has been a major area of research on Alcator
C-Mod since its identification and will be dealt with in detail in Chapter 3.

In the context of the L-mode and the different types of H-modes observed on C-Mod,
the I-mode plays a unique role due to the separation of particle and energy transport,
hence, it has the potential of elucidating relevant physical mechanisms involved in
tokamak particle and energy transport.

E, measurements in the I-mode have identified an E, well located at the pedestal
region, which can account for the high energy confinement[2][4]. In this thesis, I will
explore the physics of the relatively low particle confinement in this regime through
a study of edge fluctuations at the edge of the plasma and detailed measurements of

particle transport in the same region.

1.3 Motivation for this thesis and outline

The H-mode regime was a big step in the development of magnetic confinement fu-
sion. It opened the field of tokamak reactors to more economically feasible designs,
including the potential of producing electricity that is competitive against more es-
tablished energy production schemes. The physics behind this regime is still actively
studied and has led to new theories and models describing the plasma behavior in a
tokamak.

As will be discussed, the I-mode regime also has the potential of being an operational
regime for next step tokamak reactors because of its favorable impurity control and
high energy confinement. This regime brings a new piece of the puzzle to the un-
derstanding of plasma physics, particularly the physics behind particle and energy
separation channels in tokamaks.

In Chapter 2, the relevant C-Mod diagnostic systems are presented. Emphasis is given
to the O-mode reflectometry system, since most of the fluctuation measurements used

in this analysis are from this diagnostic. This chapter includes a description of an
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Figure 1-7: In the I-mode regime (red), a steep temperature pedestal is formed as in
the H-mode (blue) while the density gradient at the plasma edge is maintained low,
as in the L-mode (black)
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upgrade of the reflectometry system which repurposed it to focus on detection of
density fluctuations and which I spearheaded.

In Chapter 3, the I-mode regime is described in detail. The history of the mode, as
well as its accessibility and global properties are discussed. The characteristic edge
fluctuations that accompany the I-mode are presented, particularly the Weakly Co-
herent Mode (WCM) which in many regards is similar the the QCM. Many of the
results included in this chapter were obtained by me directly and/or with the use of
the upgraded reflectometry system discussed in Chapter 2.

Chapter 4 presents the particle transport measurements used to model the particle
flux across the last closed flux surface during the I-mode. Having presented all the
tools necessary for a comparison between the edge fluctuations in the I-mode and the
particle transport, Chapter 5 presents the experimental plan and results, including
the positive correlation between the intensity of the WCM and the particle transport
across the LCFS.

Finally, the summary of the work is presented in Chapter 6, as well as possible ex-

periments proposed to study this regime further.
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Chapter 2

Fluctuation diagnostics

2.1 Introduction

Before a further explanation is given of the specific characteristics of the I-mode
regime and of the particle transport measurements performed, it is helpful to review
the main diagnostic systems used in the detection and characterization of fluctuations
at the edge of the plasma. This is by no means an exhaustive review, but it is meant

to introduce the tools used for the experimental analysis performed in this work.

2.2 Reflectometry

Initially developed as a tool for ionospheric studies, the reflectometry technique has
been used in fusion experiments since the early 1980’s[43]. This technique is similar
to radar technology wherein a probing electromagnetic wave of a given frequency or
combination of frequencies (e.g. wave packets), is sent into a plasma. The polarization
and frequencies are chosen such that the wave’s cutoff condition is satisfied in the
probed plasma and the wave is reflected back towards the detection antenna which
may or may not be the same as the launch antenna. Since the index of refraction
of the plasma for a given wave is a function of the density and magnetic field, the
user can deduce properties of the plasma based solely on the relation between the

transmitted and received waves.
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In this section, I will review the general theory behind the diagnostic technique, as

well as describe the O-mode reflectometry system used in Alcator C-Mod [44].

2.2.1 Theoretical basis for reflectometry measurements

To derive the equations used in reflectometry studies, we begin with Ampere’s and

Faraday’s laws:

» 19B
VXE = — %0

" 10E  4nJ
VxB = it

Which can be combined to form:

10°E  4ndJ

27 Ry 2 oE amod
ViE=V(V-E) ¢t ot? 2ot

(2.1)
Since the phase velocity of the waves is much larger than typical thermal speeds
Uph > Vthe > Vtni at the edge of Alcator C-Mod plasmas, the cold plasma dispersion
relation applies[44]. For the cold plasma approximation, the pressure gradient term in

the momentum equation can be neglected, and the single species momentum equation

e ()
7'%07

The incoming waves cause small perturbations to the equilibrium quantities and can,

can be written as:

therefore, be expressed as Fourier 1st order linear perturbations:
E1~§1~17}1anwexp[i<E-F—wt>], (2.2)

for individual species of ions or electrons “;5”. One of the advantages of this method
is the resulting simplicity of the temporal and spatial derivatives. If the variable Q,
is assumed to be a generic variable that satisfies the condition set in Equation 2.2,

then: %Qt—l = —iwQ; and VQ; = ikQ,. For an equilibrium magnetic field, By = Boi),
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the following equations are satisfied for the first order terms in the expansion:

o0, (v
M iy, = B F 420 2.3
’ m c

J

j: j; = anoq;j'ﬁjb (24)
J

We can then combine Equations 2.1 and 2.4 as:

N
~ N2Ey + NV B) + By + =2 njog; 7 = 0, (2.5)
J

where N = %’3 is the index of refraction for the wave. Note that Equation 2.3 es-
tablishes a relationship between the perturbed velocities of the electrons and ions
and the perturbed electric field E; therefore, Eq. 2.5 describes a set of homogenous
linear equations for (FE1,, Evy, E1,). Using Stix notation[44] and assuming (without
loss of generality) that the direction of the equilibrium magnetic field, b = % and

N = (Ng, 0, N,) = £(k, 0, k), the following matrix equation arises:

iD  S—N2 0 |-|E,|=]o], (2.6)

where:
2 2
- Zaﬁ——m k —wa2_027
j J j 2
2
w .
_ E : Pj .
P = 1 _ '__'—2—’
— (W
j
P
o Amng;g; _ ;] Bo
pj ) cj J
mj ij

If the probing waves are transmitted into the plasma perpendicular to the equilibrium
B, (as is the case in Alcator C-Mod), assuming By = ByZ, then N, = 0 and therefore

N = N,% and k = k,&. Using this simplification, we can deduce a dispersion relation
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for the waves by forcing the determinant of the first matrix in Equation 2.6 to be zero

in order to find a non-trivial solution for Ej. This leads to the following equation:
(§-(S—N?*—D*(P-N?) =0, (2.7)

which has two solutions for N?:

S2 - D?
N? = - (2.8)
S 3
2 wp wh; wy
— — e pj €

where j in Equation 2.9 refers to all ions. It can be shown, by replacing N? from

§2-D% th

Equation 2.8 in matrix Equations 2.6, that' for waves which satisfy N? = 3

electric field amplitude is of the form: (E},, Ey,,0), that is, perpendicular to the equi-
librium magnetic field By, as shown in Figure 2-1(a). These waves, denoted X-mode
(or extraordinary) waves, have a dispersion relation that depends on both, the local
density, and By. X-mode wave reflectometry systems in tokamaks have the advantage
of probing through hollow and flat density profiles, but have the disadvantage of re-
quiring very high microwave frequencies, especially in high density, high B, tokamaks
such as Alcator C-Mod and ITER. Recently, an X-Mode reflectometry system has
been installed and commissioned in Alcator C-Mod that probes the scrape-off layer
of the plasma, where the density is sufficiently low to use economically accessible
microwave technology[45].

By substituting the N? = P solution (Equation 2.9) into the matrix Equation 2.6,
it can be shown that this dispersion relation describes a wave with an electric field
amplitude of the form (0,0, E1,), that is, parallel to the equilibrium magnetic field
By as can be seen in Figure 2-1(b). In Equation 2.9, the fact that m. < m,; has been

2
used to simplify the dispersion relation to the simple form: N? = 1 — “;f’;. These
waves are denoted as O-Mode (or ordinary) waves and have a dispersion relation that
only depends on the electron density ng (from the density dependence of Wpe). For

O-mode propagation, the electrons are only accelerated parallel to By so they don’t
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Figure 2-1: Geometry of X-Mode and O-Mode wave propagation

feel any force from the magnetic field, while the ions are taken as stationary. The
O-mode can exist in the plasma regardless of the existence of the magnetic field (for
B, = 0, the wave is simply a modified free space light wave).

2 = wpe, in Equation 2.9, the condition for propagation of

By setting N? = 0, or w
the wave is obtained. For cases where the RHS > 0, then k* > 0 and the equations
describe an oscillatory solution corresponding to propagating waves. On the other
hand, if the RHS < 0, then k* < 0 which leads to an evanescent wave and reflec-
tion. As the waves are launched from outside the plasma, they start with w > wpe
so N2 ~ 1. As the electromagnetic wave reaches the density layer that satisfies the

cutoff condition:

N=0—w=wpn (2.10)

the wave can no longer propagate into the plasma. As will be discussed later, to satisfy
the boundary conditions at the cutoff layer, the wave must reflect back, perpendicular

to the reflection layer.

WEKBJ solution to the O-Mode wave equation

For O-Mode polarization, Equation 2.1 can be expressed in the simplified form:

PR =0 (2.11)
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Figure 2-2: Accessibility of O-Mode reflectometry waves in a plasma. As the cutoff
condition is reached, the wave can no longer penetrate into the plasma and is reflected.

where the “1” subscript has been dropped. In the previous section, we have investi-
gated the Fourier expansion in both temporal and spatial dimensions. These solutions
are locally valid and lead to the dispersion relation: ;—ikQ = ]— % (where k = ’E\)
In a typical tokamak plasma, however, the electron density, n., and hence wp,
varies with spatial location, as represented in Figure 2-2. This inhomogeneity re-
quires a solution with a more general spatial dependence than E o e* 7. Keeping
the temporal Fourier decomposition, we can assume an electric field of the form
E= (0,0, E,(x))e ™. Using this solution, Equation 2.11 can be simplified resulting

in the scalar equation:
PE, (& - ui(a)

2 T 2 E,=10 (2.12)

We note that when the second term of Equation 2.12 is constant, that is, if wpe(z) =
constant, the simple wave function E = E,e'*+*=% is a valid solution (now global

as well as local).

. s (w—wie(2)) : ;
If, on the other hand, the spatial variation of the ~——— term is weak, an approxi-
mate solution for Equation 2.12 can be obtained using the WKBJ method, developed
initially for applications in quantum mechanics[46]. For O-Mode reflectometry, if the

condition: .

1 dn,

Ne dx

L L, =

(2.13)

Eleo

A
27
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is satisfied, then the solution to Equation 2.12 maintains the wave-like form[44]:

x 2 1/2
W AT
Ba) = — 2% oo [ (1= mACN R (2.14)
2 1/4 2
(1 . wpe(a:)) C w

where Ey. is determined by boundary conditions. There are several important points

to make about this solution:

1. As stated before, it is only valid away from the cutoff condition w = wp,.
This means that, as the wave reaches the cutoff layer (a distance which will
be quantified in the next section), another solution to the wave Equation 2.12

must be used.

2. The WKBJ approximation is not valid where \/2m > L,, so effects of large
density gradients along the propagation path (such as edge density barriers)
must be handled with care.

3. The amplitude of the wave is modulated by the inverse square root of the

2

L1-1/2 ~1/4
index of refraction: ’N ‘ = (1 — tf’;) which implies that, as the wave

approaches the cutoff condition, its amplitude will grow.

4. The + that precedes the exponential factor implies that the actual solution is a
linear combination of two waves (the incident and reflected) propagating along
the positive and negative & direction (hence the £ subscripts in Epy). The
amplitudes will be determined by the RF power launched by the antenna and

the boundary conditions at the cutoff layer.

The WKBJ solution is suitable to describe reflectometry wave propagation through
most of the plasma except, crucially, close to the reflection layer which will be the

topic of the next section.

Exact solution close to the cutoff layer

If the electron density varies slowly at the turning point (the critical density at which

wpe = w of the incoming reflectometry wave), the density can be taken as a linear
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function:

nufe) = nufan) (1- EZ %) (2.15)

where the cutoff condition occurs at & = o, at a density n.(zo), hence n.(cutoff) =
Ne(T0), Me > ne(xg) for & < z¢ and n, < ne(z) for + > xo. Using this simplified

density form, the wave Equation 2.12 simplifies to:

FE(C)
PG

—-CE(() =0 (2.16)
where the subscript 2z in E, has been dropped for convenience and:

L\ 73 w
(= (-kF;‘) (o —x) with ko= - (2.17)

Note that as = increases, ¢ decreases. Equation 2.16 is known as the Airy equation
[47]. ¢ can be either positive, for n. > n.(cutoff) or negative when n, < n.(cutoff).

The solution to Equation 2.16 is:
E(¢) = adi(C) + BBi(() (2.18)

where A7 and Bi are the Airy functions of the first type and second type, respectively:

Ai(¢) = ~71; / ” cos <§t3 + Ct) dt (2.19)
0
Bi(¢) = ;1;/000 [e_%tg*‘ct + sin (%t3 + Ct)] dt (2.20)

The Airy function solutions have been plotted in Figure 2-3. As can be observed, both
Az and B display oscillatory behavior in the region where N2 > 0 ( n, < n.(cutoff)),
while, as the solutions penetrate the high density region, the Bi solution exponentially

increases and the At function decays exponentially. This behavior is clear from the
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Figure 2-3: Airy function are solutions to the wave equation with a linear density
profile of the form: n.(z) = n.(zo) (1 - (i;—@) and ¢ = (L,/k3)Y3(zo — ).

asymptotic formulae of the Airy functions[47]:

As{ — =00

i 1 i’ 2 _3/2 ™ , " ]. 2 3/2 E
Ai(—=() — Wam (Sg + Z) and Bi(—() — WCOS (3( + 1)

As{( — +oo
e3P e3 (02

Q) = G and BilQ) — e

Since the solution must decay as it goes into the evanescent region, the Bi coefficient
in equation 2.18 must be zero: # = 0. If we now include the temporal dependence of
the wave, e*™t the total wave describes incoming and outgoing traveling solutions

for { <« —1 of the form:

E((,t) = adi(()cos(wt) (2.21)

~ 24\/?(%6)372 cos (3(—()3/2 - %) cos (wt) (2.22)

- W(Oiﬁ)m [COS @(_03/2 N % N '“"t) e @(—C):"’2 = g +wt)] ,

57



where sin(z + §) = cos(z — §) has been used. Since the energy carried by the wave

is proportional to |E|?, the fact that the amplitudes of the incoming and outgoing
waves are equal, shows that the wave energy is not absorbed by the plasma at the
evanescent region and is, therefore, entirely reflected.

One can manipulate the spatial phase factor of Eq. 2.22 by recalling the linear
density approximation, Equation 2.15 and noting that, close to the cutoff: N?(z) ~
(2 — 20)/(Ln):

» = §(~g)3/2—§ (2.23)
_ 3( Lo/k3) ™ (2 —:co)ﬁ‘/z—% (2.24)
= —ij-m z(m — x0)"? d’ % (2.25)

_ / N -7 (2.26)

When compared with the WKBJ approximation in Equation 2.14, we can identify &
as the phase factor (the term in the exponential) with an added 7 /4 constant. From
Equation 2.24 we can also identify the characteristic length which defines proximity
to the cutoff layer in this model: (L, /k2)"/®. The resolution length scale that is more
widely used is the Airy width: Wy = 1.63(L,/k3)'/® = 0.48()\3L,)"/3(48][49], where
ko = 2m/Xo has been used (Ao being the freespace wavelength). For distances much
greater than W, from the cutoff layer, the WKBJ approximation suffices. Since the
reflectometry wave travels from the antenna to the reflection layer and back, the total

phase gained by the wave in the process is given by:

By = — / N(z')dz' — = (2.27)

Equation 2.27 is the basis for much of reflectometry research. It tells us that if a 1D
approximation can be assumed, and if the phase gained in the returning signal can
be accurately measured, one can deduce properties of the plasma through which it is

traveling, particularly the index of refraction. If many channels are simultaneously
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used, one can use a technique similar to an Abel inversion[50] to reconstruct the
density profile of the plasma. This was the primary use of the reflectometry system
on Alcator C-Mod as originally constructed[51], as will be discussed in the Section
2.2.3.

In laboratory plasmas the physics scenarios are inherently three dimensional so the
simple analysis described above is incomplete. Nonetheless, due to symmetries in
the plasma (such as toroidal symmetry) and the fact that in many cases the waves
are launched and received equidistant from the midplane and close to normal to the
reflecting layer, the simple 1D description encompasses the principal physics relevant
to the diagnostic. Higher dimensional effects will become relevant in the discussion
regarding the use of reflectometry to measure density fluctuations occurring along the

wave path.

2.2.2 Measuring density fluctuations using reflectometry

Reflectometry has been used to measure density fluctuations for several decades in-
cluding early measurements of turbulence in tokamaks[52][?]. Nonetheless, quantita-
tive interpretations of the measurements have required increasingly advanced models
and such techniques are still current[43]. In this section, I will present the theoretical
framework used for the interpretation of the reflectometry fluctuation measurements

acquired in the experiments reported here.

One dimensional models

The first approach that can be taken to analyze the effects of density fluctuations is
to add a perturbation that propagates in the same dimension as the probing wave,
that is, K 1 |l Ko and restrict the geometry of the problem to 1D defined by the ko
direction. In typical plasma scenarios, the 3D effects of the plasma-wave interactions,
as well as the fact that in general K f1 LYI_%O, are important; nonetheless, the K Rl Eo
approximation makes for a mathematically tractable problem due to its 1D character

and gives important insights about the general interpretation of density fluctuations
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using reflectometry.

Before a model of the fluctuating density is proposed, it is useful to explore the effects
of a generic first order fluctuating density on the WKB phase gain (Equation 2.27).
Consider a fluctuating density: ne = nge + fie, such that ng, is the‘ equilibrium density

profile and 7, is a perturbation to the equilibrium. The linearized form of Equation

2.27 is:
dre?(nge +Me) , ,
- Z 2.2
/ \/ L (2.28)

If d};e/ w? € 1— wpe Jw?, where &;e = 47e’fi/m, is an equivalent plasma frequency for

the density perturbation, then:

é 2(4)/
x0 21/1_“‘}1%«3/(‘)2

By assumption this result is valid only far from the reflection layer. Nonetheless it

(2.29)

shows that, even though the fluctuations throughout the whole path of the probing
wave contribute to @, it is the ones closest to the reflection layer that contribute most
strongly (since the denominator in the RHS integrand goes to zero). This is the basis
for the fluctuation assumption used in reflectometry: the fluctuations measured are
generally assumed to be close to the reflection layer of the probing frequency.

In [48], the author tackles the effect of a generic fluctuation of the index of refraction
(a proxy for density fluctuation in O-mode reflectometry) on the total phase gain by

solving the full 1D inhomogeneous wave equation:
W™ Ar2 F 2

where N is the index of refraction applied to the equilibrium density, N2 = w Jw?, Ey
is the solution to the homogeneous Equation 2.12 and E = E— E,. By using a Green’s

function method, the author solves the inhomogeneous equation. The perturbation
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to the return field is:

_ 22 E? %wEpe; [T 02 koE?
Eret = 22‘E’ret‘/A %Nzwdxl = lvﬁ)c ! / pr (‘)/V dx’ (231)
x o

0

where F,.; is the complex amplitude of the returned reflectometry wave electric field
far from the cutoff layer (e.g. at the antenna plane) and E,. is the perturbation to
this field. The total phase gained by the returned reflectometry signal can then be
derived from Equation 2.31 to be:

R z 2 "2
b — 2 Re / %’é‘iEQE da’ (2.32)

where “W” is the Wronskian[53] between the unperturbed solutions and which, for
this case, is simply a constant. The fullwave resuit from Equation 2.32 can be com-
pared to the result from the WKB approximation in Equation 2.29 by plotting the
factor that multiplies the fluctuating component, &2, /w? in the integrand of both
equations, as is done in Figure 2-4, following [48]. In this example, the same pa-
rameters have been taken as in Figure 2-3, wherein the density profile is of the form
ne = ne(0) (1 — x/Ly).

The integrand asymptotes to +oo close to the reflection layer in the WKB case, but
in the fullwave case it reaches a maximum at ¢ = —(L,/k?)"32 = —1.02 —» z =
0.63W 4 away from the reflection layer. For the cases studied in the present research,
I-mode plasmas where the reflection layers are located close to the LCFS, typical
values for the Airy length are W, ~ 0.4cm. The width of the last lobe of the fullwave
solution in Figure 2-4 is the definition of the Airy width. ‘

In [54], a numerical study is conducted in which an oscillatory model of the fluctuating

density is proposed of the form:
f(x) = fige B /2% gin (27 (z — mo) /A (2.33)

where the fluctuation has a spatial Gaussian envelope centered at zy with a width of

A and has an oscillatory component with wavelength A in the same spatial direction
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Figure 2-4: Comparison between integrand of the fullwave (blue) and the WKB (red)
phase gain equations in a 1D model. Both axes in the plot are non-dimensional
quantities. The density profile is assumed to be a linear function of position.

as the probing wave. The center of the gaussian envelope is shifted with respect to
the cutoff position of the probing wave, to measure the sensitivity of the wave to the
position of the fluctuation. For cases where the fluctuation wavelength is much larger
than the free space wavelength of the probing wave, A > )\;, the phase fluctuation
response of the reflectometry wave is most sensitive to density fluctuations near the
cutoff. As A is reduced, the position of the envelope peak, xg, at which the response

is maximized, is given by the local Bragg condition:
ky ~ 2N (z)ko = 2k (2.34)

where kg = 27/ Ao, ka = 2r/A and N(z) is the local index of refraction and, therefore,
k is the probing wavelength at a given location, z. For a linear equilibrium density
profile, the Bragg condition can be rewritten as: (z — x9)/L, = N?(z) = [Ao/2A]%,
therefore, for A > X¢, the Bragg condition is satisfied at  ~ x(, whereas, at A = X\¢/2,

the location of maximum response occurs at a distance L, away from the cutoff,
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and monotonically increases as Ag/A increases. Therefore, for large fluctuation wave
numbers, one cannot assume the signals represent phenomena local to the cutoff
location.

As has been presented above, in the 1D model the density fluctuations affect primarily
the phase of the returned reflectometry signal. The 1D models are typically lossless,
which result in little to no fluctuating component. of the amplitude of the perturbed
electric field. As is presented in [55], several critical effects are ignored in 1D models,
including refraction, diffraction and resonance absorption. Refraction, in particular,
plays an important role in reflectometry interpretation, including the experimentally

observed effects that density fluctuations have on the electric field amplitude.

2D models

More physically realistic models of the wave-plasma systems incorporate the effects
of a vertical or poloidal dimension. The addition of 2D effects is usually reserved for
numerical models which will be discussed later in this section; however, 2D analytical
models have been proposed which give additional insight into the interpretation of
reflectometry fluctuation data.

In [56], the authors assume a 1D linear density profile similar to the one discussed in
the previous section, but with a superimposed localized 2D density fluctuation of the
form:

2
T —z
ui'g> ] cos ky(y — vo) (2.35)

i = g exp {—ikz(x - Zg) — <

where k, and k, are fluctuation wavelengths in the parallel and perpendicular di-
rections relative to the propagation of the probing reflectometry wave. The model
also assumes a reflectometry wave with a Gaussian envelope distribution close to the
transmitting antenna. The authors find that in the 2D picture, the signal scattered

from the cutoff region, F,., has the following properties:

1. For small k,, the returned signal strength goes as E,. o< (L, — o) "H/2; that
is, as the peak of the density fluctuations move toward the antenna plane, the

effect of the fluctuations on the reflected signal is to attenuate it, with a similar
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weight factor as that of ® in the WKB approximation, but on the amplitude of
the electric field.

2. For larger ky, the return signal strength has an exponential dependence of the
form: Eye; o< e*%. This implies a very strong loss of signal at high k,, giving a
limitation of poloidal wavenumber for which the reflectometry signal is sensitive
to the density fluctuations. As in the 1D models, at high k,, reflectometry

becomes unsuitable for detecting density fluctuations.

