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Abstract

The amplitude modulated ordinary-mode reflectometer in the Alcator C-Mod toka-
mak is used to study the quasi-coherent (QC) continuous edge fluctuations in en-
hanced D, (EDA) H-modes. Reflectometer data show that the QC fluctuations are
localized near the center of the density pedestal. The radial width (FWHM) is usually
in the range of 0.1 — 0.3 cm. The width increases with the increase of resistivity 7.
The line-integrated fluctuation level approximately scales with (V*q§5)0'56. This result
indicates that higher qo5, higher density, and lower temperature are favored for the
QC fluctuations. Neither the location nor the width changes significantly in an EDA
H-mode period, while the frequency and level vary.

A 2-D full-wave code has been developed to simulate and quantitatively interpret
reflectometry signals. The code uses the finite-difference time-domain method to
solve Maxwell’s equations in two dimensions. Perfectly-matched layers are used as
the boundary. The Huygens source technique is used to generate Gaussian beams
and separate the reflected waves from the total field.

Simulations based on realistic 2-D geometry of the Alcator C-Mod reflectometer
provide a calibration curve by which we can relate the QC fluctuations in reflectom-
etry signals to plasma density fluctuations. Results indicate that the line-integrated
fluctuation level derived from reflectometry is similar to that measured by the phase
contrast imaging system. Simulations also indicate that plasma curvature extends the
reflectometry response to fluctuations of high poloidal wavenumber. A preliminary
study indicates that reflectometry can be used to estimate the correlation length of
the turbulence in Alcator C-Mod provided that the fluctuation level is small.
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Chapter 1

Thesis goals and outline

1.1 The Alcator C-Mod tokamak

The Alcator C-Mod tokamak is the third Alcator tokamak operated at the MIT
Plasma Science and Fusion Center following the successful Alcator A and Alcator C.
Alcator C-Mod is a compact tokamak (minor radius a ~ 0.22 m and major radius
Ry ~ 0.67 m) with high magnetic field (By < 8 T), high plasma density (n. <
4 x 10%° m™?), high current density (I, < 1.4 MA), and dedicated ion cyclotron radio
frequency (ICRF) wave heating. It has a shaped plasma and divertor configuration.
Alcator C-Mod is one of the two current major tokamaks focusing on the research of
fusion plasma in the US. Research themes include plasma transport, ICRF heating,

divertor physics, magneto-hydrodynamics (MHD), and advanced tokamak physics.

1.2 Reflectometry

A major part of this thesis is the understanding of reflectometry and its application
in Alcator C-Mod measuring plasma density fluctuations and profiles. Reflectometry
is a technique similar to radar (Fig. 1-1). Microwaves are launched to the plasma and
reflected at critical surfaces. The location of the critical surface is determined by the
microwave frequency and electron density n. (and sometimes also magnetic field). As

a result, we can reconstruct density profiles by measuring group delays of multiple

16



A

n, (f)

0 |
R

Figure 1-1: Reflectometry concept. Microwaves with different frequencies are
launched to the plasma and reflected at different critical surfaces, n = n.(f) and
R = R.(f). The group delays of these waves are used to reconstruct plasma density
profiles. The fluctuations of the microwave signals can be used to study the location,
level, and radial correlation length of density fluctuations.
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frequencies. Density fluctuations along the wave-path (more weighted near the critical
surface in many cases) are embedded in the signal fluctuations of the reflectometry
microwaves, therefore we can also study density fluctuations using reflectometry. By
studying the fluctuations of microwave signals reflected at different critical surfaces,
we can also estimate the radial correlation length of turbulence. Both fluctuation
level and correlation length are important in understanding the effect of turbulence
on plasma transport.

The interpretation of reflectometry application on density profile measurements
is well established. However, there is incomplete understanding of how to relate the
signal fluctuations of reflectometry to plasma density fluctuations, or the correla-
tion length of reflectometry signals in terms of the correlation length of turbulence.
Besides the experimental application, part of this thesis is devoted to developing a
two-dimensional (2-D) full-wave code to simulate the reflectometry process and study

specific cases in Alcator C-Mod.

1.3 Enhanced D, (EDA) H-mode

A key issue for the research of fusion plasma is to understand and predict plasma
transport. Particles and energy leave confined plasma generally much faster than
that predicted by classical and neo-classical theories. Micro-turbulences are believed
to be the culprit of these (sometimes enormous) discrepancies.

Plasma confinement has a baseline level — Low-confinement mode or L-mode.
L-mode plasma may suddenly enter a High confinement mode — H-mode — when
parameters are favored, such as sufficient auxiliary heating power, high edge temper-
ature, and/or shaped and diverted plasma (Ref. [1]). Confinement in an H-mode is
typically a factor of 2 better than that in an L-mode. Since its discovery in the AS-
DEX tokamak (Ref. [2]), several types of H-mode have been observed. For example,
based on the edge localized modes (ELMs) activity in H-modes, we classify H-modes
into ELMy and ELM-free H-mode, etc. In Alcator C-Mod, we observed a particular
H-mode dubbed as enhanced D, (EDA) H-mode (first reported in Ref. [3]).

18



EDA and ELM—-free H—modes

100

10

Ref. (88 GHz)
o
o

o
o

0o OO = = NN,
OO o o ond

D, (W/sr/m?) n, (10°m)

0.80 0.90 1.00 1.10 1.20
Time (sec)

Figure 1-2: In an EDA H-mode, the D, signal gradually increases after the sudden
signature drop at the L-H transition. An ELM-free period and two EDA H-mode
periods are shown. Also shown are the contour plot of the 88 GHz reflectometry signal
fluctuations and line-averaged electron density measured by two-color interferometer.
Continuous quasi-coherent fluctuations appear in the EDA periods, but they do not
exist in the ELM-free period.

In a typical EDA H-mode, the D, signal gradually increases after the sudden
signature drop at the L-H transition (Fig. 1-2). Like in ELM-free H-modes, there is
usually no apparent ELM activity in EDA H-mode periods. The enhanced D, sig-
nal suggests a more active plasma edge than in ELM-free H-modes. Plasma energy
confinement in EDA H-modes is close to that in ELM-free H-modes, but particle con-
finement (especially impurities) confinement is below the ELM-free H-modes level. As
a result, an EDA H-mode plasma can reach steady state with good energy confine-
ment. This particular characteristic makes the EDA H-mode a promising operation

regime for future reactor-size machine.
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In EDA H-modes, continuous edge quasi-coherent fluctuations (also shown in
Fig. 1-2) are observed by the reflectometer along with several other diagnostics in
Alcator C-Mod. Experimental study of these fluctuations using reflectometry and

interpretation of the reflectometry signals are the major goals of this thesis.

1.4 Thesis goals

The thesis goals are the experimental application of reflectometry on Alcator C-Mod
and numerical study of reflectometry. The reflectometer reported in Ref. [4] was
upgraded to be more sensitive to fluctuations. Work has been concentrated on the
study of the quasi-coherent fluctuations in EDA H-modes. This work has been in
collaboration with Princeton Plasma Physics Laboratory (PPPL).

A 2-D full-wave reflectometry simulation code has been developed based on an
earlier code (Ref. [5]). The new code has been used to study the reflectometry mea-

surements on density fluctuation level and correlation length.

1.5 Thesis outline

The thesis is arranged as follows. Chapter 2 introduces some basics of plasma physics
and the Alcator C-Mod tokamak. Chapter 3 is a review of reflectometry theory in-
cluding wave propagation in cold plasmas, geometric optics approximation, principles
of density profile measurements, and models for the interpretation of reflectometry
fluctuation level and signal correlation length. Descriptions of the reflectometer in Al-
cator C-Mod and some typical experimental observations are presented in Chapter 4.
Chapter 5 presents the experimental study of the quasi-coherent density fluctuations
in EDA H-modes using the reflectometer. The new 2-D full-wave reflectometry simula-
tion code, including computation methods and testing results, is described in Chapter
6. Chapter 7 shows simulation results on the quasi-coherent fluctuation level, plasma
curvature effects, and interpretation of correlation length. In Chapter 8, conclusions

and recommendations for future work are presented.
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Chapter 2

Introduction

2.1 Nuclear fusion and tokamak

2.1.1 Nuclear fusion

Nuclear fusion is a process in which two (or more) nuclei fuse into one heavier nucleus
and energy is released in the form of high energy particles and radiation. Nuclear
fusion is the principal energy source for most stars including the Sun. Because of
their relatively large cross sections and low reaction temperatures, the most important

fusion reactions for nuclear fusion research are

D+D = ?He (0.82 MeV) +n (2.45 MeV), (2.1)
D+D = T (1.01 MeV) +p (3.03 MeV), (2.2)
D+ T = “He (3.52 MeV) +n (14.06 MeV). (2.3)

Compared with the ~ 1 eV energy released in a typical chemical reaction, nuclear
fusion can release a factor of 10° more energy using the same amount of fuel.
However, it is not an easy task to create and maintain nuclear fusion processes.
Fusion happens only when the distance between the two reactant nuclei is in the
order of strong interaction scale (< 107 m). The two nuclei, both having positive

charges, must overcome the extremely high Coulomb potential barrier in order to
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reach such an infinitesimal distance. The only way to overcome the Coulomb barrier
is to accelerate the nuclei so that they have high kinetic energy (> several kilovolts)
before they collide. Alternatively, we need to have extremely high temperatures. The
fusion rate is proportional to the reaction cross section and density square. To be
energetically favorable the fusion reaction rate has to be higher than the energy loss
from plasma. Thus there is a criterion for self-sustainable fusion reaction — the

Lawson criterion (Ref. [6]). For D-T reaction, we have the Lawson criterion (Ref. [7])
nt > 10* m3sec (2.4)

at ion temperature T; ~ 10 keV (1 eV ~ 1.16 x 10* °C), where n is the particle
density, and 7 is the energy confinement time.

To meet the Lawson criterion, two distinct paths toward controlled nuclear fusion
have been studied. Omne path is to improve energy confinement time 7, but with
relatively low particle density n; the other one is using high density n, but with
short 7. The fusion research based on the first path leads to magnetically-confined
fusion (MCF), which is the area that this thesis research is working on. The second
path leads to inertially confined fusion (ICF). Both approaches have made significant

progress in the past half century.

2.1.2 Plasma, magnetically-confined fusion and tokamak

Plasma is the fourth state of matter after the familar liquid, solid, and gas. It is
basically a neutral gas of charged particles: ions and electrons.

In a magnetic field, due to the Lorentz force F=Zetx B , a particle with charge
Ze moves freely along the field line and gyrates with a Larmor radius (gyro-radius)

p, and cyclotron frequency (gyro-frequency) w,, given by

muv, ZeB
= — e = . 25
P=gop s We= o (2.5)

This helical motion results in a confinement of charged particles in the two dimensions
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perpendicular to the magnetic field. Fusion experiments using magnetic fields are thus
called magnetically-confined fusion experiments. Early experiments with open-ended
devices, such as magnetic mirrors, Z-pinches, and 6-pinches, were proved impractical
for reactor purpose due to rapid energy and particle losses in the less confined third
dimension. Several types of more successful devices with closed magnetic field, such as
tokamaks, stellerators, reversed field pinches, and spheromaks, have been developed.

The picture of the simple helical motion is drastically modified where either electric
field exists in addition to the magnetic field or the magnetic field has gradient or
curvature. With an additional electric field, the charged particle drifts in the direction

perpendicular to both the magnetic field and electric field with a drift velocity

— —

Ex B
B2

VE><B =

(2.6)

This drift is called the E x B drift, in which both ions and electrons drift in the same
direction. When the magnetic field is curved with the radius of curvature, ]%C, and

has gradient, VB , the charged particle undergoes another type of drift

. . mﬁcxé 1
Vo + Viop = (2

Ze R2B? U||+_



Magnetic axis

Figure 2-1: A schematic drawing of a tokamak. Plasma is confined by a complicated
magnetic field, which includes an externally applied toroidal field and a poloidal
field created by plasma current. To the first order, plasma pressure, temperature,
and density are constant on a flux surface. The last closed flux surface (LCFS) is
also drawn. For a non-circular shape plasma, we define elongation, x = b/a, and
triangularity, 0 = c/a.

fields creates helical field lines, which allow particles to short out the vertical electric
field induced by ch and VVB, thus avoid the radial E x B drift. It also prevents
instabilities by averaging over favorable (inner) and unfavorable (outer) magnetic
field regions. Plasma is created by electrical breakdown of the fueling gas, which is
deuterium for most plasma discharges in Alcator C-Mod. The plasma is then heated
by the plasma current—ohmic heating!. In most modern tokamaks, auxiliary heating
by radio frequency (RF) waves and /or high energy neutral beam injection is also used

to achieve high plasma temperature.

3/2

!Since plasma resistivity decreases with plasma temperature, n o< T, ' ~, ohmic heating alone is

not adequate to achieve Lawson criterion.

24



2.1.3 Basics of tokamak plasma physics

A very important feature of the plasma state is the collective motion of particles
because of the long range nature of the electro-magnetic force. The shortest time

scale for plasma collective motion is the frequency of electrons natural oscillation, or

2\ 1/2
Wpe = (nee ) s (2.8)

S

the plasma frequency

where n. is the electron density. The ion and electrons Larmor radii, p; and p.,

represent the smallest scale lengths for motion perpendicular to the magnetic field.

o (2) »

is approximately the fastest speed of magneto-hydrodynamic (MHD) phenomena.

The Alfven speed

Many other parameters will occur later in the thesis. For example, the diamagnetic

T. (dlnn !
w*:£< = ) , (2.10)

is related to drift instabilities. The safety factor

frequency

~ TBt
q_ RBG’

(2.11)

where By is the poloidal magnetic field, B, is the toroidal magnetic field, R is the
major radius, and r is the minor radius, shows how many times field lines twist before
close. It is important in determining the stability and location of MHD phenomena.
A more accurate definition of ¢ is based on the poloidal fluxes. In most practical
cases, the ¢ value at the flux surface that encloses 95% of total poloidal magnetic
flux, qos, is used to represent the ¢ value at the plasma edge. The ratio of plasma
pressure and magnetic pressure is defined as 8 = 2uop/B?, which shows the efficiency

of plasma confinement. The dimensionless collisionality, v*, is defined as

v = vge 2qR/ Vi, (2.12)
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where Vg, = (T./m.)"/? is the electron thermal speed, ¢ = r/R is the inverse aspect
ratio, and v,; is the electron-ion collision rate. v* is used to classify different regimes
of transport characteristics in neo-classical theory.

Plasma equilibrium and stability are described by MHD (short time scale) and ki-
netic theory (relatively long time scale). Plasmas usually behave like ideal conducting

fluids and satisfy the ideal MHD equations (Ref. [8]):

Ip
9Dy 5 = 2.1
at—l—V pU 0, (2.13)
pd—” = Jx B-Vp, (2.14)
dt
d(p
— (=) =0 2.15
alk) - o (215
E+i7xB = 0, (2.16)
o oB
E = = 2.17
VxB = ul, (2.18)
3 = 0, (2.19)

where plasma is described as a single-component fluid with mass density, p, and
velocity, v. A practical result from these equation is that plasma is “frozen” on B
field lines. To the first order, plasma density, temperature, and pressure are constant
on a magnetic flux surface.

The plasma axisymmetric equilibrium in a tokamak is described by a second order

nonlinear partial differential equation — Grad-Shafranov equation (Ref. [8]):

Ay = —por2 32 _ pdt

RASE— o (2.20)

where p is the plasma pressure, —F/2m is poloidal current, /27 is the poloidal

magnetic flux, and operator A* is given by

oo (VY _ 0 (LYY 0%
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2.1.4 Plasma diagnostics

To understand fusion grade plasmas, many special diagnostic techniques have been
developed (see Ref. [9] on this topic). Lasers are used to measure electron density,
temperature, and fluctuations. CCD cameras, bolometers, and X-ray imaging systems
are used to measure a wide range of plasma radiation. Coils are installed to measure
magnetic fields and plasma current. There are many other diagnostics measuring
plasma heating power, fusion neutron rate, plasma motion velocity, and impurities. A
major part of this thesis is devoted to understanding reflectometry and its application

in Alcator C-Mod.

2.1.5 Transport, turbulence, and H-mode

One of major challenges in fusion research is to minimize particle and energy trans-
port. A confined plasma is never at an ideal thermal equilibrium, therefore transport
cannot be avoided. However, to reduce the transport effects to a minimum so as to
improve the confinement time 7 is essential.

A transport process can be described by the following equation

% = V(D V)Y + 58, (2.22)

where Y can be either plasma particle density or energy density, D (sometimes y is
used for thermal transport coefficient) is the transport coefficient, and S is the parti-
cle or energy source. There are so called classical and neoclassical transport theories
to estimate the transport coefficients (see Ref. [10]). The classical theory is based
on diffusion across a constant magnetic field by the collisional change of the gyro
center. The neo-classical theory also takes into account tokamak toroidal geometry,
helical deformation of equilibria, and toroidal magnetic field ripple, etc. However,
these theoretical results are far away from the experimental results. Under special
circumstances, the observed value of the ion thermal transport coefficient, y;, can
be a few times the neoclassical theoretical predictions. But the experimental den-

sity transport coefficient, D, and electron thermal transport coefficient, y., typically
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exceed the neoclassical theory by two orders of magnitude.

Presently there is no “first principles” theory that is capable of predicting the ob-
served transport. Turbulence with a spectrum of short wave length modes, whose am-
plitudes determined by various nonlinear mode-mode and mode-particle couplings, is
thought to be responsible for the enhancement of the transport above the neoclassical
theory (Ref. [11]). Electrostatic drift waves, which are driven by the non-uniformity in
spatial distribution and the temperature of particles, can have dominant contribution
to Xe. The ion temperature gradient mode is also thought to play an important role.
Near plasma edge, micro-tearing mode, ripple modes, and resistive ballooning modes
can all have contributions. Detailed physics is still far from being comprehensively
understood because of the complexity of the problem. Part of this thesis research is
to study plasma turbulence using reflectometry.

The tokamak plasma has two distinct regimes in terms of plasma confinement.
The good confinement state is called the high confinement mode (H-mode) compared
to the baseline level (L-mode). The H-mode was first seen in the ASDEX tokamak
in 1982 (Ref. [2]), and it has since been observed in many tokamaks with auxiliary
heating and divertor configuration. Signatures of the H-mode include a sudden drop
of deuterium Balmer « (3p — 2s) line, D, emission and increases in density, tem-
perature, and plasma stored energy. The “first principles” physics of this process
is not well understood. A heating power threshold exists above which the H-mode
occurs. This threshold is determined by plasma density, plasma volume, magnetic
field strength, temperature, and other parameters. ITER? H-mode database shows a

power threshold (Ref. [12])

Pin[MW] = (0.45 4 0.10) B[T]n2." R?[m](0.67c,, R*[m])*, (2.23)

€20

where 7i,, is the line-averaged electron density in units of 102 m™3 and « is a fitting

parameter, v < 0.25. The L-H transition also requires a critical edge temperature

2Tt was a big next step tokamak aiming to study burning and ignition plasmas. However, due to
premature physics and reduced budget, a reduced size machine, ITER-feat, is now being considered
instead.
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(for example, see Refs. [13][14])
Te,cm’t ~ Bani’y’ (224)

where 1/2 < o < 2 and 0 < 7 < 2/3. The causes of such L-H transition thresholds
have been studied for many years, but they are still not well understood (see Ref. [1]
for a recent review).

In an H-mode, both plasma particle and energy confinements are typically about
a factor 2 better than those in an L-mode. A transport barrier forms near the plasma
edge. The barrier results from a suppression of convective eddies by sheared E; x B
poloidal rotation (see a review article Ref. [15]). Plasma density and temperature
profiles form a pedestal shape near the edge due to the barrier. An internal transport
barrier (ITB) may also appear in the core plasma when special heating or current
drive techniques are applied (for example, Ref. [16]). Although H-mode operation can
achieve a better confinement, some types of H-mode are not suitable for steady state
operation. For example, edge localized mode (ELM)-free H-mode can accumulate
large amount of impurities (Ref. [17]). The radiation from impurities may cause
large plasma energy loss and trigger the H to L back transition. In H-modes with
ELMs (ELMy H-modes), which have several types corresponding to different ELM
characteristics, the ELMs deposit bursty heat loads to the divertor plate, which is not
favorable for future reactor size device (Ref. [18]). A new type of H-mode discovered
in Alcator C-Mod is called enhanced D, (EDA) H-mode. It will be discussed in detail

in next Section.

2.2 The Alcator C-Mod tokamak

2.2.1 Machine parameters

The Alcator C-Mod tokamak is the third Alcator tokamak built at MIT following
Alcator A and Alcator C3. Like the two previous tokamaks, Alcator C-Mod, which

3Commissioned in 1973 and 1979, respectively.
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Table 2.1: Parameters of the Alcator C-Mod tokamak

Parameter Symbol | Typical value
Major radius Ro 0.67 m
Minor radius a 0.22 m
Elongation K 1.6
Triangularity o 0.5
Toroidal B field By <80T
Plasma current L, <15 MA
ICRF heating Prr <8 MW
Average density Tle <10* m=3
Central electron temperature T < 5 keV

had its first plasma in 1993, is also a compact tokamak with high magnetic field
(Bg < 8.0 T), and high plasma density. Unlike its precedents, Alcator C-Mod has a
shaped plasma and a divertor. Some major parameters of Alcator C-Mod are shown
in Table 2.1. Compared with other major tokamaks in the world, such as DIII-D,
JET, Tore-Supra, JT-60U, and ASDEX-Upgrade, Alcator C-Mod operates in a unique
parameter space of high field, high density, and very high power density.

