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Abstract

This thesis developed hardware and analysis techniques to measure two validation
constraints experimentally, and then applied these constraints in the validation of
plasma turbulent transport models on two tokamaks, Alcator C-Mod and ASDEX
Upgrade, resulting in both greater physics understanding of multi-scale turbulent
interactions and greater confidence in predictions for future fusion devices.

On the path toward the clean, sustainable, and safe energy of a fusion power plant,
experiment and modeling each contribute something unique. Before one can in good
faith use plasma turbulent transport models to explain turbulent dynamics or predict
machine performance, however, one must ensure that these models can correctly
reproduce experimentally measured conditions on existing devices. Validation, the
process of determining how accurately a model represents reality, has thus become a
key endeavor in fusion energy research.

First, this thesis developed an analysis technique to measure the electron perturba-
tive thermal diffusivity based on tracking the propagation of heat pulses generated by
partial sawtooth crashes. In addition, correlation electron cyclotron emission (CECE)
hardware was constructed on both Alcator C-Mod and ASDEX Upgrade, and anal-
ysis techniques were derived, in order to measure turbulent electron temperature
fluctuations.

These validation constraints were applied to two turbulent transport models, the
nonlinear gyrokinetic model and the quasi-linear gyrofluid model. In particular, these
constraints were used to study the importance of multi-scale turbulent effects (due
to coupling between ion- and electron-scales) in correctly modeling plasma behavior.
The gyrokinetic codes GYRO and GENE were validated on Alcator C-Mod and AS-
DEX Upgrade respectively, using both constraints developed in this thesis as well as
ion and electron heat fluxes from power balance, revealing that in some cases ion-
scale simulations are sufficient to match experimental constraints, while in other cases
multi-scale effects are important.

To investigate this discrepancy, a novel type of validation study was performed
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with the gyrofluid code TGLF, including many discharges from both machines. This
study resulted in two physical criteria that determine when multi-scale effects are
important, and when ion-scale simulations are sufficient to model the plasma behavior,
shedding light on the physical phenomena that govern the importance of multi-scale
turbulent effects.

Thesis Supervisor: Anne E. White
Title: Cecil and Ida Green Associate Professor in Nuclear Engineering
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Glossary of Terms

Tokamak Physics, Operation, and Control

MHD Magneto-Hydro-Dynamics - A highly simplified model of magne-
tized plasmas used for macroscopic stability calculations.

Grad-Shafranov
Equation

An equation describing the MHD equilibrium of toroidal systems.

Shafranov Shift A shift of the magnetic axis from the geometric plasma center due
to finite plasma pressure.

TAE Toroidal Alfvén Eigenmode - A coherent plasma oscillation associ-
ated with the strength of the magnetic field and the toroidicity of
the system.

L-mode Low confinement mode. The standard mode of operation in an
auxiliary heated tokamak.

H-mode High confinement mode. A mode of tokamak operation where,
given sufficient heating power, the plasma edge self organizes into
a large pedestal in both temperature and density.

I-mode Improved confinement mode. A mode of tokamak operation where,
in a range of heating power, the plasma edge self organizes into a
large pedestal in temperature but not in density.

Core The center of the tokamak plasma.
Pedestal/Edge The outer region of the plasma, where steep gradients are often

found, and some core turbulence models break down.
Separatrix The edge of the plasma in a diverted machine.
SOL Scrape Off Layer - The region outside of the last closed flux surface,

where magnetic field lines connect to a solid surface.
X-point The magnetic null in a diverted plasma.
ELM Edge Localized Mode - A periodic burst of energy and particles

released from the pedestal during standard H-mode operation.
RMP Resonant Magnetic Perturbation - An oscillating magnetic field ap-

plied to the edge of a plasma in order to increase transport and
avoid ELMs.

Impurity A plasma species other than the main ion species.
TF Toroidal Field (Coil) - The magnetic coils that generate the domi-

nant toroidal field in the tokamak.
OH Ohmic Heating (Coil) - Also called the Central Solenoid. The mag-

netic coil in the center of the tokamak used for current drive, ohmic
heating, and shaping.
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EF Equilibrium Field (Coil) - The magnetic coils that generate the
poloidal field necessary for radial stability and shaping of the
plasma.

PID Proportional-Integral-Derivative - A type of controller that actuates
based on components proportional to the signal, its derivative, and
its integral.
Tokamak Diagnostics and Heating

ECE Electron Cyclotron Emission - Radiation emitted from the plasma
due to the gyration of electrons around the magnetic field. Used to
measure electron temperature.

GPC Grating Polychrometer - One type of diagnostic used to detect ECE
based on a diffraction grating.

Radiometer Another type of diagnoistic used to detect ECE, based on a series
of bandpass filters.

Interferometry A laser based diagnostic that measures line-integrated density.
FIR Far Infrared (Interferometry) - A particular wavelength of laser used

for interferometry.
Polarimetry A laser based diagnostic that measures the line-integrated magnetic

field parallel to the beam propagation path.
PCI Phase Contrast Imaging - A laser based diagnostic that measures

line-integrated density fluctuations in the plasma.
TS Thomson Scattering - A laser scattering diagnostic used to measure

both electron temperature and density.
CXRS Charge Exchange Recombination Spectroscopy - Also known as

CXS (Charge Exchange Spectroscopy). A diagnostic used to mea-
sure ion temperature and plasma rotation. Requires neutral beam
injection.

XICS X-Ray Imaging Crystal Spectrometer - A diagnostic used to mea-
sure ion temperature and plasma rotation. Requires injection of a
trace impurity, typically Argon or Krypton.

Doppler
Reflectometry

A microwave diagnostic used to measure density and density fluc-
tuations based on the reflection of an injected wave. Sometimes
also called DBS (Doppler Backscattering).

BES Beam Emission Spectroscopy - A diagnostic used to measure den-
sity fluctuations. Requires neutral beam injection.

NBI Neutral Beam Injection - Also known as NBH (Neutral Beam Heat-
ing). A beam of high energy neutral particles injected into the
tokamak for heating and fueling of the plasma.
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ECH Electron Cyclotron Heating - Also known as ECRH (Electron Cy-
clotron Resonance Heating). The launching of waves at the electron
cyclotron resonance frequency for plasma heating.

ICRH Ion Cyclotron Resonance Heating - Also known as ICRF (Ion Cy-
clotron Range of Frequencies). The launching of waves at the ion
cyclotron resonance frequency (or its harmonics) for plasma heat-
ing. Often utilizes a minority species for better absorption.

RF Radio Frequency - A term sometimes used to collectively refer to
ECH and ICRH.

Line-Averaged A measurement that integrates a plasma property along a line of
sight or a beam path.
Perturbative Diffusivity Measurement

Heat Pulse A transient increase in temperature that propagates through the
plasma. Can be generated in a variety of ways, including sawtooth
crashes and modulated ECH.

Sawtooth Crash An MHD event in the plasma core involving magnetic reconnec-
tion at the q=1 surface. Causes macroscopic transport of heat and
particles out of the plasma core.

Partial
Sawtooth Crash

Similar to a full sawtooth crash, but only involving an annular
region of the plasma core. Leads to significantly smaller heat redis-
tribution.

Inversion Radius The radius at which the temperature and density profiles do not
change during a sawtooth crash.

Mixing Radius The radius out to which the sawtooth crash flattens the tempera-
ture and density profiles.

Ballistic Effect Non-diffusive heat transport beyond the mixing radius associated
with the sawtooth crash.
CECE Diagnostic and Analysis

CECE Correlation Electron Cyclotron Emission - A specialized ECE ra-
diometer that correlates closely spaced measurement volumes in
order to detect small amplitude temperature fluctuations.

O-mode Ordinary Mode - Light propagating with its electric field parallel
to the background magnetic field.

X-mode Extraordinary Mode - Light propagating with its electric field per-
pendicular to the background magnetic field.

RF Section Radio Frequency Section - The high frequency electronics section
of the CECE diagnostic, operating in the 100s of GHz.

IF Section Intermediate Frequency Section - The lower frequency electronics
section of the CECE diagnostic, operating in the single to 10s of
GHz.
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YIG Yttrium Iron Garnet - A type of tunable bandpass filter.
Sensitivity Limit The level below which a signal is indistinguishable from noise.
Synthetic Data Artificially generated fluctuation data with added noise used for

testing of analysis routines.
Doppler
Broadening

An increase in the ECE emission volume width due to a Doppler
shift in the emitted ECE frequency.

Relativistic
Broadening

An increase in the ECE emission volume width due to the relativis-
tic mass increase and its effect on the cyclotron frequency.
Turbulence

Drift Wave The dominant cause of turbulence in tokamak plasmas. Generated
through an interplay between pressure gradients and diamagnetic
currents in the plasma.

ITG Ion Temperature Gradient (Mode) - A turbulent mode driven un-
stable by gradients in the ion temperature.

TEM Trapped Electron Mode - A turbulent mode involving trapped elec-
trons and driven unstable by electron temperature and density gra-
dients.

ETG Electron Temperature Gradient (Mode) - A turbulent mode driven
unstable by gradients in the electron temperature.

Zonal Flow Ordered flows that develop in a tokamak perpendicular to the pres-
sure gradients. Zonal flows interact in complex ways with various
turbulent modes.

Flux-Gradient
Relationship

The dependence of the turbulent heat flux on the driving gradient.

Linear Growth
Rate

The characteristic growth rate of a single unstable turbulent mode,
ignoring interactions with other modes.

Dominant Mode The turbulent mode with the largest linear growth rate at a given
wavenumber.

Sub-Dominant
Mode

A turbulent mode that is unstable at a given wavenumber, but has
a smaller growth rate than another mode.
Turbulence Models

Gyrokinetic
Model

A reduced kinetic model of plasma turbulence based on the small
size of the gyro-radius compared to the gradient scale lengths of
the machine, as well as other assumptions.

Gyrofluid Model A fluid model based on taking the fluid moments of the gyrokinetic
equations.

Coppi-Tang
Model

A highly simplified analytic model of turbulent heat and particle
transport in tokamak plasmas.
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Linear A model that only calculates the linear growth rates of turbulent
modes.

Nonlinear A model that calculates the nonlinear saturated state of turbulence.
Quasi-Linear A model that calculates linear growth rates, and then uses these to

approximate the saturated state of the turbulence based on some
saturation rule.

Saturation Rule A rule used to translate linear growth rates into a nonlinear satu-
rated state, typically generated using the results of previous non-
linear simulations.

GYRO A nonlinear gyrokinetic simulation code.
GENE Gyrokinetic Electromagnetic Numerical Experiment - Another non-

linear gyrokinetic simulation code.
TGLF Trapped Gyro-Landau Fluid - A quasi-linear gyrofluid simulation

code.
Electrostatic A simulation that allows only the plasma potential, and not the

magnetic field, to fluctuate.
Electromagnetic A simulation that allows both the plasma potential and the mag-

netic field to fluctuate.
Ion-Scale A simulation that resolves down to the ion gyro-radius.
Electron-Scale A simulation that resolves only around the electron gyro-radius.
Multi-Scale A simulation that resolves all the way from larger than the ion

gyro-radius down to the electron gyro-radius.
Local A simulation of a single radius in the tokamak, with a domain of a

single flux-tube.
Global A simulation of an extended radial region of the tokamak.

Validation

Validation “The process of determining the degree to which a model is an
accurate representation of the real world from the perspective of
the intended uses of the model.” [1]

Validation
Constraint

Also known as a quantity of interest. An experimentally measured
quantity that one can compare to the outputs of a simulation in
order to validate the simulation.

Validation
Metric

A means of quantifying the overall agreement between experimental
measurements and the results of a simulation.

Validation
Study

A reasonably self-contained effort to validate one or a set of codes
on one or a set of plasmas.

Model Selection The task of selecting the appropriate model for a particular task.
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Fortuitous
Agreement

A result where a model will give the correct answer but for the
wrong physical reason. Additional constraints reduce the likelihood
of fortuitous agreement.

Verification The process of checking that a particular code has accurately im-
plemented a given model.

Power Balance The calculation balancing heating and loss terms in order to infer
the turbulent heat flux in a tokamak plasma.

Synthetic
Diagnostic

A method of analyzing the output of simulations in order to com-
pare to real experimental measurements, taking into account the
limitations of the real diagnostic.

Heat-Flux
Matched
Simulation

A simulation that best matches the inferred experimental heat
fluxes, which is then used to compare to other validation con-
straints.
Other Codes

EFIT A code used to reconstruct the magnetic equilibrium of a tokamak
plasma. Used widely at several machines around the world.

CLISTE Another code used to reconstruct the magnetic equilibrium of a
tokamak plasma. Used as ASDEX Upgrade.

TRANSP A power balance solver used widely around the world.
MDSplus The data storage system at Alcator C-Mod.
TGYRO A wrapper for TGLF and GYRO, used to predict temperature and

density profiles.
NEO A code used to calculate neoclassical transport levels.
VITALS Validation via Iterative Training of Active Learning Surrogates -

A wrapper for TGLF, used to vary many input parameters within
uncertainty in order to best match a set of validation constraints.

OMFIT A user interface allowing access to many codes and analysis rou-
tines.

EPED A code used to predict the pedestal of H-mode plasmas.
LHDGauss A ray tracing code used to track the propagation of waves in LHD.
TSC Tokamak Simulation Code - A code used to design the poloidal

field coil set for tokamaks. Solves for MHD stability and uses the
Coppi-Tang model to approximate the plasma behavior.
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List of Symbols

General Physics Parameters
𝑐 Speed of light
𝜖0 Permittivity of free space
𝜇0 Permeability of free space
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𝑡 Time
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𝜔 Angular frequency
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�⃗� Acceleration
𝛽𝑟 Relativistic correction beta (𝛽𝑟 = 𝑣/𝑐)
�⃗� Magnetic field
�⃗� Electric field
∇ Gradient in physical space
∇𝑣 Gradient in velocity space
𝑉 Volume
𝑚𝑠 Mass of species 𝑠

Mathematical Notatioñ︀𝑥 Fluctuations in quantity 𝑥

𝑥 Line averaged value of quantity 𝑥

𝑥 Scalar 𝑥

�⃗� Vector �⃗�

𝑋 Tensor 𝑋

Kinetic Plasma Description
𝑓𝑠 Distribution function of species 𝑠

𝑛𝑠 Number density of species 𝑠

𝑇𝑠 Temperature of species 𝑠

𝑍𝑠 Charge number of species 𝑠

𝑞𝑠 Charge of species 𝑠 (𝑞𝑠 = 𝑍𝑠𝑒)
𝑝𝑠 Pressure of species 𝑠 (𝑝𝑠 = 𝑛𝑠𝑇𝑠)
𝐽𝑠 Current carried in species 𝑠

𝐶(𝑓𝑠, 𝑓𝑠′) Collision operator in Boltzmann Equation
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Fluid Plasma Description
𝑆𝑗 Volumetric power density in quantity 𝑗 (MW/m3)
𝑄𝑗 Power flux in quantity 𝑗 (MW/m2)
𝑃𝑗 Total power in quantity 𝑗 (MW)
𝐶𝑠 Volumetric energy exchange due to collisions of species 𝑠

𝑃 𝑠 Pressure tensor of species 𝑠

�⃗�𝑠 Fluid velocity of species 𝑠

�⃗�𝑠 Conductive heat flux vector of species 𝑠

𝑊𝑠 Stored energy density of species 𝑠 (𝑊𝑠 = (3/2)𝑛𝑠𝑇𝑠)
𝑈𝑗 Total stored energy of species 𝑠 (𝑈𝑠 =

∫︀
𝑊𝑠𝑑𝑉 )

𝑆𝑐𝑜𝑛𝑣,𝑠 Local heating due to convection of species 𝑠 (𝑆𝑐𝑜𝑛𝑣,𝑠 = �⃗�𝑠 · ∇𝑊𝑠)
𝑆𝑐𝑜𝑚𝑝,𝑠 Local heating due to compression of species 𝑠 (𝑆𝑐𝑜𝑚𝑝,𝑠 = −𝑝𝑠∇· �⃗�𝑠)
𝑆𝑐𝑜𝑛𝑑,𝑠 Local heating due to conduction through species 𝑠 (𝑆𝑐𝑜𝑛𝑑,𝑠 = ∇· �⃗�𝑠)
𝑆𝑒𝑖 Local heating due to collisional heat transfer from electrons to ions
𝑆𝑅𝐹 Local heating from radio frequency waves
𝑆𝑁𝐵𝐼 Local heating from neutral beam injection
𝑆𝑂𝐻 Local heating from ohmic dissipation
𝑆𝑟𝑎𝑑 Local power loss due to radiation
𝑆𝑖𝑜𝑛 Local power loss due to the ionization of neutrals
𝑆𝑐𝑥 Local power loss due to charge exchange reactions
𝑆𝑖,𝑠 Local net power gain from the ion particle source
𝑄𝑠 Total turbulent and neoclassical heat flux of species 𝑠

(𝑄𝑠 = 𝑄𝑐𝑜𝑛𝑑,𝑠 + 𝑄𝑐𝑜𝑛𝑣,𝑠)
𝜒𝑃𝐵
𝑠 Power balance diffusivity of species 𝑠 (𝜒𝑃𝐵

𝑠 = − 𝑄𝑠

𝑛𝑠∇𝑇𝑠
)

𝜒𝑝𝑒𝑟𝑡
𝑠 Perturbative diffusivity of species 𝑠 (𝜒𝑝𝑒𝑟𝑡

𝑠 = − 1
𝑛𝑠

𝜕𝑄𝑠

𝜕∇𝑇𝑠
)

General Plasma Parameters
𝑝 Total plasma pressure (𝑝 =

∑︀
𝑠 𝑝𝑠)

𝛽 Plasma beta (𝛽 = 𝑝/(𝐵2/2𝜇0))
𝑣𝑇𝑠 Thermal velocity of species 𝑠 (𝑣𝑇𝑠 =

√︀
2𝑇𝑠/𝑚𝑠)

𝑐𝑠 Ion sound speed (𝑐𝑠 =
√︀

2𝑇𝑒/𝑚𝑖)
𝜌𝑖 Ion Larmor radius, also known as the ion gyro-radius (𝜌𝑖 = 𝑣𝑇𝑖

/𝜔𝑐𝑖)
𝜌𝑒 Electron Larmor radius, also known as the electron gyro-radius

(𝜌𝑒 = 𝑣𝑇𝑒/𝜔𝑐𝑒)
𝜔𝑐𝑠 Cyclotron frequency of species 𝑠 (𝜔𝑐𝑠 = 𝑞𝑠𝐵/𝑚𝑠)
�⃗�𝐸 𝐸 ×𝐵 velocity of the plasma (�⃗�𝐸 = (�⃗� × �⃗�)/𝐵2)
𝑍𝑒𝑓𝑓 Effective charge of the plasma (𝑍𝑒𝑓𝑓 = (

∑︀
𝑠 𝑍

2
𝑠𝑛𝑠) /𝑛𝑒)

𝜈𝑒𝑖 Electron-ion collision frequency
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𝜈* Collisionality (electron-ion frequency normalized by the electron
bounce frequency)

𝜈𝐺𝐸𝑁𝐸 Species independent collision frequency used in the GENE code
(internally 𝜈𝑐)

𝑣𝐴 Alfvén speed (𝑣𝐴 = (𝐵2/𝜇0𝑛𝑖𝑚𝑖)
1/2)

𝑓𝐴 Alfvén frequency (𝑓𝐴 ≈ 𝑣𝐴/(4𝜋𝑞𝑅))
Tokamak Parameters

𝐵𝑡 Toroidal magnetic field (typically quoted on the magnetic axis)
𝐼𝑝 Total plasma current
𝑃𝑎𝑢𝑥 Total auxiliary heating (everything except ohmic heating)
𝑃𝑓𝑢𝑠𝑖𝑜𝑛 Total fusion power
𝑄 Fusion gain (𝑄 = 𝑃𝑓𝑢𝑠𝑖𝑜𝑛/𝑃ℎ𝑒𝑎𝑡)
𝑟 Local minor radius in a tokamak
𝑎 Machine minor radius
𝑅 Machine major radius
𝑞 Safety factor
𝑞95 Safety factor at the flux surface containing 95% of the toroidal flux
𝜅 Elongation
𝛿 Triangularity
𝜌𝑡𝑜𝑟 Square root of the toroidal magnetic flux normalized by the toroidal

flux at the last closed flux surface
𝜌𝑝𝑜𝑙 Square root of the poloidal magnetic flux normalized by the poloidal

flux at the last closed flux surface
𝜏𝐸 Energy confinement time
𝐻98,𝑦2 Confinement factor from 1998 Type II ELMy H-mode ITER scaling

Stellarator Parameters
𝑟𝑒𝑓𝑓 Effective minor radius
𝑎99 Effective minor radius within which 99% of the total plasma stored

energy is confined
Turbulence Parameters

𝜌𝑠 Ion Larmor radius evaluated at the electron temperature
(𝜌𝑠 = 𝑐𝑠/𝜔𝑐𝑖)

𝜌* Normalized ion Larmor radius evaluated at the electron tempera-
ture (𝜌* = 𝜌𝑠/𝑎)

𝑎/𝐿𝑦 Normalized gradient scale length of parameter 𝑦
(𝑎/𝐿𝑦 = (𝑎/𝑦) (𝜕𝑦/𝜕𝑟))

𝑘‖ Wavenumber parallel to the magnetic field
𝑘⊥ Wavenumber perpendicular to the magnetic field
𝑘𝜃 Poloidal wavenumber
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𝑘𝑦 Binormal wavenumber
𝜆 Fluctuation wavelength
𝑠 Safety factor shear (𝑠 = 𝑟 𝑑 𝑙𝑛(𝑞)/𝑑𝑟)
𝑠𝜅 Elongation shear (𝑠𝜅 = 𝑟 𝑑 𝑙𝑛(𝜅)/𝑑𝑟)
𝑠𝛿 Triangularity shear (𝑠𝛿 = 𝑟 𝑑 𝑙𝑛(𝛿)/𝑑𝑟)
𝛾 Linear growth rate of a turbulent mode at a given wavenumber
𝜔 Real frequency of a turbulent mode at a given wavenumber
𝛾𝐸×𝐵 𝐸 ×𝐵 shearing rate
𝛾𝑝 Rotation shearing rate
𝑄𝐺𝐵,𝑠 Gyro-Bohm heat flux of species s (𝑄𝐺𝐵,𝑠 = (𝑇

3/2
𝑠 𝑛𝑠/𝑚

1/2
𝑠 )(𝜌*)2)

𝐿𝑟 Radial correlation length of a turbulent mode
𝛼𝑛𝑇 Phase angle between density and temperature fluctuations

Optical Parameters
𝐼(𝜈) Intensity of light at frequency 𝜈

𝜏 Optical thickness, also called optical depth
𝑤0 Beam width (1/𝑒2 power diameter)
𝜆 Wavelength
∆𝜑 Interferometer phase shift
𝛼 Faraday rotation angle

Perturbative Diffusivity Calculation
𝑣𝐻𝑃 Velocity of the peak of the heat pulse
𝛼 Radial damping parameter for heat pulse
𝑠 Shafranov shift
𝐴 Pulse amplitude
𝑎𝑐 Plasma minor radius corrected for elongation (𝑎𝑐 =

√
𝜅𝑎)

𝜏𝑑 Heat pulse damping time constant
Statistical Parameters

𝜎𝑦 Standard deviation of parameter 𝑦

𝑅2 The amount of variation in one parameter that can be explained
by the variation in another parameter

𝛾𝑐 Complex coherence function (𝛾𝑐 = 𝐺𝑥𝑦/
√︀

𝐺𝑥𝑥𝐺𝑦𝑦)
𝛾𝑏𝑔 Background coherence
𝛾𝑥𝑦 Magnitude of the complex coherence function 𝛾𝑥𝑦 = |𝛾𝑐|
𝐺𝑥𝑦 One-sided cross-spectral density function (𝐺𝑖𝑗 = 2𝐹 *

𝑖 𝐹𝑗)
𝐺𝑥𝑥 Auto-spectral density function
𝑅𝑥𝑦 Cross-correlation function
𝑅𝑥𝑥 Auto-correlation function
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𝐹𝑖 Fourier transform of channel 𝑖
𝑛𝑑 Number of independent ensemble averaging windows
𝑁 Total number of data points
𝛿𝑓 Frequency resolution fo the Fourier transform
𝑏 Bias error
𝑅𝑒{𝑥} Real part of 𝑥

CECE Electronics and Signal
𝐵𝐼𝐹 Intermediate frequency filter bandwidth
𝐵𝑠𝑖𝑔 Signal bandwidth
𝐵𝑣𝑖𝑑 Video bandwidth
𝐵𝑠𝑎𝑚𝑝 Sampling frequencỹ︀𝒯𝑒 Time domain temperature fluctuations̃︀𝒩𝑗 Time domain radiometer thermal noise in channel 𝑗̃︀𝑁𝑗 Frequency domain radiometer thermal noise in channel 𝑗

Validation Parameters
𝜒𝑅𝑖𝑐𝑐𝑖 Ricci validation metric
∆𝜒𝑅𝑖𝑐𝑐𝑖 Difference between Ricci metric from ion-scale and multi-scale sim-

ulations
𝑅𝑗 Level of agreement in parameter 𝑗 for Ricci metric calculation
𝐻𝑗 Validation hierarchy level of parameter 𝑗 for Ricci metric calcula-

tion
𝑆𝑗 Uncertainty quantification of parameter 𝑗 for Ricci metric calcula-

tion
Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 Criteria for the importance of multi-scale effects based on ratio of

high and low wavenumber linear growth rates
Σ𝑡𝑒𝑚/𝑖𝑡𝑔 Criteria for the importance of multi-scale effects based on ratio of

TEM and ITG linear growth rates
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List of Important Equations

Basic Plasma Equations

𝜔𝑐𝑠 =
𝑞𝑠𝐵

𝑚𝑠

(1)

𝜔𝑝𝑒 =
√︀

𝑛𝑒𝑒2/𝑚𝑒𝜖0 (2)

𝑣𝑇𝑠 =

√︂
2𝑇𝑠

𝑚𝑠

(3)

𝑐𝑠 =

√︂
2𝑇𝑒

𝑚𝑖

(4)

𝜌𝑠 =
𝑐𝑆
𝜔𝑐𝑖

(5)

𝜌𝑖 =
𝑣𝑇𝑖

𝜔𝑐𝑖

(6)

𝜌𝑒 =
𝑣𝑇𝑒

𝜔𝑐𝑒

(7)

𝛽 =
𝑝

𝐵2/2𝜇0

(8)

𝑍𝑒𝑓𝑓 =

∑︀
𝑠 𝑍

2
𝑠𝑛𝑠

𝑛𝑒

(9)

�⃗�𝐸 = (�⃗� × �⃗�)/𝐵2 (10)

𝑓𝐴 ≈ 𝑣𝐴
4𝜋𝑞𝑅

≈ 𝐵0

4𝜋𝑞𝑅
√︀
𝜇0

∑︀
𝑛𝑠𝑚𝑠

(11)

𝐿𝑦 = 𝑦(𝜕𝑦/𝜕𝑟)−1 (12)

𝜈* ≈ 0.01

(︂
𝑅0

𝑟

)︂3/2(︂
𝑞𝑅0𝑛20

𝑇 2
𝑘

)︂
(13)

𝜈𝐺𝐸𝑁𝐸 = 2.3031 · 10−5𝑎 · 𝑛19 · 𝑙𝑛Λ

𝑇 2
𝑘

(14)

𝑃𝑓

𝑉
∝ ⟨𝑝⟩2 ∝ 𝛽2𝐵4

0 (15)

Perturbative Diffusivity

𝜒𝑃𝐵
𝑒 = − 𝑄𝑒

𝑛𝑒∇𝑇𝑒

(16)

𝜒𝑝𝑒𝑟𝑡
𝑒 = − 1

𝑛𝑒

𝜕𝑄𝑒

𝜕∇𝑇𝑒

(17)

𝜒𝑝𝑒𝑟𝑡
𝑒 = 4.2𝑎𝑐

𝑣𝐻𝑃

𝛼
(18)

𝑣𝐻𝑃 =
√
𝜅

𝑎

𝑎− 𝑠

(︂
𝑑𝑡𝑝𝑒𝑎𝑘
𝑑𝑟

)︂−1

(19)

𝛼 = 10(𝑎− 𝑠)
𝑑

𝑑𝑟
𝑙𝑜𝑔(𝐴) (20)

CECE

̃︀𝑇
𝑇

=

√︃
2

𝐵𝐼𝐹

∫︁ 𝑓2

𝑓1

𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}
1 −𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}

𝑑𝑓 (21)
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𝛾𝑐(𝑓) =
𝐺𝑥𝑦(𝑓)√︀

𝐺𝑥𝑥(𝑓)𝐺𝑦𝑦(𝑓)
(22)

𝜎𝛾𝑐(𝑓) =

√︂
1

2𝑛𝑑

(1 − |𝛾𝑐(𝑓)|2)2 (23)

𝜎̃︀𝑇/𝑇 ≈ 1̃︀𝑇/𝑇 1

𝐵𝐼𝐹

√︃∑︁
𝑖

(𝜎𝛾𝑖𝛿𝑓)2 (24)

𝜏 ∼
∫︁

𝑛𝑒𝑇
𝑚−1
𝑒 𝑑𝑠 (25)

Validation

𝜒𝑅𝑖𝑐𝑐𝑖 =

∑︀
𝑗 𝑅𝑗𝐻𝑗𝑆𝑗∑︀
𝑗 𝐻𝑗𝑆𝑗

(26)

𝑅𝑗 =
𝑡𝑎𝑛ℎ [(𝑑𝑗 − 𝑑0)/𝜆] + 1

2
(27)

𝑑𝑗 =

⎯⎸⎸⎷ 1

𝑁𝑗

𝑁𝑗∑︁
𝑖=1

(𝑥𝑗,𝑖 − 𝑦𝑗,𝑖)
2

∆𝑥2
𝑗,𝑖 + ∆𝑦2𝑗,𝑖

(28)

𝑆𝑗 = 𝑒𝑥𝑝

(︂
−
∑︀

𝑖 ∆𝑥𝑗,𝑖 +
∑︀

𝑖 ∆𝑦𝑗,𝑖∑︀
𝑖 |𝑥𝑗,𝑖| +

∑︀
𝑖 |𝑦𝑗,𝑖|

)︂
(29)

∆𝜒𝑅𝑖𝑐𝑐𝑖 = 𝜒𝑖𝑜𝑛 − 𝜒𝑚𝑢𝑙𝑡𝑖 (30)

Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 = (𝛾ℎ𝑖𝑔ℎ-𝑘/𝑘ℎ𝑖𝑔ℎ)/(𝛾𝑙𝑜𝑤-𝑘/𝑘𝑙𝑜𝑤)
(31)

Σ𝑡𝑒𝑚/𝑖𝑡𝑔 = 𝑒𝑥𝑝

(︃
−(𝛾𝑇𝐸𝑀/𝑘𝑇𝐸𝑀

𝛾𝐼𝑇𝐺/𝑘𝐼𝑇𝐺
− 1.0)2

0.09

)︃
(32)

Interferometry and Polarimetry

∆𝜑 =
−𝑒2𝜆

4𝜋𝑐2𝑚𝑒𝜖0

∫︁
𝑛𝑒

[︂
1 − 3

2

𝑇𝑒

𝑚𝑒𝑐2

]︂
𝑑𝑙 (33)

𝛼 =
𝑒3𝜆2

8𝜋2𝑚2
𝑒𝑐

3𝜖0

∫︁
𝑛𝑒

[︂
1 − 2

𝑇𝑒

𝑚𝑒𝑐2

]︂
�⃗� · 𝑑𝑙 (34)

∫︁
𝑛𝑒

[︂
1 − 3

2

𝑇𝑒

𝑚𝑒𝑐2

]︂
𝑑𝑙 =

4𝜋𝑐2𝑚𝑒𝜖0
𝑒2

∆𝜑𝐻𝑒𝑁𝑒𝜆𝐻𝑒𝑁𝑒 − ∆𝜑𝐶𝑂2𝜆𝐶𝑂2

𝜆2
𝐶𝑂2

− 𝜆2
𝐻𝑒𝑁𝑒

(35)
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Chapter 1

Introduction

Unlimited Energy. For Everyone. Forever.
Fusion
It might actually work this time.