In [57], the authors find, through numerical 2D simulations, that the second property
becomes less stringent in curved convex plasmas (as in low field side, midplane re-
flectometry systems) due to a refractive focussing effect. Notwithstanding, for large
wavenumbers, reflectometry becomes less sensitive to the fluctuating phenomena.
Similar analysis of 2D fluctuation effects has been done[8][9]wherein the fluctuation is
modeled as a surface ripple that is moving poloidally, as shown in Figure 2-5a. In the
case of a reflectometry signal of frequency w launched towards the plasma, numerical
simulations show that the reflected signal acquires sidebands with frequency shifted
by Ey - Uph, Where ﬁy is the poloidal wavenumber of the fluctuation and 4, is the phase
velocity of the fluctuation in the lab frame. As shown in Figure 2-5b, the measured
power for the low ripple wavelength case (A/Ag = 1.5) shows strong sidebands around
the zeroth order reflection, whereas the long wavelength case (A/\g = 40) shows little
to no sidebands. Higher order harmonics of the fluctuation are also present but are
substantially reduced in amplitude and are, hence, neglected.

The sidebands propagate at an angle determined by the poloidal fluctuation wave-
length Ey and are symmetric in amplitude. When the specular, or zeroth order, re-
flection is not directed towards the receiving antenna due to misalignment or plasma
positional shifts, the receiving antenna will detect a given sideband preferentially.
This effect can lead to the phenomenon known as phase runaway, wherein the de-
tected signal of the form S = A(t) exp[ig(t)], suffers fluctuations both in A(t) and
#(), especially when the amplitude of the density fluctuation is strong (> 1%). Phase

runaway is pervasive in laboratory reflectometry systems[58][8],[59],[60] and can be a.
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Figure 2-5: a) A 2D model is used in [8] and [9] where the fluctuation is taken as a
rippled surface moving in the poloidal direction. b) Numerical simulations show an
acquired sideband for cases where the ripple wavelength is of the same order as the
free space reflectometry wavelength. Figure adapted from [9)].

major hurdle in interpreting the density fluctuations from the ¢(¢) measurements. It
is in part due to this effect that much of the interpretation of reflectometry signals
study a combination of amplitude and phase changes, such as the homodyne signal:
A(t) cos((t)), or the complex signal: A(t) explid(t)].

Finally, a particularly elegant approach to model the effects of a poloidally distributed
perturbation on the reflectometry signal has been developed [61][62]. Assuming a den-
sity fluctuation of the form:

n o sin(kyy — ) (2.36)

where k, is the poloidal wavenumber amplitude, as in Figure 2-5a, and Q = k, x |vp],
for which a reflectometry signal of the form Ey, = Aexpli(koz — wot)] is reflected,
one can model the effects of the fluctuation as a thin screen (no additional distance
traveled), through which the reflectometry signal gains a phase component of the

form: asin(k,y — Qt) where a ~ 7/ng. The reflected signal is, therefore, of the form:

E = Epexpli(asin(k,y — Qt))] (2.37)
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which, can be expanded as:

xR

E=A z JIm(a) expli(mhyy — 1/k§ — m?k2(z — z.) + (wo + mQ)t)] (2.38)
where J,,(a) is the m®* order Bessel function of the first kind, and z. is the location
of the phase screen. It is informative to observe the effect of a small amplitude
fluctuation on the received signal. If we assume a < 1, all orders of the Bessel
functions, except 0,1 and -1, can be ignored. This leads to the following simplified

equation:
E~A [1 + 2iasin(k,y — Qt)eV ka—k5~ko><z—2c>] gi{ko(z=zc)+wot) (2.39)

From this simplified form, we can observe that when z = z, the amplitude weight
factor in square brackets reduces to [1 + 2ia sin(k,y — Qt)], which, for small a, is only
a phase change. As z moves away from the phase screen, the e~ (VR —k—ko)(+=5¢) tory
creates constructive and destructive interference effects on the signal, which result in
changes in the amplitude. This implies that both the phase and the amplitude of the
reflected signal will start to vary far from the reflection layer (such as at the receiving

antenna position).

Numerical studies

It’s clear from the previous section that as fewer assumptions are taken and the ana-
lytical models become closer to a real laboratory plasma-wave interaction, the simple
interpretations of the reflectometry signal become less reliable and the analytical
models become more intractable. With the rapid advancement of computer power of
the last few decades, numerical analyses of the reflectometry systems have become a
reliable tool in the understanding and interpretation of the experimental data. There
are currently many codes used to study reflectometry data, including advanced simu-
lation codes for 2D imaging reconstructions[63)[64] as well as commercial codes that

have been adapted for reflectometry analysis, such as COMSOL. Two examples of
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particular interest for the research presented, will be discussed below.

A 2D full-wave code was developed to simulate reflectometry data at Alcator C-
Mod[65][12], which uses a finite-difference time-domain method. Using this code,
the focusing effect that occurs due to plasma curvature, described on page 64, was
found. Also, simulations of the quasi-coherent mode showed that for density fluc-
tuation amplitudes of the mode larger than 7, /n,~10%, phase gain fluctuations, P,
are not linearly dependent on 7. /n,, consistent with the analytical models previously
discussed, wherein, as 71./n. becomes large, <;~5 is no longer proportional to f./n., due
to 2D effects that lead to phase runaway. As will be discussed in Chapter 3, reflec-
tometry analysis of the Weakly Coherent Mode (WCM) in I-Mode plasmas, for which
ne/ne ~ 16%, have shown little phase response, whereas the complex amplitude of
the received signals, A(t) exp(i¢t), does show the WCM, again consistent with theory
and modeling.

Another 2D approach to numerically simulating the effects on reflectometry signals

of tokamak plasmas was developed at PPPL[66][67]. The FWR2D code incorporates

density fluctuations in wavenumber phase space of the form:

- - 2
ong = VIoexp | - {%—%ﬁg} ek (2.40)

where ky and Ak are the mean and spectral width of the density fluctuations in
oD kg, kz space, and ¢y is a random phase included for each temporal step of the
code. The density fluctuations in real space are deduced from the spectral fluctuation

distribution through the Fourier transform:

":f = f (6ng)e *7dk (2.41)
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Using the previously defined spectral density fluctuation distribution, the following

property of spatial density fluctuations can be shown[66]:

- 2
nz, onz, A% - Ak -7
<__"n 5”r2>: (’i) exp | ik - 7 — (” - T) (2.42)
N7 My () 2

where 7 = 75 — 71, <> is the ensemble average taken over a large number of itera-

tions (typically > 1000) and 7/ng is the density fluctuation amplitude (not spatially
localized). The fluctuations are, therefore, modeled with fluctuation wavenumber, Eo,
and correlation length, \¢; = 27/ AE]', with “;7 covering each of the two dimensions
“R” and “Z”, in the acquired ensemble averages. This code has been particularly
useful for interpreting correlation reflectometry data, where the received signals from
closely separated reflectometry channels are compared and turbulent radial correla-
tion lengths can be investigated. It can also help quantify the amplitude of density

fluctuations for low 7. /n., as will be discussed later in this chapter.

Comparisons between simulations and established fluctuation diagnostics

As can be seen, there are many difficulties involved in the analytical interpretation
of reflectometry signals for the understanding of density fluctuations in the plasma.
In order to tackle some of the difficulties, numerical models have been developed
that simulate the plasma-wave interactions, two of which were discussed above. Ex-
perimental comparisons between reflectometry density fluctuation measurements in
various machines and simulation codes and/or other well established density fluctu-
ation diagnostics are discussed in this section. These experiments have established
the validity of reflectometry as a fluctuation diagnostic, as well as the validity of
techniques of analysis developed to better interpret the physical phenomena being
studied.

In [10], density fluctuations were studied using both a quadrature phase detection
reflectometry system (which can detect both the phase and the amplitude of the re-
ceived signals), as well as a beam emission spectrometer (BES) in the DIII-D tokamak.

The results show good agreement between the BES measurements and reflectometry
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measurements for both broadband fluctuations and for coherent MHD type modes,
both of which are in the 7/n ~ 1% range in these experiments. For the coherent
modes, the authors find that a 1D phase screen model suffices for the interpretation
of the reflectometry data. By measuring the phase fluctuations, é(t), the density fluc-
tuations at the cutoff layer are estimated as 1/n = 6/(2koLy). The estimated density
fluctuation levels are consistent with the BES levels, as can be seen in Figure 2-6,
at the location of the reflectometry signal, approximated to p ~ 0.84 from Thomson
scattering density profile measurements (Figure 2-6(a)). For the broadband fluctua-
tions, the authors find that the fi/n « ¢ assumption from the 1D phase screen model
doesn’t suffice for the interpretation of the density fluctuations. The 2D simulation
code FWR2D, described in the previous section, is used to interpret these data, and it
is found that the broadband fluctuation level deduced from the reflectometry system
is 7/n ~ 0.5% £ 0.2%, to be compared with the measured BES density fluctuation
amplitude for a similar radial position of fi/n ~ 0.33%. The spectral shape of the
BES signal is found to agree well with the auto-power spectra using the complex
signal, S(t) = E(t) exp(i(t)), as can be observed in Figure 2-6(b). The fluctuation
levels measured in these experiments are much lower than those measured in I-Mode
plasmas in Alcator C-Mod (as will be discussed in the next chapter), but it is useful
to note that even for these low fluctuation levels, the simple picture, in which only the
phase fluctuations on the received reflectometry signal are required for the interpre-
tation of the density fluctuations at the cutoff layer, is not applicable. Nonetheless.
in the case where 2D effects are important (in the broadband fluctuation case), the
spectral shape of the complex signal power spectra describes the density fluctuation
behavior well compared to BES, which is a more direct measurement of the 7. /n..
In one of the first comparative studies between reflectometry and Langmuir probe
measurements|11], the authors used both of these diagnostic techniques in the CCT
and DIII-D tokamaks to observe both broadband and MHD-type modes. It was
observed that for a density fluctuation amplitude range of #i/n ~ 10% — 60%, the
measurements acquired from the Langmuir probe signals closely match the reflectom-

etry homodyne signal, S(t) = E(t)cos(¢(t)), which incorporates both the amplitude

69



b) Broadband density fluctuations

a) Coherent MHD type fluctuations
] — Reflectometer
121962 —— Reflectometer ] 102

1.5 —— BES at p~0.85 ] =
----- BES at p~0.82 3
2 10 §

c 104

E 2 ;
0.5 2
=3

. < b L}
0.0 . . 106 Al
4000 4050 4100 4150 4200 il T

Time (ms) 600 -400 -200 0 200 400 600

Frequency (kHz)

Figure 2-6: DIII-D comparisons of reflectometry data and beam emission spectroscopy
(BES) measurements of density fluctuations for (a) coherent MHD type fluctuations
and (b) broadband fluctuations. The 1D phase screen model is used to interpret
the reflectometry signal in (a), while in (b) the auto-power of the complex signal is
compared to the auto-power of the BES at approximately the same radial location.
for the broadband fluctuation case, the 2D FWR2D code is used to interpret the
reflectometry data. The figures are taken from [10].

of the received wave, E (t), and the acquired phase, @(t) As shown in Figure 2-7(a),
for low amplitude density fluctuation cases (in H-mode), the power spectrum of the
homodyne signal is described by the spectrum of the acquired phase, qg(t) For these
low 7i/n cases, the experiment follows previous 1D theory, wherein the density fluctu-
ations linearly modulate the phase acquired by the reflectometry system. For higher
amplitude density fluctuation cases, like the one shown in Figure 2-7(b), the homo-
dyne signal is mainly characterized by the amplitude of the returned reflectometry
fluctuating signals, £(t) (|E] in the reference). In view of the 2D effects discussed
in the previous section, it is not surprising that for higher density fluctuation am-
plitudes, interference and refraction effects modulate the amplitude of the received
reflectometry signal, and they dominate the homodyne signal, which in turn corre-
lates well with the Langmuir probe measurements of density fluctuations. As will be
discussed in the next chapter, the complex signal of the Alcator C-Mod reflectometry
signal, S(t) = E(t)exp(id(t)), is consistently more sensitive to the fluctuating phe-
nomena at the reflection layer than either the homodyne signal or the phase signal.

The complex signal has been particularly sensitive to the Weakly Coherent Mode,
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Figure 2-7: Reflectometry signals measured in the CCT tokamak for low amplitude
density fluctuations (a) and high amplitude density fluctuation (b). In both cases,
the homodyne signal is most consistent, with Langmuir probe measurements at the
same 1/a of the plasma. The figure is taken from [11].

nearly ubiquitous in I-mode plasmas.

In summary, the use of reflectometry for the study of density fluctuations in tokamaks
has become widespread and, while quantitative data interpretation is still an ongoing
challenge, various qualitative comparisons have shown that reflectometry systems are

good qualitative tools for measuring localized density fluctuations non-perturbatively.

2.2.3 O-Mode reflectometry system on Alcator C-Mod

Original reflectometry installation

The O-mode reflectometry system was installed on Alcator C-Mod as an amplitude
modulated (AM) reflectometry system|[68][51], designed for the acquisition of radial
electron density profiles.

The schematic of the AM reflectometry system is outlined in Figure 2-8. The
figure omits components which are not relevant for explaining the circuitry. The
system consists of two sub-systems, the RF system, which contains all the mm range
microwave components, and the intermediate frequency (IF) system, which is used to

down-convert the signals to a more manageable frequency range.
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Figure 2-8 The O-mode reflectometry system, as originally installed on Alcator C-
Mod, uses amplitude modulated signals to measure radial density profiles. The two
sub-systems used are: The RF system which launches 2 closely separated signals into
the plasma and an IF detection system which uses a series of down-conversion steps
to output the (A, A¢) information from the plasma through an I/Q detector
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In the schematic, the frequencies, as well as the signal paths, are color coded by range:
fo, in red, is in the GHz range (50GHz-110GHz), in blue Af = 500A/ Hz, and d f and
fref, in green, are in the tens of MHz (both 30MHz for most cases). The final signals
out of the I/Q detector are in the ~1MHz bandwidth range.

The red sources in the RF system are Gunn diode oscillators, both veractor tuned or
mechanically tuned to within ~500M Hz. The green coded sources in the IF system
are derived from crystal oscillators, which are very stable and are used to ultimately
output a signal at frequency frs containing the plasma information.

Mixers are used to multiply 2 incoming signals, for example, s;; = Acos(fit) and
si2 = Bcos(fat) to create two output signals at the modified frequencies: s, =
acos((f1 + f1)t) and s, = beos((fo — f1)t). Mixers are used in the AM system to
create the amplitude modulation (as the mixer in the transmitting branch of the RF
system), as well as to down convert the system to the < 1GHz range of the IF system
and manipulate the signals to ultimately extract the information from the plasma at
a suitable frequency range.

The I/Q detector, a schematic of which is shown in Figure 2-9, has input signals at
the same frequency, one of which has a variable amplitude and phase: A and ¢. The
I/Q detector also has 2 outputs: I = Acos(¢) and @ = Asin(¢).

Finally, the I and @ signals were transmitted to a CAMAC digitizer, which digitized
the signals at 5Ksps and had enough memory for 1.64s of data acquisition. Looking
again at Figure 2-8, as the two transmitted signals, at frequencies fo+Af, reflect from
the cutoff layers in the plasma, each gaining phase information, ¢; and ¢,. These
signals reflect very close to one another in the plasma, since fo > Af. Using the
IF system, the signals are down converted to < 1GHz frequency range and, at the
output, a single signal at the frequency fs, with a phase shift Agp = ¢y — ¢, is fed
to the sig input of an I/Q detector. The reference signal from the crystal oscillator
is then used for the ref input, and an I/Q signal is output which has the amplitude
and A¢ information from the plasma.

This is a heterodyne detection system, where a local oscillator (LO) source is used

(with frequency fo+df in the diagram) to down-convert the original signal to the d f
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Figure 2-9: The I/Q detector is used to extract amplitude and phase information
from a signal as it relates to a reference signal at the same frequency. The schematic
shows that it consists of a simple circuits which, at its heart, uses two mixers and a,
90° phase shifter, followed by lowpass filters so as to output DC level signals which
contain the amplitude and phase information of the input signal.

range, instead of using the same transmitting source to down convert the signal to DC
(a homodyne case). Using this method, there is no ambiguity regarding the sign of
the phase changes due to the round-trip transit through the plasma[69]. The original
system consisted of 5 frequency channels, identical to the one described above, at 50,
60, 75, 88 and 110GHz all launched from the outboard midplane.

As was discussed on page 59, by inverting the total phase gain equation derived
for reflectometry, an equation for the radial location of the cutoff layers of a given
frequency w = 27 f can be derived[69]:

w /

R(w)=a— ;CT- 0 %@%W (2.43)
where d¢/dw is the phase delay and “a” is an integration constant which sets an offset
and must be determined for absolute radial profile measurements.

The A¢ is used, in conjunction with Af, to estimate a local value for the phase delay

in the experimental setup for each of the channels with carrier frequencies fo:

dg| _ A¢

dwl, ~ 2m(2Af) (244)
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Figure 2-10: Electron density profiles measured using various diagnostics. The reflec-
tometry signal is shown in red. Figure adapted from [12].

This way, the integral can be expanded as a Riemann series with each interval eval-
uated at each of the 5 fixed frequency channels.
A typical density profile obtained using the O-mode reflectometry system is shown in

Figure 2-10, where it can be compared with other density profile measurements.

Initial upgrade to baseband reflectometry

The sensitivity of the reflectometer system to density fluctuations was apparent from
the early experiments with the system[15]. These observations led to the first upgrade
of the system, for the dedicated study of density fluctuations[5].

The fact that the detected signal comes from a subtraction between the signal from
(fo+df)(é1) and (fo+df)(p2) results in the cancellation of any coherent information
between the two signals. To alleviate this, an upgrade was implemented for the 88GHz
channel, which consisted of separating each sideband, and measuring the signals for
each. The system was modified in parallel to the AM circuit, that is, the differential
signal used for the phase delay estimate was still available. The original modifications
are described in detailed in [5] and [12]; the system was subsequently further modified
to the circuit presented in Figure 2-11. This schematic shows the 88.5GHz baseband

channel, or upper sideband (USB). The 87.5GHz baseband channel, or lower sideband
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Figure 2-11: The schematic of the upper sideband (USB) detection circuit, installed
in parallel of the AM detection system, is shown. The output of the USB and LSB
I/Q detectors has the phase and amplitude information gained by each individual
sideband without losing coherent information, as occurs with the A¢ signal from the
AM output.

(LSB) filtering stage is identical to that of the USB. Also note that while the circuits
shown in the references are different from the one shown (which is currently installed),
the functionality is identical.

The data acquisition system was also upgraded to higher frequency digitizers, which,
at a 1Msps sampling rate, are capable of detecting fluctuating phenomena at up to
500kHz (Nyquist frequency). Due to memory limitations, the sampling time was
reduced to 500ms.

By using the sideband detection scheme and with the higher frequency sampling, the
upgraded reflectometer was capable of observing and helped characterized the quasi-
coherent mode (QCM), signature of the EDA H-Mode[12].

Figure 2-12 shows the autopower signals (proportional to the square of the temporal
Fourier transform of the (I+iQ) signal) of the two baseband channels, 87.5GHz and
88.5GHz, as well as the 88AM channel reflecting off the edge of an EDA H-mode
plasma. While, in this example, the baseband channels are able to detect the QCM
up to its third harmonic, the AM signal can only detect the fundamental of the QCM
and at a much lower signal level. This underlines the increased sensitivity provided

by the baseband upgrade.
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Figure 2-12: The autopower of the baseband signals, 87.5GHz and 83.5GHz, are
plotted, as well as that of the 88AM channel. The sensitivity of the baseband channels
to the density fluctuations due to the QCM and its harmonics is shown to be much
higher than that of the AM signal.

Full upgrade to baseband reflectometry

The successful upgrade of this system, plus the parallel upgrades to the Thomson
Scattering system (which will be described later), led to the decision to implement a
similar upgrade for the other frequency channels in the system to focus on fluctuation
measurements.
Prior to the FY2007 campaign, the remaining 4 channels in the O-mode reflectome-
try system (50, 60, 75 and 110GHz) were modified to baseband operation[7], that is,
the transmitting system is no longer AM modulated before being launched towards
the plasma and the detection circuit focuses on the individual phase and amplitude
changes in each channel (analogous to the sideband detection scheme of the 88GHz
channel). A schematic of the modified system is shown in Figure 2-13.

As can be seen in the figure, the RF stage no longer has the amplitude modulation
of Figure 2-8. The frequency difference between the transmitting Gunn diode and

the LO source is fed to the IF system and is used, in conjunction with the same
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Figure 2-13: The 50, 60, 75 and 110GHz channels were modified to baseband opera-
tion, that is, the wave transmitted into the plasma is no longer modulated by Af as in
the AM system (see Figure 2-8) but it is sent as a single frequency which is detected
and the amplitude and phase information is acquired through an IF detection stage.
The IF stage uses the same crystal oscillators and 1/Q detectors as original used.
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crystal oscillators and I/Q detectors used for the AM system, to obtain the phase
and amplitude changes at fo due to plasma transit.

In the figure, the assumptions fo > Af > df~ frs are used, so as to omit the use of
absolute values for the frequencies in each step. The values that have been used, up to
date, are Af = 500M Hz, f.; = 30MHz and fo = 50,60, 75,110 and 112GH2'. ¢ f of
300M Hz, 1.1GH z and 2G H z have been used for individual channels, which determine
the values of the center frequency and bandwidth of the filtering used for the system.
Regardless of the individual details, the baseband upgrade led to full coverage of den-
sity fluctuation characteristics for cutoff densities in the n, = (0.31 — 1.55)102°m 3
range, corresponding to 50GHz and 112GHz.

In parallel to these efforts, our PPPL collaborators, led by Dr. G.J. Kramer, with
technical support from Dr. C. Kung, installed two high frequency baseband reflec-
tometers at 112GHz and 140GHz, giving the system an increased cutoff density range
of n, = (0.31 — 2.43)1020m‘3.

Because of the 500ms data acquisition window limit, much of the interesting phe-
nomena from the ~2s plasma discharge were missed. To improve the time interval
acquired by the system, as well as increase the digitization rate, a major upgrade to
the data acquision system was implelﬁented: The digitizers were upgraded to 2Msps
acquisition rate (x2 increase) with a 2s time window (x4 increase). The new digitizers
have been essential in allowing detection of fluctuation phenomena occurring during
unexpected time segments of the shots (for example, during the current ramp up and
ramp down), as well as any phenomena in the 500kHz-1MHz range, since the Nyquist
frequency is increased to 1MHz.

One final upgrade to the system has been the installation of a variable frequency
channel (VFC), designed in collaboration with the same PPPL team. The VFC has
the capability of operating in the 110GHz-140GHz range and is used to probe the

core of the plasma.

1The 110GHz channel was changed to 112GHz before July, 13" 2010 run day.
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Launch configuration

The RF, IF and data acquisition systems for all channels are housed in a metallic rack
located approximately 3 meters in front of the A-port horizontal C-Mod port. Within
each RF system, all connections use fundamental rectangular waveguides for each set
of frequencies, WR-15 for the 50GHz and 60GHz channels, WR-12 for the 75GHz
and 88 & 0.5GHz channels and WR-08 for the 112GHz, VFC and 140GHz channels.
Fundamental waveguides are necessary to maintain proper polarization during bends
and twists and to feed active and passive components, like mixers, couplers, isolators
and amplifiers, which use fundamental waveguide size. To transmit the signals to
and from the machine, overmoded waveguides are used (WR-42), since the dB loss/ft
of overmoded waveguides is much lower than that in fundamental waveguides. The
WR-42 waveguides must be kept straight through the path so as to maintain the
same polarization.

The arrangement of the channels in the RF system boards is such that several individ-
ual channels share the transmitting and receiving overmoded waveguide paths as well
as launch horns. The 50GHz and 60GHz RF system is shown in Figure 2-14a. The
signals are combined before being launched into the WR-42 overmoded waveguides,
and upon the return from the plasma, the signals are also split and filtered so that
the analysis can be done for each channel. The (88 + 0.5)GHz and 75GHz channels
also share a transmission line and antenna system, as do the 112GHz, 140GHz and
VFC, the three of which share.