From the engineering point of view, the tokamak consists of several major parts:
the vacuum chamber, toroidal field coils, poloidal field coils, power system and cryo-
genic system (Fig. 2-2). The vacuum chamber is stainless steel and covered with
plasma facing components made of molybdenum. There are nine 20 cm wide hori-
zontal ports for access to the plasma. The toroidal coils are able to produce up to an
8 Tesla field at the center of the vacuum chamber. Poloidal coils are used to drive
plasma current, and control plasma position and shape. Poloidal coils include 3 ohmic
coils and 4 equilibrium coils. The power system includes an alternator, which can
store about 2 GJ of energy in the fly-wheel and deliver as much as 500 MJ during a
typical plasma discharge. The coils are cooled by liquid nitrogen so that the toroidal
magnetic coils have higher conductivity than that at room temperature, and dissipa-
tive heat can also be easily dissipated. The time required to cool down, in most cases,
determines the interval between discharges, which is typically about 20 minutes. All

experimental data are acquired by an advanced data system called MDS-plus.
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Figure 2-2: The Alcator C-Mod tokamak.
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Table 2.2: A list of n. and T, diagnostics in the Alcator C-Mod tokamak

Parameter Diagnostics Principle
Ne Two color interferometer (TCI) Refractive index
and tangential TCI line-integral
neV'Z Visible continuum array Bremstrahlung emissivity
with known 7, profile
Ne,y Te Reflectometer Microwave reflection
group delay
J nedl Phase contrast imaging (PCI) Refractive index
line-integrated fluctuations
Ne, 1e Core and edge Thomson Laser scattering
scattering systems from free electrons
T. Electron cyclotron emission (ECE) ECE
Ne, T Langmuir probes Particle collection

2.2.2 Plasma diagnostics

Table 2.2 shows typical plasma density, density fluctuations, and temperature diag-
nostics in Alcator C-Mod. The reflectometer, phase contrast imaging (PCI) system,
Langmuir probes, and edge thomson scattering (TS) system are shown in Fig. 2-
3. The reflectometer views at the mid-plane, and measures plasma density profiles
and fluctuations near the edge. Swept Langmuir probes usually measure plasma at
the scrape-off-layer (SOL). They are able to penetrate the last closed flux surface
(LCFS) only in ohmic discharges. PCI measures line-integrated electron density fluc-
tuations, [ n.dl, along its vertical chords. The edge TS system measures density and
temperature profiles from a small plasma volume near the top edge. The two-color in-
terferometer (TCI) measures line-integrals of electron density, ng = [ n.dl. TCI also
provides density profiles through Abel inversion. The visible continuum array views
with high spatial resolution at the mid-plane, and measures the profiles of n.v/Z,
where Z is the the effective charge.

Other measured plasma parameters include plasma radiation (bolometry, spec-
troscopy, X-ray, and bremstrahlung radiation), magnetic fields (toroidal B; and mag-
netic field fluctuations), loop voltage, plasma current [,, ICRF heating power, fusion

neutron rate, plasma velocity, ion temperature, and impurity inventory. There are
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Figure 2-3: Several density diagnostics in Alcator C-Mod. The reflectometer views at
the mid-plane and measures plasma edge. Langmuir probes measure plasma at the
scrape-off-layer (SOL). PCI measures the line-integrated density fluctuations along
its laser paths. The edge Thomson scattering system measures density profiles at the
upper plasma edge.
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also some diagnostics that mainly measure the edge plasma for divertor research.

2.2.3 EFIT

Many important plasma parameters are actually calculated by a plasma equilibrium
code — EFIT (Refs. [19][20]). EFIT solves the Grad-Shafranov equation (Eq. 2.20)
for the magnetic equilibrium by performing a least-squares fit to measurements of
the poloidal field, B, and flux, 9, at the vessel wall, together with measurements of
the plasma current and active coil currents. The flux functions p’ and F'F’, which
determine the toroidal current in the plasma, are obtained in parametrized form.
Currents flowing in passive conductors (the vacuum vessel and structure) are also
inferred from the fit. From this solution, the code then self-consistently reconstructs
the plasma shape, current density, ¢ profile, and stored energy, etc. EFIT is run
automatically between shots, providing equilibria at 20 ms intervals for the duration
of the discharge. These reconstructions are then used for the mapping of various
diagnostics to a common “flux space” geometry.

For the automatic analyses between shots, only external magnetic and current
measurements are used as inputs to the code. Consequently, only a small number
of free parameters (typically 5) describing the flux functions p’ and F'F’ can be de-
termined; the resulting reconstruction is incapable of reproducing detailed profile
features, such as the H-mode pedestal. For more detailed studies, “kinetic” data,
including temperature and density profile measurements from various diagnostics,
are also used to further constrain the pressure profile, and additional physics con-
siderations, e.g. the neoclassical Ohm’s law, may be introduced to constrain the net
parallel current density. With these additional inputs, more complicated parametriza-
tions may be employed for the flux functions, permitting more accurate equilibria to

be reconstructed.
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2.2.4 Research themes in Alcator C-Mod

The Alcator C-Mod team plays an important role in many major fusion plasma
research areas. Research themes in Alcator C-Mod include transport study, ICRF
heating, divertor and edge plasma, MHD, and advanced tokamak physics. The work
in this thesis mainly contributes to the study of plasma transport and confinement.
ICRF heating is based on the ion-cyclotron resonance of ions with electro-magnetic
waves at the ion-cyclotron frequency. If we choose the correct wave polarization, such
a resonance can transfer wave energy to the ions. In practice, we introduce a minority
species (hydrogens or helium-3) in the bulk deuterium plasma. The launched waves
(fast waves) have a frequency equal to the cyclotron frequency of the minority ions, but
the wave polarization is determined by the bulk deuterium plasma. As a result, the
wave energy is absorbed by the minority ions. Electrons and bulk deuterium ions are
heated through collisional processes with the minority ions. In Alcator C-Mod, the RF
antennas are capable of providing total RF power up to about 6 MW to the plasma.
These antennas usually operate at 80 MHz, that is, the ion-cyclotron frequency for
hydrogen ions (protons) at B ~ 5.4 T. 3He minority is used at B ~ 8 T and 80 MHz
RF frequency to heat the plasma. Research on ICRF heating includes engineering
development and physics. Waves and plasma interaction, RF power absorption, mode
conversion, and RF current drive are some of the active areas of RF physics research.
The research of edge plasma concentrates on the divertor and SOL plasma. SOL
is the region outside the last closed flux surface (LCFS). Particles in SOL exit to the
divertor and leave the main plasma. Neutrals and neutral impurities entering the SOL
are ionized and pumped into the divertor away from the main plasma. Along the path
to the strike point, the particles are cooled and sputtering effects at the striking point
are reduced. Interaction between the plasma and surface material, atomic processes,

and transport of impurities and neutrals are some directions in this research area.
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2.2.5 H-mode and EDA H-mode

The physics research of this thesis mainly contributes to the study of plasma con-
finement: H-mode and enhanced D, (EDA) H-mode. In Alcator C-Mod, we have a
type of H-mode called EDA H-mode (Fig. 1-2). The name is derived from the D,
emission enhancement after the L-H transition. EDA H-modes have similar energy
confinement to that in ELM-free H-modes, but weaker impurity confinement. Like
ELM-free H-modes, EDA H-modes do not have apparent ELMs. With these particu-
lar features, EDA H-modes are potential candidates for steady state reactor-relevant
tokamak operation.

There is a favored parameter regime for EDA H-modes: higher safety factor (go5 >
3.5), relative higher density (7, > 1.2 x 10* m™?), and larger triangularity (6 > 0.35)
(see Ref. [21] and references therein for details). A smaller ion mass (for example,
hydrogen) also helps to reach EDA. The boundary of EDA H-mode and ELM-free
H-mode has been shown to be a “soft” boundary in contrast to the “hard” threshold
of L-H transition.

The reduced particle (especially impurities) confinement is probably caused by
high wavenumber continuous edge quasi-coherent fluctuations, which have been ob-
served by the reflectometer (Refs. [4][22]), PCI (Ref. [23]), the Langmuir probes
(Ref. [24]), and magnetic coils installed in a probe head (Ref. [25]). These fluctuations
usually have poloidal wavenumbers about 2 —6 cm ™! and frequencies of 50 — 250 kHz
in the lab frame. They are localized in the pedestal region, and their existence co-
incides the D, enhancement in EDA H-mode. The experimental measurement and
study of the behavior of these quasi-coherent fluctuations using the reflectometer will

be discussed in detail.

2.2.6 H-mode pedestal research

In an H-mode plasma, the pedestal region, which acts as the boundary condition
for transport equations, affects the bulk plasma confinement. In Alcator C-Mod,

this region is extremely narrow. The density pedestal width is < 0.5 cm, and the
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temperature pedestal width is < 0.8 cm. The width of X-ray radiation pedestal is
even narrower (~ 1 mm). In this region, pressure gradient (and probably electric
field shear) is very large. Pedestal study is to reveal the mechanism of such an
extreme phenomenon, for example, its correlation with plasma current, heating power,
magnetic field configuration and plasma stored energy. This large gradient may also
be one of the necessary conditions that trigger the quasi-coherent fluctuations seen
in EDA H-modes. More details of the progress of pedestal physics research can be
found in Ref. [26].

2.2.7 Plasma rotation

In Alcator C-Mod, a self-accelerating core plasma toroidal rotation is observed even
without direct momentum input (Refs. [27] and [28]). The rotation is co-current in
H-mode and counter-current in L-mode. It is observed by both Argon spectroscopy
and magnetic fluctuations. The rotation velocity increases with plasma stored energy
and decreases with plasma current. With off-axis ICRF heating, the central toroidal
rotation significantly decreases together with the formation of an ITB (Ref. [29]).
Some theoretical work has been developed to understand such a toroidal momentum
generation (for example, Ref. [30]), but the mechanism has not been fully understood.

The reflectometry fluctuation measurements, which are made in the lab frame, are
subject to the Doppler shift due to plasma motion. In order to understand density
fluctuations in the plasma frame, we need to transform the lab frame measurement
into the plasma frame using the measured plasma velocity. Conversely, one can in-
fer plasma velocity from reflectometry fluctuation measurements provided we have a
knowledge of the spatial structure of the fluctuations. The poloidal velocity measure-
ment near plasma edge will be available in the near future using the recently installed

diagnostic neutral beam (DNB) (Ref. [31]).
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Chapter 3

Reflectometry theory and

principles

Reflectometry is a plasma diagnostic technique similar to radar. Microwaves are
launched into the plasma and reflected at the critical surfaces, which are determined
by the frequencies of the microwaves, plasma density, and magnetic field. By receiving
the reflected microwave signals and comparing them with the launched waves, one
can infer plasma density profiles, density fluctuations, and the correlation length of
turbulences.

In this Chapter, the theory and principles of reflectometry are presented. First
we introduce the propagation of electro-magnetic waves in cold plasmas. Then the
techniques for density profile measurements are briefly discussed. A major part of
this Chapter is the interpretation of fluctuations and correlations of the reflectometry

signal. Some existing analytic and numerical models are also discussed.

3.1 Electro-magnetic (EM) waves in cold plasmas

In reflectometry, we need only consider cold plasma in dealing with the propagation of
electro-magnetic (EM) waves. The cold plasma approach does not consider any effects
of plasma temperature, which in most cases only add a negligible correction in the

calculation of critical density (0n./n. ~ 5 x 1073Te[keV]) (Ref. [4]). The frequency
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range of microwaves in reflectometry is usually about a factor of (m;/m.)Y/? larger

than ion plasma frequency (f,; = w,;/27), and a factor of (m;/m,) larger than ion

cyclotron frequency (f. = w.;/2m), therefore ion species effects are also ignored.

3.1.1 Dispersion relations

We can derive the dispersion relation for electro-magnetic waves in a homogeneous

and collisionless plasmas based on Maxwell’s equations combined with the motion of

electrons (for example, Refs. [32] and [33]). Using the notation shown in Fig. 3-1, the

magnetic field is in 2 direction, and the wave lies in  — z plane. The wave propagates

at an angle of 6 relative to B. The perturbed electric field is described as
E\ = Ey(k,w) expli(k - 7 — wt)],
which is the solution of the following equation

]\_‘[(Z\_‘[E_:l)—N2E_:1—|—FE_:1:O,

where N = ck Jw is the index of refraction, and K is the dielectric tensor.

can be written in a matrix form:

K,, — N?cos?0 K,y K., + N?cosfsinf Fi.
Kya Ky — N? Ky. By | =0,
K., + N?cosfsiné K., K,. — N%sin®?60 FEi,
where
W,
Kyy:Kmmzl wg@_wza
2
Wee wpe
Koy = =Kya = w wi —w?
2
w
Kzz =1 1?26,
w

(3.1)

(3.2)

Eq. 3.2

(3.3)
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Figure 3-1: Notations for the EM wave

)1/ % is the plasma frequency, and w. = eB/m, is the electron

wpe = (nee?/egme
cyclotron frequency.
For an EM wave propagating perpendicular to the magnetic field (§ = 90°), which

is the usual case for the reflectometry application, Eq. 3.3 is reduced to

K:m: ny 0 Elx
K,. K, — N? 0 | By | =0. (3.8)
0 0 Kzz - N2 ElZ

The dispersion relation is obtained by setting the determinant of the matrix in

Eq. 3.8 equal to zero:

K. K, 0
Ky K, — N’ 0 = 0. (3.9)
0 0 K..— N?

There are two roots of this equation depending upon the direction of the perturbed

electric field:

e If ) || B, the wave is called ordinary (O-mode) wave. The dispersion relation
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for an O-mode wave is

N?=1- - (3.10)

o If £, 1 B, the wave is called extra-ordinary (X-mode) wave. The dispersion

relation for an X-mode wave is

2 2 9
N?=1- e (M) , (3.11)

2 2 _ 2
w? \w? —wy,

1/2
where w,;, = (%2;@ + wfe) / is the upper hybrid frequency.

An EM wave can propagate in the region where N? > 0, but it is evanescent

where N? < 0. The wave is reflected at the critical (cutoff) surface where N? = 0.

Reflectometry is particularly interested in the cutoff condition. Explicitly, the cutoff

conditions for O-mode and X-mode waves are

® w = wy, for O-mode,
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Figure 3-2: Dispersion relation of the O—mocé ahd X-mode waves (Wpe = Wee in this
figure). The shaded are the evanescent (forbidden) areas. The critical layers are also
labeled.

Exact solution for linear density profile

In an inhomogeneous medium, the electric field distribution of an O-mode wave is

described by the following time independent equation

B (x) w?
d;g ) 4 gNQ(W, z)Ey(z) =0, (3.12)

where B = B3, E; | B, n, = ne(x), and the wave propagates in the direction of z,
k= ki

Eq. 3.12 has an exact analytic solution if the density profile is linear: n = n.x/x.,
where n, and z. are the critical density and position respectively (Ref. [34]). By

making the substitution

f:(”zyB@—xJ (3.13)

2z,

we obtain the solution of Eq. 3.12:

™ JOo

E(§) = 34  cos (g—/?) - £x'> dx’, (3.14)
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Figure 3-3: The solution of 1-D wave Eq. 3.12. z. = 20\q, where )\ is the vacuum
wavelength of the incident wave.

where A is a constant. For £ > 1, i.e., at the places that are many wavelengths away

from the cutoff surface, the electric field becomes

_34
VT

2

Y4 cos <— —) . (3.15)

E(¢) :

Fig. 3-3 shows a plot of the solution in the case of x. = 20\q, where )\ is the vacuum
wavelength of the incident wave. The argument inside the cosine of Eq. 3.15 can be

re-written in a suggestive form

2 7= / ka)dz — 7. (3.16)

This result indicates that the launched wave and reflected wave have a phase difference

that is equal to the phase change calculated by integrating the local index of refraction
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minus a 7/2 offset. This statement is also approximately valid for density profiles
other than the linear density profile as shown by the geometric optics approximation

discussed below.

Geometric optics approximation

Note that Eq. 3.12 has the same form as the 1-D Schroedinger equation in quantum
mechanics
A>v  2m

Tt B V(@)v =0, (3.17)

where FE is particle total energy, V' is the potential function, and V¥ is the quantum
wave function. In order to approximately solve various quantum mechanic problems,
the WKBJ (Wentzel, Kramers, Brillouin, and Jeffrey) approximation was developed
(see Ref. [35] for applications in quantum mechanics). The main result of the WKBJ
approximation is that the local wavenumber of an EM wave can be approximately
determined by the local index of refraction. Therefore, the approximation is also
called geometric optics approximation.

For O-mode waves, the geometric optics approximation holds provided that

A
o K Ln, 3.18
o < (3.18)
—1
where A is the local wavelength of the reflectometry wave, and L, = (% fé—f) is

the scale length of density gradient. Eq. 3.18 says that the approximation is valid
wherever the variation of density profile is small in a distance equal to one wavelength
divided by 27.

Where the geometric optics approximation is valid, the solution of the electric

field has an approximate form

E(z) = FEo(z)exp [—ig@(:v)] , (3.19)

Br) = i[/:N(x)dw—ﬂ, (3.20)

and we can obtain the phase difference of the launched and reflected waves at the
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plasma edge
T 2w [Tedge

¢o=—=+ N(z)dz. (3.21)

2 C Jz.
Eq. 3.21 suggests that the phase difference of the reflected wave and launched wave
is determined by an integral of the local index of refraction along the wavepath. This

is the basic equation for many applications of reflectometry.

3.2 Reflectometry electron density profile measure-

ment

3.2.1 Profile inversion

Eq. 3.21 gives an approximate phase difference ¢ between the launched and reflected
waves. Because ¢ is calculated by an integral, there can be infinite density profiles that
can produce identical ¢. In order to obtain density profiles in a range of 0 < n, < ng
using reflectometry, we need to know ¢ or the group delay d¢/df for all waves that
have critical densities in the range of 0 < n, < nyg.

For O-mode reflectometry, given d¢/df, the density profile, shown in positions of
critical surfaces, is readily available (Refs. [36] [9]):

foocdp df

R.(fo) = Redge —/0 or df Wa

and the relation between the critical density and frequency is given by

(3.22)

i = () (3.3

where fj is in GHz, and n.(fo) is in units of 102 m~2.

This simple method using Abel inversion shown in Eq. 3.22 is invalid for X-mode
reflectometry, where critical surfaces are determined by both electron density and
magnetic field. In order to obtain a density profile, one should use a matrix inversion

method based on Eq. 3.21 (see Ref. [37] and references therein). This matrix solving
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method is similar to that used in X-ray tomography, and it is also applicable for
O-mode reflectometry.

O-mode reflectometry is not able to measure hollow density profiles because the
O-mode wave is reflected at the first critical surface. Moreover, O-mode reflectometry
always needs other diagnostics to provide density profiles at the very plasma edge,
where the critical frequency approaches to zero. The right hand cutoff (RHC) X-
mode reflectometer is able to detect hollow profiles, and measure density profiles
independently if the frequency range covers the electron cyclotron frequency at the
plasma edge, fecedge- In fusion experiments with low or moderate magnetic field,
RHC X-mode is often used because of a lower frequency range than that of O-mode,
for example, reflectometer in the DIII-D tokamak (Ref. [38]). However, due to the
high magnetic field in Alcator C-Mod, RHC X-mode requires a minimum frequency of
about 110 GHz (roughly speaking, fin > fee.cdge| GHZ] =~ 28 Bogge[T]), which was not
a practical choice due to the significantly higher cost of millimeter wave components

at higher frequency?.

3.2.2 Amplitude modulated (AM) reflectometry

As shown in the previous Section, we need to measure the phase change or group
delay of waves in a range of frequencies in order to obtain a density profile. Many
techniques, such as AM (amplitude modulated), DP (differential phases), FM (fre-
quency modulated), and ultra-short pulses, have been developed to simultaneously
measure phases or group delays of multiple frequencies (see Ref. [39] for a review).
Only the AM technique (Ref. [40]), which is currently used for the Alcator C-Mod
reflectometer, is discussed below in detail.

AM reflectometry is a simple technique to measure group delay (Fig. 3-4). A
typical AM reflectometry system consists of several channels at discrete frequencies.
In each channel, a microwave source with frequency fy (baseband) is amplitude mod-
ulated by a low frequency RF signal (Af). The amplitude modulation produces two
waves with a small frequency difference fi;, = fo £ Af. The higher frequency band

ISince fpe X /T, frREC x B, and typical plasma density n. «x B, we have fruc/ fpe ~ V/B.
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Figure 3-4: The principle of AM reflectometry. A wave with frequency fy is amplitude
modulated to two waves with f, and f;, which are reflected at different critical surfaces
r =z and x = x.,. The phase changes in these waves are used to calculate group
delay. This figure shows the case of a linear density n./n. = x/x. and O-mode
reflectometry.

(plus sign) is called the upper sideband (USB), and the lower frequency band (minus
sign) is called the lower sideband (LSB). Both waves are launched to the plasma.
Their phase changes are denoted as ¢, and ¢;. By measuring the difference of ¢, and
o1, AP = ¢, — ¢y, we can approximately obtain the group delay at frequency fo:

i~ Af INF

With d¢/df at several frequencies, we can calculate the electron density profile using
Eq. 3.22.

Compared with other techniques, the AM technique has advantages in the simplic-
ity of design, reliability in group delay measurement, and high temporal resolution.
An AM reflectometer reduces the system complexity by avoiding frequency modu-
lation and a reference leg. By simply measuring the phase difference of two waves,

the AM system has a simple transmission system because the phase difference is not
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affected by the wave mode structure in the transmission line. Plasma information is
carried in the modulation RF frequency. Therefore, the frequency stabilization of the
microwave sources are not as critical as in other techniques. In a swept frequency
system, complicated methods are used to follow and extract phase information (for
example, see Refs. [41][42]). In AM reflectometry, the reflectometry phase are directly
measured, and 2nm ambiguity in the returned phase can be eliminated or easily fol-
lowed. The temporal response of AM reflectometry is generally only limited by the
filter band-width of the detecting system. In contrast, a high temporal resolution is
difficult to achieve in FM reflectometry because the response is mainly determined
by the frequency sweeping rate of the microwave source.