Lev Grossman
Time Magazine Cover

November 2, 2015

Fusion energy stands out among many possibilities as the most promising energy

source to form the core of a sustainable energy future.

The benefits are almost too numerous to believe: no greenhouse gas emissions;

no pollutants of any kind, for that matter; nearly unlimited fuel supply; no risk of

meltdown; minimal radioactive material production; energy on demand; no geograph-

ical constraints and minimal land requirements. In other words, clean, safe energy

wherever, whenever, and for as long as we need it.

And what’s the catch? Well, fusion is hard. Very hard.

The problem boils down to almost exactly how fusion is described in popular

culture references: making and sustaining an artificial star. Very generally, fusion

involves combining small nuclei into larger, more stable ones, which releases energy

in the process. Specifically, the most commonly attempted process involves fusing

deuterium and tritium (hydrogen isotopes) into helium and an extra neutron. Each
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nucleus, however, is positively charged, so in order to combine them, one must over-

come the repulsive Coulomb force of two like charges. From the perspective of an

individual particle, this means smashing the two nuclei together at high speed (the

large kinetic energy is able to overcome the Coulomb repulsion). From a macroscopic

perspective, having many nuclei all moving very quickly translates to generating very

high temperatures. To overcome the Coulomb repulsion for some statistically mean-

ingful amount of nuclei, temperatures on the order of one hundred million Kelvin are

required. Anything at this temperature exists as a plasma: a collection of separated

ions and electrons that is sometimes described as an ionized gas. The challenge of

fusion energy is to create and sustain this hundred million degree plasma efficiently

enough to generate net energy from the fusion reactions.

While there are several methods of achieving this goal, the most successful to

date, and the topic of this thesis, is magnetic confinement. Since all of the particles

in a plasma are charged, they all respond to the magnetic fields via the Lorentz force,

orbiting around magnetic field lines. With a donut shaped magnetic field (known as

a torus), particles can stream along the field without leaking out of an end of the

machine, since there are no ends. Once one adds a vertical field and a current in

the plasma to ensure that the plasma stays centered in the torus, one has what is

known as a tokamak. This thesis will work with two tokamaks in particular, which

are described in Chapter 2.

Even though the plasma is kept in place by the magnetic fields in the tokamak,

heat (and particles) will slowly diffuse outward through collisions between particles

(classical transport), which is accelerated due to larger particle orbits induced by the

toroidal geometry of the machine (neoclassical transport). For this reason, one must

continually heat the plasma in order to keep it hot enough for fusion (unless there is

so much fusion power that the plasma heats itself, which is known as ignition). The

ratio of fusion power generated in the plasma to heating power required to maintain
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the plasma is known as the fusion gain, Q. Any fusion power plant must achieve a

fusion gain of much greater than one (breakeven), likely somewhere around 10 or

20. Achieving the conditions necessary for breakeven has been the driving mission of

fusion research for the last 60 years.

If the fusion plasma sat quietly in the tokamak, and one only had to worry about

classical and neoclassical transport, a fusion power plant would probably have been

built years ago. Unfortunately, when one tries to squeeze a hundred million degree

plasma into a magnetic bottle, the plasma does anything but sit quietly: it roils

and writhes and does its best to escape. More technically, the large temperature

and density gradients in the plasma cause it to become unstable to various types of

turbulence. This turbulence vastly increases the amount of heat that is transported

outward compared to neoclassical levels, often by as much as a factor of 100. Under-

standing, and eventually predicting, this turbulence is one of the central challenges

for fusion research, and is the focus of this thesis work.

One of the main motivations for understanding turbulence is so that one can use

this knowledge in order to predict what will happen inside of a tokamak before it is

built. An incredible amount of progress has been made on the path toward a fusion

power plant since the first tokamaks were built, and until now, almost all of this

innovation has been empirically derived: the design of new machines was informed

by experimental results of previous machines, and improvements were based almost

entirely on trends observed in experimental data. This process was certainly moti-

vated by physical theories in conjunction with experimental data, but it has thus far

not been feasible to design a machine based on first principles calculations. Truly

complete simulations of turbulence are so computationally expensive as to be infeasi-

ble, and most simplified models to date have not included sufficient physics in order

to accurately reproduce what is happening inside current machines, let alone predict

what will happen in an entirely new device. The necessity of these models, however,
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has become increasingly clear, as state-of-the-art fusion experiments have become in-

creasingly expensive and slower to construct. Reliable predictions of turbulence and

its effects on performance in fusion plasmas could lead to significant improvements in

future fusion experiments and eventually fusion power plants.

Fortunately, immense progress has been made in the last few decades in our ability

to measure the effects of turbulence in tokamak plasmas, our theoretical understand-

ing of turbulence, and in the ability of turbulent transport simulations to accurately

model the transport of heat and particles inside of fusion experiments. These three

elements are complementary: measurements of turbulence provide additional infor-

mation that aid the advancement of turbulence theory, theory is implemented in new

simulations, simulations reveal new aspects or implications of theory, and both theory

and simulation motivate new measurements in order to confirm results. This thesis

focuses primarily on experimental measurements of turbulence and its effects, and

comparison of these measurements to the results of turbulent transport simulations.

This inevitably leads to some discussion of the physics of turbulence and its role in

transport, though only limited attention is dedicated to that topic.

Before delving into the experimental and modeling contributions of this thesis,

Chapter 2 goes over the background information and general concepts that are key

to understanding the rest of the work performed in this thesis. In particular, a very

general introduction to turbulence in tokamaks is required, including the basics of

why turbulence develops in tokamak plasmas, how this leads to transport of heat and

particles, and what turbulent modes are dominantly present in high performance toka-

maks. In addition to general turbulence theory, Chapter 2 introduces a few models

for turbulent transport, specifically the gyrokinetic and gyrofluid models, as well as

the specific code implementations of both that are used in this thesis (GYRO, GENE,

and TGLF). One of the important questions raised when discussing these turbulent

transport models is whether ion-scale simulations sufficiently capture the relevant

32



plasma phenomena to predict future machine performance, or whether one requires

multi-scale simulations. The chapter then goes on to describe the two tokamaks

studied in this thesis, Alcator C-Mod and ASDEX Upgrade. Finally, this background

chapter describes the process of validation, and introduces the specific validation con-

straints used in this thesis (electron and ion heat fluxes, electron perturbative thermal

diffusivity, and electron temperature fluctuations).

The contributions and results of this thesis are described in Chapters 3 through 6,

with Chapters 3 and 4 describing hardware and data analysis contributions intended

on measuring validation constraints experimentally, and Chapters 5 and 6 using these

measurements in validation studies of various turbulent transport models.

Chapter 3 focuses on one of the validation constraints mentioned in Chapter 2,

the perturbative thermal diffusivity. The perturbative thermal diffusivity measures

how sensitive the turbulent heat flux in the plasma is to the driving temperature

gradient. This thesis developed a new method of measuring the perturbative diffu-

sivity experimentally, based on tracking heat pulses generated by partial sawtooth

crashes. Chapter 3 describes the physical principles behind this method, outlines the

required calculations, shows comparisons with previous methods of measuring the

same quantity, and presents experimental observations from Alcator C-Mod and AS-

DEX Upgrade. This chapter focuses on developing the measurement technique and

demonstrating its readiness for use as a validation constraint, though some purely

experimental results are also included.

Chapter 4 focuses on a second validation constraint that is important to this

thesis, electron temperature fluctuations. In particular, two correlation electron cy-

clotron emission (CECE) diagnostic systems were constructed as part of this thesis,

one on Alcator C-Mod and one on ASDEX Upgrade. The chapter begins by de-

scribing the general operation of ECE radiometers, before describing in detail the

hardware that was constructed for and installed on both machines. In addition to

33



hardware, this thesis work also contributed newly derived analysis techniques in or-

der to extract temperature fluctuation levels from raw CECE data. These calculation

techniques are both outlined and tested in Chapter 4. Finally, the chapter presents

example experimental data from both machines, as well as some interesting experi-

mental observations that stand separate from the validation comparisons presented

in subsequent chapters.

Using these two validation constraints, as well as the more commonly used elec-

tron and ion heat fluxes, Chapter 5 presents the results of four validation studies of

nonlinear gyrokinetic codes: two with GYRO on Alcator C-Mod and two with GENE

on ASDEX Upgrade. The first validation study of GYRO on Alcator C-Mod looks

at an L- and an I-mode plasma and applies all four validation constraints, finding

rather poor agreement between ion-scale GYRO simulations and the experimental

measurements. The second study, which involved adding the perturbative diffusiv-

ity to previously performed validation efforts, showed that in at least some cases,

the experimentally measured perturbative diffusivity disagreed with ion-scale GYRO

simulations but agreed with multi-scale GYRO simulations. Moving on to validation

of GENE on ASDEX Upgrade, two studies at different radial locations of the same

plasma discharge are presented. The first, which was performed entirely as part of

this thesis, used heat fluxes and perturbative diffusivity as constraints, and found

good agreement between ion-scale GENE simulations and all three constraints. The

second, which included significant contributions from this thesis but was performed

separately, included heat fluxes and electron temperature fluctuations as constraints

(as well as two others that are briefly discussed), finding good agreement with four out

of five constraints and ion-scale GENE simulations. This chapter also includes some

preliminary suggestions as to how one might distinguish plasmas in which multi-scale

physics are important from those for which ion-scale simulations are sufficient.

Chapter 6 more directly addresses the question of the importance of multi-scale
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physics in turbulent transport simulations. In order to compare directly ion- and

multi-scale simulations without allocating enormous computational resources, this

chapter utilizes a quasi-linear gyrofluid model, TGLF. This new model is first applied

to the same L- and I-mode plasmas studied in the first validation study in Chapter

5, showing that merely including multi-scale effects did not resolve the discrepancies

between simulation and experimental constraints. This result reveals that another ex-

planation for discrepancies between simulation and experiment may be uncertainties

in inputs beyond just electron and ion temperature gradients. The final validation

study in this thesis builds upon the results of all of the other work in this thesis.

This study validated TGLF in both ion- and multi-scale configurations, varying mul-

tiple inputs and validating against up to four constraints, on 11 plasma discharges

on Alcator C-Mod and ASDEX Upgrade. In addition to showing that multi-scale

TGLF agrees with all available validation constraints on all of the discharges in the

study, the results of this study are used to develop two criteria with which to predict

whether or not multi-scale turbulent effects are important in a given plasma. Both

criteria are based on the relative linear growth rates of different turbulent modes, and

provide some insight into the fundamental physical nature of multi-scale turbulence,

and how the rather disparate scales interact with one another.

Finally, Chapter 7 summarizes the results of this thesis, and discusses how they fit

into both the larger turbulent transport validation effort and the overarching march

toward a fusion power plant. While the work of this thesis is but one aspect of a

much larger endeavor, spanning continents and generations, it represents a concrete

step on the path to fusion energy.
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Chapter 2

Background and General Concepts

This chapter briefly introduces many of the key concepts and tools that are used

throughout this thesis. First, some central concepts of turbulence and transport in

tokamak plasmas, which are most relevant to this thesis work, are outlined, including

references for further reading. This thesis makes use of three turbulent transport sim-

ulation codes, GYRO, GENE, and TGLF, each of which is briefly described. The two

tokamaks studied in this thesis, Alcator C-Mod and ASDEX Upgrade, are then both

described, along with the more standard diagnostics used to measure the background

plasma equilibrium in these machines. This chapter then describes the concept of

validation, which is how one checks that a turbulent transport model is correctly

modeling the relevant properties of the plasma turbulence. Finally, this chapter de-

scribes the experimental measurements that are used as constraints in this validation

process, including the two that were the primary focus of this thesis, electron tem-

perature fluctuations and electron perturbative thermal diffusivity.

2.1 Turbulence and Transport in Tokamaks

This section introduces the concept of drift wave turbulence and how it relates to

the transport of heat and particles in fusion plasmas. While turbulence theory is
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an incredibly rich field of research, and is intimately linked to both experimental

measurements and simulations of tokamak plasmas, the theory itself is not the primary

focus of this thesis, and so it is only explained in a very introductory manner, sufficient

to understand the results presented in the main body of this thesis. In addition, this

section focuses solely on turbulence in tokamak plasmas, though there are many

other forms of plasma turbulence in other situations, and also many other types of

waves besides drift waves that are supported in tokamak plasmas. There are many

more complete reviews of turbulent transport in tokamaks in the literature, and the

interested reader is directed to References [2, 3, 4, 5], among others. Reference [6] also

contains a wealth of general plasma physics background, including both fundamental

physics and engineering considerations regarding tokamaks and other magnetically

confined fusion concepts. The explanation in this section will largely follow References

[5, 7], discussing turbulence in general, a few specific turbulent modes in tokamaks,

and the concept of saturation.

In general, turbulence is characterized by chaotic fluid motion driven by gradients

in fluid properties (or by shearing and other asymmetries) and saturated by nonlinear

interactions of phenomena of different scales. In tokamaks, the fluid in question is

the plasma, which is generally formed out of hydrogen isotope ions (typically deu-

terium) and electrons (as well as small amounts of heavier ions, generally referred to

as impurities). The plasma is assumed to be quasi-neutral, meaning that the plasma

does not have a net charge. In heating the plasma to the necessary hundred million

Kelvin required to fuse hydrogen to helium, and achieving sufficient plasma density

to fuse at a reasonable rate, one inevitably generates gradients in both temperature

and density, with large temperatures and density in the core of the tokamak torus,

and low temperatures and densities at the edge of the plasma. It is these gradients

that provide the free energy to drive turbulence unstable, which eventually leads to

transport of heat and the relaxation of these gradients (unless, of course, a source of
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heat exists, such as heating from fusion reactions or external heating of the plasma).

In particular, this thesis focuses on core turbulence. Tokamak plasmas are gen-

erally separated into several radial regions, depending on the dominant transport

mechanisms and the models used to describe each region. Different literature may

use slightly different region delineation, but this thesis will define four regions. Start-

ing from the outside, the first region is the scrape off layer (SOL). The SOL is the

region of open magnetic field lines, which do not loop back on themselves. This region

therefore contains unconfined plasma, and typically has quite low temperatures. The

inner boundary of the SOL is the separatrix, beyond which one finds the edge and

pedestal region. The edge and pedestal region is characterized by steep gradients and

coupling to the SOL, and extends from the separatrix in to roughly 𝜌𝑡𝑜𝑟 ≈ 0.8 − 0.9,

where 𝜌𝑡𝑜𝑟 is the square root of the normalized toroidal magnetic flux.1 Next, is the

core turbulence region, which extends from the top of the pedestal in to the sawtooth

mixing radius. Transport in this region is dominated by the types of turbulence de-

scribed in Section 2.1. Finally, inside of the sawtooth mixing radius, transport caused

by macroscopic plasma motion dominates, and turbulent transport is less important.

The sawtooth instability, which is discussed in some further detail later in this the-

sis, is caused by a magnetohydrodynamic (MHD) kink instability, and leads to large

scale mixing of the plasma inside of a surface that depends on the relative values of

the toroidal and poloidal magnetic fields [6]. Note that if the plasma current is low

enough, or if the current profile is sufficiently flat, then the plasma may not saw-

tooth at all. With these four regions laid out, consideration returns now to just core

turbulence.

1Normalized radial coordinates are common in tokamak research. The three most common are
𝜌𝑡𝑜𝑟, 𝜌𝑝𝑜𝑙, and 𝑟/𝑎. All three range from 0 to 1, with 0 as the center of the plasma and 1 as the
separatrix. 𝜌𝑡𝑜𝑟 and 𝜌𝑝𝑜𝑙 are both normalized based on magnetic flux, with 𝜌𝑡𝑜𝑟 based on the toroidal
magnetic field and 𝜌𝑝𝑜𝑙 based on the poloidal magnetic field. The last, 𝑟/𝑎 is normalized based on
physical distance. If the magnetic geometry within the tokamak is known, it is possible to convert
between the three normalizations. Different normalizations are more or less convenient for different
calculations, but it is important to be clear which normalization one is using. This thesis will almost
exclusively make use of 𝜌𝑡𝑜𝑟.

39



Most turbulence in the tokamak core is driven unstable by what is known as drift

waves. Fairly general plasma physics calculations show that in a magnetically confined

plasma, gradients in ion and electron pressure (either density or temperature) lead

to diamagnetic currents in the plasma, which are necessary for macroscopic equilib-

rium. If one introduces a perturbation to the pressure gradient, then a corresponding

perturbation to the diamagnetic current develops, which propagates perpendicular to

both the background magnetic field and the pressure gradient. In order to maintain

quasi-neutrality, a parallel current also forms, mostly carried by the electron due to

their small mass. Waves propagating in the ion diamagnetic direction are known

as ion drift waves, and similarly waves propagating the electron diamagnetic drift

direction are known as electron drift waves.

Figure 2-1: An illustration of an ion density perturbation propagating as a drift wave
in a background ion density gradient and magnetic field. Modified from Reference
[8].

As an example, consider an ion density perturbation, illustrated in Figure 2-1.

Regions of higher density develop a slightly higher potential, and regions of lower

density a slightly lower potential. This then generates an electric field perpendicular

to the gradient. The electric field then causes ions to drift at their 𝐸 × 𝐵 drift

velocity either along the gradient or against the gradient, depending on the sign of
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the electric field at each location in the wave. This motion serves to propagate the

density perturbation perpendicular to both the background magnetic field and the

density gradient. A very similar argument can be made for temperature gradients.

If there is no dissipation of the electron motion, then the density and potential

perturbations are in phase, and there is no net transport caused by the wave: the

wave stably propagates without affecting the background gradients. If, on the other

hand, there is some dissipation of the parallel electron motion (caused by electron-ion

collisions, wave particle interactions, or interactions with particles mirror-trapped in

the spatially varying toroidal magnetic field), then there will be a phase delay between

the density and potential perturbations. This delay generates a linear instability,

where the drift wave grows in amplitude. This growing wave leads to transport of

particles down the gradient. Note that the phase delay between density and potential

can also arise from from ion dynamics, even with adiabatic electrons. Again, a similar

process occurs for temperature gradients.

These drift wave perturbations initially grow linearly, but eventually reach suf-

ficient amplitude that they begin to interact nonlinearly with phenomena at other

wavenumbers (where the wavenumber is 2𝜋 divided by the perturbation wavelength).

This then leads to perturbations at these other wavenumbers, some of which will be

linearly stable and thus damped by various mechanisms within the plasma. These

new waves then couple to yet more wavenumbers and produce a broad spectrum of

turbulence wavenumbers and frequencies. The continuous injection of energy into

some wavenumbers, nonlinear coupling to other wavenumbers, and eventual dissi-

pation leads to a saturated state of the turbulence, in which the amplitude of the

turbulence remains constant in time (assuming the background plasma equilibrium

remains the same).

The specific nonlinear interactions of the drift waves depend on how they are

driven unstable, and different types of turbulence have different characteristic density,
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temperature, and potential fluctuations, as well as different cascades of energy to

larger and smaller scales. One major defining characteristic is the overall spatial scale

on which the turbulent features exist. This is typically expressed in terms of the ion

gyro-radius evaluated at the electron temperature, 𝜌𝑠 = 𝑐𝑠/𝜔𝑐𝑖, where 𝑐𝑠 =
√︀

2𝑇𝑒/𝑚𝑖

is the ion sound speed and 𝜔𝑐𝑖 = 𝑞𝑖𝐵/𝑚𝑖 is the ion gyro-frequency. In these equations,

𝑇𝑒 is the electron temperature, 𝑚𝑖 is the ion mass, 𝑞𝑖 is the ion charge, and 𝐵 is the

magnetic field. For example, ‘ion-scale’ turbulent features typically exist on the scale

of 𝜌𝑠.

While different relative phases of the temperature, density, and potential fluctua-

tions can drive heat, particles, and momentum in the plasma, this thesis focuses on

heat transport in particular. This heat transport contains both electrostatic (only

the electric potential varies) and electromagnetic (the magnetic field also varies) con-

tributions.

Different turbulent modes are typically categorized by the dominant driving gradi-

ent or source of instability. While there are many turbulent modes in different plasma

conditions and geometries, the three dominant modes in most tokamak plasmas, and

thus the three of most interest in this thesis, are the following: the ion temperature

gradient (ITG) mode, the trapped electron mode (TEM), and the electron temper-

ature gradient (ETG) mode. While detailed derivations of each of these modes is

omitted for the purpose of brevity (see Reference [4] for such work), it is worthwhile

to outline the general characteristics of each mode that are most relevant for the work

in this thesis.

The ion temperature gradient (ITG) mode is, perhaps unsurprisingly, driven un-

stable by gradients in the ion temperature. Specifically, one is interested in the nor-

malized gradient, often expressed in terms of the normalized gradient scale length,

𝑎/𝐿𝑇𝑖
, where 𝐿𝑇𝑖

= 𝑇𝑖(𝜕𝑇𝑖/𝜕𝑟)−1 is the gradient scale length and 𝑎 is the plasma

minor radius. Note that some literature normalizes by the plasma major radius, 𝑅,
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rather than the minor radius, but the essential physics is the same. The ITG generally

has some critical value of 𝑎/𝐿𝑇𝑖
, below which the mode is stable and above which the

mode is driven unstable, though the exact value of the critical gradient depends on

details of the geometry and background plasma. The turbulent structures resulting

from the ITG instability typically exist on scales of 𝑘𝜃𝜌𝑠 ≈ 0.1 − 1.0, where 𝑘𝜃 is

the poloidal wavenumber of the turbulence and 𝜌𝑠 was defined above. This range of

wavenumbers is commonly referred to as the ‘ion-scale’ range, since it encompasses

phenomena larger than the ion gyro-radius. This turbulence propagates in the ion

diamagnetic drift direction, and can transport heat through both the ion and electron

channels.

Another ion-scale turbulent mode is the trapped electron mode (TEM). The TEM

is a result of trapped electrons (trapped in the low-field side of the magnetic flux sur-

face, as if in a magnetic mirror, due to the radial variation of the toroidal magnetic

field) causing a phase delay in the drift wave. This mode is driven primarily by

electron pressure gradients (either electron density or temperature), and its strength

depends on the fraction of trapped electrons. For this reason, factors that affect

the fraction of trapped electrons, such as the aspect ratio and the collisionality, also

influence the stability of the TEM. The TEM also generally has a critical pressure

gradient, expressed as the density (𝑎/𝐿𝑛𝑒) and electron temperature (𝑎/𝐿𝑇𝑒) normal-

ized gradient scale lengths. TEM turbulence propagates in the electron diamagnetic

direction, and exists up to wavenumbers slightly above 𝑘𝜃𝜌𝑠 ≈ 1.0.

At electron scales, an analogue to the ITG exists, known as the electron temper-

ature gradient (ETG) mode. The ETG is very similar to the ITG in many respects,

except that it is operates on the electron scales, 𝑘𝜃𝜌𝑠 ≈ 1.0 − 60.0. There is often a

continuous transition between the TEM and ETG at intermediate wavenumbers, such

that there is no clear boundary between the two types of modes. The ETG is sensitive

to the electron temperature gradient, 𝑎/𝐿𝑇𝑒 , propagates in the electron diamagnetic
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direction, and drives electron heat flux. Though the ETG exists on electron scales,

and thus one might think that the small eddy size compared to ion scale turbulence

would lead to negligible transport, it can still be responsible for considerable heat

transport due to the existence of radially elongated streamers, which significantly

increase the effective eddy size [9].

In addition to these three dominant turbulent modes in tokamak plasmas, a phe-

nomenon known as zonal flows also plays a key role in determining the final turbulent

state of the plasma (in addition to the nonlinear transfer of energy between scales

discussed above). While the theoretical description of how zonal flows are generated

quickly becomes quite mathematically complicated, qualitatively they result from

small scale turbulent velocity fluctuations forming larger structures with ordered flows

perpendicular to the background driving gradients. Zonal flows have radial structure

on the order of the background density gradient scale length (often a few centimeters),

and are very poloidally elongated (approximately poloidally symmetric). Zonal flows

do not create or dissipate momentum, they simply rearrange it. They are linearly

stable and do not induce transport. Instead, their variation with radius and in time

tends to break up turbulent eddies, reducing the turbulent correlation length and

correspondingly reducing turbulent transport. To summarize, turbulence gives rise

to zonal flows, which then act to dampen the turbulence. The interaction between

turbulence and zonal flows is therefore key to understanding the final saturated state

of the plasma turbulence.

In particular, zonal flows are one of the key mechanisms through which ion- and

electron-scale turbulence interact [10]. In general, turbulence is dominated by a cas-

cade of energy from large scales down to small scales. This is generically how energy

from large scale gradients is transferred to smaller and smaller eddies, with each

scale being fed energy by the adjacent larger scale and feeding energy to the adjacent

smaller scale, until at some point the energy dissipates (via, for example, viscos-
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ity in normal fluid mechanics). As will be discussed in greater detail in Section

2.2, however, recent simulations of plasma turbulence have revealed that ion- and

electron-scale turbulence interacts strongly, and electron-scale features, such as the

ETG, have been shown to affect ion-scale turbulence [10, 11, 12, 13, 14, 15, 16, 17].

Some of this interaction appears to be due to direct inverse cascades or non-local (in

wavenumber space) energy transfer, but zonal flows also seem to play an important

role in these interactions. Specifically, both ion- and electron-scale turbulence influ-

ences zonal flows, which then affect both ion- and electron-scales. As an example,

increased electron-scale turbulence has been shown to reduce the amplitude of zonal

flows generated by ion-scale turbulence, thereby increasing the saturation level of the

ion-scale turbulence. For this reason, zonal flows play a key role in both single-scale

and multi-scale turbulence saturation.

While this section has only scratched the surface of an incredibly rich field of

turbulence theory, it has hopefully provided the introduction necessary to understand

the results presented in the remainder of this thesis. With this background in mind,

this thesis will now introduce a few specific examples of turbulent transport models

that are utilized in this work, before moving onto experimental hardware and the

process of using experiment to validate models.

2.2 Turbulent Transport Models

In order to better understand the complicated nature of turbulence in fusion plasmas,

and work toward using this knowledge to predict the performance of future fusion

devices, a number of models have been developed through the years that describe

plasma turbulence in varying levels of completeness. Just as with turbulence theory,

this section does not hope to provide a detailed description of turbulence modeling

in general or of any of the specific implementations used in this thesis. Instead, this

section hopes to provide the reader enough background to understand the motivation
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behind and results of this thesis work.

While the fusion community has developed numerous models to simulate turbulent

transport in the core of tokamaks, only two of the most common are described and

used in this thesis: the gyrokinetic and gyrofluid models. Both of these models are

quite complex, since turbulence is a fundamentally complicated phenomenon, and so

practical uses of both models involve implementations in numerical simulations. In

particular, this thesis works with two gyrokinetic simulation codes, GYRO [18] and

GENE (Gyrokinetic Electromagnetic Numerical Experiment) [9], and one gyrofluid

code, TGLF (Trapped Gyro-Landau Fluid) [19, 20, 21, 22]. The remainder of this

section discusses the basics of the gyrokinetic and gyrofluid models (largely following

References [23, 24]), as well as touching briefly on these three specific implementations.

In a world unconstrained by computation time, it is in theory possible to fully

describe nearly all behavior of any plasma system by coupling Newtonian mechanics

with Maxwell’s equations. The plasma is made up of many charged particles which

interact primarily through long range collective electromagnetic effects and binary

Coulomb collisions. True, there are some very specific situations in which quantum

effects become important (i.e. Motional Stark Effect diagnostics), and the fusion event

itself is fundamentally not a classical process, but on the whole, plasmas are mostly

governed by purely classical physics. The immediate issue with this approach is that

the plasma contains of order 1020 or more particles, making any direct computation

of each particle’s motion completely infeasible in the foreseeable future.

For this reason, nearly all models of plasma turbulence utilize some statistical

approach. Generally one begins with a kinetic formulation, using the Boltzmann

Equation (or the Vlasov Equation in the collisionless case) coupled to Maxwell’s

Equations. The Boltzmann Equation can be expressed as:

𝜕𝑓𝑠
𝜕𝑡

+ �⃗� · ∇𝑓𝑠 + �⃗� · ∇𝑣𝑓𝑠 = 𝐶(𝑓𝑠, 𝑓𝑠′) (2.1)
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where 𝑓𝑠(�⃗�, �⃗�, 𝑡) is the distribution function (the density in phase space) of a given

species in the plasma, �⃗� is the acceleration due to external forces (i.e. electromag-

netic fields) and 𝐶(𝑓𝑠, 𝑓𝑠′) is a collision operator, accounting for the effects of binary

collisions between particles in the plasma.

This is then coupled to Maxwell’s Equations:

∇ · �⃗� =
1

𝜖𝑜

∑︁
𝑠

𝑞𝑠𝑛𝑠 (2.2a)

∇ · �⃗� = 0 (2.2b)

∇× �⃗� = −𝜕�⃗�

𝜕𝑡
(2.2c)

∇× �⃗� = 𝜇𝑜

∑︁
𝑠

𝐽𝑠 + 𝜇𝑜𝜖𝑜
𝜕�⃗�

𝜕𝑡
(2.2d)

where �⃗� is the electric field, �⃗� is the magnetic field, 𝑞𝑠 is the charge of species

𝑠, 𝑛𝑠 is the number density of species 𝑠, and 𝐽𝑠 is the current density of species 𝑠,

defined as:

𝑛𝑠 =

∫︁
𝑓𝑠𝑑�⃗� (2.3)

and

𝐽𝑠 = 𝑞𝑠

∫︁
�⃗�𝑓𝑠𝑑�⃗� (2.4)

Collectively, this set of equations is known as the kinetic treatment.

Even though treating the plasma statistically reduces the computational require-

ments significantly, the set of the Boltzmann Equation and Maxwell’s Equations are
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still incredibly complex when applied to any realistic plasma system. There are still

six dimensions in the system (three spatial dimensions and three velocity dimen-

sions) and relevant plasma phenomena span many orders of magnitude of spatial and

temporal scales. For example, the plasma system may be meters in size, while the

electron gyro-radius may be on the order of 10−4 meters. In time, macroscopic tem-

perature and density profile evolution may occur on the order of seconds, while the

electron cyclotron frequency may be on the order of 10−11 seconds. Even if one is only

concerned with one radial location in the core plasma in steady macroscopic equilib-

rium, relevant phenomena still span many orders of magnitude. Finally, turbulence

is a highly nonlinear phenomenon, and the background magnetic field and toroidal

geometry make the plasma dynamics highly anisotropic.