In Figure 2-14b, an in-vessel view of the current antenna configuration is shown. The
system uses a bi-static antenna configuration, with pairs of antennas for transmitting
and receiving.

One of the major recent changes to the system, which was implemented in collab-
oration with PPPL, to improve the functionality of the VFC, was the design and
installation of the horns used for launching and receiving the high frequency chan-
nels: 112GHz, 140GHz and VFC. The details of the previous high frequency horns are

described in reference [51]. They were placed inside the vessel and the aperture size
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Figure 2-14: a)Millimeter wave components of the 50GHz and 60GHz systems are
shown, where the transmitting Gunn diodes (labeled XMTR) and the local oscillators
(labeled LO) are highlighted. Millimeter boards are shared with 50GHz and 60GHz
on one, 75GHz and 88+0.5GHz on a second, and 112GHz, 140GHz and the VFC on
a third. b)After the signal is transmitted through the overmoded waveguides to the
A-port horizontal port, they are launched and received using 3 pairs of pyramidal

horns. This picture is taken in-vessel, viewing from the plasma side.
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Figure 2-15: a) The highest frequency channels are launched through a pair of horns
that have been designed to optimize the gain for the 110GHz-140Ghz range. b) The
calculated horn gain as a function of frequency is flat (to within 2dB) for the whole
range.

was chosen to comply with the position of the other four horns. For the redesigned
horns, the aperture size was chosen to optimize the horn gain in the 110GHz-140GHz
range. The horn dimensions were chosen such that, in the far field approximation,
the gain in the 110GHz-140GHz range would be flat, as hown in Figure 2-15b, the
calculated gain of the horns using the far field equations[70] are 22.5 & 1dBi (decibel
isotropic). A CAD drawing of the installed pair of horns is shown in Figure 2-15a.

Thomson Scattering density profiles and reflectometry cutoff localization

The baseband upgrade improved the sensitivity of the reflectometry system to density
fluctuation measurements, but with the loss of the ability to use the AM capabilities,
and thus, make electron density profile measurements. One of the main reasons that
this was not a prohibitive hurdle for the development of the baseband system is the
use of a Thomson Scattering diagnostic system, specifically the commissioning of an
edge TS system which overlaps well with the reflectometry channels, especially for
H-mode cases and high density L-modes.

The Thomson Scattering (TS) system consists of two Nd:Yag lasers, each pulsing
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Figure 2-16: The Thomson Scattering system uses vertically launched lasers to excite
TS events which are collected and analyzed to deduce the local T, and n, throughout
the laser trajectory. The measurements are then mapped to the midplane to obtain
radial density and temperature profiles. In the figure, the Edge TS system is shown.
Figure adapted from [13] and [14].

at 30Hz, launched vertically at R, = 0.69m into the plasma as shown in Figure
2-16[71]. By setting a 1/2 period shift between the lasers, the TS system can operate
at 60 pulses per second.

The Thomson scattered light is collected using a series of fibers, which transmit the
signals to an imaging filter polychromator, where they are spectrally separated. As
the signals are collected for each spatial channel, the spectral width and intensity are
used to derive the local T, and n.. The spatial location of each measured signal is
then mapped back to the midplane using EFIT flux surface reconstructions, as shown
in Figure 2-16.

By using both the edge and the core TS systems, the electron density and tempera-

ture profiles can be measured with average spatial resolutions of approximately lem
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Figure 2-17: Using the TS system, the electron density profiles can be measured.
The reflectometry channels currently available for use on Alcator C-Mod are shown
for a typical L-Mode. Note that the 88GHz channel is really 2 baseband channels at
87.5GHz and 88.5GHz.

in the core and 1mm at the edge of the plasma. The radial location of the O-mode
reflectometer cutoffs can then be inferred from fits to the TS density profiles.

In Figure 2-17, a typical density profile is shown, obtained using the TS system. The
dark blue points refer to data measurements from the core TS system, and the light
blue points are obtained using the edge system. The z axis is position, mapped to
the outboard midplane, as shown in Figure 2-16. The cutoff densities for all of the
O-mode reflectometry channels are overplotted on the TS density profile.

While the uncertainties in TS density measurements are approximately 5-10% and
arise from various issues, including beam alignment, photon count and absolute cali-
bration, the main radial positioning error comes from the EFIT reconstruction and is
of the order of £5mm. This value is similar to the resolution limit of the reflectometry

system, the Airy width?, W, = (.48 b e e i , for the cases studied here.
0

2see page 58
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Figure 2-18: The raw I and @ data for the 50GHz channel (cutoff n, = 0.31x10*m3)
for an L-mode plasma that disrupts at ¢t = 5.8s is shown at left. At right, the 1/Q
plot is shown.

Reflectometry Data

A sample reflectometry time trace from the 50GHz channel (cutoff location at n. =
0.31x10**m=3) for an L-mode plasma is seen in Figure 2-18. As the plasma disrupts at
t=0.58s, the I and @ signals from the reflectometry channel stop detecting the plasma
and “zero out” (although the voltage doesn’t exactly reach zero but a constant). The
I/Q plot generated from the raw data can be seen on the same figure. As expected,
the signal does not generate a perfect circular shell pattern, which would imply only
changes in ¢ and no amplitude changes, but it fills the area, indicating fluctuations
in both amplitude A, and phase . The figure shows the expected circular pattern,
although in many other instances there is elongation, tilt or squareness to the area,
which is typically associated with imperfect filtering, parasitic signals or amplifier
saturation. Efforts are made to keep these effects to a minimum by monitoring the
saturation of IF amplifiers, filtering out parasitic signals, etc.

The center of the I/Q circle is usually not [/, Q] = [0,0], primarily due to cross
contamination of the f; signal in the fg, signal (see Figure 2-9); this is remedied
by shifting the data to the center of a circular fit. The shift is typically implemented

when selecting time intervals of approximately 1ms duration before doing spectral
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analysis on the data.
As discussed in Section 2.2.2, the fluctuating reflectometry signal carries information
of the density fluctuations at the cutoff location (or close to it), in the (4, ¢) signal,
or, more directly, in the (1, Q) signal. The spectral decomposition of the fluctuating
signal is useful for separating the type of fluctuations involved by spectral region
(e.g. broadband turbulence tends to be in the low frequency range, whereas coherent
MHD fluctuations are seen as narrow bands in frequency space). From the (I/Q)
output, there are different combinations of signals that can be analyzed, including
the I = Acos(¢) and Q@ = Asin(¢) signals by themselves (the homodyne signals),
the amplitude: 4 = /12 + Q2, the phase: ¢ = arctan(@/I) and the complex signal:
I +13Q.

In Figures 2-19a and 2-19b, the autopower of the 5 signals composed of combinations
of I and @ defined above are plotted, where the autopower is defined as the amplitude

squared of the Fourier transform of the signal:

2

(f) = ‘%Zsme—wm (245

where S(t) is the relevant signal for the fluctuations. Note that a vertical offset has
been added to the ¢ signal to match the autopower at low frequencies, identical to a
multiplicative factor to the signal (since the plots are log-log). These signals can be
compared to those obtained in [11], shown in Figure 2-7. On C-Mod, the behavior
observed is somewhat similar to the one observed on [11]: At low fi./n. levels, as is
expected during H-mode, the spectral shape of the ¢ autopower signal is similar to
the other 4 signals throughout the whole frequency range, with the homodyne and
complex signal follow the “A” trace most closely. As the density fluctuations increase,
as in the I-mode case, the shape of the ¢ autopower diverges significantly from that of
the other 4 signals (all of which depend on the amplitude, A, of the received electric
field), and decrease more sharply for higher frequencies. Note that at f ~ 200kHz,
all amplitude dependent signals show a spectrally localized increase in fluctuations in

the I-Mode case; this is the weakly coherent mode or WCM and will be discussed in
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Figure 2-19: The autopower of different combinations of the I and @ signals are
plotted for an a)H-Mode and an b)l-mode. A vertical offset has been added to the
¢ signal to match Autopower at low frequencies. The data can be compared to that
obtained in [11], shown in Figure 2-7. On C-Mod, the ¢ signal has a slightly different
shape than the others in the H-mode case, but for the I-mode, the sharp decrease
of sensitivity of the signal at higher frequencies indicates that for higher fluctuation
levels, the ¢ signal loses sensitivity to the phenomena.

87



depth in Chapter 3.

In this work, the autopower of the complex signal, (I+iQ) will be used for fluctuation
analysis. This choice is taken because the complex signal tends to be more sensitive
to phenomena like the WCM and because previous analysis of C-Mod reflectometry
data has been done using the same signal[5][72]. Nonetheless, similar analysis on the
homodyne signals (or on fl) is suggested for future work as a comparison.

Finally, in order to characterize a complete discharge and dynamically study the
changes in fluctuations throughout, an eutospectrum is used. The autospectrum is
constructed by dividing the total acquired time interval into smaller windows and
calculating the autopower for each sub-window. The data are then displayed in a 3D
plot where the x and y axes are the time (typically determining the center of each sub-
window) and the spectral frequency, respectively, and the autopower at a given (t, 1)
is shown in color (or some other 3D display, like contours). A sample autospectrum,
from the 110GHz channel, for a plasma undergoing an I-H mode transition followed
by an H-L mode transition is shown in Figure 2-20. As each transition occurs during

the shot, the changes in fluctuations can be easily visualized in the autospectrum.

2.3 Additional fluctuation diagnostics

2.3.1 Gas puff imaging

The gas puff imaging diagnostic (GPI) is based on the idea that the local emissivity, €,
of the plasma due to line emission from neutral deuterium or helium can be expressed
as being proportional to[22]:

e x n"T2T (2.46)

for most cases, a, > ar, hence, the emissivity signal is effectively proportional to a
power of n,.

The outboard midplane GPI system consists of an array of 9x10 in-vessel optical
fibers focusing on a 2D viewing area of 4cmx4.4cm straddling the LCFS at the

outboard midplane, as shown in Figure 2-21. By using optical interference filters with
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Figure 2-20: The autospectrum of the complex signal (I +4Q) for the 110GHz channel
is shown from a discharge that exhibits an I-L and then an L-H transition. The
changes in fluctuations are apparent in the autospectrum.
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Side View
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Tangential d)
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Figure 2-21: The viewing area of the GPI system is a 2D array localized at the
outboard midplane. The line integrated brightness measurements can be spatially
localized by puffing D, or He gas at the location shown in the “top view”. The
signals are then a local measurement of the emissivity which, in turn, contains the
local n. information.

center wavelengths at ~656nm and ~587nm, one can selectively study the deuterium
Balmer-a light or the Hel (33D — 23P) line respectively. After the filters, the light
is fiber-optically coupled to a set of avalanche photo-diode (APD) detectors.
While the integrated brightness profiles can be used for background emissivity profiles
(which will be discussed in detail in Chapter 4), a gas puff, injected at the midplane
next to the A-B limiter, is used to localize the measurements. As a gas cloud of D,
or He is puffed into the plasma, the signal is dominated by the line emission from the
gas cloud, and the brightness signal can be interpreted as being primarily emitted at
the gas cloud location. A schematic of this is seen in the top view in Figure 2-21.
Data from the APDs are digitized at 2Msps, and spectral analysis, similar to that
done for the O-mode reflectometer, can be performed. The 2D diode array gives the
GPI system the ability of measuring both frequency and wavenumber decomposition
of the data, by applying both temporal and spatial Fourier analysis, generating k —

f spectral plots. In Figure 2-22, the k — f spectral decompositions from L-mode,
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Figure 2-22: By using poloidal columns of GPI views, a k — f diagram can be con-
structed that displays both the frequency information of signal fluctuations, but also
the kg decomposition. This is essential in characterizing wavelike phenomena since it
can display the frequency as well as the poloidal wavenumber of the fluctuations. In
the EDA H-mode, for example, the QC-mode can be observed at ky ~ 2em ™! at a
frequency of f = 130kH z, hence, its phase velocity in the lab frame can be calculated
to be: vpne = 2 f/kg = 4.08km/s. Figure from [22].

ELM-free H-mode, and EDA H-mode plasmas have been performed on data from
a column of diodes located radially close to the edge of the plasma and ranging
vertically from z = —5.4em to z = —lem. The temporal FFT of the data leads to the
frequency decomposition (vertical axis) and the spatial FFT determines the poloidal
wavenumber kg of the detected fluctuations (horizontal axis)[22].

The localized measurement capability of the GPI system, as well as it position at the
outboard midplane, make the GPI system a workhorse diagnostic for the wavenumber

characterization of edge fluctuations on Alcator C-Mod.

2.3.2 Phase contrast imaging

The phase contrast imaging (PCI) system is a modified interferometer, optimized for
the detection of density fluctuations.

A COy laser is radially expanded to span R,,,; = 0.64cm — 0.73cm and is vertically
launched into the plasma as shown in Figure 2-23a after which it is collected by 32

independent detectors[73][74]. As the laser crosses the plasma, it gains a phase, ¢,
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Figure 2-23: a)The Phase Contrast Imaging (PCI) system detects line integrated
density fluctuations across 32 vertical chords that encompass the plasma core. b) By
using a phase plate the gives the unperturbed component of the laser signal a /4,
hence, a /2, phase shift, the intensity of the signal becomes dependent of the phase
gained through the laser path which, in turn, is proportional to the line integrated
n.. Figure from [74].

proportional to the fluctuating density:

¢ = —rAo f fie(z, 2)dz | (2.47)

where, r, = e?/(4megm,.c?) is the classical electron radius and A = 10.6um is the free
space wavelength of the CO, laser used. The line integral is taken along the vertical
path of the beam through the plasma. The fluctuations in the phase of the signal
are, therefore, proportional to the line integrated density fluctuations.

The introduction of a phase plate, shown in the figure, introduces a 2 x A\/8 phase
shift (equivalent to multiplying by e™2 = i) to the unperturbed component of the
signal and, using focusing optics, the signals are recombined to form a single signal.

The use of the phase plate modifies the total signal:
E=FE9 + EW = By(i + id)e~ ™t — |E|? = | Eo[2(1 + 24) . (2.48)

The variations from the unperturbed intensity of the measured beam are, therefore,
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linearly proportional to changes in phase, which are proportional to f Nedz.
The radial separation between the channels provides the capability to measure kg

of the fluctuations within the 0.58cm™! < kg < 50cm™!

range, and a 5Msps data
acquisition digitization rate provides a frequency bandwidth of up to f = 2.5M Hz.

The line integral nature of the diagnostic is an inherent challenge for the localization
of the modes, but if there is additional information regarding the vertical position of
the fluctuations along the path of the laser (e.g. if we know that a given perturbation
is localized close to the edge of the confined plasma), the system can be used, as

with the GPI, for spectral characterization of fluctuations and determination of short

wavelengths.

2.3.3 Electron cyclotron emission diagnostic

As the electrons gyrate around the magnetic field, they emit electron cyclotron emis-
sion at the local cyclotron frequency, €2, and its harmonics. In the region of emission,
the plasma is optically thick so it acts as a black body for which the intensity, as a
function of the emitted frequency v, is of the form:

2 hy

14
I(U) = —gth/T "'""—1 (249)

where h is the Plank constant. Therefore, the intensity emitted has a shape depen-
dent on the local temperature. Since the 2nd harmonic of the X-mode ECE radiation
can propagate out of the plasma without encountering a cutoff condition and can be
detected at the outboard side of the plasma, the temperature at the 2nd harmonic
can then be measured[69)].

There are several electron cyclotron emission diagnostics on Alcator C-Mod[75](76],
including 2 grating polychrometer (GPC) diagnostics which provide high time reso-
lution measurements of the local electron temperature and are used as workhorse T,
profile diagnostics.

A high resolution, heterodyne ECE system, installed in collaboration with the Fusion
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Figure 2-24: The high resolution ECE system, installed in collaboration with FRC,
can provide local measurements of spatial resolution of < lem at the edge of the
plasma. The time resolution of the system is high enough to conduct spectral analysis
of signal to up to 100s of kHz. Figure adapted from [77].

Reseatch Center group, uses 32 detector channels covering the 234-306GHz frequency
range to give a resolution of less than lem between channels[77]. The system optics
are located inside the vessel in the lower outboard side of the plasma, as shown in
Figure 2-24, with the lines of sight of the system directed towards the magnetic axis
and, therefore, mostly perpendicular to the flux surfaces.

By the use of video bandwidth filtering of 1MHz and a data acquisition system with
a 2MHz digitization rate, the data acquired by this system can be spectrally ana-
lyzed to detect phenomena at 100s of kHz, which is not available with the T, profile
measurement ECE systems. Also, due to its high spatial resolution, local T, measure-
ments have been obtained at the edge of the plasma and will be discussed in Section

3.3.2.

2.3.4 Fast magnetic pick-up coils

One of the most straightforward fluctuation measurements is that of the magnetic

fluctuations at the edge. By using sets of coil solenoids, 13mm long and 4mm in
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diameter, as shown in Figure 2-25(a), the voltage induced due to a time varying mag-
netic field, B', can be calculated as V = A - ﬁ, where A is the total area enclosed by
all coil turns, pointing along the coil axis[78][79].

There are currently a total of 66 operational probes arranged in poloidal and toroidal
arrays at the outboard side of the plasma (see Figure 2-25(b) and (c)), aligned so
as to measure By. The poloidal and toroidal arrays give the fast magnetic coils the
unique capability of measuring the poloidal (m) and toroidal (n) mode numbers for
the fluctuations calculated by measuring phase differences between coils. The toroidal
and poloidal separations of the coils also enables the detection of spatial variations
in fluctuation intensities, as will be discussed in Section 3.3.2.

Finally, measuring the magnetic components of fluctuating modes helps to discrimi-
nate between electrostatic and electromagnetic types of fluctuations. If a particular
mode is detected by the magnetic coils, the mode is not purely electrostatic, a fact

that helps characterize the various modes that are detected.
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Figure 2-25: a) The fast magnetic coils consist of simple wound solenoids aligned in
the @ direction. By Faraday’s law, a voltage is induced in the coil proportional to
the fluctuating magnetic flux within the coil. There are currently 66 operational coils
(shown in blue) distributed (b) poloidally and (c) toroidally around the outboard wall
of Alcator C-Mod.
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Chapter 3

The I-Mode regime

3.1 History of the I-Mode

The dependence of the L-mode to H-mode threshold power on the VB drift direction
was quickly observed after the discovery of the H-Mode[80], and has been widely seen
on many tokamaks[81][16][1]. The Pr_g scaling law shown in Equation A.6 refers to
only L-H transitions in the favorable drift direction, that is, when the B x VB direc-
tion, or VB drift direction, is pointing towards the main X-point of the plasma. For
many tokamaks, including Alcator C-Mod, the power needed to transition to H-mode
is approximately 2 times larger in the unfavorable drift direction, that is, when the
V B drift direction is pointing away from the main x-point, than in the favorable drift
direction.

On Alcator C-Mod, it was observed that the L-modes preceding the L-H transition in
the unfavorable drift direction featured high edge temperatures (7, > 200eV'), leading
to enhanced values of the energy confinement coefficient Hgg = 75/78¢ > 1.1[15] as
seen on Figure 3-1a. These initial measurements lacked sufficient time and space re-
solved density and temperature profiles to determine the edge barrier characteristics
of the regime, nonetheless, it became clear that unfavorable drift direction L-modes
close to L-H transitions exhibit atypical characteristics compared to the favorable
drift direction L-modes. On ASDEX Upgrade (AUG), similar characteristics were
found in the unfavorable drift direction prior to I.-H transitions [16]. On AUG, this
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Figure 3-1: The L-mode before an L-H transition in unfavorable drift direction plasma
was found to have remarkably high edge temperature and energy confinement on
Alcator C-Mod and on AUG. a)On C-Mod, the L-modes prior to L-H transitions
show high Hgs > 1.1 and edge temperatures above 200eV (adapted from [15]). b)On
AUG, the unfavorable drift direction L-mode prior to the L-H transitions was named
the Improved L-Mode and it featured H-mode like temperature profiles (figure from
[16]).

regime was labeled Improved L-Mode, and also featured edge temperatures above
200eV. Temperature profiles in the improved L-mode regime were measured to be
qualitatively similar to those in the H-mode (see Figure 3-1b), with 80% of the en-
ergy confinement of the H-mode. Nonetheless, this regime could only be sustained
for about 3-5 7g.

On C-Mod, the unfavorable drift direction L-H transitions were initially studied
because it was observed that they could develop the typical characteristics of the
H-mode on a longer time scale than the favorable LH transition, hence facilitating
a study of the transition dynamics. By 2007, it had been identified that the L-H
transition in the unfavorable drift direction happened in two phases[82][1], first a rise

in temperature, followed by a rise in density, concomitant with a decrease in D,,.

As shown in Figure 3-2, during this intermediate phase, the density stayed constant

while the edge temperature rose. As was the case for the Improved L-modes in AUG,

these two-phase transitions occurred transiently, lasting up to 3-5 75 (~175 in Figure

3-2).
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Figure 3-2: The two-phase transition was observed on C-Mod which showed a rise in
edge temperature and stored energy ((b) and (d)) while maintaining constant density
(a). The D, is seen to stay high during the intermediate phase and decrease as the
density rises (e). Figure from [1].

Through a more systematic approach, wherein the auxiliary power was slowly
ramped at constant I, the intermediate phase was sustained in steady-state for longer
than 10 7g[2]. The study also showed the ubiquitous presence of changes in edge fluc-
tuations, as well as the development of an edge electric field well. The fact that the
two-phase transition could be sustained to steady state, as well as its unique global
characteristics and edge fluctuations, led to distinguishing it as a separate regime,
the I-mode.

Following the publication of a review of the characteristics of this novel regime, [3],
numerous experiments on C-Mod have been devoted to the physics of the I-mode as
well as its accessibility, the results of which will be presented in the next section.

Recently, interest in the study of the I-mode has also been renewed at AUG[83], and

joint C-Mod/AUG experiments are currently being pursued. The fact that the I-mode
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can be accessed using neutral beam injection heating is a welcomed development for
the possibility of accessing this regime in non-ICRF auxiliary heated plasmas. Joint
experiments are also being planned with DIII-D to search for this regime, thereby

expanding the parameter space for its study.

3.2 General characteristics of the I-mode

As mentioned in the previous section, the main characteristics of the I-mode regime
are the increase in energy confinement due to the presence of a thermal barrier at the
edge of the plasma but, combined with no formation of a particle barrier, leading to

low particle and impurity confinement, as shown in Figure 1-7.

3.2.1 I-Mode Accessibility

Typical operation on Alcator C-Mod has both I, and By in the clockwise direction
(viewed from above), hence the B x VB, or VB drift, direction is pointing downward.
The unfavorable drift direction in this configuration is, then, upper single null, (USN),
as shown in Figure 3-3(a).

This is the configuration in which the I-mode was discovered on C-Mod and it
has been the most widely used to access the regime. This configuration has several
advantages, like the wide range of accessible upper triangularity, &,, as well as the
use of a cryopump(84] located in the open upper divertor, but it also has problems
of power handling because of leading edges in slots used by the cryopump, and the
open flat-plate geometry of the upper divertor.

By reversing the directions of I, and Br, the unfavorable drift direction topology
is the more standard LSN shape, as seen in Figure 3-3(c). Note that both I, and
Br must be reversed in order to maintain the same helicity of the magnetic field.
In this configuration, there are the advantages that the lower divertor is equipped
with a large suite of divertor diagnostics, that the Edge Thomson Scattering system

has improved spatial resolution (see Figure 2-16) and that the lower divertor is also
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Figure 3-3: The [-mode regime has typically been accessed on Alcator C-Mod in
the unfavorable drift direction in normal field (f, and Br clockwise when viewed
from above) as seen in (a). By reversing the ficlds, the unfavorable drift direction
is achieved using the more conventional LSN topology, (c¢). Finally, by using an
exaggerated 9; topology in normal field configuration, similar to the shape used for
ELMy H-modes, I-modes have also been accessed (b).
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optimized for power handling, with its closed, vertical plate design. I-Mode operation
in reverse field, LSN shows a widening of the P;cpr window between the L-I transition
and the I-H transition, as compared to that of the normal field, USN case. This
development has significantly widened the space of operation of this regime, making
it more attractive as a potential regime for next step tokamaks.