AM reflectometry also has some disadvantages. A trade-off among the modulation
frequency A f, radial correlation of plasma turbulence, and phase detector resolution
must be made. The distance between the two critical surfaces should be so small,
typically within one radial correlation length of the turbulence, that most temporal
and spatial turbulence can cancel due to the common phase shift in the USB and
LSB (Ref. [39]). However, a smaller Af also gives a smaller A¢, and demands a
higher phase resolution from the phase detector. Too large a modulation frequency
may also introduce too many fringe jumps in A¢, which may cause difficulty in
eliminating 2nm phase ambiguity. The AM technique cannot discriminate against
some spurious signal sources, such as multiple reflections from the vacuum chamber,
from the measured signals due to its limited range resolution (Ref. [43]). We must test
for and then exclude the spurious signals with in-vessel calibration tests. A third issue
is spatial calibration. A fiducial point with known group delay must be established.
The reflection at the inner wall normally provides this fiducial point. Nonetheless, in
spite of these disadvantages, AM reflectometry has been successfully used in many
fusion experiments as one of the principal or auxiliary density profile diagnostics (for

example, see Refs. [4][22][40][44][45][46]).
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3.3 Reflectometry fluctuations interpretation

Reflectometry has been widely used to monitor and measure density fluctuations in
fusion experiments. For this purpose, the system is usually set up to work at a fixed
set of frequencies. The amplitudes and phases of the reflected signals are continu-
ously recorded. Plasma density fluctuations produce fluctuations in the reflectometry
signals. However, the interpretation of the reflectometry signals in terms of density
fluctuations is a complicated issue. We should answer the following questions before

using reflectometry as a quantitative fluctuation diagnostic technique:
1. How localized is the reflectometry measurement?

2. How can the measured signal fluctuations be quantified in terms of the density

fluctuations?

3. How do real experimental issues, such as microwave beam width, plasma cur-

vature, and antenna pattern, affect the measurement?

In this Section, some existing analytic treatments and numerical models on this

issue are discussed.

3.3.1 Analytic models
1-D model

In the 1-D treatment, density fluctuations only have radial wavenumbers. Although
it is rarely the case in experiments, a discussion is still helpful.

An early study in Ref. [47] showed that for long-wavelength fluctuations, the phase
fluctuations in the reflectometry signal, ¢~5, is simply related to n/n and density scale
length, L,, at the critical surface layer. The phase response falls significantly as the
fluctuation wavelength approaches the free space wavelength )y, and the location of
the maximum response moves out in front of the critical surface following the Bragg
condition: kf(x) = 2kyaue(x), where ky is the radial wavenumber of the fluctuation,

and Kyqpe is the local wavenumber of the O-mode reflectometry wave. Generally,
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it concluded that O-mode reflectometry only measures phenomena with radial scale
larger than AY*L1/3.
For a linear density profile, n = n.x/L, the scattered electric field due to a radial

fluctuation at an observation point x = x7 can be obtained in an analytic form

(Ref. [48)):
E, = —i2rky > L™ [Ai(&) — iBi(&)] / dé @AF(&), £ =k’ L™z, (3.25)

and

¢ = —2m(koL)?? / dgﬁgl—é)Ai?(g), (3.26)

where Ai and Bi are Airy functions.

By assuming a localized density perturbation:
() = no expl(z — a7)?/w?] coslks(z — ay)], (3.27)

where wy is the width of the perturbation, z; is the location, and k¢ is the radial
wavenumber of the fluctuation, the response in 1-D strongly depends upon k¢, wy,

and zy. We define a local wavenumber of the incident wave at the critical surface
ka = 0.63k° L1/, (3.28)

For fluctuations with £y < 2k, the Bragg scattering condition can never be satisfied.
Thus, if only such small wavenumber perturbations exist in the plasma up to the
critical surface, the oscillations very close to the critical surface should dominate the

reflectometry response, and the phase response is

7 o Mo [ L/ X
6= 2m " <kf/k0> F, (3.29)

where F is a numerical factor close to 1.
For fluctuations with wavenumbers 2k, < ky < 2kg, the reflectometry responses

depend on the perturbation width wy relative to a critical perturbation width w. =
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Lk /k3. The maximal response is from the Bragg scattering point or nearby. Detailed
discussion can be found in Ref. [48].

The 1-D analytic result on the linear density profile suggests that the reflectometry
measurement is not always localized. The critical surface oscillations dominate when
k¢ < 2ka. In other cases, Bragg scattering from locations other than the critical
surface may dominate. From the diagnostic point of view, Bragg scattering is not
benign because we do not know the Bragg scattering positions. Fortunately, under
real experimental conditions, especially when a sharp density gradient near the critical
surface exists, the condition ky < 2k, is not as large a constraint as one sees in the
simple 1-D theory. With a steeper gradient, we have a larger k4 as defined in Eq. 3.28.
For example, in typical Alcator C-Mod H-mode plasmas, L ~ 0.4 cm, and ko ~
20 cm !, we have k4 ~ 6 cm~!. Earlier results from CO, scattering measurements on
Alcator C showed a turbulence spectrum with k; < 12 cm™" (Ref. [49]). An estimate
using kp, = 0.1 — 0.3, where p, = \/m/eB is the ion gyro-radius, and k; is the
half width of the turbulent spectrum, gives a realistic range: Ef < 10 em~t. The
condition ky < 2k, is therefore well satisfied.

For density profiles other than linear, the simplest interpretation of fluctuations
of the reflectometry signal in 1-D can be obtained from the geometric optics approx-

imation, which is rewritten here as:

T 2w [Bedge
= —— 4+ — N(R)dR 3.30
6=-3+2 [ NR)R, (3.30)

where Reqge is the major radius of the plasma edge, and R, is the critical surface
position. Under this approximation, the fluctuations in the reflectometer signal only
consist of phase fluctuations, which are mostly from the oscillations of the critical
surface. There is no fluctuation in the signal level of the microwave. Although this
is never the exact case in experiments, it is the simplest calculable interpretation
provided that we know the density profile (and also the magnetic field profile for
X-mode). This approximation can still be fairly good after including 2-D effects as
shown in Chapter 7.
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Figure 3-5: Microwave scattering in 2-D. Plotted is the z-component of the index of
refraction N, = k,c/w. In the 1-D case, only scattering as shown in curve a is allowed
at 2k, 0c = ky. However, in 2-D, infinite possibilities exist because of the free choice
of ky1oc. For example, scattered waves can go along curves b, ¢, d and e, etc.

2-D analytic study

Analytic studies become very difficult in 2 dimensions. One such study is reported in
Ref. [50]. Some interesting points from this 2-D analysis are discussed here.

Generally, the scattering is still dominated by the places where 2-D Bragg condi-
tions are matched. The scattered signal increases with smaller fluctuations wavenum-
ber. The main reason for such an increase is the increase in the coherence length (or
resonance region, see Fig. 3-5), which is due to the fact that there are now many more
scattering possibilities than in the 1-D situation. The theory indicates that a long
distance to the critical surface is unfavorable for reflectometry application because
the microwave signal may subject to strong small angle scattering along the wave
path.

The study was done on a finite width plane wave-front and linear density profile,

n = n.x/L. With y as the poloidal direction and z as the radial direction, we assume
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wWIT, — o 1

a density fluctuation

l‘—.Tf

N = ng exp {—zk‘m(x —xf) — < ) } x cosky(y — vo), (3.31)

wy

where k, is the radial wavenumber of the reflectometry wave, and k, is the poloidal

wavenumber. We also assume the source electric field distribution of

(3.32)

2

211/2
fu) = 27T1/2W6Xp (_u W ) ,

where u is the spectral number?. The scattered signal amplitude and phase are then

given by:
A 24/2im3/2e2 P2 w W3 cos kL yo
mc2 i (L — ) 2L/
k2 W2 zp\ 1 v
exp {— 1 ( — f) - = T +1i®| , (3.33)
4 o, 32712 (1 1 2 1172

where | = (c2L/w?)'/? is the Airy scale length, and P; the incident power. Eqs. 3.33~
3.34 are valid if W? < 2Lc/w and wy > [. For poloidal fluctuations with longer
wavelength, k; W < 1, the signal becomes smaller when the position of the fluctua-

tions moves towards the plasma boundary:
Ao (L —ay) Y2 (3.35)

In the other region, k; W > 1, the response is

2 1172
A, o exp l— AW (2 — ﬂ)] : (3.36)

4 L

which indicates that reflectometry sensitivity drops exponentially to zero for fluctu-

ations with large k. By including curvature of the plasma and curvature of the

?Notations are different than those used in the reference.
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incident wave wave-front, the reflectometry response can be much larger than those
predicted above (Ref. [51]). The curvature effect makes the result of the 2-D analytic

study less important. The curvature effect is studied in Chapter 7.

3.3.2 Numerical models
Random phase screen model

The random phase screen model (RPSM) was developed at the Princeton Plasma
Physics Lab (PPPL) (Refs. [52][53]). It has been used to interpret reflectometry
measurements on the Tokamak Fusion Test Reactor (TFTR). In RPSM, plasma fluc-
tuation effects on the mm-waves are reduced to a modulation on a phase screen. The

modulation of the phase screen satisfies the geometric optics approximation:

b = 2k, / A gy (3.37)

edge

where € is plasma permittivity with fluctuations included, and kg is the vacuum
wavenumber of the incident mm-wave. In a tokamak, x is in the direction of major
radius R, z. is the critical surface, and * = .44 at the plasma edge. The phase

screen is located at

Ts = Tedge —/ © o1 dz, (3.38)

edge

that is, the effective optical distance away from the plasma edge. From the correlation
of reflected signals between two closely spaced phase screens, RPSM can estimate
density fluctuation levels and correlation lengths.

We assume the spectrum of the radial density correlation has the form

k
(k) = aQw—g exp(—k2/AK?), (3.39)

n
T

where o, is the root-mean-square (rms) of the density fluctuations. If the radial
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correlation length is much shorter than the scale length of permittivity, we obtain

0.2

Ly(ks) >~ 47Tk(2)L6n%Tnk§ exp(—k,/AK2), (3.40)
where I' is the Fourier transformation of the radial correlation . This equation can
be used to estimate the radial correlation length, which is discussed in Section 3.5.
By measuring I'y, we can infer o,, and v, using Eq. 3.40.

RPSM concludes that reflectometry should work well if the amplitude variation
in the reflectometry signal is small. A necessary condition is 74 > vg, where 4 and
~vg are the correlation functions of phase and complex electric field respectively. The
interpretation should be made with caution when there are strong amplitude varia-
tions in the reflectometry signal, which indicates a high level of density fluctuation
or a long distance from the phase screen to the receiver. In the case of very large
density fluctuations, the reflectometry signal spectrum may fall off as 1/ f2.

RPSM does reproduce many phenomena seen in experiments such as loss of co-
herent reflection, strong amplitude variations, and the 1/ f? spectrum. However, this
model implicitly assumes an infinite width of the incident wave. This treatment may
lead to an overly restrictive criterion for reflectometry application. For example, the
observation limit on &k, based on the diffraction length study may not be applicable

for some reflectometry geometry.

Distorted mirror model

A more simplified model is the distorted mirror model (Ref. [54]). The reflectometry
process is modelled as a simple reflection from a distorted mirror. All plasma effects
and fluctuations in the wavepath are approximated by the distortion of the mirror.
The model has been used to study beam size effect (Ref. [55]), transmitter /receiver
asymmetry (Ref. [56]), and correlation length measurements (Ref. [57]). Concerning
the beam size effect, the model implies that the reflectometer can provide undistorted
fluctuations measurements with &k, w < 7/5, and will have virtually no response to

fluctuations with k;w > 7/2, where w is the beam half width. The receiver and
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transmitter asymmetry may also produce asymmetry in the power spectrum and
induce phase runaway (Ref. [56]). Results based on this model are mostly qualitative

because of its over-simplified assumptions.

L-C network model

The L-C network model is based on the equivalent view that the plasma behaves like
an L-C network as far as microwave propagation is concerned. A 2-D simulation code
based on such an equivalence has been developed (Ref. [58]). This code is able to
deal with quite realistic geometry and experimental plasma profiles. It has been used
to simulate reflectometry in the W7-AS stellerator, and to study the cause of phase

runaway phenomenon.

2-D full-wave reflectometry simulation

J. H. Irby et al developed a 2-D full-wave simulation code, and studied the 2-D effects
in reflectometry applications (Ref. [5]). The code solves Maxwell’s equations with the
assumption of cold plasma. A radiative boundary is used to match the computation
domain and the vacuum. Simulation results based on this code first showed that
including 2-D effects to interpret the reflectometry signal is very important. Part of
my thesis work involved developing an upgraded version of this simulation code and
using the new code to study reflectometry fluctuations. A detailed description of the

upgraded code is presented in Chapter 6.

3.4 Optical distance fluctuations

An AM reflectometer can continuously measure the fluctuations of group delay. These
fluctuations can be viewed as the fluctuations of optical distance, where optical dis-
tance is defined as the distance to a mirror that would produce the same phase shift
as that of the plasma. The optical distance is proportional to the group delay d¢/df.
The following is a simple treatment of optical distance fluctuations versus density

fluctuations using a 1-D model.
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For O-mode reflectometry, the optical distance can be estimated from the 1-D

geometric optics approximation

_i@_/zci‘m N (3.41)
C2ndf  Joo  f1_m@m 47 '

where n. is the critical density, ng(x) is the density profile, and A is the vacuum

do

wavelength.

We study the reflectometry response by adding a density perturbation

~ on xyg— Axr <z < 10
n(zx) = ) (3.42)
0  otherwise
where: xy — 1/2Ax is the location of the center of this perturbation, Az < z. is
the width of the perturbation, and dn < n. is the average perturbation level in the
region. Writing the optical distance after the perturbation as d = dy + d, we have
\/§Li/2 omn

~ £ Ty ~ T
dev { 2Ba/ne ’ : (3.43)

Az on :
Gy T otherwise

where L,, = |dInn/dx|~! is the density scale length at the critical layer.

Eq. 3.43 shows that the optical distance fluctuations are much more sensitive to
fluctuations near the critical layer provided that L, > Ax, that is, the fluctuation is
localized. If we assume that d is mostly due to fluctuations within 0.9n. < n < n, or

equivalently z. — 0.1L,, < x < z., we have

d =~ 2.309L,— (3.44)
n

(¢

where n should be understood as the average density fluctuation level in the region
z.—0.1L, <z < x.. All 2-D effects are included in the factor asy. In Chapter 5, we
use the optical distance fluctuations to study the location, radial shape, and level of

the quasi-coherent fluctuations in EDA H-modes.

57



3.5 Radial correlation length of turbulences

Reflectometry has been used to measure the radial correlation length of plasma micro-
turbulence (for example, see Refs. [53][59]). In this application, multiple frequency
microwaves are launched to the plasma, and the correlation of the reflected signals
are measured. We infer the radial correlation length of turbulence, L, ,, from the
signal correlation. With the knowledge of L, ,, we can estimate the transport coef-
ficient based on a mixing length approximation D ~ L%yn [te, where t, ~ 1/w* is the
typical turbulence correlation time. Many simplified 1-D and 2-D models have been
developed to interpret the correlation measured by reflectometry.

The early study in Ref. [47] concluded that correlation reflectometry can only
measure correlation length less than 4\ due to small-wavelength turbulence effects.
Another study in Ref. [60] showed that correlation reflectometry must use quadrature
information. If the wave attenuation is not strong, then the measured correlation is at
the critical surface. Otherwise, it is from the layer where the fluctuation wavelength
is half of the local microwave wavelength. The localization is never less than the
vacuum wavelength. The phase correlation is high, regardless of the correlation length
of the fluctuations, unless either the wave attenuation is large or else the fluctuation
correlation function is non-monotonic, corresponding to narrow-band turbulence. A
2-D analysis on the issue of the radial correlation study has also been carried out
(Ref. [61]). Preliminary results show that the length of the wavepath is important for
a localized measurement due to small angle scattering. The shorter the path length,
the better the signal coherence function matches that of density turbulence.

In numerical studies, both RPSM and the distorted mirror model have been used
to study the correlation length. In Ref. [53], RPSM was used to interpret TFTR
results. That study concluded that the correlation of reflectometry signal vg ~ ~,
provided that the fluctuation level is small, o4, < 1, where 7, is the density correlation
function, and oy is the equivalent rms level of the fluctuations at the phase screen.
When the density fluctuation level is high, 035 > 2.5, the measured correlation length

is about a factor of 1/0, smaller than the density correlation length.
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In Ref. [57], the distorted mirror model was used to study the response of a radial
correlation reflectometer to turbulent plasma fluctuations. The radial correlation
lengths computed from phase fluctuations, L, (4, and from power fluctuations, L,p),
show variations with the poloidal k-spectra width, the surface fluctuation amplitudes
(weak and strong turbulence), and the microwave beam width. L, p) is always smaller
than the true correlation length L, (;ye) (computed from the layer fluctuations), by
a factor up to 2, depending only on the fluctuation amplitude. L, ), however, is
much larger than L, e) for weak fluctuations, and drops with increasing fluctuation
amplitude to less than L, ue). L) also varies with the beam width and poloidal
k-spectra, while L,py does not.

The analytic and numerical studies above show that the interpretation of the radial
correlation measured by reflectometry is very complicated. There might be a short-
cut to solve this issue. In Refs. [62] and [63], experiments were performed to compare
signal correlations of reflectometry to density correlations measured by Langmuir
probes. A comparison between reflectometry signal amplitude, signal phase, and
homodyne signal showed that the homodyne signal correlation gives the best fit to
the density correlation measured by the probe (Ref. [63]). It also indicated that the
reflectometry measurement is also very localized at the critical surface. However,
the applicability of these results to other experiments is doubtful. For example,
an arbitrary linear offset of in the phase of the reflectometry signal, which can be
introduced by changing the location of the antenna(s), might nonlinearly affect the

homodyne signals as well as the correlation.
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Chapter 4

Reflectometer system in Alcator

C-Mod

4.1 Overview

The reflectometer in the Alcator C-Mod tokamak is an amplitude modulated (AM)
reflectometer working in O-mode [4] [22]. It consists of five channels with center fre-
quencies at 50, 60, 75, 88, and 110 GHz. The corresponding critical electron densities
are in the range of 0.31 x 10?° m=3 < n, < 1.50 x 10 m~3. Schematic views of the
reflectometer are shown in Fig. 4-1 and Fig. 4-2. The reflectometer uses a two antenna
scheme — waves are launched by transmitting horn antennas (XMTRs) and received
by separate receiving horn antennas (RCVRs). Compared to single-antenna systems,
this two-antenna arrangement reduces multiple reflections and spurious wave coupling
between the launched and reflected waves. There are three XMTR/RCVR pairs. The
50 GHz and 60 GHz channels share an antenna pair as do the 75 GHz and 883 GHz
channels. The 110 GHz channel has its own antenna pair. The intersections of the
XMTRs and RCVRs are at the mid-plane of the tokamak vacuum vessel, which is
approximately the mid-plane of a typical plasma. The XMTRs are aligned —5° rel-
ative to the mid-plane, while the RCVRs are aligned at +5°. In order to meet the
O-mode launching condition £ | B, where E is the mm-wave electric field, and B is

the total magnetic field in the plasma, the horn antennas are also twisted to match a
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Figure 4-1: The reflectometer in Alcator C-Mod (side view, not in scale). The distance
from the reflectometer rack to the horn antennas is about 3.3 m.

typical magnetic field pitch angle at the plasma edge. More details of the design of
the reflectometer can be found in Ref. [4].

The millimeter waves are generated by Gunn diode oscillators, which are frequency
stabilized through temperature control. We use WR-15 waveguides for the 50 and
60 GHz channels, WR-12 for the 75 and 88 GHz channels, and WR-10 for the 110 GHz
channel. After coming out of the rack, these mm-waves are tapered into WR-42 over-
moded waveguides and propagate towards the tokamak. Waves reach the XMTRs
after passing sapphire vacuum windows. Mica DC breaks are inserted in the WR-42
waveguides to separate the reflectometer electrical ground and the machine ground.
Connections between the CAMAC in the reflectometer rack and computers in the
control room are through optical fibers. The electrical power for the reflectometry
system is provided by an insulated transformer. As a result, the reflectometry system
is electrically floating, which helps prevent damage to mm-wave components from
potential electrical shocks during plasma discharges.

The reflectometer is able to measure plasma density profiles by measuring group

delays in all five channels. All five channels are also able to measure fluctuations of
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Figure 4-2: The reflectometer in Alcator C-Mod (front view).

group delay. The 88 GHz channel of the reflectometer also measures the baseband
fluctuations.
Some experimental observations are presented in this Chapter. Further studies on

these experimental phenomena can be found in following Chapters.

4.2 Electron density profile measurements

4.2.1 Millimeter wave and IF systems

An AM reflectometer continuously measures the group delay of millimeter waves to
the critical surface on a time scale much faster than that of the dominant plasma
turbulence. The modulation frequency can be chosen at the expense of phase resolu-
tion so that less than one fringe needs to be tracked during the time of interest (see
Section 3.2.2).