The Gyrokinetic Model

The gyrokinetic model makes further simplifications to the kinetic model, taking ad-

vantage of separations in relevant scales. Most simply, the gyrokinetic model reduces

the number of dimensions in the kinetic equations from six to five, by taking ad-

vantage of the small size of the gyro-radius compared to other scales in the system.

Instead of separately keeping track of x, y and z velocities, one keeps track of only

two velocities, parallel and perpendicular to the magnetic field. In line with this, the

model tracks the guiding center of the particle, the point around which the particle

executes its gyro-orbit, instead of tracking the exact particle position during its orbit.

More mathematically, the gyrokinetic models is derived with the following ordering

in the small parameter 𝜖𝐺𝐾 [23]:

𝜔

𝜔𝑐𝑠

∼
𝑘‖
𝑘⊥

∼ ̃︀𝑣𝐸
𝑣𝑇𝑠

∼ ̃︀𝑛𝑠

𝑛𝑜

∼
̃︀𝐵1

𝐵𝑜

∼ 𝜌𝐿𝑠
𝐿𝑛𝑠

∼ 𝒪(𝜖𝐺𝐾) (2.5)

where 𝜔 is characteristic turbulent frequency, 𝜔𝑐𝑠 is the cyclotron frequency of

species 𝑠, 𝑘‖ and 𝑘⊥ are the turbulence wavenumbers parallel and perpendicular to
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the background magnetic field, ̃︀𝑣𝐸 is perturbed 𝐸×𝐵 drift velocity, 𝑣𝑇𝑠 is the thermal

velocity of species 𝑠, ̃︀𝑛𝑠 is the perturbed density, 𝑛𝑜 is equilibrium density, ̃︀𝐵1 is the

perturbed magnetic field, 𝐵𝑜 is the background magnetic field, 𝜌𝐿𝑠 is the gyro-radius

of species 𝑠, and 𝐿𝑛𝑠 is density gradient scale length of species 𝑠 (as defined above).

Since this thesis does not focus on the theoretical aspects of the gyrokinetic model,

the full forms of the final set of gyrokinetic equations are not repeated here, and can be

found in, for instance, Reference [23]. Instead, more attention is given to the various

additional simplifications that are generally made when one actually runs gyrokinetic

simulations of tokamak plasmas, and the impact that these have on the fidelity of

the results. A number of differences are briefly touched upon, though the last, the

differences between ion-, electron-, multi-scale simulations, is the most relevant to the

work presented in this thesis. This list is not meant to be exhaustive, and is primarily

intended to illustrate that even within the gyrokinetic model, many differences exist

in how one implements the model into simulations.

Numerical Approach

First, there are three main numerical approaches that have been used to solve the set

of gyrokinetic equations: the Lagrangian method (often called particle-in-cell, based

on sampling initial positions in phase space, moving particles based on forces, and then

recalculating the fields at each timestep), the Eulerian method (using a fixed grid in

phase space and finite difference to calculate the distribution function at the next time

step before recalculating field equations), and the semi-Lagrangian method (using a

fixed grid and integrating orbits back in time, then interpolating to the next time step

and recalculating fields) [23]. Each method has various computational advantages and

disadvantages. The details of these numerical approaches are not the focus of this

work, though it is worth noting that both gyrokinetic codes used in this thesis, GYRO

and GENE, are Eulerian codes. Codes are also often categorized by whether they
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compute the full distribution function (a ‘full-f’ code) or approximate the distribution

function as Maxwellian and then compute the deviation from Maxwellian (a ‘delta-f’

code).

Collisions

Another important consideration is the exact formulation of the collision operator

found on the right hand side of Equation 2.1. Various codes will parameterize this

operator differently, with some setting this to zero since collisional time scales are

typically much longer than turbulence time scales (in the collisionless case, the Boltz-

mann Equation is generally known as the Vlasov Equation). This is one of the main

differences, for example, between GYRO and the more recently released CGYRO

[25]. One example of a collision operator is the linearized Landau-Boltzmann opera-

tor, which is used in the GENE code [26].

Global and Local Simulations

Considering now approximations and simplifications that can often be turned on or

off within a given code, one of the most common choices is whether one simulates

the entire core turbulence region (a ‘global’ simulation) or only one radial location

(a ‘local’ or ‘flux-tube’ simulation). Global codes simulate a large radial domain

and take into account a large portion of the plasma geometry, allowing all equilib-

rium plasma parameters to vary across the domain. In theory, these codes can be

allowed to self-consistently evolve profiles and can even be used to simulate time-

dependent phenomena. Unsurprisingly, the main drawback of global simulations is

the significantly larger computational expense. In contrast, local codes only simulate

the plasma in a narrow ‘flux-tube,’ which is the region in the vicinity of a single

magnetic field line, using periodic boundary conditions. These simulations use fixed

background gradients, and cannot simulate shear in the background gradients. The
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advantage is that local simulations require significantly less computational time than

global simulations.

Electrostatic and Electromagnetic Simulations

One of the more common binary settings in gyrokinetic simulations is whether or

not to include the effects of electromagnetic turbulence. If one goes through the

gyrokinetic equations in detail, one finds that the contributions of the varying mag-

netic field to the overall properties of the turbulence depend strongly on the plasma

𝛽 = 𝑝/(𝐵2/2𝜇𝑜), which is the ratio of the plasma kinetic pressure to the magnetic

pressure. If 𝛽 is sufficiently low, the effect of the magnetic fluctuations is negligible,

and simulations can leave these terms out completely, in what is known as an ‘elec-

trostatic’ simulation. If, on the other hand, the plasma 𝛽 is large (on the order of

0.01), then contributions from these terms become important, and one runs what is

known as an ‘electromagnetic’ simulation. Some codes, such as GENE, default to the

electromagnetic case, while others, such as GYRO, can be run in either configuration.

Drift-Kinetic and Adiabatic Electrons

Another simplification that is fairly commonplace is to model ions using the gyroki-

netic model, but to use some further simplified model for the electrons. For example,

electrons may be treated with the drift-kinetic model (𝑘𝜃𝜌𝑒 → 0) or may be treated

adiabatically [23]. These simplifications were motivated by theories suggesting that

ions would dominate heat transport in tokamak plasmas due to their larger gyro-

radius. Practically, these simplifications considerably reduced the required computa-

tional expense, which was absolutely vital in the earlier days of plasma simulations

when supercomputers were slower. The adiabatic approximation in particular and

the electron drift-kinetic approximation to a lesser degree, however, were shown to

leave out important phenomena even on the ion scales [23]. In addition, some more
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recent work has shown that electron contributions to the overall turbulent state of

the plasma may be quite important, and that one may therefore be required to use

fully gyrokinetic electrons [10, 11, 12, 13, 14, 15, 16, 17]. This is discussed in greater

detail in the next paragraph.

Ion-, Electron-, and Multi-Scale Simulations

Finally, one of the most important choices that one makes when running a gyroki-

netic simulation is the resolution in spatial and time scales. Intuitively, if one uses a

grid size that only resolves down to the ion gyro-radius, anything occurring on the

scale of the electron gyro-radius will be washed out. Similarly, if the entire simulation

domain is smaller than an ion gyro-radius, than any large scale phenomena are left

off. Historically, most gyrokinetic simulations have been run in an ‘ion-scale’ config-

uration, which resolves scales down to approximately the ion gyro-radius (𝑘𝜃𝜌𝑠 ≈ 1.0

in wavenumber space). This was primarily to save computational time, and was

motivated by the theory just discussed, that ions were the dominant source of heat

transport in plasmas. In some cases, however, it was discovered that the ETG mode

contributed significantly to heat transport, and researchers responded by also sim-

ulating just the ETG, in what is known as an ‘electron-scale’ simulation, resolving

𝑘𝜃𝜌𝑠 ≈ 2.0 − 60.0.

Only within the last five years or so has computational power advanced to the

point where one can run simulations that simultaneously resolve electron- and ion-

scales (𝑘𝜃𝜌𝑠 ≈ 0.1− 60.0), in what is known as multi-scale simulations [10, 11, 12, 13,

14, 15, 16, 17]. These simulations are enormously computationally expensive (with

a single study consuming as much as 108 CPU-hours), but have provided incredible

insight into the manner in which ion- and electron-scales interact nonlinearly. These

simulations have revealed that while in some cases ion-scale simulations are suffi-

cient to model the plasma dynamics, in others multi-scale simulations are absolutely

52



required to accurately capture the turbulent state. The process of comparing the

results of these simulations to experimental measurements, validation, is discussed in

greater detail later in Section 2.4, but one of the main goals of this thesis is to use

the validation process to determine when multi-scale effects are important, and when

ion-scale simulations sufficiently model the plasma turbulence. This topic is discussed

in greater detail throughout this thesis.

Other Parameters

In addition to the many computational choices and simplifications listed here, there

are many others which are discussed throughout the literature. To name just a few,

there are many different ways to represent the geometry of the tokamak plasma, with

the Miller parameterization being one of the most common [27]. Impurities (other

ion species besides deuterium, or whatever the dominant species is) may also play

an important role in determining the fully turbulent state [23], and one can either

include a third gyrokinetic impurity species, or attempt to model the effects of the

impurity through an effective charge of the plasma 𝑍𝑒𝑓𝑓 . Fast ions, generated by

neutral beams, ion cyclotron heating, fusion products, or some other source, may also

have an effect on the background turbulence [28, 29]. There are many other modeling

choices that are not discussed here, and Reference [23] gives a more thorough review.

Recall that the two gyrokinetic models used in this thesis were GENE and GYRO.

A list of the code settings chosen for each simulation presented in this thesis will be

presented along with the results, as different simulations in this thesis used different

settings. Briefly, however, a quick description of GENE and GYRO is warranted here.

Both codes use the Eulerian numerical approach to solve the gyrokinetic equations and

both are delta-f codes. GENE is inherently electromagnetic, while GYRO can run in

either electrostatic or electromagnetic configurations. The codes use different collision

operators, described in their respective literatures. Both codes can use gyrokinetic,
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drift-kinetic, or adiabatic electrons, and can be run in ion-, electron-, or multi-scale

configurations. Finally, both codes can be run linearly, returning linear growth rates

(the growth rate of a single turbulent mode at a particular wavenumber, uncoupled

to other modes) and real frequencies (the frequency of a given unstable mode), and

nonlinearly, returning the saturated turbulent state and all of its associated properties

(heat fluxes, fluctuations levels, etc.). Both GENE and GYRO can also run either

local or global simulations.

This completes the brief description of the gyrokinetic model and the various

choices one is faced when implementing the model into a simulation. As mentioned

at the beginning of this section, however, this thesis also makes use of a quasi-linear

gyrofluid model, TGLF, which also merits a brief qualitative description.

The Gyrofluid Model

Just as one can take moments of the kinetic equations in order to develop a fluid

picture of liquids and gasses, one can take moments of the gyrokinetic system of

equations to develop a fluid picture of a magnetized plasma. A model based on these

approximations is known as a gyrofluid model [19]. As with all fluid descriptions, one

must close the model somehow, and if one does this in such a way as to retain the

most relevant kinetic effects, such as Landau damping, the model is known as a Gyro-

Landau Fluid. The TGLF code also includes the effects of trapped particles in its fluid

model, hence the name Trapped Gyro Landau Fluid. TGLF uses this fluid model in

order to calculate the linear growth rates of turbulent modes, and has been shown to

have good agreement with linear growth rate calculates from gyrokinetic simulations

over a wide parameter range [19, 20, 21, 22]. Since the gyrofluid picture is considerably

simpler than the gyrokinetic picture, these calculations are also considerably faster.

Another significant difference between TGLF and GYRO or GENE is that most

gyrofluid models do not describe the nonlinear saturated state of plasma turbulence.
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Instead, these models are known as ‘quasi-linear.’ TGLF calculates the linear growth

rates of the turbulence, and then uses a built-in saturation rule to translate these

linear growth rates to a saturated plasma state. It does not directly calculate the

nonlinear interactions. The saturation rule is therefore very important, and in the

case of TGLF, it was originally generated by fitting a model to the results of several

hundred single-scale nonlinear GYRO simulations [20]. The original saturation rule,

known as SAT0, was then improved by adding multi-scale GYRO simulations to

the model, which resulted in the current saturation rule, known as SAT1 [21]. In

addition to TGLF, another commonly used quasi-linear model is QuaLiKiz, which

uses the results of nonlinear GENE simulations to build its saturation rule (note that

QuaLiKiz uses a gyrokinetic model to calculate growth rates, rather than a gyrofluid

model) [30].

TGLF has both advantages and disadvantages when compared to a nonlinear

gyrokinetic code such as GYRO or GENE, a few of which are listed here. First, TGLF

is able to calculate many of the same quantities, such as heat fluxes and fluctuation

levels, and do so much more quickly. For example, TGLF is able to run multi-scale

simulations in a matter of seconds, many orders of magnitude faster than a nonlinear

gyrokinetic code. This greatly expands the possibilities for predictive work and large

scale validation studies, which is the main way in which the code will be used in this

thesis. On the other hand, TGLF cannot be run as a global code, and instead uses a

series of local runs in order to build up a radial profile when used for that purpose.

Perhaps most significantly, the fact that TGLF’s quasi-linear saturation rule is tuned

to the results of a finite set of gyrokinetic runs means that the parameter space in

which TGLF is valid is quite constrained. If one wishes to simulate a plasma condition

that is far away from where TGLF was tuned, one should almost certainly use a fully

nonlinear gyrokinetic simulation. One could then re-tune TGLF’s saturation rule

with this new data, and subsequently run TGLF in this parameter space.
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While the description of turbulent transport models in this section is far from

complete, it should provide the reader with enough background to understand the

motivation and results in the remainder of this thesis. There are, of course, far simpler

models of turbulent transport in tokamaks (such as the model used in the Tokamak

Simulation Code, described in Appendix F), but the gyrokinetic and gyrofluid models

described here are the main focus of this thesis. This chapter now moves on to the

experimental facilities used in this thesis, and then to how experimental measurements

are used to validate the results of turbulent transport simulations.

2.3 Tokamaks and Standard Diagnostics in this The-
sis

Experimentally, this thesis utilizes data from two tokamaks, Alcator C-Mod and AS-

DEX Upgrade, which are both briefly described in this section. Both machines are

equipped with extensive arrays of diagnostics that measure many different proper-

ties of the plasma. In addition to specific turbulence diagnostics and data analysis

techniques that were developed and used as part of this thesis, which are given con-

siderably greater attention both later in this chapter and in Chapters 3 and 4, this

thesis also made use of data from a number of more standard diagnostics on both ma-

chines. These diagnostics measure equilibrium parameters that are relevant to both

turbulence measurements and to turbulent transport modeling. Specifically, turbu-

lent transport modeling requires measurements of the magnetic equilibrium, electron

and ion temperatures, electron density, plasma rotation, effective plasma charge, and

radiated power. In addition, as was described in the last section, the gradients of

many of these quantities are of particular importance. Tables of these inputs are

shown for each of the gyrokinetic simulations in Chapter 5. These diagnostics are

briefly described in this section, along with references for the more interested reader.
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2.3.1 Alcator C-Mod

The first tokamak studied in this thesis was Alcator C-Mod, which is a compact,

high-field, diverted machine located at the Massachusetts Institute of Technology in

Cambridge, Massachusetts, USA [31]. The machine has a major radius of 0.67 m and

a minor radius of approximately 0.22 m. Alcator C-Mod can run with magnetic fields

between 2.7 and 8.0 T, though the standard field is 5.4T, and plasma currents between

0.25 and 2.0 MA. Up to 6 MW of ion cyclotron heating and approximately 1 MW of

lower hybrid current drive are available in addition to ohmic heating. The machine

has molybdenum and tungsten plasma facing components, and is periodically coated

with boron for higher performance operation.

The electron temperature profile on Alcator C-Mod is measured with both Thom-

son Scattering [32] and an electron cyclotron emission (ECE) grating polychrometer

(GPC) [33, 34]. Together these give an uncertainty in the electron temperature of

approximately 10%, and, after profile fitting, an uncertainty of roughly 22% in the

normalized electron temperature gradient scale length in the core plasma.

The electron density is measured primarily with the same Thomson Scattering

diagnostic used to measure the electron temperature, and is complemented by line-

averaged measurements with a two-color interferometer [35]. The uncertainty in the

density profile is approximately 15%, and the normalized density gradient scale length

uncertainty is approximately 30%.

Both the ion temperature profile and the plasma rotation profile are measured

with an X-ray imaging crystal spectrometer (XICS, which is also known as HiReX

on Alcator C-Mod) [36]. In general, ion temperature and rotation measurements are

considerably more difficult than electron measurements, and so the ion temperature

uncertainty is approximately 15%, and the rotation uncertainty can be up to 100%,

depending on the magnitude of the rotation in a given discharge. The normalized
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ion temperature gradient scale length uncertainty is approximately 40% after profile

fitting.

The effective charge 𝑍𝑒𝑓𝑓 is measured with a visible Bremsstrahlung spectrome-

ter, with an uncertainty of approximately 30% [37]. The radiated power profile is

measured with a bolometer array, with an uncertainty of approximately 15% [38].

Finally, the magnetic equilibrium is reconstructed with the EFIT code [39].

2.3.2 ASDEX Upgrade

ASDEX Upgrade is a medium size, moderate-field, diverted tokamak located at the

Max Planck Institute for Plasma Physics in Garching, Germany [40]. The tokamak

has a major radius of 1.65 m and a minor radius of approximately 0.5 m. The

maximum toroidal magnetic field is 3.1 T, though the machine generally operates at

around 2.5 T. Plasma currents range from 0.4 to 1.6 MA. Plasma heating consists of

up to 20 MW of neutral beam injection, 6 MW of ion cyclotron heating, and 4 MW

of electron cyclotron heating. Most plasma facing components are made of tungsten,

and are also occasionally coated with boron.

Like on Alcator C-Mod, the electron temperature profile is measured with both a

Thomson Scattering system [41, 42] and an ECE radiometer (radiometers and grating

polychrometers measure the same ECE radiation, but with different detector systems)

[43]. Combined these systems give an electron temperature uncertainty of approxi-

mately 9% and normalized electron temperature gradient scale length uncertainties

of approximately 20%.

Also like on Alcator C-Mod, the electron density is primarily measured with Thom-

son Scattering, complemented by an interferometer [44]. The measured electron den-

sity has an uncertainty of approximately 12%, and the resulting fitted profiles have a

normalized density gradient scale length uncertainty of approximately 30%.

Unlike Alcator C-Mod, ASDEX Upgrade measures both the ion temperature and
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plasma rotation with a charge exchange recombination spectroscopy (CXRS) system

[45]. Since this diagnostic relies on the presence of neutral particles in the plasma,

it requires the use of neutral beams in order to make measurements. Fortunately,

very short beam blips are usually sufficient for these measurements, enabling mea-

surement in plasmas that are not dominantly beam heated. The downside of beam

blip measurements is that the small amount of data collected generally leads to larger

uncertainty than in cases with steady beams. The ion temperature uncertainty mea-

sured with beam blips is approximately 18% and the uncertainty in plasma rotation

is approximately 48%. The normalized ion temperature gradient scale length uncer-

tainty is approximately 30%.

Like on Alcator C-Mod, the effective charge is measured with Bremsstrahlung

spectrometers with an uncertainty of 30% [46], and the radiated power profile is

measured with a series of bolometer arrays, with an uncertainty of 50% [47]. The

magnetic equilibrium is reconstructed with the CLISTE code [48], which also has its

own uncertainties.

2.4 Validation and Validation Constraints

Armed now with a general understanding of turbulence in fusion plasmas, a few

specific turbulent transport models, and two tokamaks for experimental data, it is

possible to discuss the process of validation and the experimental measurements that

can be used as constraints.

As has already been discussed in this thesis, one of the major motivations for de-

veloping turbulent transport simulations is to predict the performance of future fusion

devices. Before one uses a turbulent transport model to predict a future device, how-

ever, one must be confident that the model accurately reproduces what is happening

in current machines. The process of checking whether a turbulent transport model is

correctly reproducing experimental results is that of validation. This contrasts with
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what is commonly called ‘verification,’ which involves checking that a particular code

has accurately implemented a given model [49]. Even if one is interested in turbulent

transport models only for their insight into fundamental turbulence physics, one must

use a validated model, or the insights provided do not represent what is actually hap-

pening in real plasma turbulence. The related process of choosing the correct model

for a particular task is known as ‘model selection.’

In this thesis, validation is defined as [1]:

The process of determining the degree to which a model is an accurate

representation of the real world from the perspective of the intended uses

of the model.

This section describes validation of turbulent transport models in general, and

then describes the four validation constraints that are applied in this thesis. More

details about best practices in validation of turbulent transport models can be found

in Reference [49].

To begin, consider the definition of validation from above: one would like to

compare the results of a given model to “the real world.” In the case of experimental

fusion research, and really in any endeavor, “the real world” is perhaps too strong of a

statement, as the best that one can do is to make measurements of some system and

quantify how closely these measurements represent “the real world” (in other words,

quantify the uncertainty of the measurements). To that end, one would like to make

many experimental measurements of fusion plasmas that one can then compare to

the outputs of turbulent transport models, in order to validate these models.

Consider now the statement, “from the perspective of the intended uses of the

model.” If one is interested in the fundamental physics of turbulence in fusion plasmas,

then the intended uses of the model are manyfold, and one is interested in basically

any measurement that one can make of the plasma: heat fluxes (the amount of heat

transported through the electron and ion components of the plasma), fluctuation
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amplitudes, relative fluctuation phases, turbulent eddy sizes, etc. If, on the other

hand, one is only interested in performance prediction, it may seem that one is only

concerned with heat fluxes, as those are what is required in order to predict the

temperature profile of a future machine given the machine parameters.

It turns out however, that comparing against many experimental measurements,

which will be called ‘validation constraints’ when used for the purpose of validation, is

vital even if the ultimate goal is performance prediction. In some literature, validation

constraints are also called ‘quantities of interest.’ The essential reason for this is that

one must ensure that the model is not giving the right answer for the wrong reasons, in

what is known as ‘fortuitous agreement.’ Due to the fact that validation will only be

performed in some finite parameter space, it is possible that at any given parameter

point the model correctly predicts the electron and ion heat fluxes, though it does so

without truly capturing the fundamental nature of the turbulence. If one were then

to move to a different regime, such as the plasma in a future machine, it is possible

that the model would no longer give the correct answer, as the model is no longer

matching the heat fluxes by chance.

One can reduce the chances of this fortuitous agreement in a number of ways.

First, one can simply validate the code in many possible conditions, increasing the

parameter range over which the model would have to be correct by chance. The down-

side of this approach is that it requires many, many validation studies, which can be

time consuming, and still leaves a finite parameter space over which the model is val-

idated. On the other hand, one can also compare many experimental measurements

to the outputs of each simulation. In this manner, one checks more fundamentally

whether or not the model is correctly reproducing the underlying turbulent phenom-

ena. As one adds more validation constraints, one increases the likelihood that the

model is giving the right answer for the right reasons, and therefore the confidence

that the model will still be correct when expanding to a new parameter regime.
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In particular, this thesis is concerned with four validation constraints, two of which

were developed as part of this thesis work. The first two are the electron and ion heat

fluxes, which are the absolute minimum that one must check in order to validate any

transport model. The second two, to which this thesis work made novel contributions,

are the perturbative thermal diffusivity and electron temperature fluctuations. A

few other validation constraints are also mentioned throughout this thesis (such as

density fluctuation measurements, made in Appendix E; radial correlation lengths

of electron temperature fluctuations, and the phase angle between temperature and

density fluctuations, to which this thesis also made contributions and are discussed in

Chapter 5), but these four are the main focus, and are now described in more detail.

2.4.1 Power Balance Heat Fluxes

The first validation constraint described in this thesis, and perhaps the most com-

monly applied, is the heat flux flowing through the plasma. As described above,

turbulence leads to transport of both heat and particles. It is precisely this transport

that makes achieving net energy production in a fusion device so difficult. While both

heat and particle fluxes are important to the final plasma performance, this thesis

focuses primarily on heat fluxes, as particle fluxes are a topic of considerable depth

in their own right. The interested reader is directed to Reference [50] for an in depth

discussion of particle fluxes in tokamaks and their measurements.

Returning to the heat flux, energy may flow through both the electron and ion

species within the plasma. For this reason, the total heat flux is generally divided

into the electron heat flux and the ion heat flux. Heat flux is typically quantified as

either a power per unit area, which in this thesis is denoted as 𝑄𝑠 for species 𝑠, with

units of MW/m2, or as a total power through a given flux surface, which in this thesis

is denoted as 𝑃𝑠, with units of MW (one multiplies the heat flux per unit area by the

surface area of the flux surface to get the total power). In general, this heat flux may
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consist of both conductive and convective components, though often the conducted

power is much larger than the convected power.

In practice, however, it is impractical to directly measure the heat flux in all but

the lowest performance plasmas, as no physical probe would survive the conditions

inside of a fusion plasma, and there is no other good way to directly measure the

heat flux. Instead, one calculates the heat fluxes using a procedure known as ‘power

balance.’ Essentially, one balances known sources and sinks of energy at a given

location in the plasma, and, assuming steady state, any remaining power must be

transported via fluid heat flux. For this reason, one occasionally says that the heat

fluxes in tokamak plasmas are ‘inferred,’ rather than measured.

More quantitatively, if one takes the energy fluid moment of Equation 2.1 (the

Boltzmann Equation), one finds [51]:

3

2
𝑛𝑠

𝑑𝑇𝑠

𝑑𝑡
= 𝐶𝑠 − 𝑃 𝑠 : ∇�⃗�𝑠 −∇ · �⃗�𝑠 + 𝑆𝐸,𝑠 (2.6)

where 𝑛𝑠 is the density, �⃗�𝑠 is the fluid velocity, 𝑃 𝑠 is the pressure tensor, 𝐶𝑠 is the

energy exchange due to collisions with other species, �⃗�𝑠 is the local conductive heat

flux, and 𝑆𝐸,𝑠 is the sum of heat sources and sinks.

Equation 2.6 says that a change in stored energy is balanced by collisional en-

ergy exchange, compression (and viscosity), conduction, and heat sources and sinks.

Sources of energy include ohmic heating, ion cyclotron resonance heating (ICRH),

electron cyclotron heating (ECH), neutral beam injection (NBI), and possibly alpha

heating in a true fusion system. Sinks of energy include radiated power (primarily

via bremsstrahlung). These terms will now all be rewritten in order to simplify the

power balance process. In this section, 𝑆 refers to a volumetric heating power density

(MW/m3), and as before 𝑃 refers to a total power and 𝑄 to a power flux density.

Specifically, define the stored energy density 𝑊𝑠 = (3/2)𝑛𝑠𝑇𝑠 and the convected

power 𝑆𝑐𝑜𝑛𝑣,𝑠 = �⃗�𝑠 · ∇𝑊𝑠, and rewrite the first term in Equation 2.6 as (assuming
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density is approximately constant):

3

2
𝑛𝑠

𝑑𝑇𝑠

𝑑𝑡
=

3

2
𝑛𝑠(

𝜕𝑇𝑠

𝜕𝑡
+ 𝑢𝑠 · ∇𝑇𝑠)

=
𝜕

𝜕𝑡
(
3

2
𝑛𝑠𝑇𝑠) + �⃗�𝑠 · ∇(

3

2
𝑛𝑠𝑇𝑠)

=
𝜕𝑊𝑠

𝜕𝑡
+ 𝑆𝑐𝑜𝑛𝑣,𝑠

(2.7)

Then, define the compressive heating as 𝑆𝑐𝑜𝑚𝑝,𝑠 = −𝑝𝑠∇· �⃗�𝑠, where 𝑝𝑠 is the scalar

pressure. Neglecting viscosity:

𝑃𝑠 : ∇�⃗�𝑠 = 𝑝𝑠∇ · �⃗�𝑠 = −𝑆𝑐𝑜𝑚𝑝,𝑠 (2.8)

Define also 𝑆𝑐𝑜𝑛𝑑,𝑠 = ∇ · �⃗�𝑠 and 𝑆𝑒𝑖 as the collisional heat transfer from electrons

to ions.

Finally, plug in the specific heating sources and sinks [51]:

𝑆𝐸,𝑒 = 𝑆𝑅𝐹,𝑒 + 𝑆𝑁𝐵𝐼,𝑒 + 𝑆𝑂𝐻 − 𝑆𝑟𝑎𝑑 − 𝑆𝑖𝑜𝑛 (2.9)

and

𝑆𝐸,𝑖 = 𝑆𝑅𝐹,𝑖 + 𝑆𝑁𝐵𝐼,𝑖 − 𝑆𝑐𝑥 + 𝑆𝑖,𝑠 (2.10)

where, 𝑆𝑅𝐹 (radio frequency) is either ICRH or ECH power, 𝑆𝑁𝐵𝐼 is NBI heating

power, 𝑆𝑂𝐻 is ohmic heating power, 𝑆𝑟𝑎𝑑 is radiated power, 𝑆𝑖𝑜𝑛 is power lost to the

ionization of neutrals, 𝑆𝑐𝑥 is power lost to charge exchange reactions, and 𝑆𝑖,𝑠 is net

power gain from the ion particle source.

Collecting these terms and rearranging to solve for the conducted power, one can
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write:

𝑆𝑐𝑜𝑛𝑑,𝑒 = −𝜕𝑊𝑒

𝜕𝑡
− 𝑆𝑐𝑜𝑛𝑣,𝑒 + 𝑆𝑐𝑜𝑚𝑝,𝑒 − 𝑆𝑒𝑖 + 𝑆𝑅𝐹,𝑒 + 𝑆𝑁𝐵𝐼,𝑒 + 𝑆𝑂𝐻 − 𝑆𝑟𝑎𝑑 − 𝑆𝑖𝑜𝑛 (2.11)

and

𝑆𝑐𝑜𝑛𝑑,𝑖 = −𝜕𝑊𝑖

𝜕𝑡
− 𝑆𝑐𝑜𝑛𝑣,𝑖 + 𝑆𝑐𝑜𝑚𝑝,𝑖 + 𝑆𝑒𝑖 + 𝑆𝑅𝐹,𝑖 + 𝑆𝑁𝐵𝐼,𝑖 − 𝑆𝑐𝑥 + 𝑆𝑖,𝑠 (2.12)

Volume integrating these gives:

𝑃𝑐𝑜𝑛𝑑,𝑒 = −𝜕𝑈𝑒

𝜕𝑡
−𝑃𝑐𝑜𝑛𝑣,𝑒 +𝑃𝑐𝑜𝑚𝑝,𝑒 −𝑃𝑒𝑖 +𝑃𝑅𝐹,𝑒 +𝑃𝑁𝐵𝐼,𝑒 +𝑃𝑂𝐻 −𝑃𝑟𝑎𝑑 −𝑃𝑖𝑜𝑛 (2.13)

and

𝑃𝑐𝑜𝑛𝑑,𝑖 = −𝜕𝑈𝑖

𝜕𝑡
− 𝑃𝑐𝑜𝑛𝑣,𝑖 + 𝑃𝑐𝑜𝑚𝑝,𝑖 + 𝑃𝑒𝑖 + 𝑃𝑅𝐹,𝑖 + 𝑃𝑁𝐵𝐼,𝑖 − 𝑃𝑐𝑥 + 𝑃𝑖,𝑠 (2.14)

where 𝑈𝑠 =
∫︀
𝑊𝑠𝑑𝑉 and 𝑃𝑠 =

∫︀
𝑆𝑠𝑑𝑉 .