While, the I-mode has been generally obtained in the unfavorable drift direction
configuration, it has also been possible to access it in the favorable drift direction
by operating with exaggerated lower triangularity shape (6;~0.8), shown in Figure 3-
3(b). Note that this configuration is also used to access ELMy H-modes on C-Mod as
described in Section A.3.1. For access, these I-modes require lower auxiliary heating
power (as expected from being in the favorable drift direction), sometimes marginally
appearing in ohmic plasmas, and are sometimes observed to coexist with ELMs and

with the EDA H-mode’s QC-mode.

3.2.2 Global Characteristics of the I-Mode

A typical discharge with L-mode to I-mode and I-mode to H-mode transitions is
plotted in Figure 3-4. In this example, the I-mode is accessed in the normal field, USN
configuration (Figure 3-3(a)). As the Pjogp is slowly increased in steps, the plasma
transitions from L-Mode to I-mode at ¢ ~ 1s, as can be observed by the increases
in edge and core electron temperatures. There is, nonetheless, no visible change in
the line averaged density, indicating an L-mode like particle confinement during this
period. At t &~ 1.45s, there is a transition from the I-mode to an ELM-free H-mode,
which transiently raises the line averaged density. As was mentioned in Section A.3.1,
the ELM-free H-mode is inherently transient and, as the impurities accumulate, the
edge and core temperatures start to collapse and the plasma transitions back to L-
mode after the ICRF is turned off. The 7z is about 30ms in this shot, so the I-mode
is sustained for approximately 15 energy confinement times. Also, the confinement
factor for this example, Hog = 75 /795, reaches 1 during the I-mode phase, indicating

H-mode equivalent energy confinement.
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Figure 3-4: The time traces for a typical discharge with L-mode to I-mode and I-mode
to H-mode transitions show the global characteristics of the I-mode regime. During
the I-mode period, the edge and core temperatures rise while the density stays at the
L-mode level. After the I- to H-mode transition, the density rises rapidly, leading to
the typical H-mode regime. I, = 1.2M A during this discharge.
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Improvement in power degradation

As discussed previously, the scaling laws for the energy confinement time of L-mode
and ELMy H-mode plasmas in tokamaks have been determined by using data bases
from many tokamaks from around the world. They have been presented in Section
A as Tyrgrsg for L-mode and as 7yrgres for H-mode in Equations A.2 and A.7 re-
spectively. The degradation of 75 with increasing P, changes from 75 o Pg2% in
L-mode to 75 o« Pd®® in H-mode, while they both have approximately linear depen-
dences on I,. From these scalings, we can derive expectations for the stored energy,
W = 7p X Pyot and Pyo¢ x I, which, at fixed I, for L-mode gives W oc P05+ = P25
while for H-modes, we get W oc P09+ = P23l ~ P93 In Figure 3-5, the stored
energy for I-mode plasmas is plotted as a function of P01, where, for display pur-
poses, the current is taken as positive in the normal field direction and negative in
reverse field. For both field directions, the stored energy in I-mode is approximately
linear with both I, and Py,;. This is a much more favorable power dependence than

that for either H-mode or L-mode.

I-mode impurity confinement

The impurity confinement time, 77, of the I-mode regime has been measured using
a CaF, impurity laser blow off system([3][85]. Shown in Figure 3-6, the I-mode 7,
is similar to that of the L-mode while sustaining a much higher energy confinement
factor, Hog. Compared with the EDA H-mode, the I-mode 7; is, less than half as
large, which is not surprising based on the L-mode like particle confinement. Beyond
the range of the plot, the impurity confinement time of the transient ELM-free H-
mode is too large to measure with the blow off system. This is consistent with the
steady state nature of the I-mode and the EDA H-mode as compared to the ELM-free
H-mode, and underlines the importance of impurity ejection for the sustainment of

the high energy confinement regime.
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L-mode, lower than EDA H-mode and much lower than ELM-free H-mode. The high
Hgg, low 17 characteristics of the I-mode are desirable for reactor type plasmas. Figure
adapted from [3].
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Confinement factor, g5 and pedestal collisionality of the I-mode

In Figure 3-7(a), the confinement coefficient, Hgs, is plotted against the safety factor
at the edge, qos, for 215 time slices in the unfavorable drift direction I-modes, both in
normal field (red) and in reverse field (blue), as well as 23 slices in the EDA H-mode
(green triangles). As has been stated previously, in I-mode, the energy confinement
coefficient, Hgg, can surpass 1. Also observed in this plot, the I-mode can reach very
low values of gg5 (below 3) due to the high I, (of up to 1.4MA), although with reduced
confinement. Note that typically EDA H-modes can only be accessed at higher ggs,
typically above 3.7, although at low I, operation lower ggs values may be reached.
In Figure 3-7(b), the edge temperature at the pedestal of the plasma in H-mode

*

is plotted as a function of the normalized collisionality, v*, which is the electron

collision frequency normalized by the banana orbit bounce frequency, v* = ve./w,
where v, = y/evy, o/(Rqos). The pedestal temperatures can reach lkeV, which are
typically accessed only in ELMy H-modes on C-Mod. As a comparison, the EDA
H-modes have a factor of two lower pedestal temperatures, typically 500eV or less.
Consequently, the edge collisionality of the I-mode is much lower (by an order of
magnitude) than that of the EDA H-mode.

Due to the high temperatures reached at the pedestal and to the temperature
profile stiffness observed on C-Mod[25], the I-modes reach very high core electron
temperatures (up to 9keV). Due to their high temperatures, the pressure profiles in
I-mode can be comparable to those of typical EDA H-modes, as can be observed in
Figure 3-8. The ion temperature is typically not as high as the electron temperature
due to the lower collisionality at the core, nonetheless, the ion temperature at the
core of T,(core) = 9keV plasmas is estimated to be in the order of T;(core) = 6keV .
This is very favorable for the prospect of using I-modes in reactors because of the

neutron rate proportionality to p?, as discussed in Section 1.1.1.
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Figure 3-7: a)The confinement coefficient, Hgg, for I-modes in unfavorable drift di-
rection in both normal and reverse field is similar to, or higher than, that of the
H-modes. The I-modes can be accessed at high I,, with g5 reaching below 3. b)The
I-modes are typically restricted to very low collisionality due to the very high 7, and
low n, at the edge. Due to the very high temperatures at the edge of the plasma, the
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Figure 3-8: Typical L-mode, I-mode and EDA H-mode pressure profiles versus nor-
malized minor radius. Due to the high core temperatures, I-modes reach high pres-
sures at the core of the plasma, similar to, and even surpassing, H-mode pressures.
The pressure is derived from Thomson scattering n. and T, measurements.

E, wells at the edge of the plasma

As discussed in Section A.3, one of the main theories behind the formation of the
H-mode transport barrier is the presence of a radial electric field well at the edge of
the plasma which causes vgy g shearing of turbulent eddies and reduces transport.
The E, well has been measured on Alcator C-Mod using a high resolution charge
exchange recombination spectrometer(2] for various regimes. The E, radial profiles
at the edge are plotted in Figure 3-9. As expected, the L-mode FE, profile shows no
sign of a well close to the LCFS of the plasma. The EDA H-mode, on the other hand,
displays a clear dip in the value of E,, changing sign from radially outward to radi-
ally inward and back, within 1em. This is also consistent with the global confinement
enhancement of the EDA H-mode, because of the strong shear in vgyp.
The I-mode also displays the presence of an E, well, albeit not as exaggerated as that
of the EDA H-Mode. This measurement clearly separates the I-mode as an indepen-
dent regime and suggests a physical mechanism for the enhanced energy confinement

characteristic of the mode. Nonetheless, there remains the question of the particle
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Figure 3-9: Using charge exchange recombination spectroscopy, the E, radial profiles
have been measured for L-mode, I-mode and EDA H-mode plasmas on Alcator C-
Mod[2]. The presence of an intermediate E, well for the I-mode suggests a mechanism
for the enhanced energy confinement in this regime. This finding leaves the mechanism

behind particle and impurity L-mode-like transport unresolved. The figure used is
from [2].
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and energy channel separation. In other words: If the presence of an E, well is re-
sponsible for the enhanced energy confinement, how does the particle and impurity

transport remain at L-mode levels?

Toroidal rotation in the I-mode

Finally, one interesting physical insight that has been gained by the particle and
energy transport channel separation obtained in the I-mode, has to do with the in-
trinsic toroidal rotation in this confinement regime. As discussed in Section A.3,
velocity shear can lead to improved confinement due to the breaking of turbulent
eddies. Neutral beam injection is a natural source of toroidal torque in large toka-
maks today, leading to sheared rotation in the plasma, yet this method will be very
difficult to implement in energy producing-type tokamaks due to limitations on beam
penetration[86]. Intrinsic rotation has been extensively studied on Alcator C-Mod,
where, due to the fact that it does not use NBI, there is no source of external torque
on the plasma during auxiliary heating. It was found that when the stored energy
is increased in the L-H transition, a change in core toroidal rotation towards the co-
current direction is observed, which is proportional to the change in stored energy
normalized by the plasma current: AV, o« AW/I,[87]. This dependence can be
traced back to the edge of the plasma with AV, & Vpegee. Nonetheless, in [19], it
was shown that the fit is improved when comparing the change in rotation to the edge
temperature gradient as opposed to the edge pressure gradient, as shown in Figure

3-10.

3.3 Changes in edge fluctuations

Early in the exploration of I-modes on C-Mod, it was observed that the global changes
associated with this regime were accompanied by changes in the fluctuations measured
at the edge (first observed on the fast magnetic coils described in Section 2.3.4)[1].

As shown in Figure 3-11, the two main fluctuation features of the I-mode are:
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Figure 3-10: The change in toroidal rotation in H-mode (green) scales well with both
VT and Vp at the edge on Alcator C-Mod. Since I-modes can have strong VT while
having small Vn it can be distinguished that the changes in toroidal velocity are
more correlated with edge temperature gradients than with edge pressure gradients.
Figure from [19].

e Reduction of broadband fluctuations at intermediate frequencies ranges, 50kHz <

f < 150kHz.

e Enhanced fluctuation levels spectrally centered at around 150kHz < f <
300k H z.

These two phenomena will be discussed in depth in the next two sections.

3.3.1 Broadband fluctuation reduction and energy confine-

ment

During the L-mode phase, the edge fluctuations are dominated by broadband turbu-
lence, as observed before t=1.14s in Figure 3-11. As the plasma transitions to the
I-mode, one of the principal changes in fluctuation characteristics is a decrease in
this broadband fluctuation level in the mid frequency range: approximately 50kHz —
150k Hz[1][3][4]. This range can vary, for example, in Figure 3-11 the broadband re-
duction occurs for f ~ 40kHz — 200kH 2.
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Figure 3-11: The I-mode is accompanied by changes in the edge fluctuations, mainly
an enhancement at high frequencies (200kHz — 300kHz in this example), and a
reduction of broadband fluctuations at lower frequencies (50kHz — 200kH z in this
example). Shown, are the fluctuation spectra for magnetic coils, reflectometry and
PCI, but these phenomena have also been observed on GPI and ECE (all described
in Chapter 2). The bottom 2 traces show time histories of T, at the 95% flux surface
(near the top of the pedestal), and the line averaged density, 7. I, = 1.3M A for this
discharge.
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The frequency range of the broadband reduction is typically proportional to I, or
inversely proportional to ggs, that is, the clearest examples of the reduction occur for
high plasma current cases such as the one shown in Figure 3-11 (I, = 1.3M A).

It is observed that the broadband reduction correlates well with a decrease in the
measured effective thermal conductivity, x.ss, of the plasma at the steep tempera-
ture pedestal region, where xeff = —Pret/(2neVT,), Pret = Piot — dW/dt — Pyoq, Pt
is the input power associated with the ohmic and auxiliary RF sources, dW/dt is the
power going to increase the stored energy of the plasma and P44 is the radiated power
from the confined plasma. P, is, therefore, the power that is conducted across the
LCFS of the plasma.

In the example shown in Figure 3-12, the power balance code TRANSP has been
used to estimate the value of x4 at 7/a ~ 0.98 for an I-mode shot. The integrated
fluctuation level in the 50kHz to 150kHz range from a reflectometry channel reflecting
at approximately the same radial location, has been overplotted on the Xeg trace. As
the fluctuation level in the mid-frequency range drops through the L-I transition and
then, later, through the I-H transition, the thermal conductivity follows the same
exact trends.

This correlation is strong evidence of the causal connection between the decrease of
mid-frequency range fluctuations and the suppression of energy transport across the
LCFS. As is discussed in Section 3.2.2, the presence of an E, well, measured using
charge exchange recombination spectroscopy[2], during the formation of the I-mode
could explain the physical mechanism of the formation of the T, barrier through @z 5
shear suppression. The particle transport is, nonetheless, much higher than in an H-
mode, so there must exist a mechanism that leads to the increased particle transport.

One such mechanism proposed is the WCM.

3.3.2 The Weakly Coherent Mode

The high frequency feature observed during the I-mode is typically centered at around

150kHz — 300kHz and has a spectral width of Af/fper = 0.5, but it can vary
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Figure 3-12: The broadband reduction during the I-mode correlates well with the
changes in x.s at the edge of the plasma. In this example, the power balance code,
TRANSP, has been used to estimate x ¢ at the top of the pedestal, and the fluctuation
changes are observed in the reflectometry signal at the same edge region.



from 0.2 < Af/fpear < 1, hence the weakly coherent mode description, or WCM.
In Figure 3-11, the spectra from fast magnetic field coils, reflectometer and PCI
during a discharge with L-mode to I-mode and I-mode to H-mode transitions are
shown, featuring the presence of the WCM at fper~250kH z with Af ~ 50kHz. In
addition to the traces shown, the GPI system and the ECE diagnostic also observe
the presence of the WCM, and thus, the mode has density, temperature and magnetic
field fluctuating components. The wide range of diagnostics sensitive to the WCM

have helped to characterize the mode.

WCM radial localization

The radial position of the WCM has been localized by the use of the O-Mode re-
flectometry system. As discussed in Section 2.2, the radial position of the reflection
layer of each channel in O-mode reflectometry is determined by the local electron
density as: Necutosr) = (f(GHz)/89.8)%, where n. is in units of 10®°m=3, f(GHz) is
the channel frequency in GHz, and interpolated Thomson scattering data are used to
determine the electron density radial profiles of the plasma, and thus, the positions
of the cutoffs.

In the example shown in Figure 3-13(a), the autopower spectra of three independent
reflectometry channels at 60GHz, 75GHz and 88.5GHz are plotted during an I-mode
phase. The radial location of each cutoff layer, determined from the TS density pro-
files, are plotted as a function of time. The lowest frequency channel, which reflects
outside the LCFS during the duration of the I-mode, does not observe the WCM
throughout. The 75GHz channel, which reflects within the first 1 to 2 cm inside
the LCF'S, observes the WCM during the entire I-mode period. As observed by the
density time trace, the electron density rises at the end of this time. As the density
rises, the cutoff position of the 88.5GHz channel moves from the core to the edge,
and, while its spectra do not show the presence of the WCM during the lower density
segment of the I-mode, as the density rises and the cutoff layer approaches the LCFS,
the spectra begin to show the enhanced fluctuations at ~300kH 2.

A density profile is plotted for t=1.35s, approximately when the 88.5GHz begins to
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detect the WCM. The shadowed radial region in both the density profile plot, as
well as the channel cutoff location plot, is the region where, in this example, the
WCM is observed, corresponding to approximately the first 2cm inside the LCFS or
09 <r/a<l.

Another diagnostic technique routinely used to determine the position of the WCM
is gas puff imaging (GPI). As shown in Figure 3-13(b), by using the 2D diode array
(described in Section 2.3.1), the radial position has also been estimated to within
the first 1-2cm inside the LCFS. Typically, the largest distance inside the LCF'S that
the array can detect during I-mode discharges, is ~1.5¢m, and in many cases, the
rollover of the detected WCM signal is not observed, suggesting a peak further in-
side the plasma. Nonetheless, by repeated observation of I-mode discharges using
reflectometry, GPI and ECE (which will be discussed later), the radial location of the
mode has been well determined to be within the outer 10% in flux of the confined

plasma, with little or no contribution outside the LCFS.

WCM poloidal localization

While the GPI system and the reflectometry system are best suited for radial local-
ization of the mode, their poloidal extent is limited to a region of about 10cm at the
outboard midplane of the plasma.

Magnetic coils, on the other hand, have a large poloidal extent which has been used
to detect poloidal variations of the WCM strength (see Section 2.3.4). While the
poloidal localization studies are still preliminary, the amplitude of the magnetic fluc-
tuating component of the WCM is observed to vary poloidally at the outboard side
of the plasma as observed in Figure 3-14a[88].

The PCI system (see Section 2.3.2), which observes vertical line integrated density
fluctuations through the core of the plasma, has measured a peak of the WCM within
its radial viewing range, hence, away from the outboard midplane. An example of
this can be seen in Figure 3-14b.

This asymmetry has been observed in all I-mode configurations shown in Figure 3-3,
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Figure 3-13: a)Using the n, profiles, the radial positions of the cutoff layers for the
reflectometry system can be determined. If a given channel observes the WCM,
the mode’s radial position can, then, be deduced. b) The evolving location of the
WCM throughout an I-mode period can be estimated by observing the presence of
the mode in the autospectra. In this example, the mode is seen in the 75GHz channel
throughout the whole I-mode, whereas it can only be seen by the 88.5GHz channel
at the end of the I-mode period, when the density increases, moving the cutoff layer
from the core to the edge. In this case, the WCM is observed at approximately 2cm
inside the LCFS, that is at r/a~0.9. ¢) The GPI system has also been used to radially
localize the WCM to within the outer 1 to 2 em of the confined plasma. The rollover
position, determining the peak of the mode, is not always observed within the first
~1.5 em inside the LCFS (the radial range of the system), yet, in the example shown,
the signal is observed to peak at ~1 e¢m inside the plasma.

118



and in each case, the WCM is observed to be strongest in the electron diamagnetic
drift direction, that is, in the —(B x VB) direction.

In contrast, in the Quasi-coherent mode (QCM), the signature of the EDA H-mode,
a poloidal asymmetry is not seen. In fact, the magnetic field coil and PCI measure-
ments for the QCM are vertically symmetric around the outboard side midplane.
This suggests a qualitative difference between the (QCM and the WCM, a topic which

will be expanded on in Section 3.4.

Spectral characteristics of the WCM

Utilizing the 2D measurement capability of the GPI system, a spatial Fourier trans-
form of the measured signals at the midplane in the vertical direction has been used to
measure the lab frame poloidal wavenumber, kg, of the WCM, as described in Section
2.3.1. Shown in Figure 3-15a, the f vs kg plot is shown for a typical unfavorable drift
direction I-mode. In the figure, the WCM can he observed in the 200kHz-270kHz
frequency range with a ks range of 1.5 — 2.5 em™! in the EDD direction!, which has
been seen as the typical wavenumber and lab frame direction of propagation of the
WCM for all I-modes analyzed|3][4][22].

PCI measurements have confirmed the kg =~ 2em™! from GPI by using the kg projec-
tions from kg at the position of the vertical chords’ intersections with the edge of the
plasma.

A range for the poloidal phase velocity of the mode in the lab frame can then be

calculated by taking into account the frequency and wavenumber range of the WCM:

2 flkHz] 27 (150 — 300)

G bt B =Tk ~(4-12) [k . .
The plasma frame velocity of the mode can be estimated by measuring the v p at
the edge and doing a newtonian lab frame transformation. The results of this analysis

are in Section 3.4, where comparisons with the EDA H-mode QCM are highlighted.

Toroidally separated magnetic field coil measurements show that the WCM propa-

LThe jon diamagnetic drift direction, or IDD, is the samne as the grad B drift direction or BxVB.
The electron diamagnetic drift direction, or EDD, is, therefore, the —B x VB direction.
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Figure 3-14: a)The fast magnetic field coils are poloidally separated and have ob-

served a poloidal variation of the amplitude of the WCM. In this case, the I-mode is

in favorable drift direction. b)The PCI signal observes line integrated density fluctu-

ations and has shown a peak of the WCM away from the outboard midplane. In this

case, the I-mode is in the unfavorable drift direction and the green shading indicates

the region of the WCM amplitude peak in this example. Figure is adapted from [20]
120



IDD EDD

=00 s ko = 2cm - ~
. 250 4 7 15, B
N : A p ¢
£ 200 : 3 R Byl
S 150 ' ET A . ;
g : 52 B i
S 100 ! g8 EbD |
L : 2e ke
< e k-B=0
6 -4-20 2 4 6 7
kp[em ]
(a) (b)

Figure 3-15: a) By using GPI and PCI, the ky of the WCM has been estimated to be
approximately 2em ™! in the EDD. b) Magnetic field coil measurements show a kg in
the countercurrent direction. This is consistent with the WCM being a field aligned
mode (k- B = 0). The schematic shows a midplane view of the plasma from the
outboard midplane.

gates in the countercurrent direction, hence k; is countercurrent and, since the direc-
tion of poloidal propagation is the EDD, the WCM appears to satisfy the k-B=0,
field-aligned mode condition. A schematic of this is shown in Figure 3-15b.

By using both poloidally and toroidally separated magnetic field coils, the m/n ratio
has been estimated. Since kg ~ 2¢m ! independently of ggs,which, as shown in Figure
3-7, has a range of approximately 2.5-5, the m/n ratio varies from m/n = 6 for high

gos and m/n ~ 3 for low gos[3].

Density and temperature fluctuation components of the WCM

As mentioned previously, the GPI, PCI and reflectometer are sensitive to the density
fluctuating component of the WCM.

The amplitude of the WCM has been estimated from the 2D GPI array measurements
by comparing GPI normalized brightness profiles between the EDA QC-Mode and the
WCM. As will be discussed in Section 3.4, the mode amplitude of the QCM has been

measured directly, n./n. =~ 35%, and the QCM amplitude has been measured to be
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approximately 3 times bigger than the WCM. The current estimated range for the
density fluctuation amplitude is: 7i/n. ~ 6% — 16%]21][22].

The T, fluctuation amplitude of the WCM has been studied using the high resolution
ECE radiometer (see Section 2.3.3)[21]. As seen in Figure 3-16a, the WCM was
observed in the autospectrum at r/a =~ 0.95 (within lcm of the LCFS), with an
amplitude equivalent to T,/T, ~ 1.6%, assuming large optical depth.

One of the complications of this measurement is that the ECE radiometer is not only
sensitive to T, fluctuations, but it can also acquire contributions from fluctuations
in optical depth, 7, which depends on the local density and temperature. e/ Te
contributions to the signal depend on the value of 7. In Figure 3-16a the thermal
contribution to the signal is plotted as a function of 7 for different levels of #,/n,
at the measured location. While there is a level of uncertainty of the value of 7,
at the lem location where the WCM is measured, 7 > 4, which is highlighted in
Figure 3-16b. Since the density fluctuation amplitude of the WCM is estimated to
be 6% < fi./n. < 16%, the temperature fluctuation component of the WCM is, from
the data in Figure 3-16b, in the range: 1% < T,/T. < 2%[21]. The temperature
fluctuation component of the WCM is, therefore, one order of magnitude smaller

than the density fluctuation.

3.4 The WCM and the QCM: A comparison

As discussed in Section A.3.2, the EDA H-Mode is accompanied by enhanced density,
temperature and magnetic fluctuations in the 50 — 150k H z range, the Quasi-Coherent
Mode, or QCM.

The general characteristics of the QCM are, in many ways, similar to those of the
WCM. In fact, the name Weakly Coherent Mode is derived from that of the QCM,
but highlighting the wider spectral width of the WCM compared to the QCM.
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Figure 3-16: a)In addition to being detected by magnetic pick up coils at the wall and
by the O-mode reflectometer, the WCM is observed using the fast ECE radiometer.
In this example, the detected signal is within lem of the LCFS, at r/a~0.95. b)
While the ECE signal is sensitive to T,/7,, it also responds t0 7i./n., if the plasma
is optically thin. Here it is shown that the optical thickness of the plasma is high
enough (7 > 4) at the edge of the plasma that the main contribution of the ECE
signal is from thermal fluctuations. Both figures are adapted from [21].
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3.4.1 Spatial location

The radial location of the QCM is, similar to the WCM, close to the steep temperature
gradient region at the edge of the plasma. As shown in Figure 3-9, the edge regions
of both EDA H-mode and I-mode feature the presence of an E, well which is believed
to be connected to the enhanced energy confinement (relative to L-mode) of both
regimes (and in the case of the EDA H-mode, the enhanced particle confinement,
as well). The steep gradients in this radial region can account for the free energy
necessary to excite both modes.