The layout of the mm-wave part of each channel (except for the 88 GHz channel) is

schematically shown in Fig. 4-3. The microwave source with a baseband frequency f,
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Figure 4-3: Layout of the mm-wave part of the reflectometry system measuring elec-
tron density profiles. The group delay is obtained by measuring the phase difference
between the upper (6f + Af) and lower sidebands (|0f — Af]).

usually at about the 13 dbm level®, is amplitude modulated by a modulation signal of
frequency Af before being launched into the plasma. Here, fo = 50,60, 75,110 GHz
and the modulation frequency, Af, can be manually chosen to be 132.5, 265, or
500 MHz. As a result of the AM process, the launched wave mostly consists of the
two sideband signals, fy &+ Af, while the base band signal, fy, is suppressed. After
being received by the receiving antenna, the reflected wave is mixed with a signal,
fo+df, from the other Gunn oscillator. We choose the frequency o f as a function of
Af as shown in Table 4.1. The frequency difference, d f, is chosen such that one of
the output IF signal frequencies, |0f + Af|or |df — Af|, is in the optimum operation
range (510 — 560 MHz) of the limiting amplifier in the IF detecting system, which is

described below.

11 dbm = 1 mW and 13 dbm = 20 mW
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Table 4.1: Choices of signal frequencies

Choice 1 2 3
Modulation frequency Af (MHz) 132.5 | 235 | 500
Gunn frequency difference §f (MHz) | 397.5 | 295 | 30
[F frequency frr (MHz) 235 | 500 | 970
Reference frequency f,.; (MHz) 30 30 | 30
Optical distance per fringe (cm) 56.6 | 28.3 | 15

The phase difference of the two IF signals, 6 f + A f, is measured by the IF system
shown in Fig. 4-4. The two sidebands are separated by band-pass filters. One band
(S1), 0f + Af, is mixed with an input coherent signal, f;r, and two signals are
generated, §f + Af + frr (S3) and [0f + Af — fir| (S4). The signal of f;r is derived
from the same quartz oscillator as the modulation signal A f. The other sideband (S5),
|0f — Af|, is amplified by a limiting amplifier, which has a 10 dbm constant output
power. By mixing Sy and Sy, we get signal S5, which carries the differential phase of
the two side bands at the frequency of |2Af — fir| = frer. Signal S5 is compared
with another coherent signal with the same frequency frpr = 30 MHz through an
I/Q detector, which has phase accuracy better than +3° at 30 MHz. The I/Q detector
produces the sine and cosine of the phase difference A¢. The group delay, 7(fo), for
the millimeter wave of frequency fy can be estimated as: 7(fy) >~ A¢/2Af.

One shortcoming of this scheme is that we must have a fiducial point to eliminate
the offset in A¢. In some AM reflectometers, this task is done by inserting a mirror
in front of the antennas in two-antenna systems (Ref. [45]) or using a shutter in the
case of single-antenna systems (Ref. [44]). For the Alcator C-Mod reflectometer, we
use the group delay measured before the plasma discharge to get such a calibration by
assuming that this signal is reflected at the inner vacuum wall. There is non-linearity
between the group delay and the distance of reflection, which may be due to coupling
of the reflected waves between the horns. Because of the long distance (> 40 cm)
from the inner wall to the critical surfaces during plasma discharges, this calibration

is not ideal.
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Figure 4-4: Layout of the IF part of the reflectometry system measuring electron

density profiles. The phase difference of the two sidebands are measured by an 1/Q
phase detector.
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4.2.2 Profile inversion

We calculate optical distances from measured group delays

c <A¢inne7‘ - A¢> 7 (41)

Rop - Rinner + E QAf

where Rj,ne- is the major radius of the inner vacuum wall, A¢@;,ne, is the measured
phase difference before the plasma discharge, and c is the speed of light in vacuum.
Using the optical distances of all five channels, the density profile can be recon-
structed. We should determine beforehand the position R4, where plasma density
is zero. Technically, R.qq. does not significantly affect the density profile in the range
higher than the lowest critical density (n, = 0.31 x 102 m~2 for the 50 GHz channel).

The critical surface position of an O-mode wave with frequency f is given by:

- ed e
R = edge+/ f,2 1/29 df7 (42>

which is equivalent to Eq. 3.22. For the reflectometer in Alcator C-Mod, the integral
above is estimated by interpolating among the measured five optical distances. Using

the relation between O-mode cutoff frequency and electron density

ne(f) = <%>2 x 10 m™2, (4.3)

we can obtain the plasma density profile n = n(R) using Eq. 4.1 and Eq. 4.2.

The optical distance, R,,(f’), at f’ toward f is more weighted in determining the
critical surface position R(f) as shown in Eq. 4.2, but the contribution from R,,(f’)
at f’ < f is not negligible. We write R(f) in the following form

Redge - R(f) = aX [Redge - Rop(f)] ) (44>

where the factor o (0 < a < 1) is determined by the shape of the density profile.
For a density profile having an exponential shape, « is close to 1. In contrast, a =

m/2 — 1 ~ 0.6 for a linear profile. Therefore, a change in the optical distance of
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a single reflectometry channel does not indicate an equal amount of change in the

position of its critical surface.

4.2.3 System optimization
Frequency stabilization of Gunn oscillators

The IF system (Fig. 4-4) uses narrow bandwidth filters and limiting amplifiers. This
measuring scheme restricts the allowable frequency drift of the Gunn diode oscilla-
tors to be less than &5 MHz. The frequency of a Gunn oscillator depends on the
bias voltage, varactor voltage, and temperature. Since all applied voltages are well
controlled, frequency drift is mainly due to a change in ambient temperature. The
drift can be as high as 10 MHz/°C for Gunn oscillators in the frequency range of
50 < f < 110 GHz, which will make the system unreliable even under small varia-
tions in room temperature. A method that controls the temperature and stabilizes
the Gunn oscillators frequencies has been implemented as part of a collaboration with
PPPL.

Fig. 4-5 shows the method used. A thermo-electric chip (TEC) is mounted onto an
aluminum block, which is in thermal contact with the Gunn oscillator. The resistance
of the thermistor in the aluminum block varies with temperature. The response of
the thermistor is used to control the TEC, which can heat as well as cool the Gunn
oscillator. The feed-back temperature control system controls the temperature of the
Gunn oscillator to within £0.1°C, and stabilizes the frequency to within £2 MHz
during a run day. This range is sufficient to keep all IF signals within allowable

passbands.

Optimizing the modulation frequency

The modulation signal frequency, Af, must be chosen carefully. It cannot be too
large or fringe jumps would be difficult to follow, but it cannot be so small as to

seriously limit reflectometer spatial resolution.
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Figure 4-5: Temperature control of a Gunn diode oscillator. Depending on the feed-
back signal from the temperature sensor, the thermo-electric chip (TEC) heats or
cools the aluminum block, which is in thermal-contact with the Gunn oscillator. The
temperature is controlled, thus the frequency is stabilized.

The optical distance corresponding to one fringe jump (27) is

1
OPD = - A—f> . (4.5)

Different modulation signals give different OPDs (see Table 4.1 in the previous Sec-
tion). The modulation frequency Af = 132.5 MHz was used in year 1998 and 1999
campaigns. At this frequency, OPD =~ 56.6 cm, which is more than twice the plasma
minor radius, a ~ 23 cm. The reflectometry phase change in a plasma discharge was
usually less than one fringe so that phase ambiguity was avoided. However, it turned
out that other problems became serious. Using a smaller A f, the sensitivity of phase
measurement is also smaller. A £3° uncertainty in A¢ leads to 0.5 cm uncertainty
in optical distance. It was also found that magnetic fields, especially the field from
equilibrium coil EF-4 (see Fig. 2-2), can cause phase shifts as large as 10°, which is
equivalent to ~ 1.5 cm shift in optical distance. This magnetic field effect may be due

to the fact that some components are made of ferromagnetic material, which changes
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characteristics with magnetic field?.

In the year 2000 campaign, the modulation frequency was set to 500 MHz. At this
frequency, the magnetic field effect on optical distance was reduced to approximately
0.5 cm. However, for A f = 500 MHz, OPD = 15 c¢m, which is smaller than the plasma
diameter. Fringe jumps now appear in the data. The fringe jumps in the low frequency
channels can be eliminated by simply assuming that their critical surfaces are less
than an OPD away from the plasma edge. However, we cannot always automatically
eliminate phase ambiguity in the high frequency channels, 88 GHz and 110 GHz,

without manual intervention.

4.2.4 Experimental density profiles

After considering most possible sources of error, such as calibration difficulty, profile
inversion accuracy, mechanical vibration of waveguides, and magnetic field effects, the
reflectometer density profiles have system uncertainty of about 0.5 — 1.0 cm in R(n).
The reflectometer is good for measuring density profiles in L-mode periods (Fig. 4-6).
The density profiles obtained by reflectometry do not have adequate spatial resolution
to resolve the H-mode pedestal, which may have a scale length as small as 0.5 cm
(Ref. [64]).

A radially movable calibration plate could alleviate the calibration problem, as
suggested in Ref. [4]. Improvement on the waveguide structure can make the system
less vulnerable to mechanical vibrations and coupling effects at the horns. After
the recent installation of two high spatial resolution edge electron density profile
diagnostics — edge Thomson scattering system (Ref. [65]) and visible continuum
emissivity array (Ref. [66]), these upgrades have had a low priority. The reflectometer,

therefore, is now mostly used to study fluctuations.

2The B field at the reflectometer rack is estimated in the range of 0.01 —0.1 T during discharges.
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Figure 4-6: Electron density profiles in L-mode. The inverted reflectometry density
profile, with five points corresponding to the positions of the critical surface for the five
channels, is shown together with profiles derived from visible continuum emissivity
array, two-color interferometer, and Thomson scattering systems.
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4.3 Fluctuation measurement

AM reflectometry measures the phase difference, A¢, between the upper (USB) and
lower (LSB) sidebands of the AM waves. This differential phase scheme is an advan-
tage for density profile measurements, but it reduces fluctuation sensitivity compared
to the baseband technique because correlated fluctuations found in the USB and LSB
signals are subtracted. In order to better study density fluctuations, the USB and
LSB signals should be separated and measured independently. In collaboration with
PPPL, the 88 GHz channel has been upgraded to have such capability (Ref. [22]).

As shown in Fig. 4-7, in addition to the IF output with frequency 6f + Af, a
signal with the frequency difference of the two Gunn oscillators, § f, is also produced.
This signal is used to separate the USB and LSB signals in the IF system (Fig. 4-8).
Instead of only measuring the phase difference, A¢ = ¢pysp — ¢rsp, the phases of
the USB and LSB signals, ¢ysp and ¢rsp, are measured independently. No limiting
amplifier is used in the IF system, thus both amplitude and phase fluctuations of the
reflected signals can be studied. The 1/Q detectors produce the sine and cosine of
the reflected signal: A cos¢ and Asin ¢.

For a modulation frequency of Af = 132.5 MHz, 0 f is chosen to be § f ~ 515 MHz.
For a modulation frequency of Af = 500 MHZ, 0 f ~ 540 MHz. The reference signal,
freF, is 500 MHz for the fluctuation 1/Q detectors. The two 500 MHz signals from
the two sidebands are also down-converted to 30 MHz, and their phase difference is
measured with a 30 MHz 1/Q detector just as those used in all other channels.

In each plasma discharge, we take fluctuation data in a time window of 0.5 second
with a sample rate of 1 MHz. The sampling window is controlled by a general fast
window control program, which also controls other fluctuation diagnostics, including
magnetic coils, ECE, and X-rays. The digitizers (Aurora 14) have 12-bit accuracy
(4096 steps in the range of +2.5 V). A small portion of the 512 kilobytes memory of
each digitizer channel is used to store system noise level before and after the plasma
discharge.

The upgraded 88 GHz reflectometer channel has contributed significantly to the
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Figure 4-7: Layout of the mm-wave part of the upgraded 88 GHz channel. A signal
0 f derived by mixing signals from the two Gunn oscillators is used to separate the

USB and LSB.
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study of H-modes and EDA H-modes. Because this channel is more sensitive to
fluctuations than the other reflectometer channels, and its critical surface (n. = 0.96 x
10%° m—3) is usually in the H-mode pedestal region, this channel continuously monitors
edge density fluctuations.

Other channels are also used to measure fluctuations. The fluctuations in these
channels are group delay fluctuations, or equivalently, fluctuations of optical distance.
Since the measured fluctuations are the phase difference fluctuations between two-
closely spaced mm-wave frequencies, the sensitivity is expected to be smaller than
that of the 88 GHz channel. However, these channels may give a better qualitative
view of fluctuations in cases where the fluctuation level exceeds the linear response

region of the 88 GHz channel.

4.4 Observed experimental fluctuations

This Section shows some examples of experimental observation of reflectometry signal
fluctuations, such as the phase runaway phenomenon, fluctuation suppression in L-H
transition, and the continuous quasi-coherent edge fluctuations associated with EDA

H-modes.

4.4.1 Phase runaway phenomenon

In the 1-D approximation, as discussed in Chapter 3, the phase fluctuations, ¢, in
the reflectometry signal are approximately equal to the geometric optical phase fluc-
tuations, while the signal amplitudes are constant. In fact, the signal amplitudes do
vary significantly. This variation contribute to a phenomenon called phase runaway.

During a phase runaway, the complex reflectometry signal, A(t) [cos ¢(t) + i sin ¢(t)],
is not oscillating around a static point in the complex plane. Instead, as shown in
Fig. 4-9, the measured signal is “circling” around the origin point (0,0), and the
signal phase no longer satisfies the 1-D geometric optics approximation.

Many studies have addressed the causes of the phase runaway phenomenon (for

example, Refs. [56][58]). An insufficient sampling rate may cause phase runaway.
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Figure 4-9: Phase runaway phenomenon in reflectometry signal fluctuations. Data
are taken from the USB signal of the 88 GHz channel for shot 990921020. No phase
runaway appears in the left figure, which plots data at 0.9 < t < 0.9002 sec. The
right figure plots data at 1.1 < t < 1.1002 sec, and it shows significant phase runaway.
There are 200 data points in both figures.

However, phase runaway may not be completely avoided by simply increasing the
sampling rate (Ref. [67]). Phase runaway can also be caused by asymmetric responses
in the reflectometry system to fluctuations of positive and negative k (Ref. [58]). Such
asymmetry induces a net phase increase or decrease in time. Although the XMTR
and RCVR antennas are symmetric relative to the mid-plane of the vacuum vessel
for the Alcator C-Mod reflectometer, asymmetry can still arise due to a plasma shape
variation. Large density fluctuation levels can also cause phase runaway.

Phase runaway makes it difficult in how to unambiguously retrieve plasma infor-
mation. There are several ways to alleviate this problem (for example, Ref. [68]).
Any such methods, however, need to assume some fluctuation characteristics based
on other experimental measurements or theoretical predictions. One may simply as-
sume that the phase change between any two adjacent data points is smaller than m,
and eliminate phase uncertainties. This assumption only works part of the time for
the Alcator C-Mod reflectometer. In some cases as shown in Ref. [69], the homodyne

signal, A cos ¢, may be a better representation of plasma fluctuations than either sig-
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nal amplitude, A, or phase, ¢. Though it does avoid the difficulty in dealing with

phase runaway, this treatment is only qualitative.

4.4.2 Fluctuations in L-mode and H-mode

The time evolution of spectra for typical reflectometry fluctuations during a L-H
transition is shown in Fig. 4-10. In L-mode, the fluctuations are very broadband.
After the sudden L-H transition, the spectrum shape changes (Fig. 4-11). The low
frequency part of the fluctuations in H-mode is more suppressed compared to the
fluctuations in L-mode.

Care must be taken in the interpretation of the change in the fluctuation level,
however. The plasma density profile also changes significantly after the L-H tran-
sition. In L-mode, the profile is usually parabolic. After the transition, a pedestal
shape is formed. As a result, the critical surface has moved farther out than that
before the L-H transition. Nonetheless, the difference in spectrum shapes of L-mode
and H-mode does indicate that the plasma fluctuations in L-mode and H-mode may
be dominated by different types of turbulence. Studies on some other fusion devices
using reflectometry and other diagnostics suggested that the turbulence spectra in L
and H modes satisfy different power laws of correlation, which may be related to the

self-organized criticality phenomenon (Refs. [70] and [71]).

4.4.3 Quasi-coherent (QC) edge fluctuations in EDA H-modes

During EDA H-modes, we see continuous quasi-coherent (QC) fluctuations in the
reflectometry fluctuation signals (Fig. 4-12) (Ref. [22]).

Fig. 4-12 shows time histories of a discharge with three H-mode periods. The
second and the third H-modes are EDA H-modes as can be seen by the enhancement
of the D, signal level after the sudden drop at the L-H transition. QC fluctuations
appear in the spectra of reflectometry fluctuations. In this discharge, the lab-frame

frequency of these fluctuations starts at about 250 kHz, and ramps down to about

100 kHz during the steady EDA H-mode periods.
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Figure 4-10: Contours of reflectometer fluctuations at an L-H transition. Data
are from shot 990921020. The spectra are calculated from the complex signal,
A(t)[cos ¢(t) +isin ¢(t)]. The color bar shows the relative value.
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Figure 4-11: Fluctuation spectra in L-mode and H-mode. The same shot as in Fig. 4-
10. It shows that the low frequency part of the fluctuations in H-mode are suppressed
relative to the fluctuations in L-mode. The system noise level before plasma discharge
is ~ 107 "V?/kHz.
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Figure 4-12: Quasi-coherent fluctuations during an EDA H-mode. Quasi-coherent
fluctuations appear in the two EDA H-mode periods while they do not appear in the
ELM-free H-mode. The discharge is the same as that in Fig. 4-10.
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These QC fluctuations are also observed by the PCI system (Ref. [23]), Lang-
muir probes (Ref. [24]), and a magnetic coil installed on a fast-scanning probe head
(Ref. [25]). It has been shown that these fluctuations affect the characteristics of
particle transport in EDA H-modes. They are considered to be the signature of EDA
H-modes (see Refs. [21][72][73]). A detailed description of these fluctuations as seen by
the reflectometer are discussed in Chapter 5. Numerical studies of the reflectometry

measurement of these fluctuations are presented in Chapter 7.
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Chapter 5

Study of EDA H-modes

In this Chapter, we study the quasi-coherent continuous edge fluctuations in EDA
H-modes using the Alcator C-Mod reflectometer. General observations of these fluc-
tuations are given in Section 5.1. In Section 5.2, two theoretical models, the resistive
ballooning mode and the drift-ballooning mode, are reviewed. In Sections 5.3 and
5.4, we analyse these fluctuations based on reflectometry measurements and compare

these results with theoretical models.

5.1 General observations

As shown in Fig. 4-12 of Chapter 4, continuous quasi-coherent (QC) fluctuations are
the signature of EDA H-modes (Ref. [21]). These fluctuations have been shown to
drive particle transport near the plasma edge (Ref. [73]). To understand these QC
fluctuations has become the key to understand the EDA H-mode. Several diagnostics
have observed these fluctuations. Reflectometry provides localized measurement of
fluctuation levels in both ICRF heated and ohmic EDA H-mode discharges. The PCI
system gives the k£ and w spectra of line-integrated density fluctuations. PCI does
not provide spatially localized information about these fluctuations. Langmuir probes
can have localized measurements only in ohmic discharges, but not in ICRF heated
discharges due to the potentially destructive RF pickup and heat load. Results from
the PCI and probe are briefly discussed below.
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PCI studies have shown that the poloidal wavenumber of the QC fluctuations
is affected by electron temperature at the pedestal, kgps = 0.1 — 0.3, where p, =
m;T}?/eB and T, is obtained at the middle of pedestal (Ref. [74]). The fluctuation
level is found to be affected by temperature and pedestal width, n./n. o ps/A,,
where A, is the density pedestal width. The coherence of the fluctuations is in the
range of Af/f =0.05—0.2.

Studies of ohmic EDA H-modes, using biased Langmuir probes, which measure
both density fluctuations n. and plasma potential fluctuations <;~5p, have shown that the
QC fluctuations drive significant particle flux T',, < 10*2 m—?s (Ref. [73]). Though this
estimate is preliminary, and certain assumptions are made about spatial distribution
of the fluctuations, it suggests that these fluctuations could account for the difference
of particle transport between ELM-free and EDA H-modes. Probe measurements also
indicate that these fluctuations may be localized in the pedestal region with radial
widths as narrow as 1 —2 mm. However, perturbation of the plasma by the intrusive
probe cannot be discounted with certainty:.

Studies based on the measurement by a magnetic coil installed on a fast-scanning
Langmuir probe in several ohmic EDA H-mode discharges showed that QC fluctu-
ations have a significant magnetic component with dB/dt ~ 200 T /s, which corre-
sponds to B ~ 5 x 10~* T (Ref. [25]). This result was obtained by an extrapolation
of the radial distribution of the magnetic fluctuation level well outside the separatrix
with a radial scale length of approximately 1.5 cm. The magnetic probe was located
at about 2 cm from the pedestal region. The study also indicated a density fluctuation
level 71, /n. ~ 30% and particle driven flux T, ~ 4 x 10?* m~2.

Studies on the boundary of EDA and ELM-free H-modes showed a favored pa-
rameter regime at higher qos > 3.5, higher triangularity, higher plasma density, and
lower plasma ion mass (Refs. [21][24][72][73]). The physical origin of these fluctua-
tions is still under study through a collaboration of experiment, theory development,

and numerical simulation based on gyro-kinetic equations.
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5.2 Theoretical models

We shall review here the available theoretical models. Since these fluctuations are in
a high £ regime, the probable candidates are those involving micro-instabilities rather
than large scale MHD instabilities. In this Section, we briefly discuss two theories —
resistive ballooning modes and drift ballooning modes — and compare them with the

experimental observation.