Assuming steady state (𝜕/𝜕𝑡 = 0), collecting the conducted and convected powers

into a single term 𝑃𝑠 = 𝑃𝑐𝑜𝑛𝑑,𝑠 + 𝑃𝑐𝑜𝑛𝑣,𝑠, dividing the powers by the area of the flux

surface of interest, and neglecting terms that are typically small in the core of a

tokamak (𝑄𝑐𝑜𝑚𝑝,𝑠, 𝑄𝑖𝑜𝑛, 𝑄𝑐𝑥, and 𝑄𝑖,𝑠)2 gives the final equations for the heat fluxes:

2These terms are neglected here for the purpose of brevity, but real calculations generally do take
these terms, as well as time dependence, into account.
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𝑄𝑒 = 𝑄𝑅𝐹,𝑒 + 𝑄𝑁𝐵𝐼,𝑒 + 𝑄𝑂𝐻 −𝑄𝑒𝑖 −𝑄𝑟𝑎𝑑 (2.15)

and

𝑄𝑖 = 𝑄𝑒𝑖 + 𝑄𝑅𝐹,𝑖 + 𝑄𝑁𝐵𝐼,𝑖 (2.16)

In order to calculate the ion and electron heat fluxes in a tokamak plasma, there-

fore, one must measure or calculate the terms on the right hand sides of Equations

2.15 and 2.16, and then solve these equations throughout the plasma radius.

While it is in theory possible to do all of this analytically, the complicated physics

of neutral beam, ICRH, and ECH power deposition, collisional energy transfer, and

especially the plasma geometry, mean that these calculations are almost always done

numerically. There are several tools that can perform these calculations, one of the

most common of which is TRANSP [52]. TRANSP is used extensively throughout

this thesis, for both calculating heat fluxes and for preparing inputs to turbulent

transport models.

In order to calculate the terms on the right hand side of Equations 2.15 and

2.16, TRANSP requires many of the same inputs as turbulent transport models. For

example, the ion and electron temperature profiles are required to calculate every term

on the right hand sides. This process also requires the density profile, the magnetic

geometry, the radiated power profile, and the effective charge 𝑍𝑒𝑓𝑓 . The diagnostics

used to measure all of these quantities were all described in Section 2.3.

In addition to the resulting values of the heat fluxes, it is also important to quan-

tify the uncertainty in these values, as knowing the uncertainty is key to the validation

process. One can calculate the uncertainty in the power balance outputs by propa-

gating the uncertainty in the inputs through the governing equations. This process
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gives:

𝜎𝑄𝑒

𝑄𝑒

≈
[︂(︂

𝑄𝑂𝐻

𝑄𝑒

)︂2(︂
𝜎𝑄𝑜ℎ

𝑄𝑂𝐻

)︂2

+

(︂
𝑄𝑅𝐹

𝑄𝑒

)︂2(︂
𝜎𝑄𝑟𝑓

𝑄𝑅𝐹

)︂2

+

(︂
𝑄𝑁𝐵𝐼

𝑄𝑒

)︂2(︂
𝜎𝑄𝑛𝑏𝑖

𝑄𝑁𝐵𝐼

)︂2

+

(︂
𝑄𝑟𝑎𝑑

𝑄𝑒

)︂2(︂
𝜎𝑄𝑟𝑎𝑑

𝑄𝑟𝑎𝑑

)︂2

+

(︂
𝑄𝑒𝑖

𝑄𝑒

)︂2(︂
𝜎𝑄𝑒𝑖

𝑄𝑒𝑖

)︂2]︂1/2 (2.17)

and

𝜎𝑄𝑖

𝑄𝑖

≈

[︃(︂
𝑄𝑅𝐹

𝑄𝑖

)︂2(︂
𝜎𝑄𝑟𝑓

𝑄𝑅𝐹

)︂2

+

(︂
𝑄𝑁𝐵𝐼

𝑄𝑖

)︂2(︂
𝜎𝑄𝑛𝑏𝑖

𝑄𝑁𝐵𝐼

)︂2

+

(︂
𝑄𝑒𝑖

𝑄𝑖

)︂2(︂
𝜎𝑄𝑒𝑖

𝑄𝑒𝑖

)︂2
]︃1/2

(2.18)

where all variables are defined as above, 𝜎𝑥 is the uncertainty in variable 𝑥, and

the approximate sign represents that these formulas only contain the dominant terms

of uncertainty (neglecting, for example, compressional heating as described above).

Therefore, in order to calculate the uncertainty in the heat fluxes, one must cal-

culate the uncertainties for each of the other terms in both equations. The radiated

power is measured directly, so this comes directly from diagnostic uncertainty. Ra-

dio frequency power deposition uncertainty depends on exactly what type of wave

is being used to heat the plasma, with ICRH having considerably larger uncertainty

than ECH. The ICRH deposition power on Alcator C-Mod has an uncertainty of

approximately 10%, though modeling this deposition uncertainty can be challenging.

Outside of its narrow deposition region (which is the case for all of the locations in

discharges analyzed in this study), the ECH on ASDEX Upgrade deposits nearly zero

power, with no significant uncertainty. NBI power deposition depends on the profiles

and will be calculated by the power balance solver. Note that in this thesis, none of

the plasmas that are analyzed use neutral beam heating, and so this term will be zero

in all cases in this thesis. The ohmic power and the electron-ion collisional exchange

terms also depend heavily on the plasma profiles, and are calculated within TRANSP.
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In particular, it can be difficult to estimate the uncertainty in the electron-ion ex-

change term in higher density plasmas where the electron and ion temperatures are

nearly equal. To calculate the uncertainty on these terms, the formulas for the ohmic

and collisional exchange powers are used. The calculated uncertainty in these terms

is then:

(︂
𝜎𝑄𝑜ℎ

𝑄𝑂𝐻

)︂2

=
9

4

(︂
𝜎𝑇𝑒

𝑇𝑒

)︂2

+

(︂
𝜎𝑍𝑒𝑓𝑓

𝑍𝑒𝑓𝑓

)︂2

(2.19)

and

(︂
𝜎𝑄𝑒𝑖

𝑄𝑒𝑖

)︂2

≈ 4

(︂
𝜎𝑛𝑒

𝑛𝑒

)︂2

+
1

4

(︂
𝜎𝑇𝑒

𝑇𝑒

)︂2

+

(︃(︂
𝜎𝑇 𝑖

𝑇𝑖

)︂2

+

(︂
𝜎𝑇𝑒

𝑇𝑒

)︂2
)︃

(2.20)

These formulas explain further why the profile and effective charge uncertainties

given in Section 2.3 are so important to determining the uncertainty in the overall

heat flux.

In addition, Equations 2.17 and 2.18 also reveal that the exact uncertainty for

the heat flux in a given plasma depends on the mix of heating and the other heat

transport channels in a given discharge, so that in reality these uncertainties vary

slightly for every discharge. For example, if RF heating makes up a larger portion of

the heat flux for a particular plasma, the 𝑄𝑅𝐹/𝑄𝑖 term will be larger, and the full

uncertainty calculation may give a different value.

This being said, if one considers the mid- to outer-core (𝜌𝑡𝑜𝑟 ≈ 0.3 − 0.8) of a

typical moderate power, ICRH heated, L-mode discharge on Alcator C-Mod, typical

values for the uncertainties are approximately 25% in 𝑄𝑒 and 25% in 𝑄𝑖. Similarly, for

a moderate power, ECH-heated, L-mode on ASDEX Upgrade, typical uncertainties

are approximately 18% in 𝑄𝑒 and 26% in 𝑄𝑖. While the uncertainty may change

depending on the discharge in question, these approximate values are a good estimate

for a fairly wide range of plasmas.

68



The electron and ion heat fluxes inferred from power balance in this manner have

been used as a validation constraint for turbulent transport models for many years.

Nearly every validation study of a turbulent transport model, no matter what other

validation constraints it includes, will almost certainly include the heat fluxes, as

these are often seen as the most important constraint if the ultimate goal is the

prediction of future plasma performance. One of the major criticisms of using heat

fluxes as a validation constraint, however, is that they are not measured directly,

and are instead inferred from calculations based on many other measurements. It

is for this reason that some hierarchies, which evaluate how directly validation con-

straints are measured, put heat fluxes in a place of less importance than, for example,

fluctuation measurements [49]. This argument, in addition to the desire to compare

many constraints and avoid fortuitous agreement, motivates the development of other

validation constraints, such as those described in the remainder of this section.

2.4.2 Electron Perturbative Thermal Diffusivity

The third validation constraint used in this thesis, in addition to electron and ion

heat fluxes, is the electron perturbative thermal diffusivity (referred to for most of

this thesis as just the ‘perturbative diffusivity’). Rather than measuring an equilib-

rium property of the plasma turbulence, the perturbative diffusivity measures the

manner in which the electron heat flux responds to changes in the electron tempera-

ture gradient. While using a diffusivity to represent the complex process of turbulent

heat transport is clearly a significant simplification, it does offer a straightforward

method of characterization and can be a good way of defining useful quantities for

comparison.

Before defining the perturbative diffusivity, consider first the equilibrium state of

the plasma. In a traditional diffusive model for a fluid, the heat flux is linearly pro-

portional to the temperature gradient, and this proportionality constant is known as
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the diffusivity. While this is clearly a gross oversimplification for nonlinear turbulence

in a plasma, it may still be a useful way of characterizing the system. If one chooses

to characterize the system in this way, one calculates what is known as the power

balance diffusivity, 𝜒𝑃𝐵
𝑒 [53]. Quantitatively, one defines the power balance diffusivity

as:

𝜒𝑃𝐵
𝑒 = − 𝑄𝑒

𝑛𝑒∇𝑇𝑒

(2.21)

When one plugs in these quantities using appropriate units, the power balance dif-

fusivity ends up having units of m2/s, which is what one would expect for a diffusivity.

Note that the negative sign is included in the equation since the temperature gradi-

ent is also negative, as the temperature decreases with increasing radius. Since the

temperature gradient is essentially always negative, the negative sign is occasionally

omitted.

One can also define a similar quantity for ions, 𝜒𝑃𝐵
𝑖 , where one replaces all of the

relevant quantities with that for ions. Note that later in this document any quantities

without a species subscript will refer to the electron channel.

In a turbulent plasma, however, the heat flux is certainly not linearly proportional

to the temperature gradient, as the turbulence amplitude and heat flux are inherently

nonlinear. It is for this reason that one generally uses the heat fluxes, as described

in the last section, and not the power balance diffusivities, as validation constraints.

On the other hand, it is useful to define a quantity that gives information about the

incremental change in heat flux due to an incremental change in the temperature

gradient, around an operating point. This perturbative electron thermal diffusivity is

defined as [54]:

𝜒𝑝𝑒𝑟𝑡
𝑒 = − 1

𝑛𝑒

𝜕𝑄𝑒

𝜕∇𝑇𝑒

(2.22)

70



where all relevant quantities are defined as above. In past literature, this quantity

has also been called the heat pulse diffusivity (since it governs the propagation of

heat pulses) [54] and the incremental diffusivity (since it is the change in heat flux in

response to an incremental change in the gradient) [53].

Figure 2-2: An illustration of the definitions of the power balance and perturbative
thermal diffusivities for a plasma operating at the black point, with an arbitrary
flux-gradient relationship represented by the red line. The slope of the orange line is
the power balance thermal diffusivity. The slope of the green line is the perturbative
thermal diffusivity. Figure originally from [55], and based on a figure from [53].

Figure 2-2 illustrates graphically the differences between 𝜒𝑝𝑒𝑟𝑡
𝑒 and 𝜒𝑃𝐵

𝑒 . This figure

shows what is known as a ‘flux-gradient’ relationship, which, as the name suggests,

illustrates the relationship between the heat flux and the temperature gradient for a

given plasma state. In this particular figure, the plasma is assumed to be operating

at the black point. The red curve represents an arbitrary flux-gradient relationship

(which is determined by the complex nonlinearities of the turbulence). The slope

of the orange line, which connects the origin to the operating point, is the power

balance diffusivity. The slope of the green line, which is tangent to the red curve

at the plasma operating point, is the perturbative diffusivity. These diffusivities are

only the same if the heat flux and temperature gradient are linearly related with

71



no offset [53]. This is not theorized to be the case for turbulent plasma systems,

which are often characterized by an offset critical gradient model (the heat flux is

near zero below some critical gradient, and then roughly linearly increasing with

gradient above some critical gradient, which is the gradient at which some turbulent

mode is driven unstable) [4]. Note that a real flux-gradient relationship would reflect

this critical gradient model, and that the curve in Figure 2-2 in meant only as an

illustrative example. Appendix A describes the historical context of the difference in

these definitions in further detail.

Given this definition, one can interpret the perturbative diffusivity as the degree

to which the turbulence acts to resist a change in the gradient. A high perturbative

diffusivity indicates that increasing the gradient even slightly increases the heat flux

significantly, meaning that one would have to apply considerable additional heating

in order to increase the plasma temperature even slightly. A low perturbative diffu-

sivity indicates the opposite. It is for this reason that the perturbative diffusivity is

sometimes referred to as the ‘stiffness’ of the temperature profile, as it characterizes

its resistance to change [56]. References [53, 56, 57, 58, 59, 60, 61, 62, 63], as well as

those in Appendix A further describe the importance of the perturbative diffusivity.

Given this understanding of what the perturbative diffusivity is and why it is

important, consider now how one goes about measuring the perturbative diffusivity

both experimentally and in the outputs of simulations, so that one can use it as a

validation constraint. One of the main contributions of this thesis was the develop-

ment of a new method with which to measure the perturbative diffusivity in tokamak

plasmas, which is described in great detail in Chapter 3. The essential idea behind

these measurements is that one can calculate the perturbative diffusivity of a plasma

by tracking a transient heat pulse as it propagates through the plasma. Versions of

this method had been used in work in the past [53, 56, 57, 58, 59, 60, 61, 62, 63], but

this thesis developed a new method of making this measurement, based on tracking
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heat pulses generated by partial sawtooth crashes, which is often more readily avail-

able and robust than past methods. Chapter 3 covers this topic in considerably more

detail, including details of the calculation and its uncertainty.

Finally, unlike the electron and ion heat fluxes, the perturbative diffusivity is not

a standard output of most turbulent transport simulations. Generally, these codes do

not attempt to simulate a transient heat pulse, since this time dependent work would

take an enormous amount of computational power. Instead, simulations generally

try to map out a small portion of the flux-gradient relationship, shown in Figure

2-2. The electron temperature gradient that is input to the code is scanned slightly

above and below the operating point in order to show how the heat flux changes in

response to small changes in the temperature gradient. One then takes the slope

of the line mapped out by these simulations in order to calculate the perturbative

diffusivity. Since generally turbulent transport models take the normalized gradient

length scales as inputs, instead of the temperature gradients directly, one can write

[55]:

𝜒𝑝𝑒𝑟𝑡
𝑆𝑖𝑚. =

𝑎

𝑛𝑒 · 𝑇𝑒

𝜕𝑄𝑒

𝜕(𝑎/𝐿𝑇𝑒)
(2.23)

where all variables are defined as above and 𝜒𝑝𝑒𝑟𝑡
𝑆𝑖𝑚. is the perturbative diffusivity

estimated by the simulation model.

This process is described in considerably more detail in Chapter 5, and is illus-

trated there in Figure 5-6. The same general process is used for all of the turbulent

transport models analyzed in this thesis, though the exact implementation differs

slightly depending on the experimental discharge (for example, the amount that the

electron temperature gradient is scanned up and down).

Once one has both an experimental measurement of the perturbative diffusivity

and a way to calculate it based on the outputs of a turbulent transport simulation, one

can use the perturbative diffusivity as a validation constraint, in the same manner as
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one can compare the experimental and predicted heat fluxes. This was done previously

in Reference [63], as well as in References [55, 64, 65], which were published as part

of this thesis work.

2.4.3 Electron Temperature Fluctuations

The final validation constraint used extensively in this thesis is the electron temper-

ature fluctuation amplitude. As described in Section 2.1, plasma turbulence leads to

fluctuations in the plasma potential, density and temperature. The different modes

of plasma turbulence described in that section lead to different spatial scales and

frequency spectra of fluctuations, and thus by comparing observations of these fluc-

tuations to the fluctuations predicted by simulations, one gains insight into whether

or not the code is predicting the right type of turbulence. Since temperature fluctu-

ations are a fairly direct consequence of turbulence, they are often treated as a high

fidelity constraint of turbulent transport codes.

Unfortunately, however, fluctuations are often quite difficult to measure experi-

mentally, which is one of the reasons why they have not been used extensively as

validation constraints. As with heat fluxes, it is possible to measure fluctuations with

physical probes, but the extreme conditions inside of a fusion plasma eliminate this

possibility. Instead, the temperature fluctuations in this thesis are measured based

on gathering and analyzing electron cyclotron emission (ECE) radiation. This section

gives a brief description of the relevant physics, and the interested reader should see

Reference [66] for a much more thorough description of the phenomena.

Very simplistically, ECE arises from the acceleration experienced by electrons

in a background magnetic field [66]. As the electron undergoes its gyro-motion, it

is constantly accelerated by the Lorentz force. Since the electron is an accelerating

charged particle, it will emit electromagnetic radiation just like any other accelerating
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charged particle, according to the (unfortunately rather complicated) formula:

𝑑2𝑃

𝑑Ω𝑠𝑑𝜈
=

𝑞2𝜔2

4𝜋𝜖𝑜2𝜋𝑐

⃒⃒⃒⃒
⃒
∫︁ ∞

∞
�̂�×

(︂
�̂�× �⃗�

𝑐

)︂
𝑒𝑥𝑝

(︃
𝑖𝜔

(︃
𝑡′ − �̂� · �⃗�

𝑐

)︃)︃
𝑑𝑡′

⃒⃒⃒⃒
⃒
2

(2.24)

where 𝑃 is radiated power, Ω𝑠 is solid angle, 𝜈 is outgoing radiation frequency (in

Hz), 𝑞 is the charge of the particle, 𝜔 is the frequency of the particle’s acceleration

(in radians per second), 𝑐 is the speed of light, �̂� is the unit vector from the charge

to the field point, �⃗� is velocity of the particle, 𝑡′ is the retarded time, and �⃗� is the the

position of the charge. Again, the reader is directed to Reference [66] for the detailed

derivation of this formula.

Considering specifically gyro-motion, which is the origin of ECE, the acceleration

occurs at a very specific frequency, known as the cyclotron frequency:

𝜔𝑐𝑒 =
𝑒𝐵

𝑚𝑒

(2.25)

where 𝑒 is the fundamental charge, 𝐵 is the background magnetic field, and 𝑚𝑒 is

the electron mass.

Plugging this (including a relativistic mass correction) into the formula above, and

performing the necessary integrals over the particle orbit, one finds that the radiation

emitted from the gyro-motion occurs in harmonics, and is affected by the Doppler

shift of the electron as it moves in its orbit:

𝜔 = 𝑚𝜔𝑐𝑒

√︀
1 − 𝛽2

𝑟

1 − 𝛽𝑟,‖ cos 𝜃
(2.26)

where 𝑚 is an integer representing the harmonic and 𝛽𝑟 = 𝑣/𝑐. The numerator of

the last term is the relativistic mass correction and the denominator is the Doppler

shift.

Since the dominant toroidal magnetic field in a tokamak varies as 𝐵 ∼ 1/𝑅 due to
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the toroidal geometry of the machine, where 𝑅 is the major radius of the device, each

radial location emits ECE at a different frequency. The Doppler shift and relativistic

corrections slightly broaden the emission layer, which can be taken into account in

detailed ECE calculations, though this is generally a small effect.

In this way, by choosing a frequency to observe, one can select a radial location

in the plasma from which to collect ECE radiation.

Going further, if one assumes a Maxwellian velocity distribution in Equation 2.24,

and then assumes that the plasma is optically thick and therefore acts as a black-

body for ECE at the location of the ECE resonance (the plasma absorbs all incident

radiation at this frequency, while also emitting radiation at this frequency; in other

words, the photon mean free path is short), then one finds that the intensity of the

ECE at a frequency 𝜈 is:

𝐼(𝜈) ≈ 𝜈2𝑇𝑒

𝑐2
(2.27)

where 𝑇𝑒 is the temperature of the plasma. The emitted intensity of the light is

therefore directly proportional to the temperature of the plasma.

In order to behave like a blackbody and absorb incident radiation at the cyclotron

frequency, a plasma must have an optical depth 𝜏 ≫ 1, where the optical depth goes

roughly as [66]:

𝜏 ∼
∫︁

𝑛𝑒𝑇
𝑚−1
𝑒 𝑑𝑠 (2.28)

where 𝑛𝑒 is the plasma density, 𝑚 is the ECE harmonic, and 𝑠 is the path length

of the radiation. Even though strictly one requires 𝜏 ≫ 1, in practice 𝜏 > 2 is used

as a cutoff.

More precisely, the optical depth has further dependencies on the ECE harmonic,

as well as the polarization of the emitted light. In terms of polarization, light emit-
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ted with its electric field parallel to the background magnetic field is known as the

ordinary mode, or ‘O-mode.’ On the other hand, light emitted with its electric field

perpendicular to the background magnetic field is known as the extraordinary mode,

or ‘X-mode.’ These two modes have different optical depths and also different cutoffs

and resonances within the plasma.

Most practical ECE diagnostics use the second harmonic X-mode emission, since

first harmonic X-mode is always cutoff on the low-field side, first harmonic O-mode

may be cutoff depending on the density, and higher harmonics of both tend to be

optically thin.

For the second harmonic X-mode, the optical depth is given by [67]:

𝜏𝑋2 = 𝜋𝑞
𝑇𝑒

𝑚𝑒0𝑐2
𝜔𝑐𝑒

𝑐

(︂
12 − 8𝑞 + 𝑞2

12 − 4𝑞

)︂1/2(︂
6 − 𝑞

6 − 2𝑞

)︂2

𝐿𝐵 (2.29)

where 𝑞 = (𝜔𝑝𝑒/𝜔𝑐𝑒)
2, 𝐿𝐵 = 𝐵0|𝑑𝐵0/𝑑𝑠|, and all other variables are defined as

above. Appendix C derives this equation from the starting point given in Reference

[68].

To summarize the principle by which one can use ECE diagnostics to measure the

electron temperature of the plasma, knowing the toroidal magnetic field, one selects

a frequency in order to specify a radial location. Light collected at this frequency is

then directly proportional to the electron temperature, giving a localized temperature

measurement. Details of diagnostic design vary considerably, but in general it is

possible to calibrate the diagnostic such that one can obtain an output in volts, and

then convert this to keV of electron temperature with some keV per volt calibration

factor.

This completes the general description of ECE diagnostics, including the GPC

and radiometer diagnostics mentioned above in Section 2.3. Unfortunately, however,

straightforward ECE measurements are often unable to resolve turbulent fluctuations

in the electron temperature. While the photon energy from ECE is fairly small,
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photon statistics are not negligible when making ECE measurements. Depending

on the details of the system, photon statistics generally limit ECE measurements to

accuracies of approximately 1%. Turbulent temperature fluctuations, however, are

often on the order of 1%, if not smaller [66].

The temperature fluctuation diagnostic described in this thesis, correlation elec-

tron cyclotron emission (CECE), overcomes this challenge by correlating signals from

two closely spaced bandpass filters. By choosing frequency ranges that do not overlap,

the CECE diagnostic measures different photons coming from different plasma vol-

umes. If the frequency ranges are close enough, however, they are still measuring the

same turbulent structures, and so observe the same temperature fluctuations. With

this technique, it is possible to resolve fluctuation levels as small as approximately

0.1 %. This technique has been successfully employed on a number of machines

worldwide [69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79].

Chapter 4 describes in detail the CECE hardware that was constructed as part of

this thesis for both Alcator C-Mod and ASDEX Upgrade [80, 81], as well as contribu-

tions that were made to the manner in which one analyzes data collected by CECE

diagnostics. That chapter also gives examples of experimental measurements from

both machines.

Finally, consider how one extracts the electron temperature fluctuation level from

the outputs of gyrokinetic or gyrofluid simulations. Regardless of how exactly the

code outputs temperature fluctuation data, a point measurement contains information

from all spatial scales in the simulation. The diagnostic, however, only measures

fluctuations on some finite spatial scale, since fluctuations smaller than the spot

size of the optical system are averaged out by the measurement volume. For this

reason, one must somehow filter the simulation output in order to account for the

measurement characteristics of the real diagnostic. This process is known as applying

a ‘synthetic diagnostic,’ and is described in more detail in Chapters 5 and 6 for the
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specific codes used in this thesis.

Conclusions

This chapter has introduced the general concepts of turbulence and turbulent trans-

port in tokamak plasmas, a few models used to analyze this turbulence, the tokamaks

studied in this thesis, the concept of validation, and the validation constraints used in

this thesis. While the details of turbulence theory are not important to understanding

the remainder of this thesis, the turbulent modes and some general characteristics of

turbulence described in Section 2.1 will be important in particular to understand-

ing the results of Chapters 5 and 6. The three turbulent transport simulation codes

described in Section 2.2 are also key to these two chapters. The general tokamak in-

formation in Section 2.3 comes up throughout this thesis, as it is relevant to both the

experimental measurements and validation efforts described here. The contributions

that this thesis made to developing the perturbative diffusivity validation constraint

are the focus of Chapter 3, and the contributions to the hardware and analysis of

CECE data are the focus of Chapter 4. The heat flux validation constraint will come

up throughout the two validation-focused chapters.
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Chapter 3

Perturbative Thermal Diffusivity

From Partial Sawtooth Heat Pulses

This chapter describes a method of measuring plasma perturbative thermal diffusiv-

ity based on tracking heat pulses generated by partial sawtooth crashes, which was

developed as part of this thesis. In addition to purely experimental studies, the per-

turbative thermal diffusivity serves as a key constraint in the validation of turbulent

transport models, motivating its measurement in as many plasma conditions as pos-

sible. While the perturbative diffusivity has been measured on tokamaks before, the

method based on partial sawtooth heat pulses is a unique contribution of this thesis

work. One significant advantage of this method as compared to the more established

modulated electron cyclotron heating method is that no active external perturba-

tion of the plasma is necessary, providing measurement of another plasma parameter

without any additional hardware or changes in machine operation.

The remainder of this chapter describes what partial sawteeth are, explains how

one calculates the perturbative thermal diffusivity from the propagation of partial

sawtooth heat pulses, compares this new method with both an obsolete method

based on full sawteeth and the more established method of measuring perturbative
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diffusivity based on modulated electron cyclotron heating, and presents experimental

observations from Alcator C-Mod and ASDEX Upgrade.

3.1 Partial Sawteeth

Perturbative transport studies, in which one observes how some type of perturbation

affects or propagates in a tokamak plasma, have been used for many years on toka-

maks in order to provide insight into fundamental plasma behaviors. References [53]

and [56] give a fairly thorough background of perturbative transport studies, includ-

ing studies based on both heat and cold pulses. These heat and cold pulses can be

generated in a variety of ways, including local modulated electron cyclotron heating

deposition and sawtooth crashes to generate radially propagating heat pulses, and

intentional impurity injection for edge cooling to generate cold pulses. While Ref-

erences [53] and [56] lay out a broader context for these methods, work on Alcator

C-Mod in particular includes References [34] for sawteeth and [82] for impurity in-

jection. The present work will focus on heat pulses generated by partial sawtooth

crashes and their utility in measuring plasma perturbative thermal diffusivity.

In order to properly calculate a perturbative thermal diffusivity from the propaga-

tion of heat pulses, the heat pulses must be moving through the plasma in a diffusive

manner [55]. Specifically, one must make sure that the heat is not being transported

by phenomena other than standard turbulent heat transport, such as macroscopic

plasma motion caused by MHD activity. In particular, this requirement has made

the use of heat pulses generated by full sawtooth crashes, which were for many years

used to measure perturbative thermal diffusivity [57], rather difficult. A variety of

work showed that heat pulses generated by sawtooth crashes were often accompanied

by non-diffusive “ballistic” transport [58]. Figure 3-1 (a) illustrates a sawtooth crash

and ballistic transport. This ballistic transport is thought to be related to the MHD

phenomena that cause the sawtooth crash in the first place, and may extend quite
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(a) Full Sawtooth (b) Partial Sawtooth

Figure 3-1: Example temperature profiles of a tokamak plasma before and after (a) a
full sawtooth crash and (b) a partial sawtooth crash. The red line is the profile before
the crash. The blue and green lines are the profile afterward. The inversion radius is
the point at which the temperature is the same before and after the crash (the division
between where the crash causes a temperature decrease and a temperature increase).
The mixing radius is the radius out to which the crash flattens the temperature profile
through fast MDH transport. (a) also illustrates what is known as the ballistic effect,
where some heat is transported past the mixing radius on non-diffusive time scales.

far past the sawtooth mixing radius (the radius out to which the sawtooth crash flat-

tens the plasma temperature profile). Another interpretation of ballistic transport is

that the full sawtooth heat pulse is so large in amplitude that it changes the local

temperature gradient enough that one is no longer truly measuring the local slope of

the flux-gradient curve shown in Figure 2-2. Further information about the body of

work leading to the conclusion that full sawtooth heat pulses are inappropriate for

measuring perturbative diffusivity is given in Appendix A.

This same past work noted, however, that “partial” or “compound” sawtooth

crashes generate heat pulses that are not affected by the same ballistic transport

[58]. A partial sawtooth is the temperature crash of an annular region of the plasma,

rather than the entire core, caused by a similar mechanism as full sawteeth. One

possible explanation for the annular crash is the transient presence of multiple q = 1
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surfaces while heat and particles (and current density) flow back into the core after a

sawtooth crash. The exact physics of the partial sawtooth crash is not, however, the

focus of this thesis. The significantly smaller radial extent of the crash region and

smaller amplitude of the heat pulse make partial sawtooth heat pulses far more ap-

propriate for calculating the perturbative thermal diffusivity outside of the sawtooth

mixing radius. The differences between partial and full sawteeth, the manifestation of

ballistic transport, and the location of the sawtooth mixing radius are all illustrated

in Figure 3-1. While this figure is a cartoon representation of these phenomena, ex-

perimental measurements showing exactly these effects have been made, for example

in Reference [83].

(a) (b)

Figure 3-2: Full and partial sawteeth represented in the time domain in real Alcator
C-Mod data. This data is from the nine channels of the grating polychrometer (GPC)
system on Alcator C-Mod. The time trace in (a) shows both full and partial sawteeth.
(b) shows only channels 5 through 8 of the GPC during the same time period, with
the background temperature subtracted off for each channel. The non-diffusive full
sawtooth heat pulse and diffusive partial sawtooth heat pulse are clearly evident in
this data. Figure from [55].

One can also look at the full and partial sawtooth crashes in the time domain,

allowing one to observe the heat pulses that they create at radii outside of the mixing

radius. Figure 3-2 shows partial and full sawteeth from real data on Alcator C-
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Mod, where the electron temperature was measured with a grating polychrometer

(GPC) [55]. Further information on Alcator C-Mod and the GPC system was given

in Chapter 2.

From a time domain perspective, the ballistic transport associated with full saw-

teeth manifests as a very sudden rise in the temperature at a location outside of the

mixing radius. This can be seen on channels 5 and 6 (dark green and light blue)

in Figure 3-2. The combination of sharp rise and gradual decay was one of the key

characteristics that led past work to show that these heat pulses were inconsistent

with a computational diffusive model [58]. In contrast, the partial sawtooth in Figure

3-2 shows a more gradual rise, consistent with a diffusive process. These observations

indicate that partial and full sawteeth on Alcator C-Mod exhibit the same character-

istics as those studied in past work [58].