In Section 3.3.2, the poloidal location of the WCM was shown to be poloidally shifted
toward the electron diamagnetic direction (EDD). Similar analysis[20] of the QCM
shows that, unlike the WCM, there is no evidence of a poloidal shift in the location
of the QCM.

3.4.2 Amplitude of 7i./n. component

The amplitude of the 7/n. component of the QCM has been measured directly
through a variety of diagnostics. Initial measurements were performed using a scan-
ning probe which gave direct density fluctuation amplitude measurements at the
QCM location of 7i./n. = 30%[89]. By using the GPI diagnostic, comparisons of
the locations and the magnitudes of the WCM and the QCM have been made. In
the example shown in Figure 3-17a, both modes are seen localized close to the top
of the temperature pedestals slightly inside the steep gradient region (from Figure
3-17b). For both the WCM and the QCM, the radial location has also been observed
to extend further towards the LCFS (see Figure 3-13 for the WCM and [90] and [91]
for the QCM) and sometimes surpassing it. In the example shown in Figure 3-17a,
the density fluctuation component of the QCM agrees with the probe measurements

of ~ 30%, while the WCM is about 1/3 that size, at 7i./n, ~ 10%[22).
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Figure 3-17: a)GPI measurements show the QCM (green) and the WCM (red) lo-
calized close to the top of the temperature pedestals, right inside the steep gradient
regions (shown in (b)). Note that, for other examples, the radial positions of both
modes have also been measured closer the the LCFS. The value of 7, /n. is measured
by integrating the WCM contribution to the f — k spectra at a given radial position
(e.g. Figure 3-18). The n./n. of the QCM is confirmed to be approximately 30%,
whereas the density fluctuation component of the WCM is measured to be approxi-
mately 10%. Figure (a) is from [22].

3.4.3 Spectral comparison of WCM and QCM

Since both modes are localized close to the LCFS, the GPI system (see Section 2.3.1)
can be used to compare the poloidal wavenumbers of the two modes. In Figure 3-18,
the k£ — f plots for an I-mode and an EDA H-Mode are compared, with the WCM and
QCM highlighted. As seen, while the frequencies of the two modes are substantially
different, the ky values of both modes are similar, approximately 2cm 1. There is also
the similarity that the direction of kg for both modes is consistently in the EDD, as
shown in the figure.

As mentioned above, the frequency of the two modes, measured in the lab frame,
is typically very different, as well as the frequency width of the modes. The peak
frequency of the QCM is usually restricted to foemr = 50 — 100k H z, whereas that
of the WCM is typically about three times that, fyoyn = 150 — 300kHz. Seen in
Figure 3-19 are time traces of the stored energy during an EDA H-mode (a) and an I-

Mode (b) . For the [-mode, the autospectrum from the 88.5GHz reflectometer channel
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Figure 3-18: The k£ — f plots at the edge of the plasma for an EDA H-mode and
an I-Mode show the presence of the QCM and the WCM respectively. While the
frequency of the WCM is considerably higher (centered at ~ 250K Hz) than that
of the QCM (centered at ~ 70kHz), the kg values of both are relatively similar, at
approximately 2ecm~!. Figures adapted from [23].

(Pe(eutorf) = 0.97 % 102°m=2) is shown, where the WCM is prominent. For the EDA H-
Mode, an autospectrum of a PCI channel is shown, where the QCM appears during the
H-mode phases. As stated, the frequency of the QCM is consistently lower than that
of the WCM. Moreover, the evolution of the two modes is substantially different. As
the stored energy increases during the I-mode, the WCM appears from the broadband
fluctuations and grows in frequency concomitantly. For the EDA H-Mode, there is a
delay approximately 15ms after the transition to the H-mode (characterized by the
decrease in broadband fluctuations as well as global changes, not shown), before the
onset of the QCM. During the subsequent evolution, the QCM frequency decreases

as stored energy increases, and then increases again as stored energy falls.

3.4.4 Lab frame vs. plasma frame velocity

As discussed, both the WCM as well as the QCM are radially localized in the region of
steep gradients, which is also where the E, wells are located. In addition to playing

a central role in the changes in confinement, the vg.p from the E, also doppler
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Figure 3-19: One of the most clear differences between the QCM and the WCM is
the mode dependencies on the stored energy. For the QCM, the changes in center
frequency of the mode are inversely proportional to changes in the stored energy of
the EDA H-mode. In contrast, the center frequency of the WCM varies proportional
to the stored energy.

shifts the frequency of the modes from the plasma frame, to the lab frame where
the measurements are taken. Since B is primarily in the ¢ direction, vgyg can be
assumed to be mainly in the 8 direction. Therefore, Newtonian frame transformations

can be imposed on the phase velocities of the mode,

Uph,8,lab = Uph.8,plasma + VExn (32)

Uph.0.1ab fOr both modes is in the EDD (as seen in Figure 3-18) with speeds of about
8km/s for the WCM and 3km/s for the QCM. The measured E, at the well, where
the modes reside, is in the —# for the EDA H-modes and in the +7 direction in the I-
modes. In the example shown in Figure 3-9, the radial electric fields at the well for the
EDA H-mode and the I-mode are approximately -25kV/m and +10keV respectively.
This results in a strong ¥« p pointing in the EDD for the EDA H-mode and a weak
Ugx g in the IDD for the [-mode. An initial study of this was conducted[92], using the
E, measurements from [2], shown in Figure 3-9, but fluctuation data from different
I-mode and EDA H-mode discharges. The plasma frame phase velocities were found

to be:
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® Uph g plasma =~ 10km/s in the EDD for the WCM

® Uph g plasma ~ 2km/s in the IDD for the QCM when using the E, value at the
bottom of the well.

More recent experiments have measured E, and fluctuation data for the same discharges[22]

and yield similar results:

® 4.5km/s < Uph g piasma < 14.5km/s in the EDD for the WCM

® 4.5km/s < Uph g piasma < 13.5km/s in the IDD for the QCM

The QCM propagates in the opposite direction in the lab frame than in the plasma
frame, whereas the WCM has little shift from the Tz« g because the value of E, in

the well of the I-mode is very small as opposed to that of the EDA H-mode.

3.4.5 Collisionality regime and g¢y; comparison between I-

mode and EDA H-mode

From the previous sections it is clear that, while there are many similarities between
the WCM and the QCM, including the ky range and radial localization, there are
also some clear differences, including direction of propagation in the plasma frame,
coherency and poloidal displacement of the peaks.

There are also fundamental differences between the range of operation for the two
confinement regimes: I-mode exists in high I,, low ggs plasmas, while the EDA H-
mode occurs predominantly in low f,, high gos regimes. This is seen in Figure 3-7(a).
Additionally, and perhaps more importantly in terms of excitation of fluctuations,
the collisionality at the edge of the plasma for the regimes is very different. Since the
I-mode features high temperatures and low densities at the edge, the collisionality at
the edge is very low. For the EDA H-mode, while the temperatures are H-mode like
at the edge, the presence of a density pedestal results in an increased collisionality.
As shown in Figure 3-7(b), for most I-modes, Vpea < 1, whereas for typical EDA
H-Modes, v;.; > 1.
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3.4.6 Theoretical models of the QCM and the WCM

As initially discussed in Section A.3.2, there is evidence[93] that the model that best
describes the physics of the QCM is that of a Resistive Ballooning mode[94], par-
ticularly that of the Resistive X-point mode[95]. There are several properties of the
QCM that are compatible with that of a Resistive Ballooning mode: the mode has
an electromagnetic component directly measured by magnetic probes[89] and it has a
ballooning nature, being observed at the outboard midplane and not at the inboard
side of the plasma[91]. It also resides close to the pedestal region in a high v, ; regime.
A study using the edge fluid code BOUTI96](97][98] was conducted in [93] to ascertain
the nature of the mode. By using a 3D nonlocal electromagnetic model, which solves
the fluid equations at the boundary of a divertor plasma, BOUT is capable of includ-
ing the effects of many possible instabilities on the equilibrium density, temperature
and magnetic field. It was found in the study that the most unstable mode was that
of the Resistive X-point mode, which is driven by pressure gradients at the outboard
midplane and which becomes electrostatic close to the X-point. It was shown that
both the magnetic fluctuation and density fluctuation levels measured for the QCM
were consistent with those predicted by BOUT for this type of instability.

For the WCM, the ballooning nature of the mode is also present. While there is
evidence of a poloidal variation of the intensity of the mode (as discussed in Section
3.3.2), it is clear that for most cases, there is a strong presence of the mode at the
outboard midplane, since the two diagnostics that are most sensitive to the mode,
GPI and reflectometry, have views that are localized in this region. While an exhaus-
tive study has yet to be conducted, there is currently no evidence of the presence of
the mode at the inboard side.

The presence of a magnetic component of the mode, as evidenced by the measured
magnetic fluctuations by the fast magnetic coils, shows that the WCM is electromag-
netic in nature.

One possible candidate that satisfies these characteristics is the Kinetic Ballooning

mode, which is predicted from extensions of the ideal-MHD ballooning mode theory
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by incorporating important kinetic effects derived for low collisionality plasmas[99)].
Another possible candidate for the mode is a Heavy Particle mode[100][101]. This
is a collective mode which arises in the presence of heavy impurities in a hydrogenic
plasma. The heavy impurity mode reproduces several of the empirical observations
of the WCM well: the outward ejection of impurities, the presence of density, tem-
perature and magnetic fluctuating field components, and propagation in the electron
diamagnetic direction for the poloidal phase velocity of the mode in the plasma, frame.
The main drive for this mode is the jon temperature gradient at the edge of the plasma.
Since several of the mode characteristics described by the Heavy Particle mode, such
as the mode frequency and velocity in the plasma frame, depend on the atomic num-
ber of the main impurity in the plasma, a possible experimental way of testing for this
mode is to systematically change the type of injected impurity in, otherwise, identical
discharges, and measuring changes in the mode.

The drive of the Kinetic Ballooning mode is the pressure gradient at the edge of the
plasma which, for the I-mode, is dominated by the edge temperature gradient. Nev-
ertheless, this is also a drive for the Heavy Particle mode, therefore testing for the
Kinetic Ballooning mode experimentally could be challenging.

While the present work does not attempt to determine the physical mechanism be-
hind the WCM, one of the ultimate goals in the study of these fluctuations should
be tests of the theoretical models against the empirical observations of the mode.
This should be done both by controlled experimental studies focused on discerning
the primary dependencies of the models, as discussed above, as well as through the
use of benchmarked codes (similar to BOUT) which incorporate the relevant physics
necessary to describe the edge of I-mode plasma, including, the low collisionality at

the pedestal. This will be discussed further in Section 6.3.
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3.4.7 QCM and particle transport across the LCFS of the
EDA H-Mode

It is clear is that both the I-mode and the EDA H-mode are steady state regimes
that feature high energy confinement, yet typically lack ELMs. It is reasonable to
conjecture that the presence of WCM and QCM fluctuations, respectively, can be
linked to the impurity ejection that is essential to the steady state nature of each
regime.

Since its discovery, the QCM has been seen to always accompany the EDA H-mode
confinement regime([5][89][93]. This, and the fact that the QCM is radially localized
near the edge of the plasma, where it could flush impurities from the plasma, led to the
hypothesis that the QCM was responsible for the reduction in impurity accumulation.
In order to make a more direct comparison between the particle transport across the
LCFS and the amplitude of the QCM, a study was conducted[102][91](25] wherein
the particle flux was measured across the LCFS of the EDA H-mode plasma and the
effective diffusivity was evaluated, with D.g = |I'rcps/Vne|, and the Vn, term is
evaluated at the LCFS. The D.4 was then compared with the amplitude of the QCM
to determine its dependence on the fluctuation.

To estimate the magnitude of the particle flux across the LCFS, a particle transport
model, developed in detail in [103], uses a particle conservation equation inside the
LCFS. The particle source is estimated from Lyman o measurements from an array
(shown in Figure 3-20a) and the changes in density were measured to be negligibly
small for the discharges studied.

The amplitude of the QCM is measured from the autopower of the PCI diagnostic
signals.

As the amplitude of the QCM varies throughout the EDA H-mode, the measured
D.g is observed to vary proportional to it, as seen in Figure 3-20b. This finding
solidifies the argument that the QCM is, in fact, responsible for the particle transport
regulation across the LCFS, maintaining the EDA H-mode in steady state.

The natural question that follows is does, in fact, the WCM play a similar role in
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Figure 3-20: a)In order to estimate the particle transport across the LCFS for the
EDA H-mode, a Lyman o array was used to measure the ionization rate and, through
a local particle conservation model, estimate I'ycpg. b) By comparing the effective
diffusivity at the edge of the plasma, as defined in the figure, and the amplitude of the
QCM, a strong correlation is found, which supports the causal relationship between
the QCM and the particle regulation in the EDA H-mode.

the particle transport for the I-Mode? With a few exceptions, the WCM is also a
signature of the I-mode and its radial location is also limited to the steep temperature
pedestal region of the plasma. The last piece of the puzzle, analogous to the QCM,
is to find a relationship between the particle flux across the LCFS and the strength
of the WCM. The results of experiments and models to explore this question are

detailed in Chapters 4, 5 and 6.

3.5 Modeling the fluctuation spectra

The characteristic edge fluctuation phenomena of the I-mode are clearly measured
with the O-mode reflectometer. In particular, the presence of the WCM is observed

in the reflectometry autopower, and hénce, autospectrum, as seen in Figure 3-19. The

132



autopower, ¢(f), of the complex electric field signal, is the Fourier transform of the
complex I(t) + ¢Q(t) signal, described in Section 2.2.3, and can be rewritten as:

T ’
_]_v_ Z + ZQ )) —27wijf /N (33)
j=0

where f is the spectral frequency, T is the period during which the autopower is
taken, and N is the number of data points used to derive the autopower. In this
study, the autopower is calculated at T = 1lms intervals, and therefore N = 2000.
As discussed in Sections 2.2.2 and 2.2.3, the autopower of the complex signal quali-
tatively reproduces the effects of density fluctuations close to the cutoft layer of the
reflectometry channel better than the simpler ¢ signal, since the 2D effects and the
large 7ic/ne > 1% of the WCM break the assumptions of the simplified 1D models
that rely on the phase fluctuation measurements alone.

As shown in Figure 3-21, during the I-mode, the autopower features a broadband
component of the fluctuations (albeit reduced by the midrange fluctuation reduction
discussed in Section 3.3.1), and the WCM. Since, in this experiment, we want to com-
pare the WCM intensity with global particle transport in the I-mode, it is important
to distinguish between the broadband fluctuation components and the WCM. To this
end, we have developed method to isolate the WCM component within {(f).

We find that {(f) in I-mode can be well parametrized by using the following empirical
model:

U=fwen)?

C(f) = Ae” b4 Be# 4 e TR (3.4)

In this model, the broadband component of the fluctuations can be reproduced using
the two linearly independent exponential decay terms, Ae_% and Bemf{?. The WCM
component is represented by the Gaussian term, C'e” o= IWCM) . All variables: A, B,
C, f1, f2, fweonm and w are free parameters. In order to find a suitable set, a fitting
routine based on the Levenberg-Marquardt algorithm[104] has been developed, which

minimizes the x? error in the fit of an autopower signal taken during a lms time

interval (2000 samples).
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Figure 3-21: a) The autopower of the complex signal, I + @ (in solid black), during
the I-mode can be modeled as a sum of two exponential decays (in green) describing
the broadband fluctuations and a Gaussian component (in blue) describing the WCM
at ~200kHz. The full fit is plotted in red.

A typical example is shown in Figure 3-21, in which the broadband Ae_ff'i -~ Be_%'z
components of ¢(f) can be seen in the green line, and the Gaussian, Ce_g-—fﬁﬁuﬂ_
is shown in blue. The total fit is shown in red, which is seen to fit well the total
autopower.

This procedure can be followed for the whole shot, and the full autospectrum can
be reconstructed. An example is shown in Figure 3-22, which displays the full re-
construction in the top plot, only the exponential decay terms in the middle plot
and only the Gaussian component in the bottom plot. As expected, the middle plot,
which contains the broadband component only, clearly shows the midrange fluctua-
tion reduction when transitioning from L- to I-mode (at t=1.14s) and then, a further
reduction when transitioning to the H-mode (t=1.23s).

The need for two exponential decay components to describe the broadband comes

134



L-Mode I-Mode H-Mode

- full spectrum

61L0%70C001L L

only broadband

[Z(S/\)]Jemc;domv

10 1.1 time[s] 1.2 13

Figure 3-22: The autospectra reconstruction of a shot during L-Mode, I-Mode and
ELM-free H-mode plasmas based on the parametrization described. The first plot
shows the full spectrum, the second plot shows only the broadband components, the
third plot shows only the WCM/Gaussian term.



from a comparison with a model where the simplified assumption is used:

C(f) = Ae Fr 4+ ce~ M (3.5)

A comparison between fits of the autopower signals using both, the single exponential
decay model, as well as one with 2 exponential decays, is shown in Figure 3-23.

As for Figure 3-21, the red traces in the plots are the fits to the autopower signals
(black), the green traces indicate the exponential decay terms, and the blue Gaussian
describes the WCM components. For the top row of plots, the full 2 exponential
decay model (Equation 3.4) is used for the fit, whereas for the bottom row, the single
decay model (Equation 3.5) is used.

While the single exponential decay model describes the L-mode broadband appro-
priately, during the I-mode, there is a significant discrepancy between the modeled
fit and the autopower, especially at the frequencies where the strength of the WCM
starts to become of the same order of the broadband (at ~ fycar/2). The two bottom-
middle plots, for example, show a discrepancy between the fit and the signal at around
100kHz.

By calculating the reconstructed autospectra, as in Figure 3-22, the individual com-
ponents of the fit can be isolated for each of the two models. This is done for the
same discharge as in Figure 3-23, and is plotted in Figure 3-24. While the two models
do a reasonably good job reconstructing the discharge, especially during the L-mode,
the single exponential model (bottom row) shows the expected discrepancies in the
broadband during the I-mode seen in Figure 3-23. The single decay model typically
overestimates the level of broadband fluctuation and misses changes, like the increase
in broadband signal at ~1.2s which is reproduced by the full model (top row). The
WCM-extracted autospectra reflect these discrepancies. For example, while the full
model shows the strong WCM at t~0.8s seen from the signal, the simpler model
doesn’t show the WCM as strongly. In general, the strength of the WCM is underes-
timated by the single decay model.

While the differences between the two models are subtle, and in most cases they’re
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Figure 3-23: Two models, one with 2 exponential decay terms (top row) and the
second with 1 exponential decay term (bottom row), are used to fit the autopower
signal. The black trace is the original signal, the red trace is the model fit. Using
only one exponential decay term, the fit reproduces the features of L-mode spectra
well (as in the leftmost and rightmost plots), but fails to describe well the autopower
during the I-mode, especially for low frequencies of the autopower (around 100kHz).
Using two decay terms, as is done for the top plots, the model fits well to the full
autopower in both the L-mode and the I-mode regimes.
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interchangeable, it is important to try to optimize the method for extracting the
WCM, since in many cases the WCM is a subtle phenomenon. From this point on,
the only model used is the one with 2 exponential decays.

By focusing on the Gaussian term, the WCM contribution of the fit can be isolated.
To take into account the full spectral contribution of the WCM, we define the WCM

intensity as: ;
1 (- )?
Ce TR g (3.6)

Lwem(t) =
fo

where fo = 10kHz and f; = 500kHz is the range over which the autopower is
analyzed, and which encompasses the WCM, which peaks at ~250kH 2. Tycp(t) is
used as a relative estimate for the local density fluctuation component, i, at the
cutoff location, and is analogous to the AMP gcpr used in Section 3.4.7.

It is important to note that in the case of the I-mode, as opposed to the EDA H-
Mode, the WCM component in the autopower signals has a much lower signal to
noise within the rest of the autopower trace than is typical for the QCM. This is the
reason that the spectral modeling of the autopower signal is necessary for the WCM
study, since the signal has to be extracted from the background fluctuations present

during the I-mode.
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Figure 3-24: By doing individual fits to the autopower of the complex signal, /4@, for
1ms intervals during the whole discharge, the reconstructed autospectra are obtained.
As for Figure 3-23, two models, one with one exponential decay and one with two
exponential decays are compared. As expected from Figure 3-23, the broadband
component of the autospectrum is not well reconstructed by the single exponential
decay for the I-mode period (bottom-left plot), leading to a bad reconstruction of the
WCM part (bottom-right). The two decay model (top right) does a much better job
than the one decay model (bottom right) of reconstructing the spectra during the
I-mode phase (t~0.85s). Note, the same range is used for the color scales in all plots.

139



140



Chapter 4

Particle Transport

4.1 Discussion on particle transport measurements

across the LCFS

The measurement of the intensity of the WCM has been defined in Section 3.5. In
order to compare the WCM amplitude with the particle transport across the LCFS,
the latter has also to be measured along with the WCM.

Particle transport at the edge of the plasma is important for understanding the physi-
cal mechanism of equilibration between the hot, d(!née environment of the core plasma
and the cold, neutral scrape off layer (SOL) and vessel walls and divertors, as well
as for predicting the particle and energy flux expected on plasma facing components
(PFCs) in future machines[105][103][106].

A steady state model of the particle transport in Alcator C-Mod was developed in
[103], which assumes a steady state equilibrium (dn/dt = 0), and estimates divertor

effects as V| - f” terms in a particle conservation equation of the form:
4 . ,
FJ_(,O) - / [Sion - VH : F”]dp (41)
Pmin

where S, is measured from Lyman o measurements (to be discussed), p is a radial

variable inside the LCFS, and pn;, is the minimum radial location where the Lyman
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« radiation goes to zero. Since the ionization source is measured at the Lyman o
array location (see Figure 3-20b(a)), the flux measurement is a local one.

As will be discussed later in this chapter (Section 4.2.2), a modified model which uses
some of the elements developed in [103], while incorporating others (such as relaxing
the steady state assumption), has been used for the present study. Nonetheless, as in

[103], the particle flux, I, is derived from the local particle conservation equation:

on
V~F+§—S- (4.2)

If the particles of interest are the deuterium ions in the plasma, the source term,
S, refers to the ionization density that occurs in the first few millimeters inside the
LCFS. As the neutral atoms enter the hot dense plasma region, ionization occurs. In
the following section, the details of the ionization source measurements are explained,

as is the full model used to estimate the cross-field particle transport across the LCFS.