5.2.1 Resistive ballooning mode

Ballooning instability arises at high plasma pressure. This instability is closely related
to the plasma toroidicity and develops by the displacements of plasma flux tubes. The
ballooning instability only appears at the outer contour of the plasma. This instability
sets a limit on the highest § that a tokamak can achieve. However, even if the ideal
ballooning instability is prevented, resistive ballooning modes (RBM) can also exist
at the edge of the tokamak plasmas (Refs. [75][76][77]). The linear resistive ballooning
mode growth rate, 7, is given by (v < w;):

3
Y
where
2,2 9
5 a*ng
= —— 5.2
’70 2 7_777_3‘7 ( )

a = —2Rq*(dp/dr)/B? is the ballooning parameter, n is the mode toroidal number,
T4 = Rq/1+ 2¢2/sC4 is the Alfven time, C4 is the Alfven speed, s = (r/q)(dq/dr)
is the shear parameter, and 7,, = por?/n is the resistive diffusion time with 1 the
plasma resistivity. The diamagnetic frequency is w, = (nq/r)(p;Vri/Ly), with p; the
ion Larmor radius, Vp; = \/m the ion thermal speed and L, the characteristic
density gradient scale length. The radial width of a single mode resistive ballooning

fluctuation is determined by the resistive layer thickness (Ref. [78])

n v\

83



under the condition of r/m > W, where S = 7/7, is the Lundquist number, 7,
is the poloidal Alfven time, 73, = Ro(pomin;)*/?)/ By, and m is the poloidal mode
number.

A collisional resistive ballooning mode exists only when

Cs

where C; is the sound speed, C% = T'p/n;m;, and T is the adiabatic index. Preliminary
studies by Dr. D. Mossessian (Ref. [79]) have shown that this condition may be
satisfied in the pedestal region of EDA H-modes. In contrast, in ELM-free H-modes,
this condition can be satisfied only at the pedestal foot.

The growth rate of the resistive ballooning mode is sensitive to the parameter v*¢?
(Ref. [80]). The criterion in Eq. 5.4 is approximately equal to a threshold on v*¢?,
where

V= vge 2qR/ Ve (5.5)

is the dimensionless collision frequency, and Vi, = (T./m.)"/? is the electron thermal
speed, € = /R is the inverse aspect ratio, and v,; is the electron-ion collision rate. It
shows that a higher density, lower pedestal temperature, and higher ¢ are favored for
the RBM mode. These conditions coincide with some of the requirements for EDA
H-modes presented in Section 2.2.4.

Nonlinear simulations including toroidal geometry have also been carried out for
the resistive ballooning mode (Refs. [78][81]). It is found that the mixing length
approximation is valid in estimating the saturated mode level. The mixing length
approximation attempts to relate the properties of fully evolved turbulence to the
characteristic scales of the underlying linear instability by semi-quantitatively bal-
ancing nonlinearity with the linear drive (Ref. [82]). In this approach, we assume
resistive ballooning modes saturate when the pressure fluctuation mixes the pressure
gradient over the radial extent of each poloidal sub-harmonic (Ref. [76]). As a result,
we have the saturated mode level, (5?)*/2/p ~ A,/L,, where p is the pressure fluctu-

ation, A, is the radial correlation length, and L, is the scale length of the pressure
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gradient. We can also estimate the diffusivity using the mixing length approximation,

D~ AIZ) /Te, where 7, is the decorrelation time of the fluctuations.

5.2.2 Drift ballooning mode

In Ref. [83], the L-mode to H-mode boundary in Alcator C-Mod has been shown
to agree well with the results from a 3-D simulation code based on the Braginskii
equations developed by B. Rogers and J. Drake. In Ref. [84], the 3-D simulations
were used to study the stability of tokamak plasma edge pedestal. It was found that
the stability criterion for the ballooning instability at the pedestal is less stringent
than ideal MHD theory predicted because of the ion diamagnetic drift and the finite
radial localization of the pedestal pressure. A stability limit is given as 3 < 3., where
B. = (a¢/3¢*) (0r/R), R =~ p?/3R1/3, and a is ideal MHD ballooning mode threshold.
Under marginal conditions, this mode has a poloidal wavenumber of kg ~ 0", a radial
envelope ~ dg(> d), and real frequency w ~ C,/v/0grR, where § is the pedestal half-
width, and R is the major radius. The model also predicted a m'/? /q dependence of
the criterion of the mode instability (Ref. [73]). The simulation generated a similar
quasi-coherent feature of fluctuations near the marginal stability condition.

Using estimated parameters at the pedestal center, 7; ~ 200 eV, B ~ 4 T, and
R ~ 0.9 m, we have g ~ 0.13 cm. However, we should be cautious since the criterion,
0r > 0, where 9 is the pedestal half-width, is not satisfied by typical Alcator C-Mod

parameters.

5.3 QC fluctuations: location, radial width, and
level

For most examples of EDA H-modes we have studied (Prr < 4 MW and [, <
1.2 MA), the quasi-coherent fluctuations are observed by the 75 GHz, 88 GHz and
110 GHz reflectometry channels (0.69 x 10%° < n. < 1.5 x 10* m=3). In some EDA

discharges with relatively low density, these fluctuations are also clearly seen by the
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60 GHz channel (n. = 0.45 x 10?° m™?) as shown in Fig. 5-1. In contrast, for some
EDA discharges at high density, the fluctuations are not observed on any of the
reflectometry channels, while they still clearly show up in PCI signals (Fig. 5-2). A
probable explanation is that the fluctuations are localized inside the critical surfaces
of all the reflectometry channels for these discharges. For discharges like that shown
in Fig. 5-1, where at least three reflectometry channels clearly see the QC fluctuations,

we are able to estimate the radial location, width, and level for the mode.

5.3.1 Fluctuations of optical distance

We use the fluctuation’s optical distance, CZ, to estimate the density fluctuation level
n of the QC fluctuations. Optical distance is defined as the distance to the location of
a mirror that has the same effect on the signal as that of the plasma. Optical distance

fluctuations are derived from the fluctuations of the measured phase difference A¢ of
the USB and LSB A¢: i
~ ¢ [ Ag
d=—|—= 5.6
4T <2A f ) ’ (56)

where Af is the modulation frequency for the AM system. Optical distances are
measured in four of the five reflectometry channels®.

Fig. 5-3 shows plasma parameters of the discharge in Fig. 5-1. At 1.15 < t <
1.3 sec, the plasma is in an EDA H-mode while at 1.04 <t < 1.13 sec, the plasma is
in an ELM-free H-mode. Fig. 5-4 shows the raw fluctuation data of optical distances
from the reflectometry channels at 60 GHz, 75 GHz, 88 GHz and 110 GHz, at 1.2 sec
into the discharge. Clear quasi-coherent oscillations (~ 100 kHz) are apparent in
all four signals. Fig. 5-5 shows the auto-power spectra of the fluctuations of optical
distance shown in Fig. 5-4. The QC fluctuation is shown as a strong peak in the
spectra around frequency foc ~ 100 kHz. We can estimate the level of the QC
fluctuations in terms of the optical distance fluctuations d by integrating the power

spectra around fgoc. The result is shown in Fig. 5-6, where d versus the critical

!'The 50 GHz channel was not set up for fluctuation measurements because of the limit on
available digitizer channels in the 1999 and 2000 campaigns. Because its wave frequency is too low
to penetrate the LCFS, we have never observed the QC fluctuations from this channel.
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Figure 5-1: Quasi-coherent fluctuations in a relatively low density EDA H-mode
(ne >~ 2.2 x 102 m™3). The fluctuations appear in the 60, 75, 88 and 110 GHz
reflectometry channels during the EDA H-mode period (1.15 < ¢ < 1.3 s). The

contour scale in each panel is normalized to its maximal level (= 100).
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Figure 5-2: QC fluctuations in a high density EDA H-mode (7, ~ 2.6 x 102 m~3). In
this discharge, though the QC fluctuations are clearly shown in the PCI signal, they
can be only weakly seen in the 110 GHz channel.
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Figure 5-3: Plasma parameters of shot 1000914006. At 1.15 < t < 1.3 sec, the
plasma is in an EDA H-mode. The line-averaged density from TCI, D,, signal level
and density pedestal height from edge TS measurement are shown in the figure.
Other plasma parameters are I, ~ 800 kA, By, ~ 5.4 T, total ICRF power input
Prr >~ 2.6 MW, and qg5 ~ 4.9.
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Figure 5-4: Fluctuations of optical distance vs. time from four reflectometry channels.
Clear quasi-coherent oscillations (~ 100 kHz) exist in all four signals. Data are taken
at tg ~ 1.2 sec with a sampling rate of 1 MHz.
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Figure 5-5: Auto-power spectra of optical distance fluctuations from four reflec-
tometer channels. The QC fluctuation is shown as a peak around foc ~ 100 kHz.
Each spectrum is the average of FFT spectra performed on two adjacent 2000-point
datasets.
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Figure 5-6: QC fluctuation level in terms of optical distances d of different reflectom-
etry channels.

densities of different reflectometry channels is plotted.

5.3.2 Location, width, and level estimates

In order to estimate the corresponding 7./n. from the experimentally measured d,
we need to numerically solve the 1-D second-order differential equation — Eq. 3.12,
which is rewritten here as

d*E  w?_,
where R is the major radius, N> = 1 — n.(R)/n., and c is the speed of light in
vacuum. We calculate the numerical optical distances, aNZnum, for each reflectometry
channel by solving the equation for a given density profile with modelled fluctuation

level, location, and radial shape. The characteristics of the QC fluctuations are
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estimated from the parameters that give a best least squares fit between dnum and d
while scanning the three dimensional parameter space — location, width, and level.

The least squares fit is made to minimize ¢ given by:

(dum —d- )]
Z num ~ :
5= _ , (5.8)
(C2d?)
where B
d2
O = 2 um (5.9)

which satisfies 90/0C = 0, and Y sums over reflectometry channels. Using the data
in Fig. 5-6 as an example, the method is described in detail below.
We construct a density profile with a tanh shape using experimental data given

by the edge TS system:

M R — Rped):|
ne = = {1 + tanh ( Ped, , (5.10)

where R,.q is the center of the pedestal, ny is the pedestal height, and Ped,, is the
full-width of the pedestal. For data shown in Fig. 5-6, we have nj, ~ 1.6 x 10?*° m~3

and Ped, ~ 0.5 cm. We also assume a fluctuation with a Gaussian radial shape:

(R— Rge)?|, (5.11)

where Rgc and ny are the central location and magnitude of the QC mode respec-
tively, and W is the full width at half magnitude (FWHM) of the fluctuations.

Fig. 5-7 shows the density profile and electric fields of different reflectometry
channels, which are obtained by numerically solving Eq. 5.7 at ny = 0. The critical
surfaces of the four channels are at well-separate positions in the pedestal region. By
comparing the fluctuation behaviors in all four channels, we can infer the fluctuation
level and spatial characteristics.

We scan the three parameters, ny, Roc, and W, and find the set of parameters

that gives the minimum 6. Fig. 5-8 shows a 3-D plot of 1/ at ny = 0.6 vs. the mode
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Figure 5-7: The density profile and electric fields of different reflectometry channels.
The vertical dash-lines are the critical surface positions.
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location and width. The peak in the upper figure corresponds to the best fit, while
the lower figure compares the numerically calculated &num versus d obtained from
experimental measurements. Fig. 5-9 shows the density profile and the estimated QC
fluctuations location, width, and level from the best fit. This fit gives a fluctuation
level, ne/ne >~ 0.6, Rogc — Rpea ~ 0.10 £ 0.05 cm, and W ~ 0.10 £ 0.04 cm. The error
bars in Rgc and W are estimated assuming a £10% uncertainty of the TS pedestal
height, n;. Because of the uncertainty in the effects of reflectometry geometry, we

are not certain of the absolute fluctuation level.

5.3.3 Comparison with Langmuir probe observations

Langmuir probes (in A-port and F-port) are able to measure the density fluctuations,
Ne, and plasma potential fluctuations, gzgp, in ohmic discharges. In some discharges, the
A-port probe penetrated to a depth where a significant decrease of the QC fluctuation
level was observed. Fig. 5-10 shows one of these cases (shot 1000928017, t ~ 1.16 sec).
The top panel of the figure shows <;~5p in volts, which clearly shows the radial shape of
the QC fluctuation.

Simultaneously, the QC fluctuations are observed by all four reflectometer chan-
nels. Fig. 5-11 shows the density fluctuations level, . /n., derived from reflectometry.
Due to the large instrumental uncertainty (about 40%-50%) in the density profile
measured by the probe (Fig. 5-10), we still use the density profile measured by the
edge TS, which gives a density pedestal height of nj;, ~ 2.1 x 10?° m~3, and pedestal
full width Ped,, ~ 0.5 cm. The figure shows that the QC fluctuations are local-
ized at about R — R,eq ~ 0.10 £ 0.03 cm with a magnitude of n./n. ~ 0.3, and
W ~0.10 & 0.02 cm.

Depending on the model of physical origin of QC fluctuations, which is still un-
der study, the two quantities — 7. /n. and ggp — can scale differently with plasma
parameters. However, the width of these fluctuations should be similar and insensi-

tive to different models?. The fluctuation’s radial width inferred from reflectometer

~\7
2If R /ne o (d)p) , then we have W,, ~ Wy/,/7. For acoustic type mode, v ~ 1.
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Figure 5-8: The least-square fit of dpum and d. 0 is defined in Eq. 5.8. The peak in
1/6 corresponds to the best fit. The lower figure compares the numerically calculated
dpum versus reflectometry measured d.
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Figure 5-9: Inferred QC fluctuation location and radial width. Fig. (a) is the density
measured by the edge Thomson scattering system. A tanh density profile with a
height nj, = 1.6 x 10* m~3 and width Ped,, = 0.5 c¢m is also plotted; Fig. (b) shows
the estimated fluctuation level, location and shape. The best fit between a?num and d
gives the fluctuations level, ni./n. =~ 0.6, center at Roc — Rpeq =~ 0.10 £ 0.05 ¢cm, and
W ~0.10 £ 0.04 cm.
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Figure 5-10: Langmuir probe observation of the QC fluctuations in an ohmic EDA
discharge (shot 1000928017, t = 0.16 sec). The top panel shows the plasma potential
fluctuation qz~$p in volts. The middle panel is the density measured by the probe and
the bottom panel is the derived particle flux. The horizontal axisisin p = R— Rrcors
(Ref. [73]).
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Figure 5-11: Inferred QC fluctuations location and width of the ohmic EDA H-mode
discharge. The upper figure is the tanh density profile; the lower figure shows the
inferred fluctuation location and radial shape relative to the pedestal center. The
Gaussian fit gives a center at R — Rpeq >~ 0.10 £ 0.03 cm, W = 0.11 £ 0.02 c¢m, and
magnitude 7. /n, ~ 0.5.
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measurement is indeed very close to that from the Langmuir probe result as shown
in Fig. 5-12. In this figure, we use the edge TS density profile mapped onto the mid-
plane by EFIT to estimate the position of pedestal center, R,.q, and transfer R — R4
into p = R — Rpcps. The reflectometer result is shown as a Gaussian fit, which gives
the best fit to the experimental data. The critical surfaces are also shown. The
fluctuation shape is shifted 2.3 mm outward to match that obtained from the probe
measurement. The 2.3 mm shift is within the uncertainty of EFIT in determining the
LCFS position and flux surface mapping (< 5 mm). Probe data are the averages of
the two (in and out) traces shown in the uppermost panel of Fig. 5-10. The size of

the probe tip in the radial direction is about 0.7 mm.

5.3.4 Comparison with plasma parameters

In this Section, we choose a set of EDA H-mode discharges from experiments ded-
icated to the EDA H-mode study. These discharges cover a range of global plasma
parameters, such as 2.8 < gg5 < 5.6, 0.7 < I, < 1.4 MA, and both Ohmic and RF
heated shots. We study the correlations of the fluctuation location and radial width
with plasma parameters at the pedestal.

Fig. 5-13 shows the radial location of the QC fluctuations relative to the center
of the pedestal, R,.q, versus electron temperature at the center of the pedestal T,
which is estimated to be half of the height of the temperature pedestal measured by
edge TS. Each point in the figure represents a time point in a steady EDA H-mode
period. The location is generally very close to the pedestal center with a small shift
toward the lower part of the pedestal at Rgc — Rpeq =~ 0.1 cm. The location does not
change within the uncertainty of the reflectometry observation.

Fig. 5-14 shows the width of the QC fluctuation, W, versus T, ° oc 5. The width
is in the range of 0.1—0.3 cm. This range is close to that shown by the drift-ballooning
simulation (Section 5.2.2). The width increases with the increase of 1. This weak
correlation is similar to the n'/* scaling shown in Eq. 5.3, which is derived from linear
resistive ballooning mode theory.

Fig. 5-15 compares the line integrated QC fluctuation level from reflectometry and
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Figure 5-12: Comparison of the probe and reflectometry measurement. The normal-
ized fluctuations are plotted together. The center of the reflectometry fluctuations
are shifted 2.3 mm outward to match the probe result. The filled squares are the
critical surface locations (110 GHz, 88 GHz, 75 GHz, and 60 GHz respectively from
left to right). The radial shapes from both diagnostics are similar.
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scale. A scaling of [ fiedl ~ (0.6 £ 0.2) x 10 (1*¢2)"****% m~2 is over-plotted.

v*qas, which is a parameter determining resistive mode growth rate in linear theory

*, is evaluated using plasma

(see Section 5.2.1). The dimensionless collisionality, v
parameters at the center of the pedestal and with ¢ substituted by q¢5. Fig. 5-15
shows a strong relation of the mode level — the saturated mode level — vs. the

0.56+0.08 o .
) m~? is found.

parameter v*gas. A scaling of [f.dl ~ (0.6 £0.2) x 10'° (v*¢2;
The linear theory cannot predict the saturated mode level, which is mostly determined
by nonlinear processes. The finding in Fig. 5-15, however, indicates that v*¢3; can
also be an important parameter affecting the saturated mode level. In Ref. [78], it is
shown that the mixing length approximation is still good in estimating the saturated

level of resistive ballooning modes. Under the mixing length approximation, we have

PpHY2/p ~ A,/L,, and D ~ A2 /7., where p is pressure fluctuations, A, is the
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radial correlation length of the pressure fluctuations, D is the diffusivity, and 7. is the
decorrelation time of the fluctuations. The pressure gradient length L, ~ L, ~ Ped,,
are similar in different EDA discharges (Ref. [64]). If we assume that 7. also varies
insignificantly, and p/p ~ 7. /ne, the scaling shown in Fig. 5-15 indicates that the QC
fluctuations may have larger transport effects at discharges with higher value of v*g3;
at the pedestal.

In most Alcator C-Mod H-mode plasmas, the pedestal temperature is related to
the pedestal density and input power, T¢ 9 (Pl-n/ﬁe)o's’j[o'1 (Ref. [73]), where T¢ 9
is the temperature at the flux surface enclosing 90% poloidal magnetic flux. Since
v* o< ne/TZ, the result that v*g3; scales with the QC mode level suggests a lower
density limit for EDA H-modes at the same power input. Such a density limit has
been observed in experiments (also see Ref. [73]). An edge temperature threshold
T. rit must be exceeded to obtain H-modes (Refs. [13][14]). The result above also
suggests that it may be difficult to obtain EDA H-modes in tokamaks that have a
high Tt cris-

In summary, the QC fluctuations are mostly localized near the center of density
pedestal with a small shift toward the lower part of the pedestal. The radial width of
these fluctuations, W, is usually in the range of 0.1—0.3 cm. W increases with the in-
crease of n. The line-integrated fluctuation level approximately scales with (V*q§5)0'56.
The result indicates that higher gg5, higher density, and lower temperature are favored
for the QC fluctuations. Both drift-ballooning mode and resistive ballooning mode

can be a candidate of the QC fluctuations.

5.4 Evolution of the QC fluctuations in an EDA
H-mode

Experimental data in the previous Section were taken from the steady EDA H-mode
periods, when most plasma parameters are relatively constant. As clearly shown in

Fig. 5-1, the observed fluctuation frequency in the lab frame can vary significantly. In
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this Section we will answer whether the location, radial width and fluctuations level
also vary as significantly as the lab frame frequency in an EDA H-mode period. We

will also study how the frequency varies with plasma parameters.

5.4.1 Evolution of mode location, width, and level

Fig. 5-16 shows the evolution of the QC fluctuations in terms of the fluctuation of
optical distance d of four reflectometry channels in the EDA H-mode period shown
in Fig. 5-1. The peak frequency of the fluctuations is also shown.

Fig. 5-17 shows the location and width of the QC fluctuations inferred from the
reflectometer. The location (shown in the uppermost panel) is nearly constant relative
to the center of pedestal throughout the whole period. The radial width (shown in
the middle panel) varies within the uncertainty during the entire EDA period. The
mode frequency as shown in the lowermost panel changes from about 200 kHz at the
start of EDA to about 100 kHz from during the steady EDA period.

Fig. 5-18 shows the line-integrated fluctuation level from the reflectometer and
PCI. Both levels increase significantly in the start of EDA. The level from the reflec-
tometer stays at a relatively constant level within the uncertainty during the steady
EDA period, and then decreases near the end of the EDA H-mode period. The level
from PCI is smaller than that estimated from the reflectometer. Two causes that
have not been considered may account for such discrepancy. The optical distance
is sensitive to the length of wave path, which is affected by reflectometer geometry.
The other reason may be due to the fact that these two diagnostics measure the QC
fluctuations at different places. If the mode is ballooning-like, the level at the outer
edge of mid-plane (poloidal angle § ~ 0), where reflectometry measures, should be
larger than the level at 6 ~ £90°, where PCI is sensitive. We should be cautious in
comparing the absolute levels here?.