3.2 Perturbative Diffusivity Calculation Method

Once a diffusive heat pulse has been generated (with partial sawteeth, as in this work,

or with modulated electron cyclotron heating), the perturbative thermal diffusivity

can be calculated by observing the propagation of this pulse in space and time. In

particular, the velocity of the peak of the pulse and the rate at which the amplitude

of the pulse damps in space are used in the calculation of the perturbative diffusivity.

This work will utilize the “extended time-to-peak” method of calculating perturbative

thermal diffusivity based on the propagation of heat pulses, originally presented and

derived in References [54] and [84]. This method is more generally applicable than the

basic time-to-peak method [84] and does not require regularly spaced pulses, as is the

case with Fourier analysis [85]. Previous work has confirmed the general agreement

(to within roughly 20%) between the extended time-to-peak method and the Fourier

method [60, 85], so even though Fourier analysis is more common in much modern

work with modulated electron cyclotron heating, the choice of method should not
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impact the final results.

The central equation of the extended time-to-peak method can be written as [54]:

𝜒𝑝𝑒𝑟𝑡
𝑒 = 4.2𝑎𝑐

𝑣𝐻𝑃

𝛼
(3.1)

where:

𝑣𝐻𝑃 =
√
𝜅

𝑎

𝑎− 𝑠

(︂
𝑑𝑡𝑝𝑒𝑎𝑘
𝑑𝑟

)︂−1

(3.2)

is the radial velocity of the peak of the heat pulse (in 𝑚/𝑠) and:

𝛼 = 10(𝑎− 𝑠)
𝑑

𝑑𝑟
𝑙𝑜𝑔(𝐴) (3.3)

is a parameter describing damping of the heat pulse as it propagates radially

(unitless).

Other variables are defined as follows: minor radius 𝑎 (m), minor radius corrected

for elongation 𝑎𝑐 (m), radius from plasma center 𝑟 (m), Shafranov shift 𝑠 (m), elon-

gation 𝜅, time that the peak of the heat pulse reaches a given radius 𝑡𝑝𝑒𝑎𝑘 (s), and

heat pulse amplitude 𝐴 (eV).

The derivation of this formula in Reference [54] is not machine specific, having

been solved in cylindrical coordinates and then corrected for a toroidal geometry and

a shaped plasma. The primary assumptions are that the heat pulse is diffusive and

that it is applied outside of the sawtooth mixing radius. It has been used on various

shaped tokamaks, and fully accounts for differences in machine size and shaping.

The numerical prefactor is a result of the geometry of the calculation, and should not

depend on the machine for which the formula is used. In order to verify that this is the

case, the calculations laid out in References [54] and [84] were repeated with the exact

geometry and locations relevant to the measurements made on Alcator C-Mod. These

calculations consistently resulted in pre-factors of between 3.8 and 4.3, with variations
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caused by the exact relationship between the mixing radius and the measurement

location. This variation of less than 10% compared to the published value of 4.2 is

consistent with the published uncertainty of 10%. See Appendix B for more details

on these calculations. To remain consistent with past work and between calculations

presented in this work, the published value of 4.2 was retained for all calculations of

the perturbative thermal diffusivity. One could in principle recalculate this prefactor

for the exact mixing radius and measurement location for every discharge, but this

would be time consuming and would not significantly improve accuracy.

In addition, this calculation was shown to be robustly indifferent to the shape of

the initial perturbation, with the prefactor varying by less than 1% with a variety of

different shapes and less than 10% with experimentally relevant perturbation widths,

again less than the published uncertainty of 10%. This formula should therefore be

equally applicable to heat pulses generated by various different methods. Further

information is given in Appendix B.

One caveat is that this method inherently calculates a radially averaged diffusiv-

ity, over the radii through which the heat pulse propagates, since turbulent trans-

port, and thus the perturbative diffusivity, varies with radius through the plasma.

This radial averaging has been suggested as a possible cause of minor disagreements

with the Fourier method of calculating the perturbative thermal diffusivity, since the

mathematical mechanics of the two methods will weight the radial average slightly

differently [60].

The minimum distance over which the measurement must be averaged is set by

the separation of temperature measurement channels. Since high time resolution is

required, electron cyclotron emission (ECE) diagnostics have been used thus far for

these measurements. The same ECE diagnostics on Alcator C-Mod and ASDEX

Upgrade used to measure the electron temperature profile, described in Chapter 2,

were also used to measure the electron temperature for the perturbative diffusivity
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measurements. Since the details of these diagnostics are relevant to the limits on the

perturbative diffusivity measurement, a slightly more in depth description is given

here.

The grating polychrometer (GPC) on Alcator C-Mod [33, 34] collects second har-

monic X-mode electron cyclotron emission from the plasma and then splits the spec-

trum using a diffraction grating (see Reference [66] for a first principles description of

electron cyclotron emission). The system has 9 channels at different radial locations

(achieved by filtering different frequencies) spaced by approximately 2 cm. This sys-

tem can sample up to 100 kHz, though it more typically runs at 20 kHz, as it was for

all discharges in this study.

The heterodyne ECE radiometer on ASDEX Upgrade [43] also collects second

harmonic X-mode electron cyclotron emission, but uses a series of bandpass filters to

split the incoming light into frequencies. The system has 24 core channels, spaced by

approximately 1.2 cm. The system can sample at up to 1MHz, though it typically

runs at lower sampling rates.

On both machines, the spacing of ECE channels sets the minimum perturbative

diffusivity resolution to a few centimeters. Including more than just two channels

does, however, increase the reliability of the measurement, as it minimizes the impact

of single channel noise on the result.

The radial range over which the measurement can be made is constrained by two

separate effects. The minimum radius at which one can apply this method is the

mixing radius of the partial sawtooth, as shown in Figure 3-1. Anything inside of

the mixing radius (or very close outside) will have transport dominated by MHD

effects related to the sawtooth crash itself, and therefore is not an appropriate region

in which to measure a diffusivity. The maximum radius at which the measurement

can be made is typically set by the noise level of the temperature diagnostic and

the amplitude of the pulse. At some point, the heat pulse has decreased enough in
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amplitude that it is no longer distinguishable from noise.

The combination of these two constraints has limited most measurements on Al-

cator C-Mod to the range of 0.6 ≤ 𝜌𝑡𝑜𝑟 ≤ 0.9 [55], and measurements on ASDEX

Upgrade to 0.2 ≤ 𝜌𝑡𝑜𝑟 ≤ 0.6 [64]. The difference is due to the higher current density

and thus larger sawtooth mixing radius on Alcator C-Mod, which moves the minimum

radius outward, but also creates larger pulses, which are more easily measurable at

radial positions further out.

The data shown in Figure 3-2 clearly contains some level of diagnostic noise in all

channels. This level of noise tends to be fairly small on the grating polychrometer

(GPC) system on Alcator C-Mod (much smaller than the pulse amplitude), but can

be nearly of the order of the pulse amplitude on the ECE radiometer on ASDEX

Upgrade (see Figure 3-3 later for an example of ASDEX Upgrade data). In any case,

the time that the peak of the heat pulse reaches a given radius 𝑡𝑝𝑒𝑎𝑘 used in Equation

3.2 should reflect the actual peak of the pulse amplitude, not noise on top of the

pulse. To this end, the raw temperature data is smoothed in order to remove this

noise.

While the exact method of smoothing should not impact the final calculation,

the smoothing must sufficiently remove variations due to noise without smoothing so

much as to alter the overall shape of the pulse. This proves a tricky balance, especially

considering the innermost channels, which tend to have a very fast rise in temperature

at the beginning of the pulse. For this reason, in the code implementation of this

calculation, different smoothing levels were used for different temperature channels,

with inner radial channels being smoothed less than outer channels. This method

successfully retained the fast rise of the inner channels while smoothing out noise that

was a larger fraction of the amplitude in outer channels. One example of smoothing

of particularly noisy data from ASDEX Upgrade is shown later in Figure 3-3 (a).

In particular, two primary smoothing algorithms were used in this work. Initially
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the code to calculate the perturbative thermal diffusivity was written in MATLAB.1

This code, which was used in Reference [55], used the MATLAB ‘smooth’ function,

which is based on a “local regression using weighted linear least squares and a 2nd

degree polynomial model.”2 A second iteration of the code, which was used for the

data processing in Reference [64], was written in Python.3 This code used a ‘lowess’

smoother, which stands for ‘Locally Weighted Scatterplot Smoothing.’4 These two

smoothing methods were directly compared on the same data set (on Alcator C-Mod)

and were shown to agree within experimental uncertainty (which is discussed further

below).

In addition, due to the somewhat noisy nature of any temperature measurement,

the measurement of perturbative thermal diffusivity will be averaged over many par-

tial sawtooth crash-generated heat pulses throughout some steady state portion of

a discharge (anywhere between 3 and 40 pulses for the data shown in this work).

There are two ways of doing this averaging. In many past studies, this averaging

was accomplished by combining many heat pulses into a single composite sawtooth,

synchronized by the crash time [54]. In essence, the time traces of the temperatures

after the crash were averaged for each channel, to create a single set of time traces for

a superimposed pulse, and then the perturbative diffusivity was calculated for this

single composite pulse.

In addition, one can calculate the perturbative thermal diffusivity for each pulse

individually, and then average the values obtained for each pulse. In general, this

method requires slightly less noisy data, as one would like to get at least a reasonable

value for each individual pulse, but comes with the advantage that one can better

quantify the uncertainty in the measurement, as one calculates a set of values rather

1See http://www.mathworks.com/products/matlab/ for documentation concerning MATLAB
and its functions.

2Ibid.
3See https://www.python.org/ for information concerning Python.
4See http://www.statsmodels.org/0.6.1/generated/statsmodels.nonparametric.smoothers_lowess.lowess.html

for discussion of the particular implementation of this lowess filter.
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than just one. This method also allows some level of time resolution through a non-

steady shot, though the scatter can be quite large.

Nominally, these two methods should agree to within experimental uncertainty,

as both are using the same set of data to calculate the same value. To confirm this

agreement, both calculation methods were used to calculate the perturbative thermal

diffusivity for a set of discharges on ASDEX Upgrade [64].

(a) (b)

Figure 3-3: Comparison of (a) a single partial sawtooth-generated heat pulse and (b)
a composite heat pulse formed by combining data from 36 individual pulses, including
the pulse shown in (a). Data is taken from ASDEX Upgrade. Figure from [64].

Figure 3-3 shows a single pulse generated by a partial sawtooth crash and a com-

posite heat pulse constructed from 36 individual pulses in one plasma discharge,

including the single pulse shown. The time of peak amplitude on the innermost

radial channel (the channel with the largest amplitude in Figure 3-3) was used to

synchronize the heat pulses for averaging.

Qualitatively, it is immediately clear that the composite data shows the propaga-

tion of the heat pulse much more clearly than the single pulse. One may even question

whether any information is salvageable from single pulses, as the data looks particu-

larly noisy. It turns out, however, that the two methods give the same result within

experimental uncertainty (see below for discussion of how this is calculated). In the

discharge shown in Figure 3-3, averaging 36 individual heat pulses gives a result of
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𝜒𝑝𝑒𝑟𝑡
𝑒 = 5.04 ± 1.35 m2/s, while performing the calculation on a composite sawtooth

formed by averaging the 36 pulses together gives 𝜒𝑝𝑒𝑟𝑡
𝑒 = 4.17 m2/s (the standard

error between pulses cannot be calculated for the composite pulse, so only the total

uncertainty for the averaging of pulses is shown). While clearly not identical, these

two calculations agree to within the experimental uncertainty.

Applying both methods to a larger set of data from 24 discharges on ASDEX

Upgrade reveals that the composite heat pulse method and averaging individual heat

pulses agree within one standard deviation 67% of the time (for 16 of the 24 dis-

charges), which is consistent with a normal distribution of error. Given this result,

these two methods can be used interchangeably.

The experimental uncertainty has now been mentioned several times, meriting

discussion of how it is calculated. There are two primary types of error that char-

acterize the perturbative thermal diffusivity calculated by averaging many individual

pulses. First, there is diagnostic error on the inputs to Equation 3.1. These include

uncertainties in the temperature, as measured by whichever electron temperature di-

agnostic is being used in the calculation, and uncertainty in the radial location of the

measurement, primarily determined by the diagnostic mapping. Since it is only the

relative distance between measurement locations that is important, not the absolute

radius, this error may be smaller than one would expect for a typical equilibrium

mapping uncertainty. There is also some uncertainty in the exact time that the peak

of the heat pulse reaches a given radius, due both to the finite time resolution of the

diagnostic and due to the smoothing process described above.

These experimental uncertainties are calculated as follows:

𝜎𝑑𝑖𝑎𝑔

𝜒𝑝𝑒𝑟𝑡
𝑒

=

√︃(︁𝜎𝛼

𝛼

)︁2
+

(︂
𝜎𝑣

𝑣𝐻𝑃

)︂2

(3.4)
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where:

𝜎𝑣

𝑣𝐻𝑃

=

√︂(︁ 𝜎𝑥

∆𝑥

)︁2
+
(︁ 𝜎𝑡

∆𝑡

)︁2
(3.5)

and

𝜎𝛼

𝛼
=

√︃(︁ 𝜎𝑥

∆𝑥

)︁2
+

(︂
𝜎𝑙𝑜𝑔𝐴

∆𝑙𝑜𝑔𝐴

)︂2

(3.6)

In these equations, 𝜎𝑥 is the uncertainty in the difference of the radial position

between two adjacent measurement channels, ∆𝑥. It is the uncertainty in the channel

spacing that matters, not the absolute position, since the perturbative diffusivity

calculation utilizes the separation, not the absolute position. Similarly, 𝜎𝑡 is the

uncertainty in the time that the peak of the heat pulse reaches a given location and

∆𝑡 is the time elapsed between the peak reaching subsequent channels. Finally, as

stated above, A is the amplitude of the pulse, and so 𝜎𝑙𝑜𝑔𝐴 is the uncertainty in the

logarithm of the amplitude (which is equal to 𝜎𝐴/𝐴).

As mentioned above, on Alcator C-Mod the heat pulses were tracked with GPC

[33, 34], which was described in greater detail in Chapter 2. On ASDEX Upgrade,

the heat pulses were tracked with an ECE radiometer [43], which was also described

in more detail in Chapter 2.

In addition to the diagnostic uncertainty, when averaging many heat pulses to-

gether one can also calculate a statistical uncertainty (standard error) for the set of

measurements. This standard error is given as:

𝜎𝑠𝑡𝑑𝑒𝑟𝑟 =
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(𝜒𝑝𝑒𝑟𝑡

𝑝𝑢𝑙𝑠𝑒)√︀
𝑁𝑝𝑢𝑙𝑠𝑒

(3.7)

where the numerator is the standard deviation of the perturbative thermal diffu-

sivities calculated for each individual heat pulse, and 𝑁𝑝𝑢𝑙𝑠𝑒 is the total number of

pulses.
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Taking these two errors together, one can calculate the total uncertainty on the

measurement of the perturbative thermal diffusivity as:

𝜎𝜒 =
√︁

𝜎2
𝑑𝑖𝑎𝑔 + 𝜎2

𝑠𝑡𝑑𝑒𝑟𝑟 (3.8)

On Alcator C-Mod, the diagnostic error is typically approximately 15% and the

standard error varies, but for a value of 20% the total uncertainty would be 𝜎𝜒 = 25%.

ASDEX Upgrade typically has a comparable level of uncertainty.

This completes the description of how the perturbative thermal diffusivity of a

tokamak plasma is calculated from the propagation of partial sawtooth-generated

heat pulses. This method will now be compared to other methods of measuring the

perturbative thermal diffusivity.

3.3 Comparison to Full Sawtooth Heat Pulses and
Modulated Electron Cyclotron Heating

This section will compare measurements of the perturbative diffusivity made with

partial sawteeth to measurements made with other methods. First, the use of partial

sawtooth-generated heat pulses will be compared to the use of full sawtooth-generated

heat pulses. This comparison was made originally in Reference [55]. As discussed

above, since full sawtooth-generated heat pulses are known to exhibit ballistic trans-

port and are therefore not good candidates for a diffusivity measurement [58], this

comparison is included purely for completeness and to connect to past work. To be

explicit, these two measurements are not expected to agree.

Table 3.1 shows the results of applying Equation 3.1 to heat pulses generated by

partial and full sawteeth from five representative Alcator C-Mod discharges, including

two time periods from one of the discharges. Partial and full sawteeth were identified

in these discharges manually, based on the criteria illustrated in Figures 3-1 and 3-

2. As expected, the two measurements do not agree, with the ballistic transport
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Shot Confinement 𝜒𝑝𝑒𝑟𝑡
𝑃𝑎𝑟𝑡𝑖𝑎𝑙 (𝑚2/𝑠) 𝜒𝑝𝑒𝑟𝑡

𝐹𝑢𝑙𝑙 (𝑚2/𝑠)

1120221011 L-Mode 1.1 ± 0.3 3.3 ± 0.5
1120626023 Ohmic (LOC) 2.7 ± 0.5 3.8 ± 0.7
1120626028 Ohmic (SOC) 1.7 ± 0.4 2.8 ± 0.5
1101209029 L-Mode 1.7 ± 0.3 4.7 ± 1.1
1101209029 I-Mode 2.0 ± 0.4 3.0 ± 0.9
1120221012 L-Mode 1.6 ± 0.4 3.6 ± 0.6

Table 3.1: Comparison of experimental perturbative thermal diffusivity as measured
using Equation 3.1 on heat pulses generated by partial and full sawteeth. Data is
taken from a variety of Alcator C-Mod discharges, including two time periods on
1101209029. All values are radially averaged. As expected these values differ, with
the non-diffusive ballistic transport associated with full sawteeth causing an artificial
increase in the measured diffusivity. Table modified from Reference [55].

associated with full sawteeth causing those values to exceed the values calculated

with partial sawteeth by as much as a factor of 3. This quantitative observation is

consistent with the qualitative observations regarding the shape of the heat pulses

shown in Figure 3-2.

Again, measurements made with partial and full sawteeth are not expected to

agree. The data shown here is further evidence that full sawteeth lead to non-diffusive

ballistic transport, and that one should instead use partial sawteeth to calculate the

perturbative thermal diffusivity.

On the other hand, a widely accepted means of measuring of the perturbative

thermal diffusivity of a plasma is to analyze heat pulses generated by modulating

applied electron cyclotron heating (ECH) [53, 56, 59, 86, 87]. If both modulated

ECH and partial sawtooth-generated heat pulses are valid means of measuring the

perturbative thermal diffusivity in a tokamak plasma, then these two measurements

should agree to within experimental uncertainty. This work will show that these two

measurements do indeed agree within uncertainty, at least on a limited set of ASDEX

Upgrade discharges. This agreement provides strong evidence that partial sawteeth
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are a valid method of measuring perturbative thermal diffusivity. This comparison

was originally presented in Reference [64].

The modulated ECH measurements that are used in the comparison shown here

are originally described in Reference [88]. While the original purpose of the modu-

lated ECH measurements were not for comparison with partial sawteeth, data was

published for two ASDEX Upgrade discharges, 31369 and 30693. The first of these

31369 conveniently also contains partial sawteeth, allowing application of the method

described here. Unfortunately, 30693 did not have a sufficient number of partial

sawteeth to make a reasonable measurement of the perturbative thermal diffusivity.

Fortunately, however, the very next discharge, 30694, was an exact repeat of 30693

and did have a sufficient number of partial sawteeth to measure the perturbative

thermal diffusivity. For this reason, one comparison of modulated ECH and partial

sawteeth will be for discharge 31369, while the other will be for two repeat discharges,

30693 and 30694.

While this work focuses primarily on the partial sawtooth method of measur-

ing perturbative thermal diffusivity, the fact that it is being compared to another

method merits a brief discussion of how the modulated ECH method works. Instead

of using heat pulses generated by naturally occurring partial sawteeth, modulated

ECH generates heat pulses in the tokamak plasma by repeatedly turning electron

cyclotron heating on and off at a relatively high frequency (100 Hz in the discharges

in Reference [88], for example) [53, 56, 59, 86, 87]. Typically the modulated heating

is deposited off axis to avoid interactions with sawtooth oscillations, for example at

𝜌𝑡𝑜𝑟 = 0.46 in the discharges described here. This modulation must be done for long

enough to obtain good statistics on the pulse propagation, especially since the pulses

tend to be very small in amplitude and diagnostic noise can be a problem. Typi-

cally the perturbative thermal diffusivity is calculated with the Fourier method [85]

(mentioned earlier) instead of the Extended-Time-to-Peak method used here, since
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Modulated ECH Partial Sawteeth

Shot
Radial Range

(𝜌𝑡𝑜𝑟)
𝜒𝑝𝑒𝑟𝑡
𝐸𝐶𝐻 (𝑚2/𝑠)

Radial Range

(𝜌𝑡𝑜𝑟)
𝜒𝑝𝑒𝑟𝑡
𝑃𝑆𝑇 (𝑚2/𝑠)

30693/4 0.34 - 0.44 2.2 ± 0.3 0.22 - 0.29 2.09 ± 0.62

31369 0.34 - 0.44 2.4 ± 0.9 0.23 - 0.29 2.87 ± 0.71

Table 3.2: Perturbative electron thermal diffusivity measured with modulated ECH
heat pulses and partial sawtooth crash-generated heat pulses. Table modified from
Reference [64], and modulated ECH data from Reference [88].

there is a large number of regularly spaced pulses, but as stated above, these two

calculation methods have been shown to agree within experimental uncertainty [60].

More details of the analysis technique can be found in Reference [88], among others.

The results of the comparison of partial sawteeth and modulated ECH in ASDEX

Upgrade discharges 31369 and 30963/4 are shown in Table 3.2. One caveat with

this comparison is that while the two measurements were made in very similar radial

locations, they do not quite overlap. The partial sawtooth heat pulses were measured

in the radial range of 𝜌𝑡𝑜𝑟 ≈ 0.22 − 0.29, while the modulated ECH measurements

were made in the range of 𝜌𝑡𝑜𝑟 ≈ 0.34 − 0.44. Again, while these do not overlap,

the gap between the two measurements is approximately 0.05𝜌𝑡𝑜𝑟, or 3 cm in physical

space. The partial sawtooth measurement was constrained by the mixing radius at

low radius and the pulse amplitude at high radius. The modulated ECH measurement

was constrained by the ECH deposition location and (perhaps ironically) by the region

in which sawtooth interference was too large [88].

Despite this caveat, Table 3.2 shows that measurements with modulated ECH and

partial sawteeth agree to within experimental uncertainty in both cases. While the

perturbative thermal diffusivity likely does vary with radius (since turbulent transport

in general varies with radius), the gap between the two measurement locations is small

enough that the variation is expected to be small. The two measurement method
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also both capture the same qualitative trend, showing a higher perturbative thermal

diffusivity in 31369 than in 30693/4.

The good agreement between the partial sawtooth method of measuring the per-

turbative thermal diffusivity laid out in this work and the more widely accepted

modulated ECH method is strong evidence that both are measuring the same plasma

property. Partial sawteeth will be used throughout this work to measure the pertur-

bative thermal diffusivity of many plasmas both to search for experimental trends and

to validate turbulent transport models of various kinds. The discharges shown below

highlight one of the major advantages of the partial sawtooth method of measuring

the perturbative diffusivity, as the measurement was obtained essentially ‘for free,’

without any active perturbation of the plasma. In addition, Alcator C-Mod does

not have electron cyclotron heating (due to the difficulty of constructing high power

sources at the frequencies required for Alcator C-Mod’s high magnetic field), and so

partial sawteeth are the only viable method with which to measure the perturbative

diffusivity.

This completes the discussion of how partial sawtooth crash-generated heat pulses

are used to measure the perturbative thermal diffusivity of a tokamak plasma. The

next section will describe a variety of experimental observations based on the per-

turbative thermal diffusivity on both Alcator C-Mod and ASDEX Upgrade. These

observations are presented independently from any particular turbulent transport

model validation efforts, which are the focus of Chapters 5 and 6.

3.4 Experimental Observations

Having developed the method of measuring the plasma perturbative thermal diffu-

sivity via partial sawtooth-generated heat pulses, and confirming that this method

agrees with the more established modulated ECH method, one may apply the method

to a variety of plasma discharges. This section presents data from more than 50 Al-
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cator C-Mod discharges and more than 20 ASDEX Upgrade discharges. The Alcator

C-Mod data shows that I-mode plasmas tend to have a larger perturbative diffusivity

than L-mode plasmas. In addition, trends of the perturbative diffusivity are observed

with various plasma parameters on Alcator C-Mod, such as temperature, density,

and their associated gradients. Data from both Alcator C-Mod and ASDEX Upgrade

shows a strong correlation with two definitions of collisionality, indicating that it is

possible to identify cross-machine empirical trends for the perturbative diffusivity.

3.4.1 Alcator C-Mod

The data from Alcator C-Mod presented here was originally published in Reference

[55], and is taken from 56 discharges in which the plasma transition from a steady

time period of L-mode to a steady time period of I-mode operation. The perturbative

diffusivity stated for each mode of operation is calculated using partial sawtooth heat

pulses that occurred during that mode of operation. Pulses that occurred during

the transition from one mode to another were not analyzed. Some discharges had

multiple distinct L-mode time periods (a steady L-mode, transition to I-mode, then a

transition back to a steady L-mode), so a total of 79 points will be shown in subsequent

figures describing the differences between L- and I-mode.

I-mode is a high performance regime [89, 90, 91] that has primarily been studied

on Alcator C-Mod, but has also been observed on ASDEX Upgrade [92] and DIII-

D [93]. I-mode plasmas are characterized by high energy confinement, similar to

that found in a typical H-mode regime, but by a particle confinement that is more

similar to that found in L-mode [89]. This is the result of I-mode plasmas having a

temperature pedestal, but no density pedestal. I-modes also have a natural absence

of Edge Localized Modes (ELMs), which are common to many H-mode plasmas [89].

The lower particle confinement in I-mode also avoids the core impurity accumulation

that can cause disruptions in ELM-free H-mode plasmas. I-mode operation thus
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exhibits many attractive attributes as a possible reactor regime, motivating further

study of both its attributes and its operational space.

All of the discharges analyzed in this section were run with the ion 𝐵 ×∇𝐵 drift

away from the active X-point (unfavorable ∇𝐵 drift for H-mode operation), since this

generally allows more robust access to the I-mode regime [90]. In addition, all dis-

charges were run with an on-axis toroidal magnetic field of 5.4 T, as higher magnetic

field has been observed to lead to a higher threshold for the I- to H-mode transition,

leading to a wider I-mode power window [94]. These discharges had line averaged

densities ranging between approximately 0.6 to 2.1 × 1020m−3 and total plasma cur-

rents between 0.9 and 1.3 MA. All of the discharges were deuterium plasmas heated

with minority hydrogen ion cyclotron resonance heating (ICRH).

This set of discharges was used to investigate two properties of the perturba-

tive thermal diffusivity on Alcator C-Mod. First, the data set was utilized in order

to generically observe the difference in perturbative diffusivity between L-mode and

I-mode time periods within the same discharge. This is motivated by past gyroki-

netic simulations with the gyrokinetic code GYRO [95], which predicted that I-mode

plasmas on Alcator C-Mod would have a higher perturbative diffusivity than similar

L-mode plasmas [96, 97]. In addition, these measurements were utilized to determine

the correlation between perturbative diffusivity and many other plasma parameters,

such as density, temperature, their gradients, etc. Each of these two investigations

will now be described in further detail.

Experimental Perturbative Thermal Diffusivity in L- and I-mode

First, consider the comparison between L-mode and I-mode within the same dis-

charge. The choice to compare discharges only with themselves, just at different

times, was made in order to minimize the variation of as many plasma parameters

as possible. In general, the L- and I-mode time periods within each discharge had
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Figure 3-4: Comparison of the perturbative thermal diffusivity calculated via partial
sawteeth in L- and I-mode time periods from within the same discharge. Each point
is data from one discharge, and the x- and y-axes are the L-mode and I-mode per-
turbative diffusivities, respectively. Discharges with multiple distinct L-mode time
periods are represented by multiple points. The solid red line indicates equal diffu-
sivities in both time periods. Representative uncertainties are given. Figure from
Reference [55].

the same current, the same plasma shape (triangularity, elongation, etc.), and the

same magnetic field. The transition from L- to I-mode was generally initiated by

an increase in ICRH power. The density was kept as steady as possible over this

transition, though often the increase in RF (radio frequency) power led to a slight

increase in the plasma density, as is often seen on Alcator C-Mod. The increase in

heating power and the transition from L- to I-mode always led to an increase in both

ion and electron temperatures, which is to be expected in the transition from a low

to a high confinement regime.

With these caveats in mind, the results of the comparison between L- and I-

mode are shown in Figure 3-4. Each point on this plot represents a single comparison

between an L-mode time period and an I-mode time period within one discharge. The

x-axis is the perturbative diffusivity calculated from partial sawteeth in the L-mode

portion of the discharge, and the y-axis is the perturbative diffusivity calculated from
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partial sawteeth in the I-mode portion of the discharge. If there were multiple distinct

L-mode time periods within a single discharge, two points are shown (comparing

to the same I-mode time period). The solid red line indicates equal perturbative

diffusivity in L- and I-mode. Points above the line represent a discharge in which

the perturbative diffusivity was higher in the I-mode time period than in the L-mode

time period, and vice versa. Representative uncertainties (calculated with Equation

3.8) are shown.

While there is a considerable amount of scatter in the data shown in Figure 3-

4, and many of the points lie within uncertainty of the line of equal perturbative

diffusivities, overall there are more points above the red line than below it, indicating

that in general the perturbative diffusivity is higher in the I-mode time period of a

given discharge than in the L-mode time period. Note, however, that such a difference

may also be due to differences in the plasma temperature and temperature gradient

during the L- and I-mode time periods, as these parameters are shown to also be

correlated with the perturbative diffusivity later in this section.

While the comparison shown in Figure 3-4 may not reveal any definitive conclu-

sions, it is consistent with past gyrokinetic predictions that I-mode plasmas should

have a higher perturbative thermal diffusivity than similar L-mode plasmas [96, 97].

In addition, these experimental observations are relevant to the gyrokinetic validation

work that will later be presented in Chapter 5, since part of that work focuses on

validating the gyrokinetic code GYRO in L- and I-mode plasmas on Alcator C-Mod.

The particular discharge chosen for those simulations will be described in further

detail in Chapter 5.

102



Correlation Between Experimental Perturbative Diffusivity and Plasma

Parameters

Consider now the relationship between the perturbative thermal diffusivity and other

plasma parameters, such as the electron temperature and density, and their gradients,

both at the location of the perturbative diffusivity measurement and in the core of

the plasma. This section presents correlations between the measured perturbative

diffusivity and a number of other global and local plasma parameters for the dis-

charges considered on Alcator C-Mod. It does not, however, attempt to comment

on the physical mechanisms behind these relationships. This section also compares

the perturbative diffusivity to the amplitude of the partial sawtooth-generated heat

pulse, in order to ensure that this amplitude is uncorrelated with the measurement,

as such a correlation would indicate that the measurement method is somehow in-

fluenced by the size of the partial sawtooth crash. Section 3.4.2 will expand these

results to include data from ASDEX Upgrade.