4.2 Description of D, measurements and particle

transport model

4.2.1 Experimental description of D, measurements

As the neutral deuterium atoms encounter the plasma, the atoms become excited and
ionized. As described in [107], an equilibrium is reached between the excited states,
the ground state and the ionized state of the deuterium atoms and, for high enough
temperatures (satisfied at the plasma edge), the ionization rate of the deuterium atom

is approximately proportional to the density of any occupied state[107]:

neSnE(l) ) (43)

Ionization rate =~ n(p) (r L)
1{p)ne

where p is the excited state, S and ri(p) are two of the Johnson-Hinnov coefficients,

which have been derived empirically and can be found in [107], or, indirectly in the
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ADAS databases', and ng(p) is the Saha equilibrium occupation density of the p*

excitation level:

K2 3/2
o] (44)
mmkT,

ne(p) = n(Dﬂnep2 [
where n(p+) refers to the density of the ionized deuterium, h and k are the Planck
and Boltzmann constants, and F;, is the ionization potential of the pth state. The
Saha equilibrium occupation describes, in effect, a Maxwell-Boltzmann equilibrium
between the p* state and the fully ionized state. Note that S, ri(p) and ng(p) are
all functions of the local T, and n..
The final piece of the puzzle comes from the spontaneous emission rate for transi-
tions from a — b. The rate at which an atom in an excited state ,“a”, decays by
radiation to a lower state, “b”, is proportional to the population in the excited state,
as: dn(a)/dt|y = —Awn(a), where dn(a)/dt|p is the change in density in the excited
state “a” due to a — b transitions, and A, is the Einstein coefficient (which depends
only on the type of atom and the transition states). Since every transition emits a
photon with energy fuw, the emission at the spectral line of wavelength A = 27¢/w
can be selectively detected and the number of a — b transitions can be deduced.
By measuring light around A = 656nm, the light emitted in the Balmer 3 — 2 tran-
sition (or D, light for deuterium) can be detected and, by using the Aj;» coefficient,
and Equation 4.3, the ionization source rate density (in [m™3s7!]) can be deduced
from the local light emissivity (in [Wm™3]) of the D, light.
To measure the D, light, a fast visible spectrum camera is used with a magnetic field
aligned field of view, as shown in Figure 4-1. The camera uses an interference filter
centered at A\ = 656nm with a bandwidth of AX == +5nm to image the D, radiation.
While the system shares much of the geometry (and hardware) with the GPI system
described in Section 2.3.1 and shown in Figure 2-21, there are some important differ-
ences. While the GPI has a 9 x 10 viewing array, the visible camera has a 64 x 64
array, suitable for detailed profile measurements across the LCFS. For the camera,

the lines of sight are inclined by 10 degrees from the horizontal which makes them

Which, at present can be found here: http://www.adas.ac.uk/manual.php
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Figure 4-1: The fast visible spectrum camera has a 64 x 64 viewing array, straddling
the LCFS at the outboard midplane. The lines of sight are parallel to the local
magnetic field at [, =~ 1M A and measure the line integrated brightness. Since no
deuterium gas puffing is used, the background emissivity profiles at a given spectral
line (D, filtering is used for the work presented), can be obtained.

aligned with the total magnetic field at the radial position of the viewing array for
plasmas with g5 &~ 4. This is a minor change from the GPI system which is aligned
in the toroidal (@) direction.

The most important distinction is that, as shown in Figure 4-1, in order to acquire
radial profile data, no D; gas pufling is used. As described in Section 2.3.1, for GPI,
the gas puff is used to localize the line integrated brightness measurements to the puff
region. The measured brightness can then be assumed to be due to emissivity which

is toroidally localized at the puff. For the camera, the line integrated brightness mea-

surements are due to the emissivity along the whole line of sight. In practice, at each
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Figure 4-2: Since there is no local deuterium puffing along the lines of sight during
these plasma discharges, the brightness profiles obtained by the fast visible camera
can be Abel inverted to measure the D, emissivity radial profiles. These can then be
used to infer the local ionization source density.

radial location, 35 chords, poloidally spanning approximately 3.5cm, are averaged
to obtain a single brightness measurement at the specific radial location. By then
measuring a radial brightness profile up to, and across the LCFS, the D, emissivity
can be deduced by applying an Abel inversion on the brightness profile, as shown in
Figure 4-2. This requires that there be no local sources of emissivity along the line
of sight; hence the requirement that Ds not be puffed during the time of data acqui-
sition. Note that, in order to apply the Abel inversion, the brightness measurements
at the outermost radii must be much lower than the maximum measured brightness
values. Empirically this is done by ensuring that the Bri(maz)/Bri(edge) > 4 for
every time slice, which is satisfied for the discharges studied.

After the Abel inversion, the result is a radial emissivity profile, which can be used
to measure the local deuterium ionization source rate density, S (Equation 4.2) by
using the Johnson-Hinnov coefficients, as discussed above. Since these coefficients de-
pend on the local n, and T, values, density and temperature profiles measured with

Thomson scattering are used for this step in the analysis.
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Figure 4-3: The local particle continuity equation is applied to individual wedge dif-
ferential elements. The source density is restricted to the neutral-plasma interaction
zone within the LCFS (shown in purple), the dn/dt term comes from contributions
throughout the whole wedge elements and the flux can be divided into I';crs, across
the LCFS and T4 64 and I'y 6 of flux crossing to the poloidally adjacent wedge ele-
ment above and below respectively. As the wedges are added to create an integrated
particle flux equation, all the I'4 4. contributions cancel out with the I’ 4,6 term from
the element poloidally above.

4.2.2 Slab Model used for global transport measurements

The particle transport equation in its differential form (Equation 4.2), can be used
within a differential wedge element as shown in Figure 4-3 extending from the plasma
center to the LCFS[108]. Note that the elements extend in the ¢ direction, forming
toroidal wedge-like rings. Nonetheless, due to axisymmetry, this dimension can be
ignored in the discussion.

If the differential elements are taken as described, the individual components from
Equation 4.2 can be identified. The flux components can be divided into the I'ycpg
component, describing flux across the LCFS, and the I' 4 components, describing par-
ticle flowing from wedge to wedge. The dn/dt term comes from particle contributions
throughout the whole wedge element, and as will be discussed later, plays an impor-
tant role in the overall flux measurements. Finally, since Alcator C-Mod has no core
fueling mechanism (such as NBI), the source density term, S, is restricted to the

neutral-plasma interaction region, within the first few centimeters inside the LCFS.
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As shown in the sample emissivity plot in Figure 4-2 after approximately 1.5¢cm in-
side the LCFS (shown in solid purple), the D,, emissivity goes to zero. The ionization
region is shown in purple in Figure 4-3.

Having defined the infinitesimal elements, the total particle transport across the LCFS

can be derived by adding the individual wedge elements poloidally, integrating Equa-

tion 4.2:
/(v‘r)dv - /Sdb’»—/(%)dv (4.5)
o AV
?gmr A — / say - 24 (4.6)
frems — 150Vl an

where (n) is the volume average density, I'zcrs is now the average particle flux across
the LCFS (where positive is pointing out of the confined plasma) and V' and A are
the volume enclosed by, and the surface area of, the LCFS, respectively.

The T'494 term from an individual wedge cancels out with the I'yg_ term from
the adjacent wedge poloidally above, occurring for all differential elements in the
integrated model, therefore, the only flux term remaining is that across the LCFS.
This intuitively makes sense, since the only flux path in or out of the main plasma is
through the LCFS.

The source term in Equation 4.7 is a function of the poloidal and toroidal location
and is not measured everywhere in these experiments. In order to get an estimate of

this term, we measure the source density at the midplane LF'S using the visible D,

———~f SdV :J/A Sopsdr (4.8)

camera:

A

where the integral on the RHS is taken radially across the ionization region inside the
LCFS (shown in purple both, in the emissivity plot in Figure 4-2, and in the plasma
cross-section in Figure 4-3) and S, is the ion source density measured at the camera
view location.

The ion source density term, S, is a measurement of hydrogenic ion sources, hence,
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it is of the main deuterium and of hydrogen. The main impurity in the shots used
in this study is Neon, which was used as seeding to control radiated power[109] and
to limit disruptions. During the I-mode, the Ne fraction is about 1.5%, hence, ap-
proximately 15% of the electron density is from Ne (Zye = 10)[110]. Therefore, while
the source term is not taking into account the electrons contributed by the main
impurities, their contribution is a small fraction of the overall electrons and will be
disregarded in the present study.
We introduce a weight factor, ¢ in Equation 4.8, which is, for now, a free parameter
indicating the asymmetry between the measured local source density and the average
source density across the whole poloidal and toroidal extent.
An intuitive idea of o can be attained by analyzing certain limiting values: If the
source density were toroidally and poloidally uniform, S,;, would equal the average
source density and, hence, o = 1. If the source density in the camera view were lower
than the average source, o would then be less than 1. Analogously, if the source
density in the camera view is higher than the average source density, the ¢ value
would be larger than 1. In Figure 4-4, a schematic of three limiting cases is shown.
Using a time independent value of o assumes that, throughout the individual ana-
lyzed shots, the source distribution is maintained spatially constant. The validity of
this assumption, as well as an estimate of the value of o, will be discussed in Chapter
.
The final form of the global electron flux equation that is used in the experimental
analysis is obtained by substituting the source term from Equation 4.8 into Equation
4.7:
V o(n)

Lreps =0 | Sopsdr — —

N A ot (4.9)
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Figure 4-4: To advance from a differential, local particle transport equation to an
integrated form which takes into account all of the source contributions to the plasma,
it is necessary to introduce a weighing factor, o, to take into account source density
asymmetries around the poloidal cross-section. For o < 1, the S,, measured at
the fast camera location (shown in the figures), overestimates the average sources
in the plasma. For ¢ > 1 the measured signal underestimates the average sources.
The symmetric case, wherein the measured source density is the same as the average
source density, is that of o = 1.
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Chapter 5

Experiments and results

5.1 Estimate of particle flux from analysis of I-

mode to H-mode transitions

The final form of the integrated particle continuity equation in the previous chap-
ter, Equation 4.9, contains the free parameter, o, which relates the localized source
density term, S,p, and the average source density across the whole cross section.
By calculating the outward particle flux across the LCFS, I'pors, using I-mode to
H-mode transitions, we can impose a constraint on the typical values of ' cps during
[-modes and, from this information, evaluate ¢. In this section, the methodology
used to estimate I';org is discussed and its value will be used in the next section to
constrain o.

When I-modes, in the unfavorable drift direction topology, (as in Figures 3-3a and
3-3¢) transition to H-mode, it is typically an ELM-free H-mode which, as has been
discussed in Section A.3.1, is very efficient at containing particles, including impuri-
ties, typically leading to subsequent radiative H-mode to L-mode back transitions or
disruptions. We will, therefore, assume that in I-imnode the net outward particle flux,
Ireors(1), is much larger than that of the H-mode, I'pcrs(H), which we approximate
to zero.

In Figure 5-1, the time trace across an I-mode to H-mode transition is plotted, where
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Figure 5-1: A typical I-mode to ELM-free H-mode transition shows a sudden sup-
pression of the WCM accompanied by a break in slope of the average electron density,
while the D, trace, which serves as a proxy for the particle source, stays fairly con-
stant. For this example, the plasma current is 1.2MA and the plasma is in the normal
field, USN configuration.
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Shot Trors(1)[109m2s1] | I,[MA] | USN/LSN
1091016033 15 1.2 USN
1100204019@0.91s 1.6 1.3 USN
1100204019@1. 15s 1.1 13 USN
1101200014@1s 14 12 USN
1101200014@1.27s 1.2 1.2 USN
1100827029 0.87 1 LSN

Table 5.1: T'zors(I) deduced from Equation 5.2, using I-H transitions in the normal
field configuration.

we observe the suppression of the WCM at the transition to H-mode (¢t ~ 1.015s).
This particular discharge has a plasma current of I, = 1.2M A and was obtained in
normal field, USN configuration. 7, is constant in time during the I-mode, but after
the transition to the ELM-free H-mode, 7, linearly increases at a rate of ~102'm=3s71.
Also observed in Figure 5-1, the D, brightness time trace for a chord through the
top divertor of the tokamak, which serves as a proxy for the ionization source rate,
stays fairly constant (changing by no more than ~10%) across the transition. We can
therefore use the particle continuity equation, Equation 4.9, from both the I-mode

and the H-mode periods, to find an estimate of I'ycrs(l) by equating the source

terms:
Vo) . N, VOo(n)
Lreps(I) + ij%'(f) =Trers(H) + TS (H) (5.1)
Trors(I) = %Qgtﬁ(ﬂ) ~ 1.4 x 10°m 257! (5.2)

A similar analysis was done for several high current USN shots in normal field con-
figuration, and a 1IMA LSN shot with favorable drift direction. The results are sum-
marized in Table 5.1.

The experiments discussed in Section 5.2, in which the results of the particle trans-
port and WCM analysis are described, and which rely on the estimate of o, are done
in reverse field LSN at plasma currents of IMA and 1.1MA. Therefore, it is desir-

able to find I-H transitions in similar configurations. While the vast majority of the
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Shot F[,CFS(I)[IOZOm"Zs‘l] IP[MA]
1110316019 0.61 1
1110316020 0.42 1

Table 5.2: T'1cps(I) deduced from Equation 5.3, using I-H transitions in the reverse
field, LSN configuration.

I-modes, especially those with I-H transitions, have been obtained in USN, normal
field, a 1IMA reverse field, LSN discharge for which an I-H transition occurs, is shown
in Figure 5-2. For this discharge, we have outboard midplane visible camera mea-
surements, which are used to infer the source term, of the form f Ar Sobsdr, along with
Do (udiv) measurements from the upper divertor (which serve as the source proxy for
the data in Figure 5-1).

While the density is not strictly constant in time during the I-mode phase, there
is a marked change in time derivative when the plasma transitions to H-mode. A

modified version of Equation 5.2 can be used to estimate I’ rers(I):

(H) — M(I) ~ 0.61 x 10*m 257! (5.3)

VIo
Crers(I) =~ ) ET

Al ot
Note that the fact that the f Ay Sobsdr term and the Davg;, term have different behav-
iors at the transition is an indication that, there may be a change in the asymmetry
factor, o, across the transition. Nonetheless, the difference between the measurements
is of order 20%, and the current analysis is meant to obtain an order of magnitude
estimate of I'ycps(I).

Two shots featuring I-mode to H-mode transitions in reverse field LSN configuration
were analyzed, and the results are presented in Table 5.2.

From the previous analysis, an effective T'yops (1 ) can be estimated for the two cur-
rents of interest: for IMA, I'zors(I) = 0.5 x 102°m 2571, obtained from the reverse
field LSN cases, is used; for 1.1MA, a value of T'z¢pg(1) = 102°m 2571 is used, based
on the results from Table 5.1. By using these values, the o for each current will be

estimated in the next section.
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Figure 5-2: An [-mode to H-mode transition in a 1MA plasma, in reverse field LSN
configuration, is shown. For this case, the source term from the visible camera D,
array, f Sopsdr, is directly measured and is seen to stay constant through the I-H
transition. The Dy(yair) Mmeasurement decreases by ~20% during the transition. Note
that the apparent amplitude decrease of the WCM at the end of the I-mode phase is
a consequence of the shift of the cutoff layer of the reflectometry channel (87.5GHz)
outside of the region of the WCM.



5.2 Experimental plan

Having defined Iycps from the autopower of the complex reflectometry signal, and de-
rived a model to deduce the net outward plasma particle transport across the LCFS,
I'zcrs, a controlled experiment was conducted to test the relationship between the
two variables.

The experimental objective was to create steady state I-modes during which the T'; cpg
and the Lcp were sampled over a wide range of values so as to acquire enough sta-
tistically significant data throughout individual shots to look for correlations.

As observed in Figures 3-13 and 5-2, if the reflection layer of any reflectometer chan-
nel moves radially away from the steep pedestal region of the I-mode, that channel
will no longer detect the peak of the WCM. In order to make sure that changes in
the detected signals are due to intrinsic changes in the mode and not from movement
of the cutoff layer away from the WCM region, the line averaged density throughout
the shot is kept as constant as possible; this sometimes requires the use of external
gas puffing, which is a topic that will be dealt with later in this chapter.

As discussed in Chapter 3, the main plasma parameter on which the WCM has been
observed to be dependent, is the stored energy, W. The stored energy can be varied
by changing the plasma current, I, or the input power, P, (see Figure 3-5). As
shown in Figure 5-3, as the plasma current is raised, the coherence of the WCM,
defined as feent/Af, increases. Similarly, the intensity of the WCM is larger for the
high current cases.

The initial experimental approach included setting different I, values for a given line
averaged density, M. It was found that as the current is raised, the density at which
the I-mode is accessible is increased, and, for a given 7., there was at most one I,
value for which steady state I-modes were accessed.

The second approach to varying the stored energy is by changing the auxiliary power
supplied to the plasma, that is, by varying the Pjcgr. This is a natural approach
since the L-mode to I-mode transition has historically been accessed by varying the

auxiliary power to the plasma. For fixed I, as the Pjcgrp is increased, the stored
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Figure 5-3: The coherence of the WCM signal, defined as fo:/Af, measured by
reflectometry, shows increases as the plasma current, I,. The large blue dots are the
binned averages of the coherence from individual measurements (small black dots).

energy increases almost linearly (as shown in Figure 3-5), while 72, remains fairly
unchanged.

In the experiment, the Picpr was stepped throughout the shot in 100ms intervals
within a power range where the regime stayed in [-mode. Typical scans ranged from
about 2MW to 4MW, as shown in Figure 5-4.

In Figure 5-4, time traces of a discharge used in the experiment are shown. The
[-mode is maintained for approximately 550ms or ~187g, for a P;opp range of 1.8-
3.8MW, during which the central temperature increases by approximately 45% on
average. Meanwhile, the line averaged density stays within 5% of the L-mode density
range. As discussed, the plasma current is kept constant throughout the shot, in this
example at I, = IMA.

For this work, toroidal magnetic field of By = 5.74T and plasma currents of I, =1MA
and 1.1M A were used, leading to edge safety factors of ggs = 3.9 and go5 = 3.6, re-
spectively. These are well within the lower range of go5 for which I-modes have
been accessed[3]. For those ranges, the average density in the I-mode was 71, =

1.18 x 10*m =2 and 7, = 1.41 x 10**m3, and corresponding densities at the LCFS

157



L-Mode L-Mode
1:5

ol

#c060€0LLL

[o)[=]

7501 .
W kJ]

0 )

300 L
N H
2 :
5150 5
- =

time[s]

Figure 5-4: Time traces from a discharge used in the present study. The plasma
current for this shot is maintained at I, = 1M A throughout the flattop, while the
Pregr is changed in a stepwise manner in order to change the stored energy and edge
temperature gradients during the I-mode phase. The autospectrum of the 75GHz
reflectometry channel is shown; the time varying WCM is clearly observed (feen: ~
150kH 2 to 250k H z2).
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were ~0.7 x 102°m™2 and ~1 x 10°m =3, which led to the 75GHz and the 87.5GHz
reflectometry channels reflecting from the WCM region, respectively. These were,
therefore, the channels used to analyze the WCM at those two currents.

The magnetic topology chosen for the experiment was the reverse I, and By con-
figuration, in LSN, as shown in Figure 3-3c. The main initial reason for using this
configuration was the desire to have good 7, and n. profiles from edge Thomson
scattering, needed for the ionization source density estimation (see Section 4.2.1). As
seen in Figure 2-16, when in LSN, the edge TS system scattering volumes (near the
top of the plasma) are away from the X-point, and can be more easily mapped to the
midplane than in the USN configuration.

After initial operation in the reverse field, LSN configuration, it was also found that,
for this topology, the P;jcpr window of operation in I-mode is significantly larger than
for normal field, USN. This is useful for scanning a wide range of P;, on which the

WCM characteristics depend.

5.3 Additional comments on data analysis

There were several data analysis caveats and precautions that had to be taken to prop-
erly analyze the data in order to maintain the assumptions outlined in the previous

sections. These reduce the available data for the analysis significantly.

5.3.1 Time resolution of data measurements

The relevant time resolutions for the data used in this experiment were:

e 1ms time windows were used for each autopower spectrum computed to deter-

mine the Iyweoun

e 5kHz acquisition rate, therefore a 0.2ms time resolution, for the acquisition of
the brightness profiles from the visible spectrum camera, hence the Da emis-

sivity profiles used.
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e 16.7ms time step between TS measurements, needed for the ionization source

measurement.

The coarsest time step in the data acquisition is that of the Thomson scattering,
hence, all data are averaged around each TS measurement. This is done, as opposed to
interpolating T'S measurements in finer time steps to avoid adding data points which
are not independent of each other. This is a necessary precaution when dealing with
the quantification of the correlation between I'zors and Iwepr, as will be discussed

later in this section.

5.3.2 External gas puffing

For several shots, there are time intervals within the I-mode phase during which there
is external gas puffing into the plasma at discrete poloidal and toroidal locations. As
discussed earlier in this section, these are required in order to keep the average density
of the plasma constant enough to use the same reflectometry channel to study the
WCM.

In Figure 5-5, full time traces of one of the IMA discharges used in the experiments is
shown, including the autospectra of the WCM, extracted from the 75GHz reflectome-
ter channel. The black points are the source term, | Ar Jobsdr, as a function of time
through the shot. The external gas puffing, shown in red, injects Ds into the vessel
from the outboard midplane at B-port, which is located 36° toroidally away from
A-port, where the reflectometer is located. The camera line brightness measurements
pass in front of B-port, as shown in Figure 4-1. ’

These localized fueling events increase the source term as expected, since the neutral
gas becomes ionized in the SOL and, also particularly, inside the LCFS all around
the machine, including through the visible camera lines of sight. Note that there is a
lag of approximately 50ms (shown in the figure as “7”) between the gas puffing and
the changes in the source term measured with' the camera.

This localized puffing creates a clear poloidal and toroidal asymmetry in the source

density throughout the plasma and, therefore, the assumption made in Chapter 4, that
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Figure 5-5: Time traces of a 1MA discharge are shown. The top autospectrum
is only the Gaussian component extracted using the fitting procedure described in
Section 3.5, of the reflectometry signal from the 75GHz channel, which, for the data
points used, reflects off of the WCM region. The black points in the bottom plot
are the f A, Sobsdr data measured directly from the Da camera, the red trace is the
main deuterium fueling and the green is the GPI He puffing. As shown, there is
approximately a ~50ms lag between the fueling curve and the [ A Sobsdr term, hence,
at least a 50ms post-puff before the data is used. Note that in cases in which, after
50ms, there is still a sharp decrease in the f Ar Sobsdr signal, the 50ms is extended.
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the asymmetry factor, o, remains constant throughout the shot, is broken. There-
fore, the time segments during which the gas puff is active, plus 50ms of equilibration
time, post-puff , are removed from the analysis. In cases of strong puffing, where it is
clear that the [, S,5dr measurement is still observing the direct gas puffing effects
at 50ms, the post-puff wait time is extended to as long as 70ms.

As shown in Figure 5-5, this results in the exclusion of the I-mode data before

t=0.85s and from ¢t = 0.9s to t = 1.1s.

5.3.3 Localized measurements of the WCM

As discussed in Section 5.2, the density must stay constant enough during the analyzed
time slices so that the same reflectometry channel detects the WCM throughout. In
cases of large density changes, a decrease or increase in the Iy could otherwise be
misinterpreted as an intrinsic change of the mode when, in fact, it could be that the
WCM is no longer localized in the reflection layer of a given reflectometry channel.
An example of this was shown earlier in the chapter, in Figure 5-2, where the density
increases monotonically during the I-mode, and the WCM, which is observed clearly
before approximately 1.35s, decreases in the 87.5GHz channel.

The position of the cutoff layer, deduced from the Thomson scattering diagnostic, is

therefore monitored so that it is maintained within the first 2cm of the plasma inside

the LCFS (~0.9 <r/a < 1).

5.4 Analysis of the correlation between net out-

ward plasma flux and WCM intensity

5.4.1 Estimation of ¢ and correlation results

Due to the restrictions described in the previous section, as well as run day difficulties
acquiring steady I-modes in the reverse field configuration, the number of shots with
enough time slices to make a statistically significant analysis are one for I, = 1M A

and one for I, = 1.1M A.
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By using the values T'zcpg(I) = 0.5 x 102°m ™25 for IMA and T'pcpg(I) = 1.0 x
10%°m~2s71 for 1.1MA, the value of sigma can be estimated for each shot by making
the assumption that throughout the acquired data window , the average I' L cors, given
by Equation 4.9, repeated below, is equal to the estimated values respectively (labeled

“T'y_g” from this point on), hence:

N Vd{n,
g = Treps = U/AT Sopsdr — Z"%{Z (5.4)
I vV dine)
o = E A e (5.5)

fAr Sobsd’l"

where the overline refers to the average of the N available time slices for each shot!.
The resulting o values for the two currents (from the two shots) are: o = 0.19 for
the IMA shot and o = 0.32 for the 1.1MA shot. Using these values, the 'y cps vs
Iwenm (normalized to the maximum value within each time series), has been plotted
for each one of the shots and is shown in Figure 5-6.

As defined, the os used in the shots are such that the mean 'y opg is equal to I'y_g.
For each shot, the correlation p(wenr, ry between the Iy and the I'pops is calculated
using[111]:

_ COV(weM,I)
= 5.6
P(WeoM.T) SDavesn S (5.6)
N
_ 1 L . -
covwem,ry = w7 Z [(Iwen(5) — Tweone) (Crers(5) = Trers)] (5.7
J

N
D = 4| o 2 (e6) — 2P 58)

J

where cov(wenm,ry is the covariance between Iwey and I'pers, and SDgweny and
SD(ry are the standard deviations of each variable. piwen,ry = 1 when there is a

perfect correlation between the two variables and piwear,ry = 0 when there is none.