In Fig. 5-19, we estimate the mode growth rate from reflectometer data. The

3In Chapter 7, the fluctuation level will be estimated using a 2-D full-wave simulation and the
baseband signal fluctuations of the 88 GHz channel. The result obtained shows a difference less than
the instrumental uncertainties.
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Figure 5-16: The QC fluctuation level in terms of the fluctuation of optical distance

\/ (d?) measured by four reflectometry channels (60, 75, 88 and 110 GHz) are shown
versus time in the EDA H-mode period of Fig. 5-1. The peak frequency of the
fluctuations is shown in the bottom panel.
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Figure 5-17: The evolution of QC fluctuations location, radial width, and frequency
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whole EDA period, while the frequency in the lab frame changes significantly.
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Figure 5-19: Growth rate of the QC fluctuations. The mode level is estimated from
the baseband fluctuation signal, A cos ¢, of the 88 GHz channel. At ¢t < 1.164 s, the
QC fluctuations are not identifiable from the reflectometry data. The growth rate is
about 200 s~ at 1.64 < ¢ < 1.69 s.

mode level is estimated from the homodyne signal, A cos¢, of the 88 GHz channel
baseband fluctuations. At ¢ < 1.164 s, the QC fluctuations are not identifiable from
the reflectometry data. Using data in the period of 1.64 < ¢t < 1.69 s, we estimate

a growth rate about 200 s™*

. We should be cautious that this growth rate may not
be the linear growth rate. Instead, nonlinear effects may play an important role in
determining the mode level in this period. It is difficult to pinpoint the very beginning

of the mode because of the large frequency change and small mode level.
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5.4.2 Frequency behavior in the laboratory frame

The reflectometry measurement is a lab frame measurement. A bulk plasma motion

with velocity ¢ will induce a Doppler shift in the observed frequency of the fluctuation,

fQC = fplasma + E : 77/277- (512)

where fyiasma is the frequency of the fluctuation in plasma frame. It shows that
the observed frequency change in the lab frame is determined by fpiusma, k and @.
Without direct measurement of ¢, we are not able to ascertain the frequency change
in the plasma frame. In this Section, we present some preliminary observations on
the frequency behavior of the QC fluctuations.

As shown in earlier figures, for example, Fig. 5-1, we see that the peak frequency
of the QC fluctuations changes significantly in the EDA period. The frequency seems
to scale with plasma stored energy (Fig. 5-20). The higher the stored energy, the
smaller the frequency. The frequency might also change together with the pedestal
temperature as indicated in this figure.

Fig. 5-21 shows a plot of foc versus plasma stored energy over plasma total
current (W,/I,). Each point represent a time point in a steady EDA period. If
we assume that fyiasme is small or near zero, and the mode k is relative constant
for different discharges, Fig. 5-21 might indicate that the poloidal velocity at the
pedestal center may correlate with W, /I,, as has been seen for the core toroidal
rotation (Refs. [27][28]). To test this hypothesis, a direct measurement of plasma
velocity at the pedestal is needed. The measurement will be available from charge
exchange recombination spectroscopy (CXRS) on the diagnostic neutral beam (DNB)
(Ref. [31]).

Summary

The QC fluctuations are mostly localized near the center of density pedestal with

a small shift toward the lower part of the pedestal. The radial width of these fluc-
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Figure 5-20: Observed QC frequency and global plasma parameters vs. time. The
higher stored energy and pedestal temperature, the lower the frequency.
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Figure 5-21: Peak frequency of the QC fluctuations in steady EDA periods vs. W,,/1,.

113



tuations, W, is usually in the range of 0.1 — 0.3 cm. W is weakly correlated with
the resistivity, 7, at the center of the pedestal. W increases with the increase of 7.
The line-integrated fluctuation level approximately scales with (V*q§5)0'55. The result
indicates that higher qg5, higher density, and lower temperature are favored for the
QC fluctuations. Neither the location nor the width changes significantly in an EDA
H-mode period, while the frequency and level vary. Both theoretical models on re-
sistive ballooning mode and drift ballooning mode show promising agreements with

experimental results.
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Chapter 6

2-D full-wave reflectometry

simulation code

Reflectometry has been widely used to measure plasma density fluctuations in mag-
netically confined fusion experiments. However, the interpretation of the fluctuations
in reflectometry signals in terms of plasma fluctuations is still incomplete, as is the
interpretation of the radial correlation of turbulences (see discussion in Chapter 3).
The critical density of the 88 GHz mm-wave channel (n. = 0.96 x 102 m~3) of the O-
mode reflectometer in Alcator C-Mod is usually in the H-mode pedestal region, which
has a sharp density gradient (density scale length < 0.5 cm). The WKBJ approxima-
tion fails in this region. The quasi-coherent fluctuations seen in EDA H-modes have

1 as measured by PCI. This range of wavenum-

poloidal wavenumber k; ~ 2 —6 cm™
ber corresponds to Aj /w, ~ 1, where wy, is the half width of 1/e intensity of the
incident reflectometry mm-wave beam. A model including the beam profile, plasma
density profile, and curvature must be used to confidently interpret the reflectometry
fluctuation measurements in Alcator C-Mod.

A new code based on the earlier 2-D full-wave simulation code (Maxwell code)
(Ref. [5]) has been developed. Studies using the Maxwell code first demonstrated
the importance of 2-D effects in interpreting reflectometry measurements. The new

code incorporates additional electro-magnetic field computation techniques such as

perfectly-matched-layer boundary and the Huygens source technique. It is able to
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Figure 6-1: Computation box of the 2-D full-wave reflectometry simulation code. It
consists of PML boundary, Huygens surface, plasma, receiving plane, and vacuum re-
gion. Incident waves are generated from sources on the Huygens surface, and reflected
waves from plasma are recorded at the receiving plane.

simulate Gaussian beams incident on realistic 2-D plasma geometry.

The 2-D computation box of the new code is illustrated in Fig. 6-1. In this setup,
€, is in the direction of —R for the Alcator C-Mod reflectometer, and €, is in the A
direction of conventional tokamak coordinates. The computation box consists of the
main field region, perfectly-matched-layer (PML) boundary, Huygens surface, plasma,
receiving plane, and vacuum region. The 2-D full-wave code is described in detail in

this Chapter.

6.1 Calculation in the main field region

The 2-D full-wave code has been developed based on an earlier code (Ref. [5]) to

simulate O-mode (E = E,(z,y)é. || B) reflectometry fluctuation signals. We start
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from normalized Maxwell’s equations under the cold plasma approximation:

0H, OE,

o oy’ (6.1)
% - aaiz’ (62)
a@f - Z—WE (6.3)
aa% = —4sz+a£y—a£$, (6.4)

where lengths are normalized to the vacuum wavelength of the incident beam )
(Ao >~ 0.34 cm for the 88 GHz microwave), and times are normalized to the microwave
period 7, = 1/fy. The critical density n. is (f/89.8)> x 10 m~* with f, in GHz.
These normalized units are used throughout this Chapter!

We use the standard finite-difference time-domain (FDTD) method as described
in Ref. [85] to calculate electric and magnetic fields. The FDTD grid-mesh is shown
in Fig. 6-2. We assign electric field (E,[7, j]), current density (J,[7, j]), and electron
density (n.[i,j]) at the center of each grid square [i,j], where x = (i + 1/2)Axz,
y=(i+1/2)Ay, i,7 =0,1,2..., and Az, Ay are the grid sizes, but assign magnetic
fields, H, and H,, at the sides of the grid square, labeled as H,[i,j — 1/2] and
H,[i —1/2, j]. It should be pointed out that the calculation would be unstable if one
calculated all quantities at the same locations. Using a version of the Yee algorithm

(Ref. [85] and references therein), iterations from time t = nAt to t = (n + 1)At are

T i) = T2 5]+ mAEL [, ]neli, 51/ ne, (6.5)
Hy i g —1/2) = Hpli,j —1/2) = {El[i.j] — EX[i,j — 1]} At/Ay,  (6.6)
H ' i—1/2,5] = HJli—1/2,j]+{Ei,j] — EJ[i — 1, 5]} At/Az,  (6.7)

EXi ] = ELi, ) — An AT, 5]

+{Hy i+ 1/2,5) — Hy i = 1/2, ]} At/ Az

—{Hp i+ 1/2) = HY i g — 1/2 ) At/Ay. (6.8)

L Constants like €y and 11 are set to unity, and we treat the problem as a general wave propagation
problem.
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Main field

Main field PML

Figure 6-2: FDTD mesh in the main field region and PML boundary. Note that F,
nodes and H,, H, nodes are not at the same locations. FE, nodes become £, and
E., nodes in PML boundary, while £, = E., + E., at the interface.

We should consider the grid-dispersion error and code stability when choosing Az,
Ay, and At. We usually choose Az = Ay. The grid-dispersion error is in the order of
(Az/Xg)?. A sufficient condition for computational stability is the Courant criterion.

For simulation in 2-D, the Courant criterion is

Ax c

Vi 7 (6.9)

which implies that the time step At has to be less than the shortest wave traveling
time between two adjacent grids in order to satisfy causality. Typically, the grid size
Azr = Ay = 0.1\ and time step At = 0.057, are used in our simulation so as to

obtain adequate precision and also ensure computational stability.
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6.2 Perfectly-matched-layer absorption boundary

Full-wave simulation needs appropriate boundary conditions. Setting all field values
equal to zero at the boundary of the computation box creates a boundary of ideal
conductor. It is valid only if we use a very large computation box or study an ultra-
short time scale (for example, a pulse). Using a periodic boundary condition, which
implies that the incident beam has an infinite size, is not realistic either. As a result,
full-wave simulations typically use a boundary that absorbs the waves propagating
out of the computation domain. An ideal absorption boundary should have a matched
impedance with the medium (usually vacuum) outside the computation box so that no
wave reflection occurs at the boundary. Instead of a radiative absorption boundary
as used in the Maxwell code, the new code uses a better absorption boundary —
perfectly-matched-layer (PML) boundary (Ref. [86]).

A PML is made of a virtual medium in which electric and magnetic fields satisfy

the following modified Maxwell’s equations:

0H, O(E., + E.y)

= = _8—y_47w;Hm’ (6.10)
3;@ _ ‘f)(Ema—;LEzy)_sz;Hy, (6.11)
aggx _ 3{%_ dro,E.,. (6.12)
88Etzy _ _6(%_ dnoy B, (6.13)

where o and o* are electric and magnetic conductivities respectively. F, = E,, + E.,
at the intersection with the main field. If we set ¢ = ¢* = 0, we recover the “real”
Maxwell’s equations in vacuum. If o3 = oy = 0, but 0, = 0, # 0, the medium is just
a usual conductive medium.

A PML medium is described by a four-component conductivity, (o4, 0%; 0y, a;).
As proved in Ref. [86], the reflectivity of EM waves at the interfaces of two PML

media satisfies the following rules:

e Reflection is null at an interface normal to z lying between a vacuum and a
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(02,075;0,0) PML medium, or between a (0, 0; 0, o) medium and a (0, 03; 0y, 0;)

medium.

e Reflection is null at an interface normal to ¢ lying between a vacuum and a
(0,0; 0y, o) PML medium, or between a (0., 05; 0, 0) medium and a (0., 05; 0y, o)

medium.

The PML boundary is built to obtain null reflection for normal incident waves ac-
cording to the two rules above. Fig. 6-3 shows that each side or corner of the PML
boundary has a different four-component conductivity. We should set 0 = ¢* = 0 at
the outer boundary of the PML to match the condition of vacuum, but set ¢ and o*
at the inner boundary of PML to match the medium in the main field region, which

is also vacuum in most cases. Therefore, we choose a parabolic conductivity profile:

() = O {1 - (p o 2)] (6.14)

where ¢ is the thickness of the PML, p = 0 at the inner boundary, and p = ¢ at the

outer boundary. A thickness § = 2\ is usually chosen in our simulation.

The modified Maxwell’s Eqs. 6.10-6.13 at each part of the PML boundary are
also solved by the FDTD method together with special treatments based on the field
continuity at PML-PML interfaces and interfaces between the PML boundary and
the main field region.

The absorption efficiency of a PML boundary is determined by the boundary
thickness, , and conductivity profiles. The reflectivity of the PML boundary in our

normalized units is

5
R ~ exp (—2 COSQ/ Ao (p) dp) : (6.15)
0

where 6 is the wave incident angle onto the boundary, and ¢* = o. Eq. 6.15 suggests
that a thicker PML boundary with larger o and ¢* has better absorption. However,
a thicker PML boundary also requires more grids in the full-wave simulation, and
reduces the simulation efficiency. Large o (or ¢*) may also create sharp gradient in o

(or o*) profile, which may induce wave scattering. As a result, there is an optimum
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Figure 6-3: The four-component conductivities (o, 0%; oy, a;;) of the PML boundary
are different at different parts of the boundary. The absorption efficiency of PML is
determined by the boundary thickness and conductivity profiles.

choice of § and o.
Substituting our conductivity profiles (Eq. 6.14) into Eq. 6.15, we can estimate
the reflectivity of the PML boundary in our code,

4
R ~exp |——



wave propagating towards the left boundary with a near grazing angle will finally
arrive at the top or bottom PML boundary with a near normal incident angle where
it will be “perfectly” absorbed. Therefore, the PML boundary ensures the reliability

of simulation on a long time scale.

6.3 Huygens source technique

Some types of wave, such as a pure plane wave, cannot be generated by finite cur-
rent sources. Moreover, in principle, reflectometry only measures waves propagating
towards the receiver instead of the total fields in Maxwell’s equations. We use the
Huygens source technique (Ref. [87]) to generate incident waves and also to separate
reflected waves from the total fields.

The Huygens source technique is based on the uniqueness theorem of electrody-
namics: The EM fields inside a closed surface is uniquely determined by the EM fields
on the surface. The technique is illustrated in Fig. 6-5. Here, we have a wave source
P in region 2 and plasma in region 1, and we want to calculate the scattered (and
reflected) fields by the plasma in region 2. We draw a closed surface S — Huygens
surface — around region 1. If the fields from the source P on the Huygens surface,
Em¢ and H in¢ are known or analytically calculable in the absence of plasma, such as
plane waves, Gaussian beams, and spherical waves, we can obtain Huygens electric
surface current density, fsh, and magnetic surface current density, M " on surface S:

Jo= ix H" (6.17)

S
Ml = —ix E" (6.18)
where 7 is an inward unit vector normal to S. Then, we remove the original source
P, and generate EM waves using the following Maxwell’s equations incorporating M K
and jZ?:

OH, oF,

= — — 4 M 6.19
BT By TMg ., (6.19)
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E Field

Y (A)

Y (A)

Figure 6-4: PML absorption efficiency test. Waves are generated by a point source
at the center, J, = 10sin(27t/7), and propagate in vacuum. The upper figure shows
the case of the optimum PML (4704, = 45), while the lower figure shows a poor
PML boundary with 470, = 1. A standing wave pattern is built up in the lower
figure (t = 1007y) due to the insufficient absorption capability of the boundary.
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Figure 6-5: Huygens source technique. Huygens current sources on the surface S in
Fig. (b) substitute the original source P in Fig. (a). Identical fields in region 1 are
produced as with source P, but zero fields in region 2 if no plasma is present. If
plasma introduced in region 1, fields in region 2 will be scattered (reflected) fields
only.
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0H,  OF,

— . h
= o ArM?P,, (6.20)
aJ, Ne

= —“7E 21
ot nc7T = (6.21)
oE oH, OH

2= dnd 4+ T g gl 6.22

ot Tt or T oy e (6:22)

We have following relations regarding the newly-created EM fields on the two sides
of surface S:

ix (B —FEy) = —M?" (6.23)

i x (H —Hy) = J, (6.24)

where E; and H; are electric and magnetic fields just inside surface S, and E, and
H, are fields just outside S. Comparing with the definition of J_Z} and M " in Eq. 6.17
and Eq. 6.18, we find a solution for Eq. 6.23 and 6.24:

-~ o inc
E, = Eim
7 . rrinc
H, = Hi

—

(6.25)

(6.26)
E, = 0, (6.27)
Hy, = 0. (6.28)
This solution must be the only physical solution as required by the uniqueness the-
orem. Therefore, the fields inside surface S generated by ]\7[3" and J_Z,‘ are identical
to those radiated from source P, but the EM fields everywhere outside surface S are
zero. Now, we put the plasma into the Huygens surface, and again generate the EM
fields from M" and J". As shown above, the fields inside the Huygens surface are
identical to those generated by source P, but the fields outside of the Huygens surface
S now consist only those from the reflected waves. In general, the Huygens source

technique has two advantages:
1. Create waves for which sources do not have explicit analytic expressions;
2. Separate the reflected waves from the total fields.
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Figure 6-6: A plane wave propagating in vacuum. The plane wave is generated using
the Huygens sources technique and PML boundary. The upper figure shows contours
of the electric field. The Huygens surface is the rectangle with the lower-left corner
at (—3X\p, —3)\g) and the upper-right corner at (3Xg,3Xg). The wave propagates in
+7 direction. Note that fields outside the Huygens surface are nearly zero (< 0.1%)
as shown in the lower figure.

The second advantage suggests that we can avoid numerical horns, which are used in
2-D total-field reflectometry simulation such as the Maxwell code.

Fig. 6-6 shows contours of the electric field of a plane wave propagating in vacuum.
The plane wave is generated using the Huygens source technique together with the
PML boundary. Note that the amplitude of the electric field outside the Huygens
surface are less than 0.1% of the amplitude of the plane wave. The value 0.1%, instead
of an exactly zero, comes from the discrete nature of the FDTD method, where M h

nodes and J_;h nodes do not overlap and the Huygens surface S has a finite thickness.

In the simulation code, the Huygens surface is a rectangle constructed around

the plasma (see Fig. 6-1). Plasma densities n.(z,y) are derived from experimental
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measured profiles at the mid-plane and mapped to 2-D by assuming that n. is constant
on flux surfaces. The left side of Huygens surface is chosen to have a distance of \g
to the plasma edge. A Huygens surface must enclose all “scatterers”. Therefore,
we allow the plasma density to drop exponentially down to zero at the upper and
lower plasma boundaries. Although this setup differs from the reality, it does not
undermine the simulation result as long as the height of the computation box is much

larger than the incident beam width?.

6.4 Gaussian beam

We use a Gaussian beam to approximate the reflectometer antenna radiation near
the plasma. This approximation is valid as long as the radiation level in the major
lobe of the antenna pattern is much larger than that in the side-lobes. A Gaussian
beam is the fundamental mode solution of waves in a homogeneous medium under

the paraxial approximation. Starting from the wave equation

V2E + K*E =0, (6.29)

writing F = u(x,y, z) exp (—jkz), and using the paraxial approximation,

0*u 0*u  *u

<< 6.30
Ox? oy? + 022’ (6.30)
we have the solution of a Gaussian beam propagating in the +2 direction
Ey |2 . L Jk
E=—— —jlkx — @) —r* | = + = 6.31
o2 e | itk -0 - (25 4 37 ) (631
where
A
¢ = arctan <—x2>, (6.32)
Twg

2Tt also implies that the code is not good at simulating plane-wave incidence.
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— 2
w® = w

1+ <7TA—;%>2] : (6.33)

7rw2 2
1+ (A—;> , (6.34)
r? = 24+ (6.35)

R = =z

A = 27/k, wp is the beam waist, and Ej is the beam amplitude. The magnetic field
of the Gaussian beam is assumed to have the same value as the electric field in our
normalized units. To generate a Gaussian beam, we calculate the Huygens source,
]\ZSh and jz‘, using Eq. 6.31 and Eqgs. 6.17-6.18.

Fig. 6-7 shows two examples of Gaussian beam generated using the Huygens
sources technique. Beam waist wy = 4\, and it is located at the position of
x = —10Xg. The left Huygens surface is at © = —\g. Fig. 6-7-(a) and Fig. 6-7-
(b) show a Gaussian beam propagating in vacuum. In Fig. 6-7-(c) and Fig. 6-7-(d),
the incident beam is at a 5° angle relative to the z-direction towards a plasma, which
has an elliptical shape with a center x = 30)\; and elongation x = 1.6. Contours of
electron density, n.(z,y)/n., are also over-plotted in Fig. 6-7-(c). The interference
pattern between the incident beam and reflected waves only appears inside the Huy-
gens surface (r > —X\g). In the region outside the Huygens surface (xr < —X\¢), the

electric fields only consist of those of the reflected waves.

6.5 Reflectometry received signal

The reflectometry received signal is the integrated electric field at the receiving aper-
ture. We use the following approach to obtain reflectometry signals from the simulated
2-D electric field, F,(x,y,t).