While comparisons with many different plasma parameters were considered, only

those that showed meaningful correlations are explained in detail here. Starting with

global parameters, central electron temperature, RF heating power, and stored energy

seemed to have little to no correlation with the perturbative diffusivity.

Core line averaged density, �̄�𝑒, and plasma current, 𝐼𝑝, on the other hand, both

showed a fairly clear correlation with the perturbative diffusivity. Experimentally,

however, current and density are themselves correlated in tokamak operation (higher

current allows stable access to higher densities by increasing the Greenwald density

limit), so it was important to determine if both of these parameters correlated sep-

arately with perturbative diffusivity. To this end, correlations between perturbative

diffusivity and density at fixed current, and current at fixed density were calculated.

This analysis revealed that current at fixed density does not show a trend with per-

turbative diffusivity, while density at fixed current does, indicating that current only
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Figure 3-5: Perturbative thermal diffusivity plotted against the line averaged density
of both L- and I-mode plasmas. Each point represents either an L-mode or an I-mode
time period of a given shot. Blue triangles represent L-mode and red circles represent
I-mode phases. Figure originally from [55].

correlated with perturbative diffusivity through its connection with density.

A plot of perturbative diffusivity against core line-averaged density is shown in

Figure 3-5, using data from all currents. Each point in this plot represents one time

period of either L- or I-mode. Blue triangles represents L-mode plasmas and red circles

represent I-mode plasmas. This figure reveals a clear trend of decreasing perturbative

diffusivity as the plasma moves toward higher density. There also seems to be a

smaller range of perturbative diffusivity as the density increases. In other words, it

appears as if the maximum perturbative diffusivity decreases as one increases the

density, but that the minimum perturbative diffusivity stays roughly constant.

More quantitatively, one can use a linear regression to calculate the p-Value and

𝑅2 value for the data. The p-Value is the probability of no correlation given the

data (the null hypothesis), and the 𝑅2 value measures the amount of variation in the

perturbative diffusivity that can be explained by the variation in the line-averaged

density [98]. A linear regression of the perturbative diffusivity with the line-averaged

density data shown in Figure 3-5 gives a p-Value of 5.0 × 10−20 and an 𝑅2 of 0.42,

indicating a reasonable correlation. These values will be compared to the values
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calculated for other plasma parameters in order to determine which correlation is

strongest.

Consider now the local plasma temperature and density, and their gradients. Fig-

ure 3-6 shows the perturbative diffusivity from the same set of discharges plotted

against local density, density gradient ∇𝑛𝑒, and normalized density gradient scale

length 𝑎/𝐿𝑛, (where 𝑎 is the minor radius and 𝐿𝑛 = 𝑛𝑒/∇𝑛𝑒). These values are

averaged over the radial region in which the perturbative diffusivity was measured.

Perhaps unsurprisingly, the local density shows an almost identical trend with per-

turbative diffusivity as did the line-averaged density. In this case, a linear regression

gives a p-Value of of 5.3 × 10−14 and an 𝑅2 of 0.31, which are similar, though not

quite as conclusive as the line-averaged density. Again, the local density seems to

correlate to a maximum perturbative diffusivity, though not to a minimum.

The density gradient, in Figure 3-6 (b), shows a similar negative correlation with

the perturbative diffusivity, though the shape of this correlation seems to have more

structure. Instead of a decreasing maximum value, an increasing density gradient

correlates to a cutoff value, at around 5× 1020m−3/m, below which there is a linearly

decreasing perturbative diffusivity and above which there is a roughly constant range

of perturbative diffusivities. There are, however, a few points that defy this trend.

Even though it would appear that a linear fit may not be entirely appropriate, for

continuity with the other trends presented here one was performed, giving a p-Value

of 6.4 × 10−9 and an 𝑅2 of 0.20. In addition, since the normalized density gradient

scale length, 𝑎/𝐿𝑛, is often associated with turbulence drive terms [99], Figure 3-6 (c)

shows the perturbative thermal diffusivity plotted against 𝑎/𝐿𝑛. Linear regression,

however, revealed little to no correlation.

Consider now the local plasma temperature and its gradient. Figure 3-6 (d) shows

the perturbative diffusivity plotted against local temperature, revealing a positive

correlation. A linear regression of this data gives a p-Value of 7.0 × 10−10 and an
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3-6: Perturbative thermal diffusivity plotted against (a) electron density, (b)
density gradient, (c) 𝑎/𝐿𝑛, (d) electron temperature, (e) temperature gradient, and
(f) 𝑎/𝐿𝑇𝑒, all averaged over the radial range of the diffusivity measurement. Symbols
are used as above. Figure originally from [55].
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(a) (b)

Figure 3-7: Perturbative thermal diffusivity normalized by the Gyro-Bohm factor
of 𝑇 3/2 plotted against (a) 𝑎/𝐿𝑇𝑒 and (b) 𝑎/𝐿𝑛. Symbols used as above. Figure
originally from [55].

𝑅2 of 0.22. A similar trend is observed with the temperature gradient, in Figure

3-6 (e), giving a p-Value of 1.3 × 10−10 and an 𝑅2 of 0.24. Note that in both of

these cases, the L- and I-mode plasmas are somewhat separated on the plots, as I-

mode in general tends to have higher temperatures and temperature gradients than

L-mode. Interestingly, when one plots the perturbative thermal diffusivity against the

normalized electron temperature gradient scale length, 𝑎/𝐿𝑇𝑒, as in Figure 3-6 (f), one

observes little to no linear correlation. One does, however, observe that in general,

I-modes tend to have lower values of 𝑎/𝐿𝑇𝑒 than L-modes. This is in fact consistent

with other observations that I-mode tends to have lower temperature fluctuation levels

than L-mode [100], since once again one associates 𝑎/𝐿𝑇𝑒 with turbulence drive.

Having analyzed both temperature and density separately, one may ask about cor-

relations with combinations of these local parameters. This was indeed investigated,

and the results of this analysis, in particular correlations with various definitions of

collisionality, are discussed in the next subsection.

First, however, consider plotting the perturbative diffusivity normalized by the

local temperature to the 3/2 power against 𝑎/𝐿𝑇𝑒 and 𝑎/𝐿𝑛, as is done in Figure 3-7.

This normalization was chosen as 𝑇 3/2 is commonly associated with the Gyro-Bohm
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Figure 3-8: Perturbative thermal diffusivity plotted against the partial sawtooth-
generated heat pulse amplitude, averaged over the radial range of the diffusivity
measurement. Symbols used as above. Figure originally from [55].

factor (a theoretical scaling for turbulent transport), and normalization by this factor

is common in other perturbative transport studies [101]. While figure 3-7 does not

reveal any particularly interesting trends, it does show that this normalization tends

to group the I-mode plasmas closer together, while the L-modes remain fairly spread

out. One possible explanation for this is that the I-modes tend to be hotter than the

L-modes, which would more tightly group the discharges when normalized inversely

with temperature. Returning to linear regressions, the plot against 𝑎/𝐿𝑇𝑒 gives a

p-Value of 2.0 × 10−21 and an 𝑅2 of 0.45, and the plot against 𝑎/𝐿𝑛 gives a p-Value

of 3.0 × 10−10 and an 𝑅2 of 0.13.

Before moving on to the collisionality data from two machines, a final check was

made to confirm that the amplitude of the partial-sawtooth generated heat pulse did

not correlate with the measured perturbative diffusivity. If it were the case that the

pulse amplitude and measured diffusivity were correlated, one may postulate that one

is no longer observing a purely diffusive process, and that the measurement is then

somehow contaminated with other non-diffusive effects. Figure 3-8 reveals, however,

that there is little to no correlation between the measured perturbative thermal dif-

fusivity and the pulse amplitude. This is further evidence that the partial sawtooth
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heat pulses are not contaminated with the ballistic transport that complicates the

use of full sawtooth heat pulses in similar analysis, and that these measurements are

therefore properly measuring the plasma perturbative diffusivity.

3.4.2 Cross-Machine Correlations on ASDEX Upgrade and

Alcator C-Mod

In addition to the correlations between perturbative thermal diffusivity and various

plasma parameters observed on Alcator C-Mod, combined data from both Alcator

C-Mod and ASDEX Upgrade shows trends with various definitions of collisionality,

as originally described in Reference [64]. In particular, data from the L-mode time

periods of the Alcator C-Mod discharges just shown will be combined with data from

24 L-mode discharges on ASDEX Upgrade.

First, all of the dependencies just described (temperature, density, gradients, etc.)

were also investigated on ASDEX Upgrade, finding similar trends to those seen on

Alcator C-Mod. In addition, the availability of data from two fairly different machines

allowed for the exploration of new parametric dependencies over a wider range, such

as the plasma collisionality. While there are many definitions of collisionality, which

generally normalize one of the plasma collision frequencies to some other frequency

in the plasma (bounce frequency, cyclotron frequency, etc.), two in particular were

chosen for investigation here.

Consider first a collisionality, 𝜈*, based on normalization of the electron-ion colli-

sion frequency by the electron bounce frequency [6]:

𝜈* ≈ 0.01

(︂
𝑅0

𝑟

)︂3/2(︂
𝑞𝑅0𝑛20

𝑇 2
𝑘

)︂
(3.9)

where 𝑅0 is the major radius, 𝑟 is the local minor radius, 𝑞 is the safety factor,

𝑛20 is the plasma density in units of 1020m−3 and 𝑇𝑘 is the electron temperature in
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units of keV.

As seen in Figure 3-9 (a), this definition of collisionality tends to bring the data

from both machines into the same range, since Alcator C-Mod is smaller than ASDEX

Upgrade, but tends to have much higher density. The perturbative diffusivities from

both machines overlay quite nicely, with increasing 𝜈* generally leading to decreasing

perturbative diffusivity. The trend observed in collisionality is consistent with the

trends observed in density and temperature in the previous section, since increasing

density and decreasing temperature led to decreased perturbative diffusivity, and 𝜈*

goes as density over temperature. On the log-log axes in Figure 3-9 (a) the per-

turbative diffusivity and 𝜈* are correlated almost linearly, indicating an exponential

relationship. More quantitatively, a fit of (𝜈*)−0.5 has an unweighted 𝑅2 value of 0.53,

which exceeds all of the 𝑅2 values from the previous section, despite including data

from two different machines.

Figure 3-9: Plots of perturbative diffusivity from 24 ASDEX Upgrade discharges (red)
and 56 Alcator C-Mod discharges (blue) against two definitions of collisionality. All
discharges are L-mode plasmas. (a) shows 𝜈*, the electron-ion collision frequency
normalized by the bounce frequency, and (b) shows a normalized collisionality used
in the gyrokinetic code GENE [26]. The point circled in green in (b) is the discharge
used in the GENE validation study in Chapter 5. Figures originally presented in
Reference [64].

Consider next an alternative definition of the plasma collisionality, such as the

following species-independent normalized collision frequency used in the gyrokinetic
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code GENE [26]:

𝜈𝐺𝐸𝑁𝐸 = 2.3031 · 10−5𝑎 · 𝑛19 · 𝑙𝑛Λ

𝑇 2
𝑘

(3.10)

where 𝑎 is the square root of the edge toroidal flux divided by 𝜋 times the reference

toroidal magnetic field, 𝑎 =
√︀

Φ𝑒𝑑𝑔𝑒/𝜋𝐵𝑟𝑒𝑓 (generally equal to the machine minor

radius except in cases of extreme Shafranov shift) [102], 𝑛19 is the plasma density

in units of 1019m−3, 𝑇𝑘 is the electron temperature in units of keV, and 𝑙𝑛Λ is the

Coulomb Logarithm. Internally in GENE this quantity is labelled 𝜈𝑐, but here it will

be called 𝜈𝐺𝐸𝑁𝐸 for clarity. Note that GENE does use species-dependent collision

frequencies when performing relevant calculations, but that this species-independent

normalized collisionality can be used to parametrize the plasma in question [26].

The perturbative diffusivity is plotted against 𝜈𝐺𝐸𝑁𝐸 in Figure 3-9 (b). With

this species-independent definition of collisionality the data from Alcator C-Mod and

ASDEX Upgrade are somewhat more separated than with 𝜈*, leaving some regions on

either end of the plot with data from only one machine. As with 𝜈*, however, there is

a very clear trend of decreasing perturbative diffusivity with increasing collisionality,

though the exact fit is slightly different. In particular, a fit of 0.15(𝜈𝐺𝐸𝑁𝐸)−0.44 gives

an 𝑅2 value of 0.52, which is nearly identical to that for the fit to 𝜈*. Note that one

of the ASDEX Upgrade discharges shown here, that circled in green in Figure 3-9

(b), is the same discharge that is used for a validation study of GENE in Chapter 5.

The physical means by which the collisionality may influence the perturbative dif-

fusivity are likely complex, but may be related to the relative strength of the ITG (ion

temperature gradient) and TEM (trapped electron mode) turbulent modes in these

plasmas. Reference [103] notes that lower collisionality tends to favor stronger desta-

bilization of TEM compared to ITG, while higher collisionality tends to increase the

relative strength of ITG modes. Furthermore, Reference [104] shows that increased

TEM drive correlates with increased perturbative diffusivity (as measured with mod-
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ulated ECH). This may be unsurprising, since TEM is in part driven by the electron

temperature gradient while the ITG is driven by the ion temperature gradient, and

the perturbative diffusivity measures the relationship between electron heat flux and

the electron temperature gradient. The experimental correlations presented here from

Alcator C-Mod and ASDEX Upgrade are consistent with this interpretation.

The results presented here establish that the partial sawtooth method of measuring

the perturbative diffusivity can be applied to many discharges on both Alcator C-Mod

and ASDEX Upgrade, and reveal that the physics of the perturbative diffusivity are

not machine dependent. A more detailed investigation of the physical underpinnings

of the relationship between the perturbative diffusivity and various plasma parameters

may be the subject of future work.

Conclusions

In conclusion, this chapter has described a method of measuring of measuring the

perturbative thermal diffusivity in a tokamak plasma by tracking the propagation

of heat pulses generated by partial sawtooth crashes. First, the characteristics of

a partial sawtooth crash were described, including what distinguishes partial and

full sawteeth. Next, details of how the perturbative diffusivity is calculated based

on the partial sawtooth-generated heat pulses were given, including a comparison of

two equivalent calculation procedures. The results of these calculations were then

compared to similar calculations based on full sawteeth (to show that the partial

sawtooth method is superior) and to measurements based on the more established

modulated electron cyclotron heating method (to show that the partial sawtooth

and modulated ECH methods agree). Finally, a variety of experimental observations

from Alcator C-Mod and ASDEX Upgrade were presented, focusing on comparisons

between L- and I-mode plasmas and the correlation between perturbative diffusivity

and various plasma parameters. The strongest of these correlations was between the
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perturbative diffusivity and various definitions of collisionality, using data from both

Alcator C-Mod and ASDEX Upgrade.

The method of measuring perturbative diffusivity described in this chapter was

primarily developed as a tool for the validation of turbulent transport models. In

addition to measurement of electron temperature fluctuations obtained using Corre-

lation Electron Cyclotron Emission (CECE) diagnostics, as described in Chapter 4,

measurements of perturbative diffusivity are one of the key validation metrics used in

Chapter 5 to validate the gyrokinetic codes GYRO and GENE and Chapter 6 to val-

idate the gyro-fluid code TGLF. Further details of how this validation was performed

is given in each respective chapter.
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Chapter 4

Electron Temperature Fluctuations

from Correlation Electron Cyclotron

Emission

This chapter describes the Correlation Electron Cyclotron Emission (CECE) diagnos-

tic, which is used to measure electron temperature fluctuations, ̃︀𝑇𝑒/𝑇𝑒, in tokamaks,

the second validation constraint considered in this thesis. Chapter 2 described the

theoretical basis of the CECE diagnostic, focusing on the emission process. This

chapter details the practical implementation of such a diagnostic, including the hard-

ware that was built on both Alcator C-Mod and ASDEX Upgrade as part of this

thesis. In addition, new data analysis techniques were developed in order to more

accurately extract temperature fluctuation spectra and total fluctuation levels from

the raw CECE data. Finally, this chapter presents experimental CECE observations

from both Alcator C-Mod and ASDEX Upgrade, focusing on experimental trends.

As with the perturbative diffusivity from Chapter 3, CECE data will also be used as

a validation constraint in Chapters 5 and 6.
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4.1 CECE Radiometers

All of the CECE diagnostics described in this work are based on heterodyne ra-

diometers. Generically, a heterodyne radiometer works as follows. First, the electron

cyclotron emission is collected from the plasma using some form of antenna. This

signal, which includes a broad range of frequencies, is then band-pass filtered with

a fairly wide passband (roughly 10 GHz) in order to narrow the signal to only the

frequencies that are relevant to the ECE spectrum emitted within the plasma volume.

This signal, which is typically in the hundreds of GHz, is then down-converted to an

intermediate frequency, in the ones or tens of GHz, by mixing with a local oscillator

(LO). The intermediate frequency signal is divided into several channels, which are

each bandpass filtered at different center frequencies to generate signals that are well

localized in space (due to the spatial variation of the magnetic field and thus the

ECE frequency in the tokamak volume). Each localized signal is then digitized, and

analyzed digitally.

Figure 4-1: Schematic block diagram of the new ASDEX Upgrade CECE system.
There are twenty four fixed frequency bandpass channels and six tunable bandpass
channels, for a total of thirty channels. Figure from Reference [81].

Figure 4-1 shows a block diagram for the CECE radiometer on ASDEX Upgrade.

The figure shows all of the components described above, as well as some additional
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electronic components that are required for the operation of the system.

As described in Chapter 2, CECE measures temperature fluctuations by correlat-

ing the signals of two closely spaced, but not overlapping, radiometer channels. The

radial dimension of the emission volume from which the electron cyclotron emission

(ECE) is collected is set by the bandwidth of the radiometer filters, and is affected by

the Doppler and relativistic shifts in the cyclotron frequency of the emitting electrons

[7]. In the poloidal direction, the size of the emission volume is set by the local diam-

eter of the optical beam that collects the ECE for the diagnostic. This beam spot size

can be very important, as it generally sets the minimum resolvable fluctuation size,

or alternatively, the maximum resolvable fluctuation wavenumber, 𝑘 = 2𝜋/𝜆, where

𝜆 is the wavelength of the fluctuation. For the purposes of CECE, the beam spot

size, 𝑤0, used is the 1/𝑒2 power (or equivalently the 1/𝑒 electric field) diameter. For

comparison to gyrokinetic and other turbulent models, the important parameter will

be the poloidal wavenumber times the ion gyro-radius (often evaluated with the elec-

tron temperature), typically expressed as 𝑘𝜃𝜌𝑠, where 𝜌𝑠 =
√︀

2𝑇𝑒/𝑚𝑖. This therefore

depends on both the physical optics and the specific plasma under consideration.

This section will go on to describe the hardware on both Alcator C-Mod and

ASDEX Upgrade, including the optical spot sizes.

4.1.1 Alcator C-Mod Hardware

A significant portion of the work on the Alcator C-Mod CECE hardware was per-

formed as part of a prior graduate student’s Ph.D. thesis [7], and is described further

in References [75] and [76]. A description of the system is repeated here as it was used

to collect all of the Alcator C-Mod data that is used later in this work. In addition,

the intermediate frequency (IF) section of this diagnostic was rebuilt as part of this

thesis work, with the intention of prototyping the ASDEX Upgrade system, described

afterward, as well as reducing system noise.
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(a) (b)

Figure 4-2: CECE hardware on Alcator C-Mod. (a) In-vessel optics. (b) Re-built
intermediate frequency (IF) section.

The ECE radiation is collected using a set of in-vessel optics pictured in Figure

4-2 (a). This optical system consists of a parabolic stainless steel focussing mirror, a

flat mirror, a high density polyethylene (HDPE) collimating lens, and a corrugated,

high gain scalar horn antenna. The system was designed to collect radiation from

230 to 270 GHz [105]. The exact spacing and focal lengths of the lenses and mirrors

changed during the life of the system, as is detailed in Reference [7] (giving spot

size diameters of between roughly 0.5 and 1.0 cm over the radial range of interest).

This knowledge proved important for the work presented here, as the data from

different discharges that were analyzed came from different eras of hardware setup.

This system collected second harmonic, X-mode electron cyclotron emission from the

plasma, and was located approximately 7 cm above the mid-plane of the low-field

side of the machine.
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The horn antenna output is fed into the radio frequency (RF) section of the CECE

diagnostic. The signal was band-pass filtered with a pass band of 232 to 248 GHz and

then mixed with a 250 GHz local oscillator, producing an IF signal of 2 - 18 GHz.

At a standard Alcator C-Mod magnetic field of 5.4 T, this frequency range covers a

plasma region of approximately 𝜌𝑡𝑜𝑟 from 0.65 to 0.90, where 𝜌𝑡𝑜𝑟 is the square root of

the normalized toroidal magnetic flux. This lower frequency signal is then amplified

with a 33 dB low noise amplifier before transmission along a 6.1 m low loss SMA cable

to the IF section. The block diagram for the system on Alcator C-Mod is very similar

to that for ASDEX Upgrade, shown in Figure 4-1, though with fewer channels.

The original IF section and a previous upgrade are described in References [75]

and [76]. The rebuild done as part of this thesis is pictured in Figure 4-2 (b). This

most recent incarnation of the IF section consisted of a 30 dB low noise 2-18 GHz

amplifier, a four-way power splitter, DC blocks, bandpass filters (fixed-frequency and

tunable YIG), DC blocks, Schottky diode detectors, high-pass filters to remove the

DC component (background temperature), 0 - 6 MHz video amplifiers, and 1MHz low-

pass anti-aliasing filters. As can be seen in the picture, care was taken to minimize

cable lengths, to the point that the chassis contained only two SMA cables, with all

other connections accomplished with SMA adaptors.

The two fixed frequency filters were 100 MHz bandwidth cavity filters, with center

frequencies of 4.00 and 4.14 GHz, for a center-to-center separation of 140 MHz. The

two Yttrium Iron Garnet (YIG) filters had a bandwidth of 100 MHz and center

frequencies that could be tuned between 6 and 18 GHz. The tuning was accomplished

via an externally applied current, with currents of 0.3 A to 0.9 A corresponding

approximately linearly to the frequencies between 6 and 18 GHz. The external current

was applied with a remotely controlled, two-output, tabletop power supply.

Finally, the signal was digitized at 10 MS/s with a 16 channel, 14 bit D-TACQ

digitizer, and then stored in the Alcator C-Mod MDSplus data storage system.
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4.1.2 ASDEX Upgrade Hardware

The CECE system on ASDEX Upgrade was intentionally constructed so as to be able

to measure both electron temperature fluctuations and the phase between temper-

ature and density fluctuations (n-T phase). The CECE system is not itself able to

measure density fluctuations, but in concert with a reflectometer system can be used

to measure the phase angle between the two channels of fluctuations. This work will

primarily focus on the CECE aspect of the system, not on the n-T phase capabilities,

but the dual purpose does impact the design of the hardware.

One such impact is on the system optics. The ASDEX Upgrade CECE system

shares all of its front-end optical components with the existing steerable Doppler

reflectometer on ASDEX Upgrade [106]. This optical system includes a steerable

elliptical mirror, a smooth-bore Gaussian-beam antenna, a 38 mm diameter oversized

waveguide, two waveguide tapers, and fundamental waveguide. This optical setup

gives a beam diameter of approximabely 3.0 to 3.5 cm in the outer core of the plasma

[107] . The signal is split between the two systems while in oversized waveguide using

a 3dB grid splitter. See Reference [80] for further information regarding the optical

components and the interaction between the two systems.

The fundamental waveguide from the optical system connects to the radio fre-

quency (RF) section, the internal components of which are picture in Figure 4-3 (a).

Interchangeable sideband filters on this section allow the measurement of frequencies

of either 105 to 113 GHz or 117 to 125 GHz. For a typical ASDEX Upgrade discharge

with an on-axis magnetic field of 2.5 T, this corresponds to a radial range of roughly

𝜌𝑡𝑜𝑟 = 0.4 to 1.0, where 𝜌𝑡𝑜𝑟 is the square root of the normalized toroidal magnetic

flux. This particular RF section can also be interchanged with others in order to

access completely different frequency ranges, for use on discharges with different field

or to focus on particular regions of the plasma. As discussed above, the RF section
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(a) (b)

Figure 4-3: Original CECE system on ASDEX Upgrade. (a) Radio frequency (RF)
section electronics, before being mounted inside of a protective box. From left to
right: Gunn oscillator, multiplier, mixer, 2-18 GHz amplifier (top), sideband filter.
(b) Original IF section with four fixed and two tunable channels.

then mixes the high frequency signal with the signal from a local oscillator (a Gunn

oscillator and multiplier) to get an output of 2 to 14 GHz. The signal is then trans-

mitted from the RF section to the intermediate frequency (IF) section through an

approximately 30 cm long SMA cable.

Both the original and upgraded IF sections on ASDEX Upgrade were constructed

as part of this thesis work. The original IF section on ASDEX Upgrade is shown in

Figure 4-3 (b). This section consisted of the following: a 2-18 GHz amplifier, a two

way power divider, a two-way and four-way power divider (for a total of six channels),

DC blocks, four fixed frequency and two tunable YIG bandpass filters, DC blocks,

Schottky diode detectors, high-pass filters, and 0 - 6 MHz video amplifiers. The

two YIG filters were tunable between 6 and 18 GHz. The fixed frequency bandpass

filters were interchangeable, with center frequencies of between 4 and 10 GHz, and

bandwidths of either 100 or 200 MHz.

The upgraded IF section on ASDEX Upgrade is shown in Figure 4-4 (and was

shown schematically in Figure 4-1) and is described in Reference [81]. The upgrade

increased the total number of channels in the CECE system from six to thirty, with
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(a) (b)

(c) (d)

Figure 4-4: Upgraded CECE IF section on ASDEX Upgrade. (a) Amplifier and
divider chassis. (b) Fixed frequency chassis containing eight fixed frequency bandpass
filters. The system contains three of these chassis. (c) YIG chassis. The system
contains two of these chassis. (d) Four of the six CECE IF chassis and the digitizer
installed at ASDEX Upgrade.

twenty-four fixed and six tunable channels. This increase in number of channels did,

however, require more space, and so the new IF section consisted of six separate

chassis, rather than a single chassis (though four of the chassis were only one unit tall
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in a 19-inch rack).

The first chassis, called the amplifier-divider chassis and pictured in Figure 4-4

(a), contains a low-nosie 30 dB 2-18 GHz amplifier (two are included, but only one

is normally used), a two way power divider, a two-way and four-fay power divider

in parallel (for a total of six channels), and then six identical low-noise 30 dB 2-

18 GHz amplifiers. Of the six outputs from the amplifier-divider chassis, only five

are currently used: three go to fixed-frequency filter sections, and two to YIG filter

sections. Each of the amplifiers is attached to a copper heat sink.

The fixed-frequency filter chassis, one of which is pictured in Figure 4-4 (b), each

contain eight channels based on fixed-frequency cavity bandpass filters. More specifi-

cally, each chassis contains an eight-way power divider, DC blocks, eight cavity filters

of various bandwidths and center frequencies, DC blocks, Schottky diode detectors,

0 - 6 MHz video amplifiers, and 2 MHz low-pass anti-aliasing filters (custom fitted

inside the video amplifiers). Most of the individual components are the same type as

used in the original system, though there are no high-pass filters. It was discovered

that the digitizers had enough dynamic range to enable resolution of both the sig-

nal mean and the fluctuations around this mean. In addition, measuring the mean

signal allows accurate characterization of the exact filter bandwidth, by comparing

the signal mean and standard deviation with a known noise source as input. This

measurement allows an independent check of the true bandwidth of the filter.

Fixed filters of different center frequencies and bandwidths can be changed out

fairly easily, so the system is quite flexible, but in the standard configuration the

system operates with 100 MHz bandwidth filters spaced by 125 MHz and 200 MHz

bandwidth filters spaced by 250 MHz. These two sets of filters were arranged in a

comb configuration to cover roughly the range from 4 to 8 GHz. The wider bandwidth

filters allow for a wider radial range of simultaneous measurements, while the nar-

rower bandwidth filters covered a portion of that range with finer resolution, allowing
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for accurate assessment of the radial correlation length of the temperature fluctu-

ations. In addition, including both sets with some overlapping center frequencies

allows consistency checks of measurements made on entirely independent channels.

In addition to the three fixed-frequency filter chassis, there are two YIG filter

chassis, one of which is pictured in Figure 4-4 (c). The Yttrium Iron Garnet (YIG)

filters are bandpass filters of a fixed bandwidth but a variable center frequency. The

particular filters used here have a bandwidth of 200 MHz and center frequencies which

are tunable from 6 GHz to 14 GHz. The tuning is accomplished via an externally

applied control voltage, from 0 to 10V, tuning the center frequency roughly linearly.

The ASDEX Upgrade system is set up such that the control voltage is automatically

recorded into the shotfile system whenever a discharge is taken. Other than the dif-

ferent filters, the YIG chassis have all of the same components as the fixed-frequency

chassis (detectors, amplifiers, etc.). One chassis has 4 channels, and the other has

2 channels with space for 2 more in a possible future upgrade. Each YIG filter is

attached to an aluminum heat sink.

Finally, the outputs from the five filter chassis are digitized in a pair of synchro-

nized 16 channel, 14 bit digitizers, typically at 4 MS/s, though this can also be varied.

Four of the six IF chassis and the digitizer as they are installed are pictured in

Figure 4-4 (d). The amplifier-divider chassis and one of the fixed-frequency chassis

are mounted on an adjacent shelf in the rack. Both of the YIG chassis are actively

cooled with a fan beneath them. All together, the system has 30 separate channels

(24 fixed and 6 tunable) in 6 modular chassis (one amplifier-divider chassis, three

fixed-frequency filter chassis, and two YIG chassis). Even though the new system

significantly increased the number of channels over the original, optimization of the

physical layout within each chassis kept the overall size relatively modest. This inter-

nal optimization also had the effect of reducing cable lengths and superfluous adapters

within the chassis, reducing electronic noise and losses. Another careful considera-
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tion was the ground isolation within each chassis, which also aided in reducing system

noise. The green G10 (fiberglass laminate) boards seen in Figure 4-4 are part of this

isolation scheme. In particular, care was taken to maintain separate signal and chas-

sis grounds throughout the system, preventing power supply and ambient noise from

affecting the signal. This seemed particularly important after multiple experiences of

static shocks when working with the 19 inch rack that was available in the ASDEX

Upgrade torus hall.

This concludes the description of the physical CECE hardware at ASDEX Up-

grade.

4.2 Data Analysis Techniques

The data collected by the CECE hardware just described is related to the electron

temperature fluctuation level via the theory described in Chapter 2 and statistical

analysis techniques that will be described here. These techniques were originally

published in Reference [81]. This work builds off of statistical analysis techniques from

References [108, 109, 110, 111, 112, 113, 114, 115, 116, 117] and electron cyclotron

theory presented in References [69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 105,

118, 119]. The analysis techniques used to analyze the CECE data evolved somewhat

through the course of the work presented here, having been adapted to be more

general and more mathematically rigorous. This section will first present the final

forms of the equations that were developed and presented in Reference [81], then will

discuss earlier forms that were used and how these results differ from the final forms.