INot to be confused with line averaged for which it was previously used, and only appears when
referring to line averaged density, M.
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Figure 5-6: The two discharges for which the criteria are satisfied in enough data
points to make a statistical argument about the trend, are shown above. The I';_ g =
I'1crs constraint is used to deduce a o value for each current. For IMA and 1.1MA,
the correlation coefficients found between the plotted variables are piwenr,ry = 0.81
and p(wem,r) = 0.76 respectively.
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For the two cases, the correlation coefficients are piwear,ry = 0.81 for IMA and
p(wem,ry = 0.76 for 1.1IMA. The significance of this measured correlation can be
quantified using a confidence interval analysis[111], wherein the null hypothesis is
considered, and the acceptance region for a 95% certainty is calculated (this is also
known as the 95% confidence interval (C.1.) around the null hypothesis)?. For 1MA,
if there is NO correlation, there is a 5% chance of obtaining a p(wear,ry outside the
range —0.57 < piwem,ry(0) < 0.57, whereas for the 1.1IMA case, the interval is:
—0.50 < p WCM,F)(O) < 0.50. Hence, for both cases, the null hypothesis is rejected,

with greater than 95% confidence.

5.4.2 o dependence of the results

Since the particle flux measurements depend on the asymmetry factor, o, a valid
question to ask is: how sensitive are these results to uncertainty in o?
Since the estimation of o comes from the 'y crg(f) deduced from the I-H transition
analysis in Section 5.1 (I';_g), a range of possible os can be used, based on the range
of T'pers(I) from Tables 5.1 and 5.2. The range of o deduced from those I'pcrs(1)
measurements, using Equation 5.5, is approximately 0.1 < ¢ < 0.5.

Figure 5-7 shows the same 2 analyzed shots, where the I'p cpg values at the extremes
of this range have been overplotted. Note that the I'pcrs values have been normal-
ized to the maximum value, in order to show the trends. As observed, the positive

correlation is sustained for both cases.

5.4.3 D, puffing and data set extension

While the correlation between I'pors and Ly cps is clear in the two discharges available,
it is desired to extend the data set in order to make a stronger case for the observed
behavior. In this section, an approach is described used to estimate particle transport

measurcments from shots previously omitted from the analysis.

2The size of the interval is a function of the sample size N: the more data points there are, the
smaller the range for which the null hypothesis is acceptecd
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Figure 5-7: Using the maximum and minimum T'zcpg(1) (I;_ ) from Tables 5.1 and
5.2, the o range is estimated, to test the robustness of the correlation. As observed, the
correlation is sustained for the two extremes. Note that the I'fcpg axis is normalized
to the maximum for each o used in order to study the trends, independent of the
actual magnitude.

Deuterium puffing in the line of sight of the visible camera

Some shots in the experimental run day used small amounts of deuterium puffing
within the same lines of sight as the D, camera for purposes which are outside the
scope of this study. The fact that the puffing occurs within the line of sight of the
Da: camera makes the Abel inversion symmetry assumption invalid.

In order to estimate the particle source term for those shots, it was observed that
throughout the day there was a linear response between S, and the neutral pressure
measured at the upper divertor of the tokamak, P,4,. This occurrence is not entirely
surprising since the amount of Dea light emitted is proportional to the local neutral
density[107][112], which is connected to the neutral density in the SOL through the
overall neutral particle distribution around the plasma. As changes occur within the
neutral “cloud”, they communicate through the rest of the neutral distribution at
approximately the sound speed (of order ms time scales), hence, changes in the mid-
plane neutral density close to the LCFS are correlated with the distribution in the
upper divertor[113][108]. Nonetheless, this phenomenon is presented as an empirical

observation for this run day and a strict physical model explaining it is not attempted
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in the present work.

For each shot using deuterium puffing, the f Ar Sapsdr term was estimated using the
previous shot with similar plasma parameters, where deuterium puffing was not used,
by characterizing the linear relation between | A Sobsdr and the divertor neutral pres-
sure as: [ A Sobsdr = a + b(Pugin). The same parametric fit was then used in the
deuterium puffed shot to estimate the f Ay Sobsdl of the shots wherein D, occurs.

In Figure 5-8, the two shots presented in the previous section for I, = 1M A and
I, = 1.1M A are shown in the top row. They are labeled by their discharge num-
ber “1110309024” and “1110309032”, respectively. The black dots are the measured
source term ([ Ay Sobsdr) time histories for the shots. As in Figure 5-5, the “usable
data” region is labeled and the time traces of D, fueling and GPI He puffs are shown.
The blue solid line is a time trace of the function: a + b X P,g,, where a and b are
fitting parameters, chosen so that the line matches the f Ar Sobsdr time trace. While
the fit is not perfect, it is clear that the P4, describes the source term behavior well.
For the two He puff cases, the parameters a(as), bog), a(32) and b(s) are determined
and then used in D, puffed shots to estimate the source term from the P4, time
trace. a(aq) and by were used for the IMA shots, “1110309025” and “1110309026”,
while a(32) and b3y were used for the 1.1MA shot, “1110309034”.

The general characteristics followed by the | Ar Sobsdr term in the He puffed shots,
including the strong dependence on the D, gas fueling, as well as the ~50ms time
lag between the fueling and the source term, are seen for all shots. This, plus the fact
that the deduced pressure source term in the Ds shots is within the same approxi-
mate range as that of the He puffed shots, suggests that this method is applicable.
There is, of course, still an increased level of uncertainty, since there is no direct

measurement of the source term for these discharges.

Correlation results from the expanded data set

In Figure 5-9, the I'p cpg versus Iy ey plots for all shots shown in Figure 5-8, including
the original He puffed shots shown previously in Figure 5-6, are presented. Whereas,

in the He puffed shots, the I';_g is a constraint from which the o is deduced (via
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Figure 5-8: The He puffed discharges are suitable for direct measurement of the
f Ay Sobsdr term, since the requirements for Abel inversion are satisfied. For the top
two shots plotted (those with He puffing), the measured source term is shown (black
dots). As stated, throughout the run day, an empirical linearity was observed between
the measured pressure at the upper diverter, P4, and the directly measured source
term, f A Sobsdr. Using linear fits between P,g;, and i Ay Sobsdr, for the cases where
both are measured (the top two shots), the f Ay Sobsdr term is deduced for the Dy

puffed cases.
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Figure 5-9: Using the [ Ay Sobsdr deduced from the measured P,g;,, the I'yopg can be
compared to the Iyeop. In the He puffed shots, for which the f Ay Dobsdr is measured
directly, the I'r_g = I'cps constraint is used to deduce o, whereas for the Dy puffed
shots, the o is set from the He case (with equal I,) and the I';¢ps is calculated. For
the D, puffed shots, the point scatter is much larger than for the He puffed shots,

and the correlation is weaker.
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Shot I,[MA] | pewem,ry | 95% C.1. around piwer,r) = 0 | GPI gas puffed
1110309024 1.0 0.81 —0.57 < Pwem,ry < 0.57 He
1110309032 1.1 0.76 —-0.50 < pwem,r) < 0.50 He
1110309025 1.0 0.59 —0.55 < pwem,r) < 0.55 D,
1110309026 1.0 0.30 —0.51 < piwen,ry < 0.51 D,
1110309034 1.1 -0.39 —0.40 < pwem,r) < 0.40 D,

Table 5.3: The shot number, plasma current, correlation coefficient, 95% confidence
interval of the null hypothesis and type of GPI gas puffed for all of the shots used in
the study, are shown.

Equation 5.5), for the D, puffed cases, the o is held as the constraint (0 =0.16 for
I, =1MA and o = 0.32 for I,, = 1.1M A), and the average I'scrs, I Lors is computed
so as to compare with the Hy puffed cases (as a sanity check). The values obtained
for Tzcrs are, in fact, within a factor of 2 of the I';_g found from the I — H transition
analysis.
As can be observed, the correlation between I';cpg and I is weaker for these cases
than for the original He puffed shots. The correlation coefficients, as well as the 95%
confidence interval of the null hypothesis, for all shots studied, are summarized in
Table 5.3.

The conclusions from this study, as well as a discussion of the results, will be

presented in the next chapter.
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Chapter 6

Discussion, Summary and Future

Work

6.1 Discussion of results from [';corg versus Iwcouy

study

6.1.1 The o factor and its implications

One of the essential qualities of the particle transport model presented in this work,
is the attempt to estimate the global, volume integrated particle transport across
the LCFS from an inherently local source density measurement. The localized source
measurements done with the D, camera can give an accurate assessment of the ioniza-
tion source fueling the plasma, but it will not be a complete picture of the ionization
dynamics around the whole toroidal shell wherein ionization occurs.

By introducing the asymmetry factor, o, the source density anisotropies are accounted
for, to first order. Inferring the surface area averaged, volume integrated source,
(1/A) f SdV, from the local source per unit area measured by the camera, [ Ay Sobsdr,
described in Equation 4.8, relies on the assumption that a linear relationship holds
between the two quantities. Precautions were made to maintain the validity of this

assumption during the experiment, including the exclusion of data from times with
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strong gas puffing.

In Section 5.1, the transition between I-mode and H-mode plasmas serves as a point
of comparison wherein the magnitude of the global outward particle flux in I-modes,
ILcrs, can be estimated from a 0 D model, by using measurements from two signif-
icantly different regimes: the I-mode, with a small density rise; and the ELM-free
H-mode, with very little net outward particle flux. Using the magnitude of the total
flux, and the measured ionization at the D, position, and taking into account the
changes in density (which, for the integrated model, can be done by measuring the line
average density), the local source measurement ( / Ay Sobsdr) can be compared with
the global transport (I',crs) to get an estimate of the poloidal asymmetry factor, o.
For the analyzed cases, o is substantially smaller than 1. The fact that ¢ < 1 im-
plies that the average ionization source density around the periphery of the plasma is
lower than the source density measured by the camera at the outboard midplane of
the plasma. This result is, perhaps, not so surprising. It has been previously observed
on C-Mod[105]{103] that main chamber recycling plays a major role iﬁ the particle
fueling of the main plasma, and, in fact, can dominate over that from recycling in the
divertor.

Additionally, there is evidence that, when the LCFS is not close to the inner limiter,
the recycling from the outer wall may be larger than from the inner wall, due to bal-
looning effects of the plasma. The estimated o = 0.16 — 0.32, presented in this work,
suggests that, at least in the I-mode regime, the ionization at the outer midplane
dominates relative to the rest of the poloidal cross section.

Finally, the camera lines of sight are located close to the A-B limiter, and there is
expected to be more recycling occurring at the limiters than from the rest of the
main chamber PFCs due to their proximity to the main plasma. Therefore, another
factor leading to ¢ < 1 may be the toroidal location of the camera views near the

A-B limiter.
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6.1.2 Particle transport and the WCM in the I-mode

One of the main goals in studying the I-mode regime has been to gain an improved
understanding of the physics behind the separation of the particle and energy chan-
nels. The formation of E, wells at the edge of the plasma [114][4] may account for the
increase in energy confinement, through the breaking of turbulent eddies by the vy p
shearing. This is analogous to the mechanism behind H-mode edge barrier formation.
To tackle the question of particle confinement, we can draw a parallel between the
EDA H-mode and the QCM. In [25], the assessment that there is a causal connection
between the transport regulation in the EDA H-mode and the presence of the QCM,

is based on the following three points:
e The QCM is always present during the EDA H-mode.
e The QCM is radially localized at the steep gradient region.

e A correlation is observed between the amplitude of the QCM and the effective

diffusivity, D.ss (as shown in Section 3.4.7, Figure 3-20b).

How does the analogy between the QCM/EDA H-mode and the WCM/I-mode hold
up based in these criteria? With the exception of a few low I, cases which will be
discussed in the next section, the WCM is a signature of the I-mode, present in the
overwhelming majority of I-mode cases. The radial localization measurements from
the reflectometer, GPI and ECE diagnostics, show that the WCM lives within the
steep temperature gradient region. This is consistent with a mode that is helping to
regulate the particle transport in the edge region.

The final criterion is the observed correlation between the mode and the transport.
The study presented here is the first quantitative work focused on measuring this
correlation. Due to the need to ensure that various assumptions and measurement
constraints are satisfied, including those for, Iweys, the T, and n, profiles, etc., the
amount of experimental data for analysis is limited. Nevertheless, there is clear cor-
relation between the I'; crg and the Iyweoar for the cases where the f Ay Sobsdr term is

measured directly. There is also somewhat weaker, yet still statistically significant,

173



evidence that the correlation is also observed in the 1MA cases where the / Ar Sobsdr
measurement was indirectly measured.

At this point, and with the availaf:)le data, we conclude there is a direct correlation
between the particle transport and the WCM. However, there is a strong argument
for additional measurements to strengthen the correlation, or to refute it. This will
be discussed further in Section 6.3.

The WCM, therefore, satisfies the three causality criteria as applied to particle trans-
port regulation in I-mode.

Empirically, particularly in the high I, cases, where the WCM is strongly coherent,
and the broadband reduction in fluctuations is stronger (as in the case shown in Fig-
ure 5-1), the only observed change in density fluctuations following I-H transitions is
suppression of the WCM. Therefore, the presence of the WCM is the only observed
phenomenon that can be responsible for the higher particle flux across the LCFS
(Trors = 1.4 x 10m =257 in the example shown) which is suppressed in the ELM-
free H-mode, resulting in particle (and impurity) accumulation.

Direct measurements of particle transport caused by the WCM, however, would re-
quire flux averaged phase measurements between the density fluctuations and the
fluctuating electric potential, (2@). Considering the high temperature of the I-mode
pedestal region, which procludes the use of Langmuir probes at the WCM location,
direct measurements of (7) in this scenario are currently unattainable with the di-

agnostics available on C-Mod.

6.1.3 WCM-free I-modes

Recent experiments have found cases where the global characteristics of the I-mode
are satisfied (formation of the edge temperature gradient, leading to peaked core tem-
peratures, while maintaining L-mode-like densities) but without the detected presence
of the WCM or reduction of broadband fluctuations. These are generally shots with
low plasma current (I, < 800kA, go5 > 4.5).

Figure 5-3 provides a possible explanation for this phenomenon: at low I, the co-
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herence of the WCM decreases substantially, to the point that the width of the mode
is well within the broadband. It is possible that the WCM is then diagnostically
indistinguishable for these cases.

Another possibility comes from the observed poloidal shift of the peak location of
the mode, that has been previously observed by the magnetic coils and PCI (Section
3.3.2). If the peak of the mode has substantially shifted poloidally away from the
outboard midplane, then it would not be detected by the edge fluctuation diagnos-
tics, since they are mostly localized at the outboard midplane. PCI is the exception,
since its vertical chords are radially localized close to the center of the plasma. PCI
doesn’t detect the presence of the WCM either, but this is not very conclusive since
this diagnostic is generally sensitive to the WCM only in cases where the mode is
very strong (high I, cases).

Ultimately, these could be a completely different type of I-mode, with similar global
characteristics but different fluctuation phenomenal115]. This would be analogous to
the ELMy and EDA H-mode, which have, broadly speaking, similar global character-
istics but different regulation mechanisms.

What is clear is that high current cases have well defined WCM and strong broadband
reduction, whereas for the low current cases, even those where the WCM is detected,
the broadband is not reduced as strongly. From this perspective, it is possible that
for high current cases, the WCM is primarily responsible for supplying the particle
transport that keeps the density profiles L-mode-like and the impurity accumulation
regulated, but for low current cases, the broadband fluctuations are not substantially

suppressed and provide strong particle transport.

6.2 Summary

The work presented in this dissertation has contributed to the study of fluctuations,
primarily at the edge of the plasma, as well as to the detection, characterization and

understanding of the I-mode and, particularly to the WCM.
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6.2.1 Diagnostic upgrades to the reflectometry system

After the initial upgrade of the reflectometry system, it was observed that the edge
phenomena, including the QCM, can be much better detected by the use of a baseband
fluctuation reflectometry system, as opposed to an AM reflectometer. Based on this
assessment, a full baseband reflectometry upgrade was undertaken for the whole set
of low frequency reflectometry channels: 50GHz, 60GHz, 75GHz and 110GHz, as well
as the implementation, in collaboration with PPPL, of the 140GHz and the variable
frequency channels.

This upgrade is a full suite of baseband reflectometry channels spanning the n, =
[0.3 — 2.43] x 10m~3 density range, which can be (and has been) used to detect
edge fluctuation phenomena, including the WCM and QCM, as well as to probe more
deeply into the core of L-mode, I-mode and peaked H-mode plasmas.

The data acquisition upgrade, described in Section 2.2.3, has enabled the acquisition
of fluctuation data at increased Nyquist frequency (1MHz), for the whole length of
the discharges. This has ensured that fluctuating phenomena are not “missed” due

to limited time windows or insufficient frequency response.

6.2.2 Detection and characterization of the I-Mode

The measurements of edge fluctuations during I-modes have been critical for detect-
ing and characterizing the regime. While all edge fluctuation diagnostics discussed in
Section 2.3 have detected the WCM, the reflectometry system is the most sensitive
to it and it is routinely able to detect the mode for cases where it is difficult to detect
on other diagnostics.

This sensitivity to the density fluctuation is, in part, provided by the baseband
upgrade of the system[5][6](7]. As observed in Figure 2-12, the sensitivity of the
88 + 0.5GH 2z baseband channels to the QCM is much stronger that of the 88GHz
AM channel. Unlike the QCM, the WCM is typically “hidden” in the broadband,
and it can be difficult to isolate. If the sensitivity is reduced by subtracting coherent

fluctuations, as is done in the AM system, the detection of the WCM would be greatly
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hindered.
The reflectometer has been used to reveal many important properties of edge density

fluctuations in I-mode:

e The broadband reduction in fluctuations, cspecially for high I, discharges, has
been observed and quantified using the reflectometer channels. The reduc-
tion correlates well with the effective thermal conductivity at the edge of the

plasmal4].

e As discussed in Section 3.3.2, by using the array of fixed reflectometry channels,
the radial position of the WCM has been localized to the edge of the plasma,

at ~0.9 <r/a <1

e By studying the autospectrum of the signal, it was observed that the central
frequency of the WCM varies proportionally to the stored energy and, possibly

indirectly, to the plasma current, I,.

e With the additional spectral information supplied by the GPI, and the F, well
measurements from the charge exchange spectroscopy diagnostic, the phase
velocity of the mode in the lab frame is found to be ~8km/s, in the electron
diamagnetic direction, and, using the estimated values of E, at the same radial
position, the phase velocity in the plasma frame is estimated at ~10km/s in

the same direction, with little doppler shift occurring for this mode.

6.2.3 Spectral modeling of edge fluctuations

Faced with the pfoblem of extracting the WCM from the broadband fluctuations in
the autopower of the complex signal of the reflectometer, a model has been developed
and successfully implemented to fit the fluctuations as a composite of 2 independent
exponential decays, representing the broadband fluctuations, plus one Gaussian com-
ponent, representing the WCM.

It was shown that this is a robust model, that describes the I-mode fluctuations as

well as the L-mode and H-mode autopower signals.
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With this tool, the WCM component has been extracted from the broadband fluc-
tuations and the spectrally integrated autopower amplitude of the mode (Iyca) has

been used during to quantify the WCM strength in I-mode discharges.

6.2.4 Particle transport model

A model has been proposed which extends the local particle continuity equation to
an integrated equation bounded by the LCFS of the plasma.

This is done by using wedge-shaped differential volume elements (Figure 4-3), wherein
the individual terms of the continuity equation, the ionization source, the particle flux
at the wedge boundaries and the time evolving density, can be clearly identified and
treated. The differential elements are then volume integrated, and the flux across the
full LCFS is characterized.

In order to extend local source measurements to the whole LCFS boundary, it is
necessary to incorporate in the model an asymmetry factor, o, which accounts for
differences between the locally measured ionization sources and the total, volume

averaged source.

6.2.5 Measured asymmetry of the ionization source in the

plasma

By analyzing the global particle transport in the I-mode and ELM-free H-mode
regimes, the net outward particle transport across the LCFS in I-mode has been

estimated to be:
o I'/_g =05 x10%m2s7! for I, = LM A discharges.
o I'; g =1.0x10%m=2s7! for I, = 1.1M A discharges.

By using the constraint, I';_g = T'popg, for a set of reverse field, LSN I-mode dis-
charges, the asymmetry factors (o, as defined in Equation 4.8) have been estimated

to be:
e 0~0.16 for I, = IMA.
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e 0~ 0.32for [, =1.1MA.

By using the whole range of I';_g deduced from the I-H transitions, a reasonable
expected range of the asymmetry factor is: 0.1 < ¢ < 0.5.

This implies an asymmetry in the ionization source density, with the measured source
density at the outboard midplane being higher than the average source along the

LCFS of the plasma.

6.2.6 Positive correlation between I';cps and Iyoy

For a set of I-mode discharges in reverse field, LSN magnetic configuration, the inten-
sity of the WCM ( Iwear) has been compared to the net outward particle flux across
the LCFS of I-mode plasmas (I'zers). The results from the correlation analysis of
these data are summarized in Table 5.3.

From the data set, a positive correlation between the two variables has been observed,
and is strongest for the cases in which the particle source term, f Ay Sobsdr, has been
directly measured. While the relatively small data set suggests an extension of the
work to include more discharges, the present work shows positive correlation between
the WCM intensity and net outward particle flux.

Excluding the WCM-free, low I,,, I-modes discussed in Section 6.1.3, the three criteria

implying a causal connection are satisfied:
1. The WCM is always present during the [-mode.
2. The WCM is radially localized at the steep temperature gradient region.

3. A correlation is observed between the intensity of the WCM (Iycns) and the

net outward particle transport (I'zcrs)-

6.3 Future work

The results of this study can, and should, be extended. In this section, a number of

possible directions for future work are described.
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6.3.1 Variable frequency channel for f = 60GHz — 112GHz2

A suggested upgrade to the current reflectometry system involves the installation of
a variable frequency channel operating in the 60GHz-112GHz range, a range which
spans the channels which have observed the WCM, and which could be used for a

variety of purposes, including the study of I-mode plasmas:

e Within steady I-modes, a frequency scan can help better establish the radial

position of the WCM, and the locations the broadband fluctuations are reduced.

e By using the 60GHz, 75GHz, 87.5GHz, 88.5GHz and 112GHz channels, in con-
junction with the variable frequency channel, the radial correlation length of the
WCM could be measured. The radial correlation lengths are proportional to the
radial width of the turbulent eddies discussed in Section A.2. A measurement

of their radial extent could shine light on the physics behind the WCM][49].

e In the experiment described in Section 5.2, steady density throughout the I-
mode was required in order to maintain the radial position of the WCM within
the cutoff location of a single reflectometry channel. If a variable frequency
channel is varied in conjunction with the rise of the density (probably requiring
active feedback), the same channel could be observing the evolution of the WCM
during the density rise. This would open the space of operation significantly for

analyses similar to those done in the present work.

6.3.2 Expansion of the spectral model

One of the major contributions of this work is the spectral decomposition model
presented in Section 3.5.

While the model has, up to now, been used exclusively for the study of the complex
reflectometry signal, its use could be extended for other reflectometry signals, such
as the homodyne signal, and to other diagnostics.

One possible use is the analysis of GPI spectra, for both the temporal frequency

and the spatial wavenumber spectra. This could be used to better characterize the
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frequency as well as the wavenumber characteristics of the WCM.

Finally, even though the QCM signal is typically well above the broadband level, the
same spectral modeling could be used to characterize and automate the analysis of
the QCM and expand on the already comprehensive study of the QCM and its role
in EDA H-Mode.

6.3.3 Constraints on the particle transport model

For this study, we have used ionization source measurements in a specific region near
the outboard midplane, as a proxy for the ionization source throughout the whole
plasma, with weighting by a derived asymmetry factor (o).

The use of additional spatially distributed measurements (from D, arrays or others),
especially to incude the inboard midplane and the upper and lower divertors, could

impose constraints on the model presented.