The plasma is assumed to be static for each run of the simulation. The propagation
time of the generated waves is long enough so that steady state is reached. Usually,
a simulation time t, ~ 3¢, is sufficient to reach such steady state, where ¢, is the 1-D
group delay from the Huygens surface to the receiving plane. In order to save CPU

time and memory, all fields, E,, H, and H,, in the simulation are in float (or double
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Figure 6-7: Examples of Gaussian beam generated by the Huygens sources technique.
Beam waist wg = 4\, and it is located at x = —10\y. The left Huygens surface is
at x = —\g. Fig. (a) and Fig. (b) show a Gaussian beam in vacuum. In Fig. (c¢) and
Fig. (d), plasma has an elliptical shape, center x = 30\g, k = 1.6, and the incident
beam is at a 5° angle relative to the +z-direction. The contours of electron density,
ne(z,y)/n. = 0.0,0.5,1.0 and 1.5, are also over-plotted in Fig. (c).
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precision) format instead of complex fields as in usual field denotation:
E.(z,y,t) = R[E(x,y,1)], (6.36)

where £ is the complex electric field. The complex field distribution at the end of the
simulation, £(z,y,ts), can be approximately obtained from FE, after steady state is
reached:

g(l‘7y7t5) = Ez(x7y7t5) +jEZ(:L‘7y7tS - T0/4)7 (637)

Given a plasma density profile, we extract the reflectometry signal, F,.,., from
the snapshot of £(x,y,ts) considering the real geometry of the receiving horn an-
tenna. A horn antenna has a directivity function, which restricts its receiving angle.
Mathematically, a directivity function is equivalent to a filter of £(x,y, ) in Fourier
transformed k-space. The detected reflectometer signal is the integral of the complex
electric field, £(x,y, ts), across the receiving horn aperture after passing through this

horn directivity, D(k,, k,). We model the complex reflectometry signal E,,, as:

Ercvr = A€j¢

1 .
- D J(kzz+kyy)
27 /Aperture dl / dkx / dky (kz’ ky)e

/dx/dy E(x,y, ty)e I keathyy) (6.38)

where A is the amplitude of the reflectometry signal, and ¢ is the signal phase. There-
fore, for a given plasma density distribution, we have a corresponding reflectometry
signal E,.,.. By combining results from many runs with identical initial beam condi-
tion but different phases of plasma fluctuations or different turbulence structures, we

can reconstruct a picture of F,.,,. versus plasma fluctuations.
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6.6 Simulation on multiple-frequency reflectome-
try

In order to simulate reflectometry measurements of radial correlation length, we
should compare the reflectometry signals from multiple frequencies (multiple criti-
cal surfaces). Eqgs. 6.1-6.4 uses normalized units \g and 79 = 1/ fy. We can simulate a

wave with a different frequency f; using the same grid and time steps after modifying

Egs. 6.39-6.42 to

0H, oL,

= oy (6.39)
agy _ aa%, (6.40)
o= () e (641
aaEtZ = —4sz+<a;iy—a£””>, (6.42)

where o = f1/ fo is the ratio of the two frequencies, and n. is the critical density for
frequency fo. After this modification, we can compare reflectometry signals of differ-
ent frequencies at the same time and location. Studies of reflectometry measurements

of radial correlation length are presented in Chapter 7.
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Chapter 7

Numerical study of reflectometry

In Chapter 5, we studied the QC fluctuations in EDA H-modes using the fluctua-
tions of optical distance. However, we were not able to adequately assess the QC
fluctuation level. In order to get further insights of these fluctuations, we need to
quantitatively interpret the fluctuation of reflectometry signals in terms of electron
density fluctuations. In Section 7.2, the code described in Chapter 6 will be used to
simulate the reflectometry with realistic Alcator C-Mod geometry and experimental
density profiles (also see Ref. [88]). This study not only provides a calibration curve
of the reflectometry response versus the fluctuation level, but it also suggests that
plasma curvature may enhance the reflectometry responses to fluctuations with short
poloidal wavelength. This super-resolution is further studied in Section 7.3. Section
7.4 shows a preliminary study of reflectometry application on measuring the radial

correlation length.

7.1 Simulation parameters of Alcator C-Mod re-
flectometer

The 2-D full-wave reflectometry simulation code described in Chapter 6 can in prin-
ciple deal with any 2-D geometry of reflectometry and plasma. In order to simulate

the reflectometry measurements in Alcator C-Mod, we input realistic parameter.
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For the 88 GHz channel of Alcator C-Mod reflectometer, the vacuum wavelength
is Ag >~ 0.34 cm. We assume the mm-wave near the plasma can be described as
a Gaussian beam with the beam waist wg ~ 2.2)\y near the launch horn aperture,
which is about 40)\g away from the plasma edge. We use the same coordinates as
those in Chapter 6. The wave beam has an angle 6, = —5° relative to +¢&, (that is,
—R direction).

The receiving horn views at an angle of +5° relative to +é,. The effective horn
aperture size is assumed to be 6)\g. The receiving horn is modelled with 24 dB
gain, that is, the peak sensitivity is 10%* times that of a 47 solid angle average. We
construct the following 2-D directivity function:

(7.1)

. k — Kreur|?
D(k) ~ exp [—M] :

(0.01ko)?

—

where kg = \o/27 is the incident wave wavenumber in vacuum, k.., is in the optimal
receiving direction of the horn antenna and |k,e,-| = ko, and k= k3 + k,y is the
wave vector of the reflected wave. As described in Section 6.5, we use Eq. 6.38
to obtain the received reflectometry signal E,.,, = Ae’® from the 2-D electric field
distribution of the reflected waves considering the receiving horn antenna geometry

and the directivity function D.

7.2 QC fluctuation level

7.2.1 Model density profile and fluctuation

Fig. 7-1 shows a typical EDA H-mode discharge. The D, enhancement starts at
t ~ 0.70 s shortly after the L-H transition at t ~ 0.69 s. The D, signal level and
density profile reach a steady state after ¢ > 0.81 s. We use a tanh fit for the

experimental density profile derived from the high spatial resolution visible continuum
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Figure 7-1: An EDA H-mode discharge. The D, signal enhances shortly after the
L-H transition at ¢t ~ 0.69 sec. The EDA H-mode enters a steady state at 0.81 <
t < 1.0 sec. P,.q is the total radiated power, T,q is the core plasma temperature as
measured by ECE, Pgp is the total ICRF heating powers, and I, is the total plasma
current.
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Figure 7-2: The density profile derived from the high-resolution visible continuum
array measurement. We use the x = 0 point to be the zero density plasma edge for
convenience. The profile has been shifted to our coordinates. The separatrix (LCFS)
position is also shown. The wave vacuum wavelength Ay = 0.34 cm.

array (Ref. [66]) (Fig. 7-2):

— 10X
ne(z,y = 0) = 0.8n. |1+ 0.0252/\ + tanh <xTOO>] ) (7.2)

where = 0 is the model plasma edge at the mid-plane (y = 0), and the critical
density n, = 0.96 x 10?° m~3 for 88 GHz microwave. As in Chapter 6, here & is in
the —R direction, and g is in the Z direction in conventional tokamak coordinates.
We use a circularly shaped density profile with the center at Xp = 45)g. The radius
of curvature, Xp, is estimated from EFIT reconstructed flux surface!.

In Chapter 5, we showed that the QC fluctuations are localized in the pedestal
region. For the purpose of the numerical study, we introduce a poloidal fluctuation

centered near the middle of the pedestal with a radial width about half of the pedestal

LA better result is Xp ~ 60)\¢ =~ 20 cm. However, as shown in Section 7.3, for the curvature radii
in this range, the final result vary insignificantly.
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full-width. The fluctuation has a perpendicular (poloidal direction 0 in tokamak

coordinates) wavelength \; = 4\ estimated from the PCI measurement:

Ne(z,y)/ne = n X exp [—(x - 9.5)\0)2} cos (2my /AL + ¢y), (7.3)

where 7 is hereafter referred to as the quasi-coherent fluctuation level, and ¢ is
the fluctuation phase. The actual form also includes the plasma curvature, that
is, fluctuation levels are constant on flux surfaces. The fluctuation radial shape for

x > x. >~ 10)\g is unimportant due to insignificant microwave penetration.

7.2.2 Simulation results

Fig. 7-3 shows part of the computation box with E, contours and the density critical
layer for the simulation. The computation box is —17X\y < y < 179 and —42)\; <
x < 16)g. The left Huygens surface is at vty = —Ag. The E, field at x > xg is the
total field of the incident beam and the reflected waves while only reflected waves
are propagating to the left at * < zpy. Interference patterns between the incident
Gaussian beam and reflected waves are clear for x > xg.

We run simulations for 0 < ¢y < 27, and obtain the reflectometry received signals
E,cor(r) = A(py) exp [jo(¢r)], where A(py) is the signal amplitude and ¢(py) is the
signal phase. For ¢ varying from 0 to 27, both A and ¢ finish a period. Note that
in the 1-D geometric optics approximation, ¢(¢y) fluctuates around a constant in an
approximately cosine form corresponding the cos ¢ in the fluctuation expression 7.3,
while the amplitude A is constant in a period. Because the 1-D result is readily
calculable (see Eq. 3.21), we can compare 2-D simulation results with the 1-D result 2.

Fig. 7-4 shows the phase response versus fluctuation level for three different cases.
A} = Opaz — Gmin is the magnitude of reflectometer phase variation in one period of
the fluctuation (0 < ¢y < 2m). The figure shows three curves corresponding to the 1-

D numerical calculation based on geometric optics approximation, 2-D full-wave with

2This 1-D result is the phase fluctuation level of baseband reflectometry signal. It is different
than the 1-D result of optical distance as used in Chapter 5.
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Figure 7-3: Electric field contours from the simulation result. Figure (a) is the case
without fluctuations and figure (b) shows the case with 7 = 0.05. The cutoff surfaces
are also shown as broken curves in the right of both figures.
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Figure 7-4: Simulation results of reflectometry phase responses vs. fluctuation levels.
Results from the 1-D calculation, 2-D curved plasma and 2-D slab plasma simulation
are shown. Note that curved plasma simulation result is closer to the 1-D result than
the result from slab 2-D plasma simulation.
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Figure 7-5: Phase runaway phenomenon and nonlinearity to high fluctuation level.
The complex reflectometry responses are plotted for different fluctuation levels. For
0.12 < n < 0.15, the response curve encloses the point (0,0), which induces phase
runaway. It should also be noted that for higher n, the reflectometry response is no
longer linear.

a slab plasma profile and 2-D full-wave with a curved plasma profile (the one closest
to the experimental profile). There is a nearly linear relation between A¢ and 7 for
7 < 0.1 in the case of curved plasma simulation result. This result is smaller than
the result from the 1-D calculation, but it is much larger than the simulation result
of slab plasma geometry. The plasma curvature effect is discussed in detail in Section
7.3. The result from the simulation with plasma curvature provides a calibration
curve through which we can infer the level of the quasi-coherent fluctuation in terms
of the level of plasma density fluctuation.

For realistic 2-D geometry, there is a limit of the fluctuation amplitude that can
be measured by reflectometry. Asymmetry in the measured spectrum introduces
ellipticity in the complex plane of the reflectometer signals (Fig. 7-5). As the mode
amplitude increases, the point (0,0) may be enclosed by the curve and the phase
changes 27 for a fluctuations period, which leads to the phase runaway phenomenon

as discussed in Chapter 4. For our simulation parameters, phase runaway occurs at
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Figure 7-6: Electric field distribution at the horn aperture for different fluctuation
level 1. The electric field difference are calculated for ¢ = 0 and 7. Note that it is
nearly constant in the whole aperture for small 7, but significantly variation for large
71, which induces the non-linearity of the reflectometry response.

0.125 < n < 0.15 as shown in Fig. 7-5.

For even higher fluctuations the linearity between the reflectometer phase and
fluctuation level breaks down due to large variations in the phase across the receiving
horn aperture even when no phase runaway exists. Fig. 7-6 shows the phase differ-
ence across the horn aperture for two fluctuation phases ¢y = 0 and 7 at different
fluctuation levels 7. At low fluctuation level, the phase difference is nearly constant
across the aperture. For high fluctuation levels, the variation is large due to strong
scattering. The reflectometer signal no longer linearly represents the fluctuation level

when the fluctuation level is high.

7.2.3 Experimental observations

The reflectometer signals are measured by 1/Q phase detectors, which produce Q(t) =
A(t) cos ¢(t) and I(t) = A(t)sinp(t). From these two signals, we can calculate the

reflectometry signal amplitude A(t) and phase ¢(t).
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Figure 7-7: Raw fluctuations data from PCI and reflectometry 88 GHz channel in a
short time window of the discharge show in Fig. 7-1. Note that a coherent fluctuation
at about 100 kHz in all three plots. A is the reflectometry signal amplitude and ¢ is
the signal phase. PCI data are taken from the center chord measurement.

Fig. 7-7 shows raw reflectometer data in a short time window of the discharge in
Fig. 7-1. Clear quasi-coherent fluctuations are shown (~ 100 kHz) in the PCI signal,
reflectometry signal amplitude A and phase ¢.

In order to quantitatively estimate the measured reflectometry signal phase, we
should check the raw data carefully. The following procedure is used to obtain the
power spectra of reflectometry phase and estimate the level of the quasi-coherent
fluctuations in the experimental signal. Data in a 2 ms time window is divided into
4 sub-windows each 0.5 ms wide. In each sub-window, we calculate the raw phase
data using I(t) and Q(t), then subtract the average. Also by assuming that the phase
difference between any two adjacent points do not exceed 4+, we can alleviate phase

ambiguity in the data. When the turbulence and the quasi-coherent fluctuation level
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Figure 7-8: Comparison of the phase fluctuation level A¢ of reflectometry and line-
integrated fluctuation level measured by PCI.

are small, we can then obtain raw phase data as shown in Fig. 7-7, which are clearly
dominated by the quasi-coherent fluctuations. We calculate the auto-power spectrum
for each of the four sub-windows. The power spectrum (auto-spectral density) of
reflectometry signal phase at the 2 ms window is obtained by an average over the
four sub-window using a method described in Ref. [89].

The quasi-coherent fluctuation levels in the reflectometry phase signal are esti-
mated from integrated auto-spectral densities around the coherent peak frequency
(£2 kHz), which occurs at ~ 100 kHz in the time period 0.8 < t < 1.0 s of the
discharge shown in Fig. 7-1. Fig. 7-8 shows a plot of the quasi-coherent fluctuations
level in A¢ measured by reflectometry versus the line-integrated fluctuations, [ n.dl,
measured by PCI. These data are taken from 0.8 <t < 1.0 s of the discharge shown
in Fig. 7-1. PCI signal levels are independently calibrated using acoustic waves before

each discharge (Ref. [23]).
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Figure 7-9: Comparison of the line-integrated fluctuation levels of reflectometry and
PCI. The reflectometry results are obtained by comparing Fig. 7-8 and the 2-D sim-
ulation curve with curvature in Fig. 7-4.

Using the curve of 2-D simulation with curvature shown in Fig. 7-4, we can also
calculate the line-integrated fluctuation level from reflectometry measurement. The
result is shown in Fig. 7-9, where the line-integrated fluctuation levels from reflec-
tometry and PCI are compared. A good agreement between PCI and reflectometry is
shown in Fig. 7-9. Considering the uncertainties in estimating the mode location and
width (see Section 5.3), we cannot distinguish the fluctuation level at the outer mid-
dle plane (poloidal angle = 0°), where reflectometry is measuring, and the fluctuation

level at poloidal angle at +90°), where PCI is sensitive.
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7.3 Plasma curvature effect

Fig. 7-4 in the previous Section suggests that the reflectometry response from the
2-D full-wave simulation including plasma curvature is much larger than that from
slab plasma geometry. In this Section, we do further analysis on this curvature effect,
and show that the inclusion of the effect of plasma curvature can lead to a major
modification of the spectral resolution compared to analysis based on slab geometry
(also see Ref. [51]).

Various 2-D analytic and numerical models have been developed to interpret re-
flectometry responses to poloidal density fluctuations (see discussion in Chapter 3).
These 2-D models or analytic studies are either based on slab plasma profiles (Refs. [52][90]
[58][55][50]), or do not isolate and clarify the effect of plasma curvature where it is
included (Ref. [5]). It is well known that the reflectometry sensitivity to poloidal
fluctuation wavenumber, k|, is limited by receiver location and incident beam width
(or spot size). For a finite beam width it was shown that the geometric optics result
in 1-D may apply for k,w < m/v/2, where w is 1/e radius of the incident beam
intensity (Ref. [58]). For larger wavenumbers, it was suggested that a tilted receiver
arrangement is necessary for measuring fluctuations with &, w > 7/v/2. The issue of
resolution has also been addressed using the distorted mirror model (Refs. [56][55]),
assuming that the receiver and transmitter have similar aperture sizes. This analysis
showed that the upper limit for the undistorted observation of the poloidal spec-
trum is kyw < 7w/5. It was suggested in Ref. [55] that a tightly focused beam is
better for fluctuations measurement in order to enhance the gain and improve the
wavenumber response. A 1/e? sensitivity criterion of the reflectometry, k; w < 2, can
be deduced from the result of a rigorous analysis based on slab geometry and linear
density profiles (Ref. [50]).

The k) of the quasi-coherent fluctuations in EDA H-modes are in the range &k, ~
2 — 6 cm~! as determined by the PCI system. On the other hand the reflectometer
antenna spot size at the cutoff is estimated to be w ~ 1 —2 cm, with receiver distance

d ~ 20 cm, horn antenna angles £5° relative to the mid-plane. The observed system
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Figure 7-10: Phase screen model. Plasma turbulence is reduced to a modulation on
the phase screen.

response appears to be much broader in k; than predicted from 2-D slab geometry
analysis for these plasmas as shown in Section 7.2.

In this Section, we show that super-resolution of high &k, fluctuations can indeed
be achieved due to a magnification caused by plasma poloidal curvature and the
curved wave-front of the incident waves. The phenomenon of super resolution is
analyzed using a phase screen model for general cases and the results are supported
by detailed numerical 2-D full-wave simulations for the specific case of the Alcator
C-Mod tokamak.

We use a different coordinate system in this Section. Instead of the x — y system
used in Chapter 4 and the previous Section, we use y — z system. Here 3 is the vertical
direction Z in conventional tokamak notation, and Z is the major radius R direction.

The launched waves propagate in —Zz direction.

7.3.1 Analytic result from a phase screen model

To give a general insight into the curvature effect, we use a phase screen model
including plasma curvature and wave-front curvature (Fig. 7-10). All plasma effects
are reduced to the phase modulation induced by the phase screen.

The phase of the electric field at the screen is calculated by 1-D geometric optics:
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oo = 2ko J5° €'/ dz, where € is plasma permittivity, z. is the critical layer, z = 0 at
the plasma edge, and kg is the incident microwave vacuum wavenumber. The phase
screen is located at z, = [;° € Y2 dz, i.e., at the effective optical distance from the
plasma edge. A poloidal plasma density fluctuation is modeled as a phase modulation
with wavenumber k. The modulation magnitude, oy = ((¢ — ¢0)?)'/2, can also be
calculated from 1-D geometric optics given the details of the density profile. Assuming
a radius of curvature p. of the cutoff layer and p,, of the incident wave-front at the

cutoff layer, the complex electric field at the phase screen is approximately:

2 7. ¢2
E (&) = \/21_7r'w exp <_2§—wQ> X exp <Zk;§ ) X exp [i\/i% cos(k & + 6)} , (7.4)

where ¢ is the coordinate on the phase screen, 6 is the phase offset of the modulation
at £ =0, p = 2pcpu/(pe + 2pw) is the effective radius of curvature, and w is the 1/e
radius of the Gaussian incident waves intensity (o< |E,|?) distributed on the phase
screen. The second term comes from the curvature effect assuming w < p/2. The
third term denotes phase modulation by density fluctuations.

The electric field in all space, in principle, can be calculated using the Fresnel-

Huygens formula:

E(y,z) = % /Oo g(u) exp {z(z — zs)\/ k& — uﬂ exp(iuy) du, (7.5)

—00

gw) = [ B exp(—iug) de.

—00

Only two dimensions of the formula is incorporated. In the regime where o, < 1,
k, < ko, we estimate the rms level of the electric field over —m < € < 7 on the axis

y = 0. By integrating Eq. 7.5, we find:

(IE = (E)[})'/? lkW( 1
E..s0,2) = ~ gsexp |— 1—-
(0:2) B) Gl o)
p*
1—4
C, — d/p

(1—2d/p)? + d&®/kguw*
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where d = z — z, is the distance to the phase screen. The curvature effect is strongly
embedded in parameter C; while C5 is usually close to 1. In the case of k;, — 0 or
w — 0, E,,,s approaches o4, which is the 1-D geometric optics limit. In the regime
of weak curvature where p > 2kow?, the curvature effect is negligible. Using Cy ~ 1,
we get:

Eyma(0,2) 2~ o exp (=kiw?/2), p/2> kgw?®, (7.7)

The dependence on exp (—k?w?/2) is identical to that deduced from the result in

Ref. [50]. In contrast, in the regime of strong curvature where w < p/2 < kqw?,

p )2 kin

2 < kow®. .
2kow? 2 1’ w<<p/ < kow (78)

Erms(0, 2) > 04 exp [— (

Eq. 7.8 shows that, with strong curvature, the electric field fluctuations due to a
density fluctuation with wavenumber k, is as strong as for density fluctuation of

much smaller wavenumber,

~ P 2

found in Eq. 7.7, which is the analytic result using slab plasma geometry and plane
wave-front with finite beam size. As a result, the reflectometry response to poloidal
fluctuations can be significantly broader in k; than the result without consideration
of plasma curvature.

Fig. 7-11 shows E,,,s/0, calculated using Eq. 7.6 for different curvature radii.
Fig. 7-11-(a) is the case of p,, = 10 cm while p,, = 25 cm is shown in Fig. 7-11-(b).
Results of plasma curvature p. = oo, 25 and 15 cm are plotted. Other parameters
used are realistic parameters for the Alcator C-Mod 88 GHz reflectometer channel,
ko ~ 185 cm™, w ~ 1.6 cm, d ~ 20 cm. All curves converge to the 1-D geometric
optics limit, E,,,s/04 = 1, for k; — 0. For large k, , there can be orders of magnitude
difference in E,,s for different p.. E,ns/0, in Fig. 7-11-(a) is also larger than those
in Fig. 7-11-(b) with the same p. because of a smaller p,,.
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Figure 7-11: E,,,s/0, evaluated from Eq. 7.6 for different radii of plasma curvature:
pe = 00, 25 and 15 cm. ko ~ 18.5 ecm™!, w ~ 1.6 cm, d ~ 20 cm. Figure (a) shows
the result of p,, = 10 cm and figure (b) shows the result of p,, = 25 cm.
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7.3.2 2-D full-wave simulation result

A more realistic plasma curvature effect for O-mode reflectometry has been estimated
using the 2-D full-wave simulation based on the experimental density profile and
reflectometer geometry in the Alcator C-Mod tokamak. The plasma density profile
is modelled with an EDA H-mode profile with pedestal width of 0.6 cm at z < 0:

3.5
neo(2) /ne = 0.8 |1 — 0.025z — tanh (Z 36 )] . (7.10)

where lengths are in cm, and n. = 0.96 x 10* cm™2 is the cutoff density for 88 GHz
microwave (O-mode). The fluctuations are assumed to be localized in z but poloidally

modulated:
z+ 3.3

0.35

Ne(2)/Neo = 0.04 X exp [— ( )21 cos(kLy +6). (7.11)

Such fluctuations give a 1-D phase modulation level o4 ~ 0.5 rad. The total density
IS Ne = Neg + N
The electric field of the incident Gaussian beam in the vacuum region propagating

in —é€, direction is described as (a time factor e~ is ignored):

| 2P , Z— 29 o 1 ko .
E ~ 2 — t — 4 —ikal(z —
(Y, 2) w? exp l 1arctan < Fow2 ) Y (211}2 + 5 b)] exp [—iko(z — 20)],

(7.12)

where 2y is the position of the beam waist and wq is the beam waist radius; the
beam’s 1/e intensity radius w, = wg [1 + (z — 20)2/k§w§]1/2, the radius of wave-front
curvature py = |z — 20| [1 + k2wg/(z — 20)?], P is the total incident power. We assume
a Gaussian beam waist radius wg ~ 0.75 cm at the launching horn aperture position
(z0 ~ 15 c¢m), which has an optical distance d ~ 20 cm to the cutoff layer based on
the model density profile. We estimate p, ~ 25 cm and w;, ~ 1.6 cm at the phase
screen based on the propagation in vacuum.