For full derivations of these equations, see Appendix C.
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4.2.1 Calculation of Temperature Fluctuation Levels

Most generally, the total temperature fluctuation level measured by the CECE system

can be calculated as:

̃︀𝑇
𝑇

=

√︃
2

𝐵𝐼𝐹

∫︁ 𝑓2

𝑓1

𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}
1 −𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}

𝑑𝑓 (4.1)

where 𝐵𝐼𝐹 is the intermediate frequency bandwidth (the bandwidth of the band-

pass filters used in the CECE system), 𝑓1 and 𝑓2 define the frequency range over

which to integrate the coherence (the frequency width of the turbulent feature), 𝛾𝑐 is

the complex coherence function, and 𝛾𝑏𝑔 is the background coherence.

The key component of this equation, the complex coherence function, 𝛾𝑐, is defined

as [108, 110, 111, 112, 113, 114, 115, 116, 117]:

𝛾𝑐(𝑓) =
𝐺𝑥𝑦(𝑓)√︀

𝐺𝑥𝑥(𝑓)𝐺𝑦𝑦(𝑓)
(4.2)

where 𝐺𝑥𝑦 is the one-sided cross-spectral density function between channels 𝑥 and

𝑦, and 𝐺𝑥𝑥 and 𝐺𝑦𝑦 are the autospectral density functions of channels 𝑥 and 𝑦, defined

as:

𝐺𝑖𝑗(𝑓) = 2𝐹 *
𝑖 (𝑓)𝐹𝑗(𝑓) (4.3)

where 𝐹𝑖 is the Fourier transform (frequency spectrum) of channel 𝑖 calculated

with a 50% overlapping Hanning window, ensemble averaged fast Fourier transform

(FFT).

The background coherence, 𝛾𝑏𝑔, is calculated as:

𝛾𝑏𝑔 = 𝑀𝑒𝑎𝑛 [𝛾𝑐]
𝑓4
𝑓3

(4.4)

where 𝑓3 and 𝑓4 define a frequency range far above the turbulent signal.
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As is apparent from the above equations, one strength of this method of calculating

the total temperature fluctuation level is that no absolute calibration of the radiometer

is necessary. Since everything is normalized in Equation 4.1, only relative changes in

signal matter, not the absolute value.

As noted above, these final forms of the equations used for the CECE analysis are

not the only possible options. Early on in the work presented in this thesis, a less

general form of Equation 4.1 was used:

̃︀𝑇
𝑇

=

√︃
2

𝐵𝐼𝐹

∫︁ 𝑓2

𝑓1

𝛾𝑥𝑦(𝑓)𝑑𝑓 (4.5)

where all quantities are defined as above, and 𝛾𝑥𝑦 is the magnitude of the complex

coherence function:

𝛾𝑥𝑦(𝑓) = |𝛾𝑐(𝑓)| =

√︃
|𝐺𝑥𝑦(𝑓)|2

𝐺𝑥𝑥(𝑓)𝐺𝑦𝑦(𝑓)
(4.6)

This form of the equation for the total temperature fluctuation level was used

in many previous CECE references [71, 75, 76, 80, 105], as well as the the L- and

I-mode analysis from Reference [100] that was performed as part of this thesis. The

final version of the L- and I-mode analysis presented in this thesis in Chapter 5,

however, has been updated with the more general formulas derived here, though the

new analysis does not significantly change any of the results.

There are three key differences between Equation 4.1 and Equation 4.5.

1. The use of 𝛾𝑐 as opposed to 𝛾𝑥𝑦.

2. The use of 𝛾𝑐/(1 − 𝛾𝑐) as opposed to just 𝛾𝑐 in the integrand.

3. The subtraction of the background, 𝛾𝑏𝑔.

As is presented in the derivation in Appendix C, all three of these differences

make Equation 4.1 more general and more rigorous than Equation 4.5. Specifically,
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using the real part of 𝛾𝑐 as opposed to the magnitude (aspect 1) is generally more

mathematically rigorous, as described in Reference [115]. Using 𝛾𝑐/(1−𝛾𝑐) instead of

just 𝛾𝑐 (aspect 2) results from keeping an extra term in the perturbation expansion

used to derive Equation 4.1. This essentially relaxes the assumption that the tem-

perature fluctuation is much smaller than the thermal noise in the system. Finally,

subtracting the background coherence (aspect 3) results from allowing for some com-

mon background noise between the two CECE channels. Such noise could be caused,

for example, by finite filter overlap between the two CECE channels.

In addition to the derivation presented in Appendix C, Section 4.2.2 will use both

synthetic and real experimental data to illustrate the advantages of using Equation

4.1. Interestingly, it appears that the more general formulation, especially background

subtraction, significantly improved the results from ASDEX Upgrade, while it had

little effect on the results from Alcator C-Mod. Possible reasons for this discrepancy

will be given in the relevant sections below.

While this completes the equations required for the calculation of the temperature

fluctuation level measured by the CECE diagnostic, for the purposes of validation it

is vital to be able to quantify the uncertainty in this measurement. For this reason

care was taken to accurately quantify the uncertainty in both 𝛾𝑐, in order to compare

spectra to transport models, and ̃︀𝑇/𝑇 , in order to compare the total fluctuation level.

To begin, Reference [109] has derived the standard deviation of the complex co-

herence function when calculated with ensemble averaging windows (as is the case

here):

𝜎𝛾𝑐(𝑓) =

√︂
1

2𝑛𝑑

(1 − |𝛾𝑐(𝑓)|2)2 (4.7)

where 𝑛𝑑 is the number of independent ensemble averaging windows.

Previous literature discusses the sensitivity limit of the complex coherence func-

tion, which is typically defined as the level below which the signal is considered to
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be indistinguishable from noise. This work will define this level as two standard

deviations above zero.

One can then propagate this uncertainty through Equation 4.1 in order to obtain

the approximate uncertainty in ̃︀𝑇/𝑇 . This derivation, given in Appendix C.3, assumes

that 𝛾𝑐 is small compared to 1 (higher order terms are ignored), and gives:

𝜎̃︀𝑇/𝑇 ≈ 1̃︀𝑇/𝑇 1

𝐵𝐼𝐹

√︃∑︁
𝑖

(𝜎𝛾𝑖𝛿𝑓)2 (4.8)

where 𝛿𝑓 is the frequency resolution of the Fourier transform. This equation is

expressed as a finite sum over frequency bin 𝑖, instead of an integral, since in practice

this is how the uncertainty is generally calculated.

Finally, one would also like to calculate the sensitivity limit of the integrated

fluctuation level, or, in other words, the smallest measurable total temperature fluc-

tuation level. This is done by appropriately integrating the standard deviation of the

complex coherence function from Equation 4.7, over the signal bandwidth. For the

purposes of this calculation, the standard deviation of a signal with no coherence is

used, as this corresponds to integrating the effects of pure noise. This integration,

given in Appendix C.4, results in:

̃︀𝑇
𝑇

⃒⃒⃒𝑠𝑡𝑎𝑡
𝑙𝑖𝑚𝑖𝑡

>

⎯⎸⎸⎷ 2√
𝑁

𝐵𝑠𝑖𝑔

𝐵𝐼𝐹

√︃
𝐵𝑠𝑎𝑚𝑝

2 ·𝐵𝑠𝑖𝑔

(4.9)

where 𝑁 is the total number of data points, 𝐵𝑠𝑖𝑔 = 𝑓2−𝑓1 is the signal bandwidth,

𝐵𝑠𝑎𝑚𝑝 is the total sampling rate, and 𝐵𝐼𝐹 is again the intermediate frequency band-

width. For 1 second of data collection on ASDEX Upgrade, typical values would be:

𝑁 = 4×106, 𝐵𝑠𝑖𝑔 = 105, 𝐵𝐼𝐹 = 108, and 𝐵𝑠𝑎𝑚𝑝 = 4×106. This gives ̃︀𝑇/𝑇 |𝑠𝑡𝑎𝑡𝑙𝑖𝑚𝑖𝑡 = 0.2%.

This limit differs slightly than that given in some previous literature [71, 120], but

when 𝐵𝑠𝑖𝑔 is increased to the Nyquist Frequency, 𝐵𝑠𝑖𝑔 = (1/2)𝐵𝑠𝑎𝑚𝑝, Equation 4.9
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reduces to the ideal radiometer limit given in References [71, 120]:

̃︀𝑇
𝑇

⃒⃒⃒𝑟𝑎𝑑
𝑙𝑖𝑚𝑖𝑡

>

√︃
2√
𝑁

𝐵𝑠𝑖𝑔

𝐵𝐼𝐹

(4.10)

This difference, originating from the derivation of Equation 4.9, is consistent with

suggestions in References [73, 121] that the ideal radiometer limit must be corrected

when the sampling rate is significantly higher than the signal bandwidth.

Just as with the equations used to calculate ̃︀𝑇/𝑇 , earlier results during work

presented in this thesis did not utilize the most rigorous versions of these formulas.

In particular, the work concerning L- and I-mode presented in Reference [100] utilized

Equation 4.10, and not Equation 4.9, as the instrumental sensitivity limit, as the more

rigorous derivation had not yet been completed. The revised results presented in this

thesis in Chapter 5, however, do use the updated analysis, though the differences are

only minor.

In addition, the work concerning L- and I-mode plasmas [100] also included in

its calculations a statistical sensitivity limit, given by the bias error in the coherence

calculation [115]:

̃︀𝑇
𝑇

⃒⃒⃒𝑏𝑖𝑎𝑠
𝑙𝑖𝑚𝑖𝑡

>

√︃
𝐵𝑠𝑖𝑔

𝐵𝐼𝐹

∫︁ 𝑓2

𝑓1

𝑏(𝑓)𝑑𝑓 (4.11)

where:

𝑏(𝑓) =

√︂
1

𝑛𝑑

(1 − 𝛾2
𝑥𝑦)

2 (4.12)

in which 𝑛𝑑 is again the number of independent ensemble averaging windows.

In some instances this bias error limit was actually greater than the radiometer

limit. In these cases, Equation 4.11 was cited as the lowest measurable total fluc-

tuation level, as opposed to Equation 4.10. It turns out, however, that using the

improved formula for ̃︀𝑇/𝑇 , Equation 4.1, as opposed to the old Equation 4.5, makes
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this bias error limit irrelevant. For this reason, all calculations made with Equation

4.1 use only the more rigorous sensitivity limit given by Equation 4.9, and do not also

calculate a bias error-based sensitivity limit.

4.2.2 Testing of Data Analysis Techniques

In addition to the derivations given in Appendix C, the equations given in the previous

section were thoroughly tested using both synthetic and real experimental data [81].

First, synthetic data testing shows the advantages of using Equation 4.1 over

Equation 4.5. Specifically, this testing addresses the use of 𝛾𝑐 as opposed to 𝛾𝑥𝑦 and

the use of 𝛾𝑐/(1−𝛾𝑐) as opposed to just 𝛾𝑐 in the integrand (aspects 1 and 2 from the

previous section). Since the data generated was entirely synthetic, the background

coherence, 𝛾𝑏𝑔, was set to zero.

For the purposes of this testing, the synthetic data consisted of two, zero mean,

random gaussian signals, both of which contained 1000 bins of 1024 points, equivalent

to roughly one second of data collected at 1MHz (assuming that there was no overlap

in the data bins). A common broadband feature, generated by low-pass filtering a

random gaussian signal at a given frequency, was adjusted to be between 0.1% and

50% of the total signal amplitude and was added to both signals. The bandwidth

of this common broadband feature was adjusted to be between 20 and 300 kHz for

different tests, as will be shown later.

This set of synthetic data simulates two CECE channels, both of which contain

a small correlated temperature fluctuation on top of uncorrelated noise. Both the

bandwidth of the common signal and the amplitude were scanned in order to test the

effects of amplitude and bandwidth on the output of the various calculation methods.

In particular, the scan was intended to examine possible issues with integrating only

𝛾𝑥𝑦 at both very large and very small bandwidths.

This synthetic data was then analyzed using variations of Equations 4.1 and 4.5,
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each with a different integrand. Assuming that there was no coherent background

(𝛾𝑏𝑔 = 0), the four integrands that were used were: 𝛾𝑥𝑦, 𝛾𝑥𝑦/(1 − 𝛾𝑥𝑦), 𝑅𝑒{𝛾𝑐}, and

𝑅𝑒{𝛾𝑐}/(1−𝑅𝑒{𝛾𝑐}). This testing therefore isolates the effects of using 𝛾𝑐 or 𝛾𝑥𝑦 and

using 𝑅𝑒{𝛾𝑐} or 𝑅𝑒{𝛾𝑐}/(1 −𝑅𝑒{𝛾𝑐}).

Figure 4-5: Calculated values of the total fluctuation level of the synthetic data,
obtained using various integrands within Equation 4.1. The synthetic data here has a
true fluctuation level of 1%, represented by the horizontal black dashed line. Integrals
of 𝛾𝑥𝑦 (blue), 𝛾𝑥𝑦/(1 − 𝛾𝑥𝑦) (cyan), 𝑅𝑒{𝛾𝑐} (green), and 𝑅𝑒{𝛾𝑐}/(1 − 𝑅𝑒{𝛾𝑐}) (red)
are tested. 𝑅𝑒{𝛾𝑐}/(1 − 𝑅𝑒{𝛾𝑐}) most accurately recovers the true fluctuation level
over the widest range of common signal bandwidths. Figure from [81].

The integration bounds used in Equation 4.1, 𝑓1 and 𝑓2, were adjusted along with

the bandwidth of the common broadband feature that was added to both signals such

that the integral captured the entire signal without integrating significantly higher

frequencies. These calculations used a synthetic 𝐵𝐼𝐹 of 200 MHz, though a choice of

100 MHz does not alter the conclusions drawn.

Figure 4-5 shows the results of the synthetic data analysis for an input common

signal fluctuation level of 1%, plotting the calculated fluctuation level, ̃︀𝑇/𝑇 against

the common signal bandwidth for the four different integrands. Ideally, the calcula-

tion method would recover the input fluctuation level of 1%, which is shown as the

horizontal black dotted line, at all bandwidths. The result of each calculation method

132



is shown as a different color and pattern in the figure.

One can draw two primary conclusions from the results shown in Figure 4-5. First,

one may note that at large signal bandwidths, utilizing either 𝛾𝑥𝑦 or 𝛾𝑥𝑦/(1−𝛾𝑥𝑦) tends

to increasingly overestimate the fluctuation level as the signal bandwidth increases.

This can be understood as follows. Since 𝛾𝑥𝑦 is a magnitude, it is a positive definite

quantity. Therefore any signal with finite noise will always have finite 𝛾𝑥𝑦 even when

there is no coherent fluctuation between the two channels. This finite level of 𝛾𝑥𝑦 due

to noise will be integrated along with the actual common signal. At small bandwidths,

the common fluctuation will dominate, as it will be much larger than the noise level

of 𝛾𝑥𝑦. As the bandwidth increases, however, the noise will become increasingly

important, since it’s relative amplitude will be larger as the common fluctuation is

spread out over a larger frequency range. This applies equally to 𝛾𝑥𝑦 and 𝛾𝑥𝑦/(1−𝛾𝑥𝑦).

On the other hand, since 𝑅𝑒{𝛾𝑐} properly accounts for the phase between the two

signals and can take negative values, it will not accumulate noise as the bandwidth

is increased.

Second, the results shown in Figure 4-5 reveal that utilizing either 𝛾𝑥𝑦 or 𝑅𝑒{𝛾𝑐}

tends to underestimate the total fluctuation at small signal bandwidths, with the

underestimation becoming more pronounced as the bandwidth continues to decrease.

This effect originates from a different cause than the first. As is noted in Appendix C,

a derivation of the formula for ̃︀𝑇/𝑇 that has only a numerator in the integrand makes

the assumption that the auto-spectral density function of each input signal, 𝐺𝑖𝑖(𝑓),

is dominated by the background thermal noise, not by the temperature fluctuation

signal. When the temperature fluctuation signal is spread out over a large bandwidth,

this assumption holds true and using only 𝑅𝑒{𝛾𝑐} is reasonably accurate. When

the signal bandwidth is rather small, however, the temperature fluctuation signal

becomes significant in not only the cross-spectral density, but also in the auto-spectral

density. In this case the normalization of the cross-spectral density by the auto-
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spectral densities, which is the definition of both 𝛾𝑐 and 𝛾𝑥𝑦, tends to underestimate

the total fluctuation level, since the auto-spectral densities are artificially raised above

the background thermal noise.

This effect can be corrected for, however, by including 1−𝑅𝑒{𝛾𝑐} in the denomi-

nator of the integrand. More rigorously, as shown in Appendix C, this denominator

arises from relaxing the assumption that thermal noise dominates the auto-spectral

density. Practically, this change is valid for any pair of signals that has nonzero noise,

and therefore has a coherence less than 1.0. Perhaps unsurprisingly, all real experi-

mental measurements have some finite level of noise, and therefore have a coherence

less than 1.0.

While Figure 4-5 shows results from synthetic data with a common broadband

fluctuation of 1%, as mentioned above, fluctuation levels between 0.1% and 50% of

the total signal amplitude were tested, in addition to data with no common broadband

signal. All testing with finite signal level showed similar results to those shown in

Figure 4-5, with higher signal levels only further favoring 𝑅𝑒{𝛾𝑐}/(1 − 𝑅𝑒{𝛾𝑐}) as

the most accurate calculation method. More specifically, a larger fluctuation level

significantly exacerbates the second issue mentioned above (concerning the effect of

the fluctuation on the auto-spectral density), but does reduce the effects of first

problem (concerning integration of noise). The overall effect, however, is strongly

deleterious, in that the reduction of the first issue only mildly offsets the exacerbation

of the second issue.

On the other hand, analyzing synthetic data with zero common signal using 𝛾𝑥𝑦

and 𝛾𝑥𝑦/(1−𝛾𝑥𝑦) still shows finite fluctuation levels due to integration of noise, as the

first issue listed above becomes more severe. Using 𝑅𝑒{𝛾𝑐} and 𝑅𝑒{𝛾𝑐}/(1−𝑅𝑒{𝛾𝑐}),

however, gives results that scatter near zero, as one would expect.

The results of the synthetic data testing shown in this section therefore comple-

ment the more rigorous analytic derivation shown in Appendix C. The derivation in
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Appendix C shows that using 𝑅𝑒{𝛾𝑐}/(1−𝑅𝑒{𝛾𝑐}) in the integrand of Equation 4.1 is

more rigorous and generally valid that previous formulations. Similarly, the results of

synthetic data testing presented here show that Equation 4.1 more effectively recovers

a known fluctuation level than previous equations.

Before moving on to background subtraction, it is noted that as mentioned above,

the new calculation method had a significantly larger impact on the results from

ASDEX Upgrade than those from Alcator C-Mod. While the details of these results

will be presented in Section 4.3 and Chapters 5 and 6, it is briefly mentioned that most

of the Alcator C-Mod measurements contained turbulent signals with bandwidths of

between 100 and 200 kHz, while the ASDEX Upgrade results exhibited a greater

range of bandwidths. As is apparent from Figure 4-5, utilizing 𝛾𝑥𝑦 as opposed to

𝑅𝑒{𝛾𝑐}/(1 − 𝑅𝑒{𝛾𝑐}) in this bandwidth range typically results in a discrepancy of

less than 5%, which is comparable to the uncertainty in the calculation anyway. It

seems, then, that the Alcator C-Mod results fortuitously fall in a bandwidth range

for which the more general Equation 4.1 is roughly equivalent to Equation 4.5. The

lack of a coherent background in the Alcator C-Mod data will be addressed below.

In addition to the synthetic data testing that was used to address differences

1 and 2 between Equations 4.1 and 4.5, testing using noise source input and real

experimental data was used to address the third difference, concerning the subtraction

of background coherence. Again, the results presented here compliment the analytic

derivation presented in Appendix C.

As is stated in Appendix C, the inclusion of 𝛾𝑏𝑔 in Equation 4.1 results from

allowing the two channels to have some level of common noise that is retained after

the two channels are correlated. This common noise can come from a variety of

sources, including electronic noise and finite filter overlap, among others.

While in many past CECE systems this term has proven to be unimportant, such

as the system on Alcator C-Mod, it was discovered early in the operation of the CECE
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system on ASDEX Upgrade that some pairs of nearby channels exhibited a non-zero

complex coherence function, even when there was not expected to be any plasma

turbulence. In situations where there was a clear fluctuation signal, the complex

coherence function would remain more than two standard deviations above zero even

at frequencies far above the turbulent feature.

Figure 4-6: Noise source testing of the CECE system on ASDEX Upgrade. The orange
solid line is before background subtraction and the blue dotted line is after. The
largely flat nature of the background coherence suggests that finite filter overlap may
be responsible for the noise. In addition, this flatness allows for effective subtraction
of the same noise level at all frequencies.

One method of measuring this effect is to inject a noise source into the system,

rather than measuring real plasma signal. It turns out that in the case of the system

on ASDEX Upgrade, the noise generated by the RF amplifiers was sufficiently large

to serve the purpose of a noise source input to the IF section. This meant that such

noise source testing could be readily performed without removing the system from its

rack or changing any of the cables. The results of such a test are shown in Figure 4-6

(the effect on experimental data will be shown later in Figure 4-7).

Note that the signal without background subtraction shown in Figure 4-6, which

consists solely of correlated noise, is nearly flat across the frequency spectrum at
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frequencies of interest (roughly 0 to 200 kHz). This has two main consequences.

First, the broadband flat nature of the noise suggests that finite filter overlap may

be a possible cause. Finite filter overlap means that the two bandpass filters in the

IF section that separate the two measurement locations radially have some finite

overlap in their passbands. This explanation is also consistent with the observation

that the background level varies significantly depending on which pair of channels

is observed, since such passband overlap depends on the quality of each individual

filter’s construction. In other words, even though the 3dB cutoff point of the filters

are theoretically separated by 25 MHz, the drop-off of the passband may not be

sufficiently sharp to avoid any overlap. This drop off also varies between filters, so

some pairs would overlap more than others. See Reference [74] for further discussion

of finite filter overlap in CECE systems.

Second, the flat nature of the coherent background noise means that a constant

value can be subtracted from the complex coherence function at all frequencies. This

greatly simplifies the analysis, and leads to the formulation presented in Equations

4.1 and 4.4. In the data presented in Figure 4-6, the background is averaged from

120 to 200 kHz, and is then subtracted as a constant from the complex coherence

function at all frequencies.

After noise source testing, the impact of background subtraction on real exper-

imental data was evaluated. Figure 4-7 shows the results of subtracting coherent

background from experimental data on ASDEX Upgrade, from a pair of channels at

𝜌𝑡𝑜𝑟 = 0.64 in discharge 33995. As discussed above, Figure 4-7 (a) shows that with-

out background subtraction the complex coherence function never drops to below the

sensitivity limit, even at frequencies clearly above the extent of the turbulent feature.

After subtraction, however, the turbulent feature remains clearly above the sensitiv-

ity limit while the complex coherence drops below this level at higher frequencies.

In the data presented here, the 𝛾𝑏𝑔 was calculated as the mean value of the complex
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Figure 4-7: Effect of background subtraction on experimental data from ASDEX
Upgrade. (a) shows the fluctuation spectrum and (b) shows the integrated fluctuation
radial profile. Orange solid line in (a) and squares in (b) are the signal without
background subtraction. Blue dotted line in (a) and triangles in (b) are the signal
after background subtraction. Error bars in (b) represent one standard deviation.
The black horizontal dotted line is the sensitivity limit. Figure from [81].

coherence function between 120 and 200 kHz.

Figure 4-7 (b) shows the integrated fluctuation radial profile from the same dis-

charge, where each point is calculated using Equation 4.1 for a different pair of chan-

nels. The error bars in (b) represent one standard deviation, as calculated with

Equation 4.8. The sensitivity limit, represented as the horizontal black dotted line,

is calculated with Equation 4.9. Coherent background noise clearly has a significant

impact on the radial fluctuation profile, creating large discrepancies in the total fluc-

tuation level of channel pairs that are very close radially. The resulting structure in

the radial profile appears to be clearly unphysical. On the other hand, subtracting

the coherent background from each channel pair greatly smoothes the overall profile.

While one should not use only experimental data to justify a calculation technique,

the resulting smooth profile is to some extent comforting, as this is what one might

otherwise anticipate.

It was noted earlier that CECE observations on Alcator C-Mod did not contain

the same coherent background as was seen on ASDEX Upgrade. Differences in the
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CECE system hardware on the two machines is consistent with the supposition that

the origin of the background is finite filter overlap. As describe in Section 4.1.1, the

100 MHz bandwidth fixed filters on Alcator C-Mod had a center-to-center separation

of 140 MHz, while the same filters on ASDEX Upgrade had a separation of 125 MHz.

The tighter frequency separation was chosen on ASDEX Upgrade after benchtop

testing suggested that such a separation would be sufficient, but the observation

of the coherent noise on the digitized signal indicates that this assessment was likely

inaccurate. Moving the filters closer by 15 MHz may very well have led to just enough

filter overlap to be detectable.

This section has thus shown the benefits of using Equation 4.1 over the previously

used 4.5. While Appendix C shows the origin of the differences between the two

equations analytically, this section has shown that the new equation performs better

on synthetic data, noise source data, and real experimental data. This section has

also described why the new equation had a significant impact on the analysis of data

from ASDEX Upgrade, while having a minimal impact on data from Alcator C-Mod.

4.3 Experimental CECE Measurements

This section presents a few examples of CECE data from both Alcator C-Mod and

ASDEX Upgrade, focusing on purely experimental observations. Chapters 5 and

6 will later use CECE data as a validation metric for turbulent transport models.

For each machine, a few general examples of data are shown in order to familiarize

the reader with what the final results of CECE data analysis look like and how to

interpret these results. In addition, CECE measurements were used to investigate the

transition from L- to I-mode on Alcator C-Mod, showing that electron temperature

fluctuation levels generally decrease after the transition from L-mode to I-mode. A

possible exception to this trend is observed in particularly low current plasmas. The

large number of channels on the ASDEX Upgrade system enables wide radial profile
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measurements, in which the fluctuation level generally increases with increasing minor

radius. Finally, the ASDEX Upgrade system was used to investigate the impact of

resonant magnetic perturbations (RMPs) on the electron temperature fluctuation

level in H-mode plasmas.

4.3.1 Alcator C-Mod

Since the hardware on both machines evolved over time, it is important to be clear on

the timeline. The rebuilt CECE section on Alcator C-Mod was installed in September

of 2015 (replacing the system described in References [75] and [76]). As described

above, the new system installed on Alcator C-Mod consisted of only four channels

(two fixed frequency and two tunable), set up in two pairs of two. This means that

the fluctuation spectrum could only be measured at two radial locations at any given

time. For this reason, generally only the spectra, and not a radial profile, are plotted.

Example Data and Interpretation

Figure 4-8 shows data from one Alcator C-Mod discharge. This particular discharge,

1160504023, was a low current, high power L-mode discharge with the following

plasma parameters: 5.4 T toroidal field, 0.55 MA plasma current, 1.6 MW ICRH,

and 1.1 × 10201/m3 line averaged density. The spectra shown in the figure are av-

eraged over 0.7s of plasma operation. These spectra are plotted as 𝛾𝑐 as defined in

Equation 4.2 and 𝛾𝑏𝑔 as defined in Equation 4.4. Uncertainty is represented by the

shaded regions, and is calculated with Equation 4.7. The dotted black line shows two

standard deviations above zero.

The two pairs of channels measured fluctuations at 𝜌𝑡𝑜𝑟 of 0.73 and 0.81. The

total fluctuation levels and uncertainties, calculated using Equations 4.1 and 4.8 werẽ︀𝑇/𝑇 = 0.49% ± 0.03% and ̃︀𝑇/𝑇 = 0.79% ± 0.02%, respectively. The sensitivity limit

of these fluctuation levels, as calculated with Equation 4.9, was 0.26%.
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Figure 4-8: Electron temperature fluctuation spectra measured with the new CECE
system on Alcator C-Mod in discharge 1160504023. Spectra are plotted as 𝑅𝑒{𝛾𝑐 −
𝛾𝑏𝑔}. Uncertainty is represented by the shaded regions. The horizontal dotted line
represents two standard deviations above zero. Data is integrated from 0.7s of plasma
operation.

One can therefore interpret the data shown in Figure 4-8 as follows. There are

measurable fluctuations at both 𝜌𝑡𝑜𝑟 of 0.73 and 0.81, which surpass the integrated

fluctuation level sensitivity limit by a fair margin. In terms of the spectra, the fluc-

tuations at 𝜌𝑡𝑜𝑟 of 0.81 range in frequency from approximately 0 to 200 kHz, and

remain above two standard deviations from zero until approximately 125 kHz. At

𝜌𝑡𝑜𝑟 of 0.73, the fluctuations are smaller in magnitude, and remain more than two

standard deviations above zero only until approximately 100 kHz. The total fluc-

tuation level increases at larger minor radius, as has been seen with many previous

CECE measurements, and as is shown below for ASDEX Upgrade. Fluctuation spec-

tra and integrated fluctuation levels such as those calculated here will be utilized later

in this thesis in order to both explore experimental trends and to validate transport

simulations.
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L- and I-mode Plasmas

One of the earlier applications of the new CECE system on Alcator C-Mod was to

investigate the difference in temperature fluctuation levels between L- and I-mode

plasmas. First, some data from the old CECE hardware on Alcator C-Mod will be

analyzed with the new analysis techniques described above in order to show the gen-

eral trend of decreasing fluctuation after the transition from L-mode to I-mode. Note

that this same discharge is one of those used in a validation study in Chapter 5. Next,

data taken using the new hardware during a series of discharges will reveal a possi-

ble exception to this trend for particularly low-current (and thus poor confinement)

I-mode discharges.

Consider first Alcator C-Mod discharge 1120921008, which is the discharge that

is used in the validation of the gyrokinetic code GYRO in Chapter 5. The data

presented here was originally published in Reference [100]. This plasma had the

following parameters: 𝑛𝑒 = 0.7 − 0.8 × 1020m−3, 𝐼𝑝 = 1.1 MA, 𝐵𝑡 = 5.4 T, and

𝑞95 = 3.2. The 𝐵 × ∇𝐵 drift was away from the active X-point (generally known

as unfavorable ∇𝐵 drift), enabling more robust access to I-mode [90]. In addition

to ohmic heating, this plasma was heated with 1.6 MW of ion cyclotron range of

frequency (ICRF) during the L-mode time period and 3.5 MW during the I-mode time

period (the increase in power initiated the transition to I-mode). This is moderate

power for Alcator C-Mod. This discharge was designed to have a clean transition from

L-mode to I-mode in the same plasma in order to enable a very clear comparison of

measurements and simulations. More information on the time traces and temperature

and density profiles for this discharge will be given in Chapter 5.

Since this data was taken in 2012, the CECE hardware was still that described

in References [75] and [76], and thus had six channels (three pairs). In order to be

consistent when comparing the two operational regimes, 150 ms of time averaging was

used for the CECE analysis in both the L-mode and I-mode portions of the discharge.
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(a) (b)

Figure 4-9: Turbulent electron temperature fluctuation spectra in L-mode (a) and
I-mode (b) measured with the CECE system on Alcator C-Mod. The blue curves
are at radial location 𝜌𝑡𝑜𝑟 = 0.80, green is at 𝜌𝑡𝑜𝑟 = 0.84, and red is at 𝜌𝑡𝑜𝑟 = 0.89.
Uncertainty is represented by the shaded region around each line and the horizontal
dotted line represents two standard deviations above zero. Data is taken from 150
ms of plasma operation at 1.1 MA plasma current. A similar figure, made with older
data analysis techniques, is found in Reference [100].