6.3.4 Extension of the data set

In this study, the restrictions imposed on the experimental setup, as well as on the
data analysis, as described in Section 5.2, led to a relative dearth of shots for the
analysis.

Two of the lessons learned from this work are that: it is desirable to minimize Ds
puffing both for fueling as well as for GPI, and to expand the data set. Since the
correlation hypothesis is a statistical one, confidence in the results should also improve

with additional data.

6.3.5 Advantages of other diagnostics for the study of the
WCM
While this work focuses heavily on the use of reflectometry for the analysis of the

WCM, all edge fluctuation diagnostics have observed it. These diagnostics each have

their respective advantages which can be used to better understand the WCM.
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GPI

There are several advantages to using GPI for further study of the relationship be-

tween the WCM and the particle transport in I-mode:

e The GPI lines of sight are very similar to those of the visible camera. Thus,
the measurements of the WCM fluctuations are localized close to those of the

ionization source.

e The relationship between the density and temperature and the brightness de-
tected by the GPI is well quantified and characterized. Hence, a direct mea-
surement of the density fluctuation, 7./n., can be directly obtained from the
brightness signals. This is in contrast with the case of reflectometry, where
the fi./n. quantification cannot be done directly. By using the GPI capability,
direct relationships between the amplitude of the density fluctuations and the

particle transport might be obtained.

e The detection of the WCM with the GPI, unlike with reflectometry, does not
depend on maintaining constant density during the I-mode, as a result, the
density restrictions on the experiment could be relaxed if the GPI were used
to characterize the WCM in a particle transport study. For example, I-mode
discharges could be produced in which Ds fueling during the I-mode need not

be used.

e A proposed GPI upgrade[116], would consist of the installation of a GPI ar-
ray, similar to the existing one, at the inboard side of the plasma, close to the
midplane. This upgrade would improve the coverage of edge fluctuations, par-
ticularly in a region where there is currently a lack of fluctuation diagnostics
on C-Mod (other than Langmuir probes which can’t access 7/a < 1 in I-mode).
While there is evidence of the ballooning nature of the WCM, particularly the
strong presence of the mode on reflectometry and GPI, this array could discover

an inboard component of the mode (currently undetected) and could be used
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to detect WCM poloidal variations.

Correlation electron cyclotron emission diagnostic

A recent upgrade to Alcator C-Mod was the design and installation of a correlation
ECE system|[117]. The system’s lines of sight have a small spot size determined by an
in-vessel mirror which has been set to observe near the plasma edge (0.75 < r/a < 1).
The improved temporal and spatial coverage of this system should enable better
estimates of the magnitude of the temperature component of the WCM in cases
where the optical depth (7) is large enough that the T. nature of the fluctuations can
be confidently assessed.

In conditions with lower optical depth (7), this system could also provide additional
estimates of the density fluctuation amplitudes, since 7 is a known function of density.
Nevertheless, these measurements would combine temperature and density fluctuating
components, so additional efforts must be made to distinguish between the individual

contributions.

Magnetic probes

One of the ways to detect the magnetic fluctuating component of the QCM is through
the use of a magnetic pick up coil attached to a fast scanning probe[89]. Through the
use of such a probe at the outboard midplane, a magnetic fluctuating component of
the QCM at the LCFS was estimated to be By =~ 5G by measuring an exponentially
decaying amplitude of the magnetic fluctuations in the SOL region. Using this probe,
the exponential decay length of the QCM was also measured to be k, ~ 1.5em ™.
This tool has not been used to study the WCM, due to the very high temperatures at
the pedestal of the I-mode (typically higher than those of the ohmic EDA H-modes
in the previous study) which could easily damage the probes and leave them out of
comimission.

Nonetheless, there is enough interest in the characterization of the I-mode and the

WCM that there are currently plans to proceed with measurements using this probe
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in future I-mode runs[108].

6.3.6 Experimental and numerical testing of theoretical mod-

els of the WCM

The increasing body of observations regarding the characteristics of the WCM has
led to initial proposed physical models to explain it.

One such model is the Heavy Particle mode[100][101] which, as discussed in Section
3.4.6, predicts the impurity ejection from the main plasma, as well as giving an order
of magnitude estimate of the density, temperature and magnetic field components of
the fluctuations.

Another possible candidate for the mode is the Kinetic Ballooning mode[99], which
incorporates many of the qualities that the WCM shares with the QCM, such as its
electromagnetic nature and ballooning characteristics, but is present in low collision-
ality regimes, found at the top of the I-mode pedestal.

One approach at identifying the nature of the WCM would to run controlled ex-
periments focused on the particular dependencies of the modes. For example, an
experiment can be proposed in which the type of impurity in the plasma can be var-
ied while maintaining all other variables as constant as possible. A comparison can
then be made between the type of injected impurity and the characteristics of the
mode, such as its plasma frame velocity and frequency, which depend on the atomic
mass of the impurity ion for the Heavy Particle mode[100).

Another approach at identifying the physics behind the WCM is through the use of
computational codes that incorporate the relevant physics of the plasma edge of the
I-mode. One such code is BOUT++[118], which, similar to the original BOUT[98],
uses 3D fluid equations to simulate linear and non-linear instabilities at the edge of
diverted plasmas.

While presently the fluid equations used in BOUT can incorporate effects from high
collisionality regimes, like that of the EDA H-mode, (which sufficed for the QCM

study where the resistive X-point mode was found to be consistent with the charac-
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teristics of the mode[93]), kinetic effects are presently not available in the code.
There is a planned upgrade to the capabilities of BOUT++ to include a Gyro-
Landau fluid model[119][120] extension of the code which would include kinetic effects
which are more relevant to low collisionality conditions, such as those of the I-mode
pedestall. When these code upgrades come on-line, currently estimated to be in the
spring of 2013[121], it should be possible to conduct a study similar to that done for
the QCM, as described in [93], but focused instead on the WCM.

!Details can be found in the following URL: https://bout.llnl.gov/html/projects/LDRD /gyro-
fluid/gyro-fluid.php
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Appendix A

Confinement regimes on Alcator

C-Mod

Since its commissioning, several plasma confinement regimes have been observed on
the Alcator C-Mod tokamak. In this section I'll describe the history and general
characteristics of each regime, including a schematic description of the physics behind

each type of confinement.

A.1 Linear ohmic, saturated ohmic and L-Mode
confinement

Early studies on Alcator C-Mod sought to recover linear ohmic confinement scaling
(LOC) similar to that first observed on Alcator A[24], and later on Alcator C. This
regime, observed in ohmic plasmas, is characterized by the linear dependence between
energy confinement time, 75, and the plasma line average density 7.. An empirical

fit for 7 taking into account the C-Mod data, was found to be:
5 = 0.156 n0%a®! g5 (A1)

where 7, is the line averaged density in 102m™* and qgs is the safety factor ¢ =

(rBg)/(RoBy), evaluated at the 95% flux surface, where r is the minor radius and Ry
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Figure A-1: a) Alcator A results found a linear dependence between 7z and 7.
Which is, both, lower than the expected neoclassical estimates and with opposite
density dependence. Figure from [24]. b) First observed on Alcator C and then on
Alcator C-Mod, the linear regime was observed to saturate after a n.~4/qgs. This
Figure is from [25])

the major radius at the center. Shown in Figure A-1a are data from Alcator A showing
the linear relationship between the density and the energy confinement time. This is
contrary to predictions from neoclassical theory in which the transport is dominated
by ion thermal conduction and the thermal conductivity is proportional to the density,
hence the confinement time would go as 1/n,.. This linear confinement is believed to be
dominated by anomalous electron transport while ion transport becomes secondary.
A multi machine comparison led to the neo-Alcator scaling: Tyoe = 0.0667, R2£%5gqs,
where & is the elongation of the plasma[122][24]. The LOC regime was good news
for confinement because it would lead to a Lawson’s coefficient, n.7g o nERQa, all
of which would increase with larger sized, denser machine. Nevertheless, this regime
was limited to low 7z plasmas.

It was seen on Alcator C, and then reproduced on Alcator C-Mod, that, as the density

is increased beyond a threshold limit, the linearity begins to break down and the
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confinement time saturates with respect to density. Figure A-1b shows results from
Alcator C-Mod showing this saturation for different s ranges. One of the possible
explanations of this saturation is believed to be an onset of anomalous ion transport
due to increased ion temperature peaking[25]. It was observed on Alcator C that, by
using pellet injection, the peaking factor n; = (n;VT;)/(T;Vn;) is reduced and the
confinement time recovers the Neo-Alcator LOC scaling. The ohmic regime above
the threshold density is called the saturated ohmic confinement regime, or SOC.

Ohmic heating on Alcator C-Mod reaches values of up to ~1MW, but with the
use of auxiliary heating schemes, primary minority ion cyclotron heating, the total
input power can reach values of up to P,:~6MW. As with other tokamaks[123], in
Alcator C-Mod, as the input power is raised from the SOC regime by the auxiliary
power, the confinement time is seen to degrade with Pj,;. The confinement time in
C-Mod of this regime, dubbed the L-Mode regime (as in Low confinement regime in
comparison to the High confinement regime to be discussed), is well characterized by

the inter-machine scaling parameter{124]:

Trrerss|s] = 0.048L,[MA]*® k%% Rim) 2a[m] 37 [10°m 3]~ MO Bp[T]°2 Proy [MW]~0°
(A.2)
where M is the main ion mass in amu. Since in equilibrium Pys = Py and 7 =
W/ Py, the power degradation of 7g is a consequence of W P25 that is, the
plasma energy is less than proportional to the input power. The measured stored

energy is well fitted by Wirgrse = Trreres Piot a5 can be observed in Figure A-2.

A.2 The effects of turbulence on transport

One of the main conclusions found in the early vears of tokamak research was that
the transport is not well predicted by neoclassical theory, which takes into account
geometric effects from the toroidal configuration, as observed in Figure A-la. The
presence of turbulence in the plasma was identified as the culprit of the anomalously

high energy and particle transport[125].

189



0.12 [ T T T T T
[ ® RF
0.10 @ OH

o.08f

W (MJ)

0.06 F

0.04f

002
| -

0.00 L= L L L f L
000 002 004 006 008 010 0.12

W"ERSQ =0.048 |p0.85R1.2a0.3ne-0.1amu0.5BT0.2K0.5PT0T0.5

Figure A-2: The SOC regime and the L-Mode regime are well characterized by the
ITERS9 scaling law wherein the energy confinement time degrades with the input
power as P (Figure from [25])

A first approach to understanding the effects of turbulence in the plasma is to simplify
the transport to a diffusion process of the form: I' = D gVn, where I' is the particle
flux and Dy is an effective diffusivity. In this picture, the diffusivity DeffNAzu,
where A is a characteristic step size and v is the frequency at which the particles
take the diffusive step. In the classical picture, the radial step size is dominated by
the electron gyroradius: A = p,, whereas the time between collision is the electron-
ion collision time, so v = v, since particle transport involves only unlike particle
collisions. In toroidal geometries, the transport increases due to the VB and curvature
drift effects. Neoclassical transport takes these geometric dependencies into account.
In neoclassical theory, the step size is determined by the drift away from flux surfaces
due to banana orbits: A~p.q(R/r)'/? (note the enhancement due to the ¢ and (R/r)
factor). The time between collisions from one orbit to another is also reduced since
there is a smaller volume in velocity space from which the particles must be removed
in order to transition to another orbit: 7 = 74(r/R) — v = ve(R/r). Since not all

particles are trapped!, an extra (r/R)%® factor from the trapped fraction must be
p

'Some particles have velocities primarily in the f)|| direction, hence they experience no magnetic
mirror effect that make the particle bounce in the banana orbit
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used, leading to:
Dieo- o = @*(R/TV*(0204i) = @ (R/7)* Detusset (A3)

where Dss—eff = p2ve; is the classical effective particle diffusivity. For C-Mod,
q?(R/r)*? ~ 4 — 20 depending on the safety factor. The effective thermal diffusivity,
Xeff, 18 related to the particle diffusion coefficient as Xeg ~ Deg(m;/m)*® (the mass
ratio is due to the thermal conduction being dominated by ions since, for the case
of energy transfer, like-particle collisions conduct energy, and the dominant scale
size is the ion gyroradius), therefore 75 &~ a*/Xef~1/Deg~Tie~1/n., hence the 1/n,
prediction in Figure A-1la.

As temperature and density gradients rise in the plasma, fluctuations are excited
due to the free energy from the gradients. The wavenumber of the fluctuations is
primarily in the kg direction and there are density perturbations associated with them
which extend in the poloidal and radial direction for A ~ 7w/ks. A simple picture
of the effect of these fluctuations on transport can be seen in Figure A-3. As the
fluctuations propagate, density accumulation causes charge accumulation described
by a Boltzmann response[26], leading to a fluctuating potential: d¢~(T'0n.)/(ene),
which in turn creates electric fields which create £ x B eddies with vgxp = (E X
B)/B?, that encircle the density perturbation. These eddies determine the step size
and the time for each step. The typical width of these eddies is of order A~p;.
The time between steps is determined by the transit time across the eddy, since,
once the particles have migrated, the eddy moves too. This is contrary to what
occurs in classical and neoclassical transport where the collisional frequency, not
the transit frequency of the particles around the orbits (gyro frequency and bounce
frequency respectively) determine the step time. We can assume: én. = Vn/ky =
ne/(kgLne) where Ly, = —n./Vn, since this is the amount of én,. required to flatten

the density profile, hence, removing the local free energy. Defining the eddy time:
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Figure A-3: Turbulent fluctuations in the plasma create potential perturbations that
lead to turbulent eddies. These eddies determine the step size and step frequency in
an anomalously dominated plasma. A similar figure showing an F x B eddy forming

around a region of charge accumulation in a magnetized plasmas is shown in [26]
(Figure 1).
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Teddy = A/VExB, We can derive:

F k95 ¢ ]C@ Téne k}gT Pi
== = L= = = 4
A Pi Aimip
= ~s == 2 e'i A.r
Teddy VExB  T=Vigh  Lne i A9

where v, 4, = \/Wz‘z is the ion thermal velocity and A; 5 = ViwmTes is the ion
mean free path, that is, the distance it travels before it reaches an electron. For a low
collisionality plasma, which is usually the case in tokamaks, the ratio: A pmpp/Lne < 1,
hence, the confinement is significantly reduced.

While the explanation above is heuristic and a lot of the relevant transport physics
is ignored, this description gives an intuitive picture of the problem that arises with
turbulence. The turbulent eddies give the plasma a channel for the ejection of particles

and energy which decrease confinement, even in cases where the collisionality is low.

A.3 H-Mode regime

The discovery of the high confinement regime, or H-Mode, on the ASDEX tokamak[126]
opened a new potential pathway towards fusion. It was observed that, as auxil-
iary heating was increased beyond a threshold value (approximately 2MW of neu-
tral beam heating in ADSEX), the volume averaged B = (2uonT)/(Bj3) is sponta-
neously increased, leading to a doubling of 7z. The H-mode has been reproduced
in many diverted tokamaks with different types of auxiliary heating, as well as with
only ohmic heating. This has led to inter-machine scalings of the threshold power,
Pross = Pyoy — dW/dt — Py, where Py is the power lost to fast ions, to transition from
L-mode to H-mode:

Py =215 "B a*®R. (A.6)

where 7ie, By, a and R are in 10°*m™3, T, m and m respectively. Alcator C-Mod has
contributed significantly to this scaling by filling the high density and high magnetic

field points.
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With few exceptions[127],[128], diverted plasmas are essential for reaching H-mode
confinement. It is important to point out that the data set for which P;_j in
Equation A.6 is derived is limited to magnetic geometries for which the direction

2 =
of vyp = -;%B EZB is towards the primary X-point in the plasma. For reasons that

will be explained in Chapter 3, this configuration is called the favorable drift direction.
The H-modes are characterized by the formation of pedestals at the edge of the plasma
(close to the last closed flux surface, or LCFS), where T}, T}, n. and n; develop strong
spatial gradients, VT;, and Vn;., as compared to the gradients deeper towards the
core of the plasma[129][130].

While the physics of the H-mode and L-H transitions is still a very active area of
study, one of the principal theories regarding the transition to the H-mode regime is
the turbulence suppression due to sheared flows close to the LCFS. As discussed in
the previous section, turbulent-driven transport is believed to be responsible for the
increase in particle and energy transport, as compared to neoclassical theory. The
diffusive mechanism is dominated by turbulent eddies, as shown in Figure A-3. It has
been shown on various tokamaks that, in H-mode, the radial electric field inside the
plasma forms a well at the edge of the plasma, near the LCFS, as shown in Figure
A-4a. The strong gradients in E, in this region create a vgyp that changes strongly
as a function of radius. This velocity shear poloidaly elongates the turbulent eddies
and, ultimately, due to instabilities within the eddies, tears them into smaller ones
(See Figure A-4b). The smaller eddies then decrease the D.s = A%y in the region
of E,. well. The theories behind the formation of the E, well focus on the different
components of E, = i&pe/ Or — Ve By + Ve By, and encompass a whole field of
tokamak research beyond the scope of this thesis[131][132][114].

Different types of H-modes have been found which maintain the general character-
istics of increased particle and energy confinement while differing in specific details,
such as its range of operation (e.g. collisionality, ges, etc.), observed fluctuations and
quality of confinement. On Alcator C-Mod, H-modes can be divided into three gen-
eral categories: ELM-free , ELMy and EDA H-modes. Although, as will be discussed,

there can be some overlap between them.
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Figure A-4: a) E, measurements at the edge of an H-Mode plasma on Alcator C-
Mod. H-Modes show radial electric field wells forming close to the region of steep
temperature and density gradients. These wells create shears in ExB velocities in the
poloidal direction. b) The turbulent eddies which experience this velocity shear are
first poloidally elongated (time ¢;) and are subsequently torn (time t5).
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Figure A-5: When the peeling-ballooning modes become unstable, the pedestal is
transiently destroyed until it cycles back into the stability region. The relaxation
cycles of the three common ELM types are schematically shown in doari = Vi
phase space. This figure is adapted from [27].

A.3.1 ELMy and ELM-free H-mode

Edge locainzed modes, or ELMs, have been observed during some H-mode regimes
since the discovery of the H-mode on ASDEX][133]. They are typically characterized
by strong D, signals at the edge of the plasma and are categorized by their frequency
and strength as well as their proposed relaxation mechanisms: type I ELMs are the
strongest and appear when the pedestal pressure and gradient is high, type II ELMs,
also known as grassy ELMs, have very high frequency but are not very perturba-
tive. Finally, the type III ELMs are typically small amplitude, occur at low pedestal
pressure, and are dominated by the pedestal current. These tend to lead to low
confinement regimes. ELMs are consistent with the onset of peeling-ballooning and
kinetic-balloning type MHD instabilities arising due to the high pressure gradients
and pedestal current at the edge of the plasmal[27]. The relaxation mechanism of the
three common ELM types can be seen in Figure A-5.

On Alcator C-Mod, the first H-modes studied featured high frequency, type III
ELMs (at around 1-5kHz). These H-modes had low pedestal temperatures, reaching

low energy confinement|134][40].
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After these initial H-mode results, boronization was implemented on C-Mod. For
this technique, diboron gas is pumped into the chamber during electron cyclotron
discharge cleaning, where it adheres to the Molybdenum tiles. This coating strongly
reduces the amount of Mo that reaches the core plasma, reducing radiated power.
Using this method and increased auxiliary power, the edge temperature of the H-
Modes was increased and three new H-mode regimes were accessed: ELM-free, Type
II ELMy and EDA H-modes, the latter of which will be discussed in Sections A.3.2
and 3.4.

During the L- to ELM-free H-mode transition, the D, signal at the edge of the
plasma is drastically decreased. In this regime, the confinement, characterized by
the Hyreprse = Te/TirERse teaches values of up to Hipgreg ~ 2.8. During the ELM-
free H-mode, the core temperature and density grow uncontrollably since there is no
particle flushing mechanism. This leads to impurity accumulation which, in turn, in-
creases the radiated power and causes H-L back transitions. The ELM-free H-modes
are, therefore, intrinsically transient.

At higher edge pressures, the EDA and type II ELMy H-modes appear. The ELMS
in the latter regime arise in the upper pressure range of the EDA regime and, as the
pressure rises, are sustained beyond the range of the EDA H-mode. Because of the
high pedestal pressure during these ELMs and the fast ELM frequency (~600Hz),
they are well described by the type II ELM model[25]. While their presence is clear
on the D, light, these ELMs have little effect on the plasma density or on the stored
energy[135].

By using stronger shaped plasmas, a larger ELM regime is accessed on Alcator C-
Mod, as shown in Figure A-6[136][137]. These ELMs appear when operating at high
lower triangularity 6, > 0.78 and low collisionality v* = V;/Vpounce < 1. Since the
peak pedestal temperature is typically high for these ELMs, they seem to classify as
type I ELMs, yet the fact that they appear with an oscillating precursor and that
they do not destroy the pedestal during the event suggest that they might classify as
a type III. These ELMs reduce the energy at the pedestal by ~15%, while being very

weakly perturbative to the core, changing it by < 1%.
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Figure A-6: A typical LSN C-Mod topology is shown in dotted blue. As the lower

triangularity is increased and the upper triangularity lowered, a new ELmy regime is
accessed.

The lack of long (> 107g) ELM-free H-modes is not surprising due to the high impu-
rity accumulation in this regime. Hence the need of a cleansing mechanism in order to
have the possibility of steady state operation. Currently, ITER operation is planned
to use type I ELMs for getting rid of impurities, including He ash. A wide tokamak
database has been collected in order to predict the Type I ELMy H-mode performance
in ITER as well as other future next generation tokamaks. Using this database, a
confinement time scaling law for ELMy H modes, analogous to the L-mode one shown

in Equation A.2, is derived[138]:

T— 0.0561p[MA]O'%K,U'?SR[m}1'9760'587‘1"6[1020m’3]0‘41 MO0 B [T]%15 P, [M W]~
(A.T)

where all the definitions are the same as in Equation A.2, except 7. which is in

10"m =2 and € = a/R. While this is currently the planned regime of operation for

future devices, the amount of energy ejected from the plasma during a type I ELM on

ITER is expected to be of the order of 7T0M.J within 500us which can be detrimental
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to the PFCs[139].

A.3.2 EDA H-Mode

On C-Mod, boronization and improved auxiliary heating led to H-modes with higher
edge temperature than achieved without these new techniques. By operating at lower
current than the ELM-free H-mode regime and with stronger shaping, a new type of
H-mode arises, characterized by steady enhanced [.-mode level D, signals, and named
The Enhanced D, or EDA H-mode[134][140][89]. This regime features high energy
confinement, up to 90% of the ELM-free 7, and is typically accessed at intermediate
I, values, with edge safety factor, gos > 3.7 and relatively strong plasma shaping of
0 > 3.5 where ¢ is the average triangularity. The collisionality range of EDA H-Modes
tends to be relatively high, vx = ve;/Vpounce > 1, due to the high density of operation.
Typical EDA H-modes last for many energy confinement times (> 107g) without the
need for ELMs, although, as mentioned before, type II ELMs are routinely observed
to coexist in this regime. The EDA regime tends to be within the peeling balloon-
ing mode stability boundary and, as the pressure is raised, the boundary is reached,
bringing the onset of the type II ELMs[25].

One of the signatures of the EDA H-mode is the presence of a quasi-coherent mode
(QCM) in the 100-150kHz range, as seen in Figure A-7. The QCM is observed as
fluctuations of density, electric potential and magnetic fields at the chamber, suggest-
ing the presence of an electromagnetic component, and has been radially localized
to the high pressure gradient, edge pedestal region of the plasma. Due to the high
collisionality of the EDA pedestal, the QCM is helieved to be related to the onset
of resistive ballooning mode instabilities[12][93][141]. The QCM has been identified
as the main mechanism responsible for controlling the impurity accumulation in the

EDA H-mode, allowing sustained operation of the regime[25].
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Figure A-7: The EDA H-mode, characterized by the enhanced D, signal. has high
particle and energy confinement and can be sustained for many 7. The Quasi-
Coherent signature on the density fluctuations is shown, as measured from a phase
contrast imaging diagnostic.
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