Fig. 7-12 and Fig. 7-13 show the 2-D electric field distribution of p. = oo, 25,
and 15 cm for a single-antenna system (Fig. 7-12) and a two-antenna (transmitter
XMTR and receiver RCVR) system with angles of +5° relative to y = 0 (Fig. 7-
13).  The plasma density fluctuations perturb the electric field distribution and
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Figure 7-12: The distribution of the electric field for a single-antenna system. (a)
slab geometry p. = oo, (b) curved plasma with p. = 25 cm; (c¢) curved plasma with
pe = 15 cm. The cutoff layer and the antenna (XMTR/RCVR) are also drawn. The
density profile at y = 0 is drawn in (d). The fluctuation k£, = 6 cm and o, = 0.5 rad.
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Figure 7-13: The distribution of the electric field for a two-antenna system. (a) slab
geometry p. = oo; (b) curved plasma with p. = 25 cm; (c¢) curved plasma with
pe. = 15 cm. The cutoff layer and the antennas (transmitter XMTR and receiver
RCVR) are also drawn. Antenna angles are +5° relative to y = 0 axis. The density
profile at y = 0 is drawn in (d). The fluctuation k; =6 cm and o, = 0.5 rad.
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reflectometry derives the density fluctuations from the electric field perturbation.
The electric field perturbation caused by the plasma density fluctuation is larger for
smaller p.. Fig. 7-14 shows an enlarged view of the region near the antenna of Fig. 7-
12. In the simulation, we construct a Huygens surface at z = 27/ky ~ 0.34 cm, and
generate Gaussian beams propagating towards the plasma at z < 0. The Huygens
surface separates the reflected waves from the total field. As a result, the field in
the region of z > 0.34 cm consists of only the reflected waves while the total electric
field of the incident Gaussian beam and the reflected waves are shown in the region

of 2 < 0.34 cm in both Fig. 7-12 and 7-13. The contour level is E = 1
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Figure 7-14: Electric field contours showing the curvature effects. R(E)/|E| in an
enlarged region near the antenna for the single-antenna system in Fig. 7-12. (a) slab

geometry p. = oo, (b) curved plasma with p. = 25 cm. (c) curved plasma with
pe = 15 cm.
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Figure 7-15: Curvature effects on reflectometer response. E,,, /o, for different radii
of curvature of plasma from the 2-D full-wave simulation. p. = 00, 25,15 cm. Figure
(a) is for the single-antenna system (Fig. 7-12) and figure (b) is for the two-antenna
system (Fig. 7-13).
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plasma with p. = co. The simulation results are close to those in Fig. 7-11-(a), which
are calculated from Eq. 7.6 using p,, = 10 cm. In contrast, the results in Fig. 7-11-
(b), which is obtained using p, = pp, = 25 cm, where pj, is the estimated Gaussian
beam curvature radius at the phase screen based on propagation in vacuum, are
much smaller than the simulation results. It indicates that the plasma effect on the
wave-front curvature is not negligible when using the phase screen model (Eq. 7.6) to
estimate the reflectometry sensitivity. It also indicates that plasma curvature plays
an important role in determining the wave number resolution of the measurement.
In summary, plasma curvature is found to significantly extend the microwave
reflectometry response to high k, fluctuations when the effective radius of curvature
p < 2kow?. The reflectometry responses to high k; poloidal fluctuations may be
several orders of magnitude larger than the slab geometry result. Thus, the 1-D
model may work better than 2-D slab geometry models for high k£, fluctuations due
to the curvature effect. At low &k, however, the 1-D model and 2-D slab geometry

models agree well, and plasma curvature does not affect the response.

7.4 Simulation of radial correlation measurement

As discussed in Chapter 3, the interpretation on radial correlation measurement has
not been completely understood. In this Section, we present some preliminary results
on this issue, which is obtained from the 2-D full-wave simulation for typical Alcator

C-Mod plasmas.

7.4.1 Simulation parameters
Turbulence model

We use correlation length, correlation time, and the random phase approximation to
model density turbulence. We start from an ideal Gaussian shape density correlation

function

da? 5y 5t?
v(dz, dy, 6t) = exp <—m> exp (— 7] ) exp <_2—Lt2> , (7.13)
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where L, , is the turbulence correlation length®, and L, is the correlation time. The

turbulence distribution in space and time ((x,y,t) is obtained from ~:

C(w,y,t) = F [|[FNY? exp(idrana)| C, (7.14)

where F and F~' are the Fourier and inverse Fourier transformation on the two
spatial dimensions plus the time dimension, ¢,q,q are random phases 0 < ¢,4ng < 27,

and C'is a factor to tune the rms turbulence level, which is defined as

C[fdtfde fdy 2z, y, 6]
Grms = [dt [dx [dy '

(7.15)

Density profile

We input the following linear density profile to our 2-D full-wave simulation code

ne(z,y,t) = negs(l — zfem]/4.8) [1 + ((z,y,1)], (7.16)

where n.ggs = 0.96 x 1022 m™3 is the critical density of the 88 GHz wave. The 2-D

density profile is curved with a curvature radius of 0.20 m.

Simulation setup

Given a density turbulence level (,.,,s and incident wave frequency f, we run simula-
tions at 24 time points, t = L;/12,2L,/12,...,23L;/12 and obtain the corresponding
reflectometry responses FE..-(f,t) for density profiles n.(z,y,t). We run simula-
tions with different frequencies around 88 GHz to model the correlation reflectometry.
Other parameters are set up as those used in Section 7.1.

Varying correlation length L, ,, or turbulence level (,,,, affects the reflectometry

measurement. The following Sections, we will show these two effects respectively.

3For simplicity, we assume radial and poloidal correlation lengths are identical.
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Figure 7-16: Turbulence with different correlation lengths. Two snap-shots of turbu-
lence nn/n in part of the computation box is shown in contour plots. The left plot is
the case of L, , = 0.1 cm and the right plot is of L, , = 0.4 cm. The contour levels
are —0.5Cms and 0.5C -

7.4.2 Reflectometry responses at different turbulence corre-

lation lengths

In this study, we run simulations with different density correlation lengths 0.1 <
L., < 0.8 cm at a low turbulence level (s = 0.01. This L, , range is close to the
estimated correlation length for typical Alcator C-Mod plasmas.

Fig. 7-16 shows two snap-shots of turbulence 7/n in part of the computation box.
The left plot of the figure shows a turbulence with correlation length of L,,, = 0.1 cm,
and the right plot is of L,,, = 0.4 cm.

Fig. 7-17 shows an example of the reflectometry signal phase (¢) correlation func-
tions 4 and model density correlation 7,. 7, and 7, are plotted vs. the relative
critical surface position Ar = z.(f) — z.(fo) with fo = 88 GHz. Gaussian fits with
three free parameters (width, center and height) are performed on v, and ~,,. In this
specific case, the width of both fits are close. Fig. 7-18 shows the correlation length
obtained from Gaussian fitted v, and ,. The figure shows that generally L, , >~ L, ,,

in the range 0.1 < L, ,, < 0.8 cm at the weak turbulence level (,,,s ~ 0.01. The large
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Figure 7-17: Reflectometry phase correlation v, and turbulence correlation v,. Gaus-
sian fits are performed on the simulation results. The incidence wave vacuum wave-
length A\g ~ 0.34 cm and density scale length at the critical surface is 4.8 cm. The
turbulence rms level is (s >~ 0.01.

uncertainty shown in the figure are from the deviation from the Gaussian shape of
the response.

Fig. 7-19 and Fig. 7-20 show the result of reflectometry signal amplitude correla-
tion with turbulence correlation. Fig. 7-19 shows an example of the signal amplitude
(A) correlation functions v4 vs. model density correlation 7,. Fig. 7-20 shows 4 vs.
Yn- The figure shows that L, 4 ~ L, , at the turbulence level (,,,s >~ 0.01.

Though both L, 4, and L, 4 are close to L., for the case of (s ~ 0.01 as shown
above, we should also check whether this similarity holds for other turbulence levels,

which is shown in next Section.

7.4.3 Reflectometry responses at different turbulence levels

In this study, we run simulations with different turbulence levels 0.02 < (.5 < 0.20.
at a fixed correlation length L, , ~ 0.45 cm of the modelled density turbulence.

Fig. 7-21 shows the obtained signal amplitude correlation length vs. turbulence

157



157 ]
__1.0F | o
& I % //// g
“ i A 4
= | | ]
~ 051 I P ]

|- //@// —

0.0i/‘/ /‘ . | L L L | L L L I . . . I . . . ]

0.0 0.2 0.4 0.6 0.8 1.0
L ()

Figure 7-18: Reflectometry L, 4 vs. turbulence L, ,. The figure shows that generally
L,y ~ L., in the range 0.1 < L, ,, < 0.8 cm at the turbulence level (s >~ 0.01.
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Figure 7-19: Reflectometry amplitude correlation v, and turbulence correlation 7,,.
Simulation parameters are identical to those in Fig. 7-17.
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Figure 7-20: Reflectometry L, 4 vs. turbulence L, ,. The figure shows that generally
L, o~ L,, in the range 0.1 < L, ,, < 0.8 cm at the turbulence level (,,s ~ 0.01.

level. In the range of (s < 0.1, 1.0 < L, 4/L,,, < 1.5. L, 4 is systematically larger
than L, ,, but it is still reasonably close. For (,,,s > 0.1, the Gaussian fit fails because
of significant shape deviation and the reflectometry signal amplitude correlation fails
to represent the turbulence correlation.

Fig. 7-22 shows the obtained signal phase correlation length vs. turbulence level.
The figure shows that L, 4 is generally very different than the turbulence correlation
L, ,. It indicates that it is not reliable to estimate L, , from L, 4.

In summary, reflectometry should be able to measure turbulence radial correla-
tion length for typical Alcator C-Mod plasmas provided that the turbulence level is
small. The correlation length from the amplitude of the reflectometry signal, L, 4, is
generally more reliable than that from signal phase correlation, L, 4, to estimate the
correlation length of turbulent density, L, ,. Results from this preliminary study are
different than those obtained from the much more simplified distorted mirror model
(Ref. [57]) (also see Section 3.5). More detailed study in this subject is suggested for

future work.
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Figure 7-21: Reflectometry L, 4 at different turbulence level. Though L, 4 is system-
atically larger than L,, = 0.45 cm for (,,s < 0.1, it is still reasonably close. The
Gaussian fit fails for the v, at higher turbulence levels (.5 > 0.1.
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Figure 7-22: Reflectometry L, , at different turbulence level. The empty circles are
points that the uncertainty in the Gaussian fit is larger than the plotting range.
The figure shows that L,, may not be a reliable quantity to infer the turbulence
correlation.

160



Summary

The 2-D full wave reflectometry simulation code is used to study the QC fluctua-
tion level considering realistic 2-D geometry. The study provides a calibration curve
through which we can infer the QC fluctuation level. Plasma curvature is found
to significantly extend the microwave reflectometry response to high &, fluctuations

2. The reflectometry responses to

when the effective radius of curvature p < 2kw
high k£, poloidal fluctuations may be several orders of magnitude larger than the slab
geometry result.

Preliminary numerical studies using the 2-D simulation code on the reflectometry
application of turbulence radial correlation measurement indicates that reflectometry
should work well for typical Alcator C-Mod plasmas provided that the turbulence level
is small. The correlation length from the amplitude of the reflectometry signal, L, 4,

is generally more reliable than that from signal phase correlation, L, 4, to estimate

the correlation length of turbulent density, L, ,.
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Chapter 8

Conclusions and future work

In Section 8.1, we draw conclusions from the experimental and numerical study of
reflectometry in Alcator C-Mod. In Section 8.2, we briefly describe the design of two
higher frequency reflectometry channels (128-136 GHz and 136-144 GHz), which are
being installed for the year 2001 campaign. We also discuss some physics issues that
can be further pursued using the present reflectometer together with the two higher
frequency channels. Further numerical studies using the 2-D full-wave reflectometry

simulation code are also discussed.

8.1 Conclusions

The following are conclusions drawn from the experimental and numerical study of

reflectometry in Alcator C-Mod:

1. Reflectometer in Alcator C-Mod can continuously measure plasma density pro-
files and monitor edge density fluctuations. Quasi-coherent continuous edge
fluctuations are observed by reflectometer in EDA H-mode periods. These fluc-

tuations are shown to be the signature of the EDA H-mode.

2. Reflectometer data show that the QC fluctuations are localized near the center
of the EDA H-mode density pedestal with a small shift toward the lower part
of the pedestal. The radial width (FWHM) of these fluctuations, W, is usually
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in the range of 0.1 — 0.3 cm. W increases with the increase of resistivity n at
the center of the pedestal. The line-integrated fluctuation level approximately
scales with (V*q§5)0'56. The result indicates that higher qg5, higher density, and
lower temperature are favored for the QC fluctuations. Neither the location nor
the width changes significantly in an EDA H-mode period, while the frequency
and level vary. Both theoretical models on resistive ballooning mode and drift

ballooning mode show promising agreements with experimental results.

. A 2-D full-wave reflectometry simulation code has been developed to quan-
titatively interpret O-mode reflectometry fluctuation signals. The code uses
finite-difference time-domain methods solving the Maxwell equations in two di-
mensions under cold plasma assumption. Perfectly matched layers are used as
boundary. The Huygens source technique is used to generate Gaussian beam
and separate the reflected waves from the total fields. The simulation code is

able to simulate realistic 2-D reflectometry geometry.

. Simulations based on realistic 2-D geometry of the Alcator C-Mod reflectome-
ter provide a calibration curve by which we can relate the QC fluctuations in
reflectometry signals to plasma density fluctuations. Results indicate that the
line-integrated fluctuation level derived from reflectometry is similar to that
measured by PCI. Simulation also finds that the reflectometry geometry af-
fects the measurement. Plasma curvature extends the reflectometry response
to fluctuations with high poloidal wavenumber. The 2-D full-wave code has
also been used to understand the measurement of radial correlation length of
turbulences. For typical Alcator C-Mod plasmas, a preliminary study indicates
that we should be able to estimate the correlation length of the turbulence from

the reflectometer signal amplitude provided that the fluctuation level is small.
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8.2 Future work on the reflectometer

8.2.1 Upgrade to measure radial correlation length

Two higher frequency reflectometry channels with center frequencies 132 GHz and
140 GHz are being installed on Alcator C-Mod in collaboration with PPPL while
this dissertation is being written. The major part of these two reflectometry channels
were originally installed on TF'TR at PPPL. The two channels are able to sweep fre-
quencies, 128 — 136 GHz and 136 — 144 GHz respectively. By comparing the signals
from the two channels, we can infer the radial turbulence correlation length at the

3 corresponding to f ~ 136 GHz.

critical surface of n. ~ 2.3 x 10 m~

The layout of the mm-wave part of the two channels is shown in Fig. 8-1. There
are three Gunn diode oscillators in each channel. One of them is frequency tunable
by analogy waveform input. The other two Gunn diode oscillators are used to down-
convert the mm-wave into an IF signal: 300 MHz for the 132 GHz channel and
800 MHz for the 140 GHz channel. Broad-band mixers and amplifiers are used to
cover the wide frequency range. The IF signals carry density fluctuation information.
These signals are measured by the IF system shown in Fig. 8-2.

In the IF system, the two 300 MHz signals from the mm-part of the 132 GHz
channel — one is the reference signal, and the other carries plasma information —
are converted to a 500 MHz signal, which carries the difference of the two 300 MHz
signals. This 500 MHz signal is measured by an I/Q detector, which produces the
signal amplitude and phase. The procedure is basically the same for the 800 MHz
signals from the 140 GHz channel. The phase difference from these two channels is
also measured, which provides one more point of group delay for the density profile
measurement. Signals passing through the broad band-pass filter (500 £ 100 MHz)
are also connected to a spectrum analyzer so that we can directly detect fluctuation
signals at the ion cyclotron frequency (~ 80 MHz at B ~ 5.4 T), which can arise
from the ICRF heating related phenomena.

The mm-wave part of these channels is enclosed in a metal box, and the wave-

guides are to be connected to those of the present 110 GHz channel. The system will
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(temporarily) share the transmitting and receiving lines with the 110 GHz channel.
These two channels can penetrate deeper into the plasma (critical densities 2.0 x
10%° < n, < 2.6x10% m*3) than the present 5 channels, and they are able to measure
turbulence correlation length. Together with the measurements from the present 5
channels, the upgraded reflectometry system will provide important results in many

research directions.

8.2.2 Dual O-X mode reflectometry

In Ref. [91], a dual O-X mode reflectometer has been reported. The possibility of
measuring magnetic field based on the correlation of turbulence signals from an O-
mode reflectometry wave and an X-mode reflectometry wave was explored. It showed
that by simultaneously measuring fluctuations of the X-mode wave, which is affected
by the magnetic field, and fluctuations of the O-mode wave, which is independent of
the magnetic field, we can infer the magnetic field near the critical surface. Therefore,
we can potentially use reflectometry to measure the ¢ profile in Alcator C-Mod besides
the standard approach of motion stark emission (MSE)?.

The other advantage of dual O-X mode approach, or equivalently, a polarization
rotator as Dr. R. Nazikian of PPPL put it, is the ability to have a larger range of
accessibility. Dr. Nazikian has been designing such a polarization rotator system,

and it will be installed on Alcator C-Mod in the future.

8.2.3 Reflectometry imaging

A major difficulty in the interpretation of reflectometry fluctuation signals is that
the conventional reflectometry process is not always a one to one mapping process.
Some studies suggested using reflectometry imaging to obtain a better picture of
density fluctuations (for example, Refs. [52] [90]). A novel 3-D reflectometry imaging
system has been designed and will be installed in the TEXTOR tokamak (Ref. [92]).

An X-mode microwave reflectometry imaging system together with an ECE imaging

!The MSE system is under development in collaboration with PPPL.
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system are planned to give an instantaneous 3-D view of density and temperature
fluctuations (Ref. [93]). However, it is not clear to what extent that reflectometry
images can correctly represent a 3-D mapping of density fluctuations. These issues
need detailed studies.

The 2-D full-wave reflectometry simulation code described in Chapter 6 can be
used to study the imaging process by simply adding numerical lens and aperture in
the path of reflected waves. This study should be able to evaluate the validity of this

new approach of reflectometry application and interpret the imaging result.

8.3 Future physics studies by reflectometry in Al-
cator C-Mod

8.3.1 Advanced tokamak physics study

Advanced tokamaks (AT) are tokamaks with higher (3, longer energy confinement
time 7g, higher bootstrap current ratio, and longer plasma current duration than
traditional tokamaks (Ref. [94]). AT is a cost-effective approach for a reactor-size
device. AT study requires particle control, plasma shaping, and current density profile
control (for example, Ref. [95]).

A lower hybrid current drive (LHCD) system is being developed for current density
profile control in Alcator C-Mod. For the success of LHCD, we must have an accurate
measurement of plasma electron density outside the LCFEFS because the density is
critical in determining whether the lower hybrid waves can couple into the plasma. By
adding several reflectometry channels at low frequency, we can continuously measure
this low density region out of the LCFS.

Using off-axis current drive, we can obtain reversed shear (s = (r/q)(dq/dr))
region in the plasma. We expect to routinely see ITBs in the reversed shear region.
Reflectometry will be an important tool in characterizing the turbulence suppression
in the ITB region (for example, Refs. [96] [97]). ITBs have been observed in Alcator
C-Mod in so called enhanced neutron (EN) H-mode (Ref. [98]) and off-axis ICRF
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heating (Ref. [29]). Fig. 8-3 shows an ITB in an EN H-mode. The accessibility of
the present reflectometry is shown. With the two new high frequency channels, the
O-mode reflectometer can reach the I'TB region and measure the plasma turbulence

level and radial correlation length.

8.3.2 ICRF physics study

In Ref. [99] and Ref. [100], reflectometry was used to study ICRF fast waves in
TFTR and DIII-D respectively. By the same token, we can also use the reflectometer
to detect ICRF fast waves in Alcator C-Mod. A direct measurement of fast wave
level in the plasma should provide key insights for the physics of ICRF heating.
Moreover, the probing waves of reflectometry combined with PCI laser chords can
have a very localized density fluctuations measurement. Many ICRF phenomena are
spatially localized because of their dependence on the strength of the total magnetic
field. For example, the mode conversion from the fast waves to ion Bernstein waves
(IBW) is spatially localized at certain major radius (Ref. [101]). Though the PCI sys-
tem can provide information of line-integrated fluctuations, a cross-examination with

reflectometry should be very useful for studies of such spatially localized phenomena.
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Figure 8-3: Reflectometry accessibility to an internal transport barrier (ITB) in an
enhanced neutron H-mode. O-mode waves at the 132 and 140 GHz can access to the
I'TB region.
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