In particular, the L-mode portion of the discharge that was analyzed was 0.85 to 1.00

s and the I-mode was 1.15 to 1.30 s. These time ranges were chosen such they were

as close in time as possible while avoiding any transients from the L-I transition.

During the transition from L- to I-mode, the magnetic field, plasma current, and

𝑞95 were steady. The density increased slightly due to the increase in RF power, but

a small change in density such as this is not uncommon in I-mode (primarily due to

the increase in RF power required for the transition), and is entirely distinct from

the significant rise in density associated with the transition to H-mode.

The fluctuation spectra from three radial locations in the L- and I-mode time

periods are shown in Figure 4-9. Note that this is the same discharge and time

periods as published in Reference [100], but the figure here is slightly different than

Figure 3 in Reference [100] since the figure here utilizes the new calculation techniques

developed in Reference [81] and described above, while Reference [100] utilizes older

analysis techniques. These differences, however, are minor, and do not change any of
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Location L-mode ̃︀𝑇
𝑇

I-mode ̃︀𝑇
𝑇

𝜌tor = 0.80 0.81 ± 0.05% < 0.40%

𝜌tor = 0.84 1.14 ± 0.03% 0.57 ± 0.07%

𝜌tor = 0.89 1.46 ± 0.04% 0.69 ± 0.06%

Table 4.1: Integrated electron temperature fluctuation levels measured with CECE
in L- and I-mode plasmas amd calculated with Equation 4.1. The sensitivity limit is
0.40%. The background subtracted complex coherence function is integrated from 0
to 200 kHz in L-mode (with background calculated from 200 to 300 kHz) and from
300 to 500 kHz in I-mode (with background calculated from 650 to 750 kHz). This
table shows similar results to that found in Reference [100].

the conclusions drawn in Reference [100].

The total fluctuation levels corresponding to the three radial locations shown in

Figure 4-9 (𝜌𝑡𝑜𝑟 = 0.80, 0.84, and 0.89) are given in Table 4.1. Again, these values

differ slightly from those given in Reference [100] due to the use of updated analysis

techniques, but do not alter any of the central conclusions. As was described in the

previous section, the differences are most noticeable at fluctuation levels just above

the sensitivity limit and very large fluctuation levels, and are the smallest at moderate

fluctuation levels.

These calculations reveal that the fluctuations decrease at all three radial loca-

tions after the transition from L-mode to I-mode. One of the I-mode radii is below

the senisitivity limit of 0.4%, which still represents a decrease from the L-mode mea-

surement, which is above sensitivity. This decrease in turbulence after the transition

from L-mode to I-mode at all radii is consistent with observations in previous work

[96, 97], as well as with decrease in turbulence drive terms in this discharge (which

will be discussed in further detail in Chapter 5). These spectra will be compared to

the outputs of gyrokinetic simulations in Chapter 5.

While in this discharge and in previous work electron temperature fluctuation
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Figure 4-10: Total temperature fluctuation level, as calculated with Equation 4.1,
plotted against ion cyclotron heating power for Alcator C-Mod L-, I-, and H-mode
plasmas. L-mode plasmas are represented by the blue circles, I-mode by green trian-
gles, and H-mode by red squares. Plasma current is 550 kA. Uncertainty is given by
the error bars.

levels were generally observed to decrease after the transition from L-mode to I-mode,

a few examples in which this is not the case have been observed. In particular, a series

of very low current (𝐼𝑝 ≈ 550 kA) L-I transition discharges were performed on Alcator

C-Mod in order to investigate the effect of low current on temperature fluctuations

in L-, I-, and H-mode plasmas, the results of which are shown in Figure 4-10. All of

these discharges had an on-axis magnetic field of 𝐵𝑡 = 5.4 T, line averaged density of

𝑛𝑒 ≈ 1.1 × 1020m−3, and fluctuations were measured in the range 𝜌𝑡𝑜𝑟 = 0.80 − 0.84.

ICRH power was scanned in order to effect the transition from L- to I- to H-mode.

The data from Figure 4-10 is taken from five discharges (1160504019 to 1160504023),

each with several time periods with different powers. CECE data was integrated for

between 0.3 and 0.7 s for each time period. Uncertainty in the total temperature

fluctuation level is represented by the error bars on each point.

Figure 4-10 shows a number of interesting trends. As is expected, as one increases

the heating power, one eventually transitions from L-mode to I-mode. If the heating
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power is further increased, the plasma then transitions to H-mode. One sees that as

the power is increased in L-mode, the fluctuation level also increases. Interestingly,

however, there is no sharp drop in temperature fluctuation level after either the

transition to I-mode or the transition to H-mode, which is what has typically been

observed in the past. Instead, just after the transition to I-mode, the fluctuation level

is nearly identical to what it was in the higher power portion of the L-mode. Further

increasing the power then slightly decreases the fluctuation level from its peak value,

even after the transition to H-mode. Note that even though the relative fluctuation

level (̃︀𝑇/𝑇 ) remains relatively constant after the transition to I-mode, the absolute

fluctuation level (̃︀𝑇 ) increases, as the background plasma temperature also increases

after the transition.

One might speculate that this unusual behavior is related to the particularly low

current in these discharges, since lowering the current is generally associated with

reducing the confinement time and thus increasing heat transport in all three plasma

regimes. To test this theory, the current in a repeat discharge was increased to 800

kA, and fluctuations were measured at heating powers of 1.6 and 2.0 MW, both of

which were in the I-mode at the increased current. Indeed, at this higher current,

the fluctuation level at both power levels was below the sensitivity limit of the CECE

diagnostic of 0.34 %. This very low fluctuation level during a higher current I-mode

is more in line with previously reported results.

While the observations presented here are interesting and may help shed light

on the relationship between L- and I-mode plasmas, further investigation of this

particular phenomenon is beyond the scope of this thesis, and will be the subject

of future work. This concludes the experimental observations made with CECE on

Alcator C-Mod. The diagnostic will later be used in Chapters 5 and 6 as a validation

constraint for turbulent transport models.
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4.3.2 ASDEX Upgrade

Consider now experimental observations from the CECE system on ASDEX Upgrade.

The original ASDEX Upgrade hardware was installed in June of 2015, and the up-

graded IF section was installed in segments between March and June of 2017 (first

the amplifier-divider chassis and fixed frequency chassis were installed, and then the

YIG chassis). All data taken since June 2017 utilized the expanded set of CECE

channels described in Section 4.1.2.

Example Fluctuation Spectra and Radial Profiles

The CECE system on ASDEX Upgrade is capable of producing similar spectra to that

on Alcator C-Mod, though the greatly increased number of channels and close spacing

also enables it to produce finely spaced radial profiles of the total fluctuation level. To

demonstrate this capability, data will be shown from a series of three repeat L-mode

plasma discharges on ASDEX Upgrade (33995, 33996, and 33997) which operated at

2.5 T toroidal field, 1.0 MA plasma current, 1.0 MW ECH, and 2.0 × 1019m−3 line

averaged density. This data was originally presented in Reference [81].

Figure 4-11 shows the analysis results from three seconds of plasma data in each

of these ASDEX Upgrade discharges. As above, the fluctuation spectra shown in (a)

are represented with 𝛾𝑐 and 𝛾𝑏𝑔 from Equations 4.2 and 4.4. All other aspects of the

figure are also the same as shown in Figure 4-8. While the system has 30 channels

(and 16 of the same bandwidth with sequential center frequencies), spectra from only

three pairs, located at 𝜌𝑡𝑜𝑟 = 0.58, 0.63, and 0.66, are shown in order to reduce

clutter in the figure. When integrated from 20 to 100 kHz (known low frequency

MHD activity is excluded in this manner) using Equation 4.1, these three pairs have

total fluctuation levels of ̃︀𝑇/𝑇 = 0.41%, 0.50%, and 0.57%, respectively. All three of

these total fluctuation levels are far above the sensitivity limit of 0.13%, as calculated
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Figure 4-11: Electron temperature fluctuations measured with the new CECE system
on ASDEX Upgrade. (a) fluctuation spectra, plotted as 𝑅𝑒{𝛾𝑐 − 𝛾𝑏𝑔}, at three radial
locations in discharge 33995. Uncertainty is represented as the shaded regions. (b)
radial profiles of the integrated fluctuation level from three repeat discharges, 33995,
33996, and 33997. Fluctuations were integrated from 20 to 100 kHz. Error bars
represent one standard deviation of uncertainty. Data is integrated over 3s of plasma.
Figure originally from [81].

with Equation 4.9.

When one expands this calculation of the total fluctuation level to include all of

the channel pairs of the same bandwidth and spacing (except for one channel that

was nonoperational), one can calculate the fluctuation level at 13 radial locations (16

channels gives 15 pairs, and one missing channel in the middle gives 13 pairs). The

results of these calculations for all three ASDEX Upgrade discharges are shown in

Figure 4-11 (b). Error bars in this plot represent one standard deviation, as calculated

with Equation 4.8. The horizontal black dashed line is the sensitivity limit calculated

with Equation 4.9.

Figure 4-11 reveals that in these three discharges, the total fluctuation level gen-

erally increases with increasing minor radius from 𝜌𝑡𝑜𝑟 = 0.56 to 𝜌𝑡𝑜𝑟 = 0.68. This

observation is consistent with past observations on other machines [100, 76]. In ad-

dition, note that the profiles from the three repeat discharges generally agree within

uncertainties. This result speaks to the robust repeatability of CECE measurements,

engendering confidence that such measurements are accurately capturing plasma be-
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havior from discharge to discharge.

Figure 4-12: Temperature fluctuation profiles measured with the CECE system on
ASDEX Upgrade during discharges 34626, 34627, 34629, and 34630. The four dis-
charges were exact repeats except for slight tweaks to the magnetic field. The radial
region outside of 𝜌𝑡𝑜𝑟 ≈ 0.9 is optically thin, so ECE is not a reliable measure of
temperature fluctuations.

Another example of the robustness of the measurements taken with the new AS-

DEX Upgrade CECE system is shown in Figure 4-12. This figure shows data taken

from four repeat discharges, where only the magnetic field was varied by a few percent

between discharges in order to scan the CECE measurement location. The resulting

fluctuation profiles overlap radially, and show that the diagnostic can once again make

very repeatable measurements between discharges. In addition, the varied magnetic

field enables a larger radial range than is possible with a single discharge, revealing

a consistent trend of increasing fluctuation level with radius. Note that the outer-

most radial points (outside of 𝜌𝑡𝑜𝑟 ≈ 0.9, shaded in orange) are optically thin and are

therefore not entirely reliable measures of the electron temperature fluctuation level.
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H-mode Fluctuation Measurements

In addition to the L-mode measurements just shown, the CECE system on ASDEX

Upgrade has also been able to measure fluctuations in H-mode plasmas, which has

historically been very difficult due to the small fluctuation amplitudes. As such, H-

mode fluctuation data has rarely been published previously, with Reference [78] as

one of the only examples of such measurements. Note that the previous section also

showed measurements made in one low current H-mode on Alcator C-Mod.

Figure 4-13: Temperature fluctuation level profiles measured with CECE during AS-
DEX Upgrade discharge 34577. Turquoise triangles are without RMPs and green
squares are with RMPs.

In particular, measurements were made in an H-mode discharge (34577) during

which resonant magnetic perturbations (RMPs) were applied. Fluctuations were

measured both before and after the RMPs were applied. This discharge operated

with the following parameters: 𝐵𝑡 = 2.6 T, 𝐼𝑝 = 0.6 MA, 𝑛𝑒 = 4.0 × 1019m−3,

𝑃𝑁𝐵𝐼 = 5.0 MW, and 𝑃𝐸𝐶𝐻 = 1.7 MW. CECE data was taken from 1.3 to 2.0 s

without RMPs, and then from 2.0 to 2.7 s with RMPs. The radial fluctuation profiles

from this discharge are shown in Figure 4-13.

It was somewhat surprising that fluctuations were measurable at all in this H-
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mode plasma, as H-modes generally have very low fluctuation levels. One possible

explanation, however, is that just like the I-modes and H-mode described above on

Alcator C-Mod, this H-mode was relatively low current at only 600 kA. This low

current leads to relatively poor confinement, even in an H-mode (the discharge has

𝐻98 ≈ 0.7), which may be responsible for the increased fluctuation levels. In addition,

these measurements show a clear difference between the time period with and without

RMPs. In particular, Figure 4-13 shows that the fluctuation levels are very similar

in both time periods, with the clear exception of the region between 𝜌𝑡𝑜𝑟 ≈ 0.82

and 𝜌𝑡𝑜𝑟 ≈ 0.85. In this region, which is relatively close to the top of the pedestal

at 𝜌𝑡𝑜𝑟 ≈ 0.90, the time period with RMP’s has clearly increased fluctuation levels

compared to the time period without.

Again, these measurements are primarily presented as an example of the capa-

bility of the CECE system on ASDEX Upgrade, but may be the subject of future

investigation. Temperature fluctuations in H-mode are not nearly as well documented

as those in L-mode, so this may be a rich area for further research.

Conclusions

This chapter has presented an overview of the CECE diagnostics on Alcator C-Mod

and ASDEX Upgrade that were constructed as part of this thesis, and has given

examples of the experimental data that has been collected on both machines. The

chapter began with a brief overview of how heterodyne radiometers in general work,

and how a correlation electron cyclotron emission diagnostic can be constructed as

a radiometer. The specific hardware on Alcator C-Mod and ASDEX Upgrade was

then described. The optics and RF section on Alcator C-Mod were constructed by a

previous student, but the IF section was entirely new. Two different versions of the

IF section for ASDEX Upgrade were installed as part of this thesis, an early version

with six channels and an upgraded system with 30 channels.
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In addition to the hardware on Alcator C-Mod and ASDEX Upgrade, new analysis

techniques to extract the temperature fluctuation spectra and integrated temperature

fluctuation levels were developed as part of this thesis. These new techniques are

generalizations of previous analysis techniques, which relax several assumptions and

therefore account more completely for various complications that may arise when

analyzing CECE data. Both synthetic data and real experimental data were utilized

to show the validity and superiority of these new analysis techniques. Finally, this

chapter showed experimental data from both Alcator C-Mod and ASDEX Upgrade in

order to demonstrate the capabilities of the two systems and the analysis technique,

and to note some interesting experimental phenomena that may be the subject of

future work. The CECE diagnostics and analysis techniques described in this chapter

will be used in the validation of turbulent transport models in Chapters 5 and 6.

152



Chapter 5

Validation of Gyrokinetic Codes

This chapter describes validation studies of the gyrokinetic codes GYRO [18] and

GENE [9] on Alcator C-Mod and ASDEX Upgrade, respectively. Chapter 2 motivated

the importance of the validation of all turbulent transport models, and introduced

the concept of using multiple validation constraints in this process. Chapters 3 and

4 described the development of ways to measure validation constraints, specifically

the perturbative diffusivity and electron temperature fluctuations. This chapter and

the next will now put those measurements to use, validating a variety of turbulent

transport models. Of the four validation studies presented in this chapter, two were

performed entirely as part of this thesis work, and two were performed outside of

the thesis directly, but contained significant contributions from this thesis in terms

of analysis and hardware.

This chapter will begin with two validation studies of GYRO on Alcator C-Mod.

The first validation study looks at both L- and I-mode plasmas on Alcator C-Mod

and uses both perturbative diffusivity and temperature fluctuations as constraints.

The second study focuses on the addition of perturbative diffusivity as a validation

constraint to several previously performed validation efforts, including studies with

both ion-scale and multi-scale GYRO simulations.

153



The chapter will then present two validation studies of GENE on ASDEX Upgrade,

focusing on two radial locations in the same discharge. The first, focusing on 𝜌𝑡𝑜𝑟 =

0.49, uses perturbative diffusivity (𝜒𝑝𝑒𝑟𝑡
𝑒 ) as a constraint. The second, focusing on

a radial location of 𝜌𝑡𝑜𝑟 = 0.75, uses temperature fluctuations (̃︀𝑇𝑒/𝑇𝑒), the density-

temperature fluctuation phase angle (𝛼𝑛𝑡), and electron temperature fluctuation radial

correlation length (𝐿𝑟) as constraints.

After presenting the results of all four validation efforts, this chapter will discuss

overall implications and how these studies fit into a larger validation picture that

has developed over the years. Specifically, the question of when multi-scale effects

are important, and when ion-scale simulations are sufficient to model the experi-

mental conditions, will be addressed. Although the results from this chapter are not

themselves able to give an answer to this question, they do set the stage for the multi-

machine, multi-discharge validation study with TGLF that is presented in Chapter

6, which was done explicitly in order to address the importance of multi-scale effects.

5.1 Validation of GYRO on Alcator C-Mod

Consider first the validation of the gyrokinetic code GYRO on Alcator C-Mod. This

section will present two validation studies. The first study was performed entirely as

part of this thesis, and focused on an L-mode time period and an I-mode time period

within the same discharge. Global, ion-scale GYRO simulations were performed on

these plasmas, using heat fluxes, perturbative diffusivity, and electron temperature

fluctuation levels as validation constraints. This study shows that ion-scale gyroki-

netic simulations robustly disagree with experimental measurements in this discharge,

motivating investigation of when multi-scale effects are important, and if such effects

could account for the discrepancies in this study.

The second study was not performed entirely as part of this thesis, but this thesis

work contributed the perturbative diffusivity measurements as a validation constraint.
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It focuses on several Alcator C-Mod discharges, adding the constraint of the pertur-

bative diffusivity to other previously performed validation efforts, including one that

used both ion- and multi-scale simulations. One of the main results of this validation

study is that the perturbative thermal diffusivity is a powerful validation constraint

that can differentiate ion- and multi-scale simulations.

5.1.1 L- and I-mode Validation

The first validation study in this chapter is fairly traditional, in the sense that it

performs many experimental measurements in order to obtain validation constraints,

and then compares these experimental constraints to the output of nonlinear ion-scale

gyrokinetic simulations. The novel aspects of this study include the focus on I-mode

plasmas and the use of four validation constraints: ion heat flux, electron heat flux,

electron temperature fluctuation levels, and perturbative thermal diffusivity. This

study will show that ion-scale simulations robustly disagree with both L- and I-mode

plasmas when all validation constraints are applied.

First, a brief reiteration of why I-mode is an interesting target for a validation

study. Recall from Chapter 3, that I-mode is a naturally ELM-free high-performance

regime in which there is a temperature pedestal, but no density pedestal [89, 90,

91, 122]. The overall energy confinement time is often comparable to or longer

than similar H-modes. In addition, I-mode does not suffer from core impurity ac-

cumulation, even in a metal walled machine, an issue that often plagues H-modes

[90, 123, 124]. Though I-mode has also been observed on ASDEX Upgrade and

DIII-D, Alcator C-Mod’s high magnetic field made it uniquely capable of robustly

accessing I-mode, as the power window for I-mode operation widens with increased

magnetic field [91, 92, 93, 125].

Gyrokinetic simulations of I-mode plasmas are rare, but a few have been per-

formed. One set of past studies showed that ion-scale GYRO simulations were able
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to match the ion and electron heat fluxes within experimental uncertainty in an I-

mode plasma at 𝜌𝑡𝑜𝑟 = 0.8, but not at 𝜌𝑡𝑜𝑟 = 0.6 [96, 97]. No additional validation

constraints, however, were originally applied in these studies (some experimentally

observed trends were compared, but not as rigorous validation constraints).1

This section will now present a complete validation study performed specifically

to investigate differences between L- and I-mode plasmas, both experimentally and

with simulation, applying additional validation constraints. The work in this section

was originally published in Reference [100].

The validation study here is based on global, nonlinear, ion-scale GYRO [18]

simulations. This study makes use of all of the experimental methods and hardware

described in both Chapters 3 and 4 in order to measure the experimental validation

constraints. The study will show that in the plasma considered here, GYRO is able

to match the experimental ion heat flux, but under-predicts the electron heat flux

(at most radii), under-predicts electron temperature fluctuations, and under-predicts

the perturbative diffusivity in both L- and I-mode. Linear addition of electron-scale

simulation heat fluxes (which, to be fair, has been shown to be unrigorous in the past

[12, 13, 14, 126]) was unable to resolve the discrepancy.

Experimental Measurements

The plasma under consideration for this validation study was Alcator C-Mod dis-

charge 1120921008, which had the following plasma parameters: 𝑛𝑒 = 0.7 − 0.8 ×

1020m−3, 𝐼𝑝 = 1.1 MA, 𝐵𝑡 = 5.4 T, and 𝑞95 = 3.2. The discharge was run with the

𝐵 × ∇𝐵 drift away from the active X-point, which is generally referred to as the

unfavorable (for H-mode) ∇𝐵 drift direction. The plasma was heated with 1.6 MW

of ICRH in the L-mode time period and 3.5 MW of ICRH in the I-mode time period

1Note that the next study presented in this thesis adds the perturbative diffusivity as a constraint
to those past simulations, showing in Table 5.3 that the ion-scale simulations robustly under-predict
the experimentally measured perturbative diffusivity, though the predicted qualitative trend that
I-mode has a higher perturbative diffusivity than L-mode was captured [55].

156



Figure 5-1: The total RF heating power, central electron temperautre, edge electron
temperature, and line-averaged density for Alcator C-Mod discharge 1120921008. The
L-mode period of this discharge that was analyzed is highlighted in blue. The I-mode
period is highlighted in red. Figure originally from Reference [100].

(the increased heating power triggered the transition to I-mode).

Figure 5-1 shows time traces during the plasma discharge, revealing that the dis-

charge had a clean transition from L-mode to I-mode that occurred between roughly

1.0 and 1.1 seconds. The discharge was specifically designed in order to have as clean

of a transition from L- to I-mode as feasible, varying as few plasma parameters as pos-

sible. The RF ramp at around 1.0 seconds triggered the transition to I-mode leading

to an increase in the temperature. There is also a slight increase in density associated

with the increase in RF power, though this is entirely distinct from the sharp density

rise associated with the transition to H-mode. Magnetic field, plasma current, 𝑞95,

and plasma shape were constant across this transition. All of the plasma parameters

here are measured with the Alcator C-Mod diagnostics described in Chapter 2.

In order to avoid any complications involving the transition period, only steady

periods of L-mode and I-mode were analyzed. As highlighted in Figure 5-1, for the
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Figure 5-2: The time averaged electron temperature, ion temperature, and elec-
tron density profiles from the L- and I-mode portions of Alcator C-Mod discharge
1120921008, as well as their normalized gradient scale lengths. L-mode is blue and I-
mode is red. Uncertainty is represented by the shaded regions. The green highlighted
region indicates the region in which the gyrokinetic simulation was performed, and is
the region for which the gradient scale lengths (𝑎/𝐿𝑇𝑒, 𝑎/𝐿𝑇 𝑖, and 𝑎/𝐿𝑛𝑒) are shown.
Figure originally from Reference [100].

remainder of this section the L-mode time period will refer to 0.85 to 1.0 s in this

discharge, and the I-mode time period will refer to 1.15 to 1.3 s in this discharge.

Note that for the rest of this validation study, in figures showing data from both time

periods L-mode data will be blue and I-mode data will be red. Both of these periods

had relatively stable background plasma parameters. The energy confinement time,

𝜏𝐸, in the L-mode time period was approximately 30 ms (𝐻98,𝑦2 = 0.65), and in the

I-mode time period it was approximately 40 ms (𝐻98,𝑦2 = 0.95). Both time periods

therefore span multiple confinement times.

The electron temperature, ion temperature, and electron density profiles obtained

by averaging over the L- and I-mode time periods are shown in Figure 5-2. This

figure also shows the normalized gradient scale lengths for each of these parameters,

𝑎/𝐿𝑦 = −(𝑎/𝑦)(𝑑𝑦/𝑑𝑟), where 𝑎 is the plasma minor radius, 𝑟 is radius, and y is
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the parameter of interest. The normalized gradient scale lengths are drive terms for

various turbulent modes, and are thus of particular interest when comparing L- and

I-mode turbulent simulations.

This study will focus primarily on the region between 𝜌𝑡𝑜𝑟 = 0.6 and 𝜌𝑡𝑜𝑟 = 0.9

as this is well outside of the sawtooth mixing radius and inside of the edge-pedestal

region. This region is highlighted in green in Figure 5-2 and is the region for which the

normalized gradient scale lengths are shown. Inside of the sawtooth mixing radius,

transport in heavily influenced by the sawtooth crash, and it is therefore generally

unwise to apply a purely turbulent transport model. Applying gyrokinetic codes in

the edge-pedestal region requires incredibly careful pedestal profile measurements, as

well as great care in how the gyrokinetic model is used, and is therefore beyond the

scope of this work. See Reference [123] for one example of edge-pedestal analysis in

I-mode plasmas.

As displayed in Figure 5-2, the uncertainties in the normalized gradient scale

lengths are 22% for 𝑎/𝐿𝑇𝑒, 40% for 𝑎/𝐿𝑇 𝑖, and 30% for 𝑎/𝐿𝑛𝑒 over the analysis

region, as calculated by combining diagnostic, fitting, and time uncertainty. These

are the ranges over which the turbulence drive terms will be scanned for input to the

GYRO simulations in the next section.

As a brief aside, one can make some qualitative conclusions about what the profiles

in Figure 5-2 imply about differences in turbulence in the L- and I-mode plasmas.

Very generally, Figure 5-2 shows that all three normalized gradient scale lengths

(𝑎/𝐿𝑇𝑒, 𝑎/𝐿𝑇 𝑖 and 𝑎/𝐿𝑛𝑒), which drive turbulence, decrease after the transition to

I-mode. This would seem to suggest that turbulence levels should decrease in the

core of the I-mode plasma compared to the L-mode (especially considering the fact

that the 𝐸×𝐵 shearing increases, as is shown later), a conclusion which is confirmed

with CECE measurements.

Electron temperature fluctuations were measured with the Alcator C-Mod CECE
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Location L-mode ̃︀𝑇
𝑇

I-mode ̃︀𝑇
𝑇

𝜌tor = 0.80 0.81 ± 0.05% < 0.40%

𝜌tor = 0.84 1.14 ± 0.03% 0.57 ± 0.07%

𝜌tor = 0.89 1.46 ± 0.04% 0.69 ± 0.06%

Table 5.1: A copy of Table 4.1, reprinted here for convenience. Integrated electron
temperature fluctuation levels measured with CECE in L- and I-mode plasmas amd
calculated with Equation 4.1. The sensitivity limit is 0.40%. The background sub-
tracted complex coherence function is integrated from 0 to 200 kHz in L-mode (with
background calculated from 200 to 300 kHz) and from 300 to 500 kHz in I-mode
(with background calculated from 650 to 750 kHz). This table shows similar results
to those found in Reference [100].

hardware and the analysis techniques described in Chapter 4. The frequency spectra

measured in this discharge were shown earlier in Figure 4-9 as an example of the

experimental capabilities of the Alcator C-Mod CECE system. The integrated fluc-

tuation levels were calculated in Table 4.1, and are repeated here as Table 5.1 for

convenience. Note again that Reference [100] used older analysis techniques, but the

new analysis techniques developed as part of this thesis do not change any of the

conclusions made in Reference [100]. The next section will directly compare the mea-

sured CECE crosspower spectrum to the output of gyrokinetic simulations, instead

of the coherence, so the differences between the new and old analysis techniques are

minor.

The perturbative diffusivity in this plasma was measured with the partial sawtooth

heat pulse method as described in Chapter 3. In this particular case, the measurement

is a radial average between 𝜌𝑡𝑜𝑟 = 0.64 and 0.84, chosen to avoid the region too close

to the mixing radius and that so far out that the heat pulse amplitude is too small

to measure. The perturbative diffusivity in L-mode was 𝜒𝑝𝑒𝑟𝑡
𝑒 = 4.0 ± 0.6 m2/s and

in I-mode was 𝜒𝑝𝑒𝑟𝑡
𝑒 = 4.3 ± 0.9 m2/s. While these values are the same to within

the experimental uncertainty, the slight increase in perturbative diffusivity after the
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transition to I-mode is consistent with the experimental results presented in Chapter

3 and Reference [55].

For completeness, the power balance diffusivities were also calculated (using TRANSP).

The radially averaged power balance diffusivity in L-mode was 𝜒𝑃𝐵
𝑒 = 1.4± 0.4 m2/s

and in I-mode was 𝜒𝑃𝐵
𝑒 = 1.0±0.3 m2/s. As is expected, the power balance diffusivity

is lower in I-mode, indicating that it is a high confinement regime. Note that this is

not quite as big as the traditional factor of two drop in power balance diffusivity seen

after the transition from L- to H-mode [97]. This can easily be explained, however,

by the fact that H-modes generally have a sharp density rise, and the power balance

diffusivity depends inversely on the plasma density.

This completes the experimental measurements made in this discharge that will

be used to validate the GYRO simulations.

GYRO Simulations, Linear Results, and Methodology

This section will describe the validation of global, nonlinear, ion-scale GYRO simula-

tions of both the L- and I-mode portions of the discharge in question. This is largely

the same methodology used in the validation of GENE on ASDEX Upgrade, and is

a widely used workflow in the validation of gyrokinetic codes. As described above,

the simulations are compared to heat fluxes, electron temperature fluctuations, and

perturbative diffusivity.

These GYRO simulations were performed in the region 𝜌𝑡𝑜𝑟 = 0.65 − 0.9. They

included three kinetic species (gyrokinetic ions and impurities, and drift-kinetic elec-

trons), realistic geometry using the Miller parameterization, rotation effects (including

𝐸×𝐵 shear), and electron-ion and ion-ion collisions. Due to the low 𝛽 of the discharge

(and in particular the low gradient of 𝛽𝑝𝑜𝑙), electromagnetic effects are negligible, so

the simulations were electrostatic. These simulations were ion-scale, capturing long

wavelength turbulence up to approximately 𝑘𝜃𝜌𝑠 ≈ 1.3, where 𝑘𝜃 is the binormal
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(a) (b)

Figure 5-3: Linear growth rates (a) and real frequencies (b) at 𝜌𝑡𝑜𝑟 = 0.8 of the
L-mode GYRO simulations. At long wavelengths, ITG dominates, while at short
wavelengths ETG is dominantly unstable. The I-mode linear growth rate analysis
shows similar results. Figure originally from Reference [100].

wavenumber and 𝜌𝑠 is the ion Larmor radius evaluated at the electron temperature.

The simulation box size was approximately 105 by 120 𝜌𝑠 in the radial and bi-

normal directions, and included 28 toroidal modes and approximately 500 radial grid

points (for a grid spacing of ∼ 0.25𝜌𝑠). In order to perform global simulations, GYRO

utilizes benign buffer regions. These buffers were approximately 11 (8) 𝜌𝑠 wide on

the inner (outer) region of for the L-mode simulation and 13 (8) 𝜌𝑠 wide on the inner

(outer) region of the I-mode simulation. The buffer region sources used default val-

ues, with the source annihilation rate, 𝜈𝑠𝑜𝑢𝑟𝑐𝑒 = 0.1𝑐𝑠/𝑎. See Reference [95] for more

information on buffer regions in the GYRO code.

A summary of the geometry and plasma parameter inputs to the GYRO simula-

tions for both L- and I-mode time periods are given in Table 5.2. Local values are

given at 𝜌𝑡𝑜𝑟 = 0.8, though the simulations themselves were global.

Consider first the linear stability of the plasmas in question. Linear growth rates

and real frequencies for the L-mode plasma at 𝜌𝑡𝑜𝑟 = 0.8 are shown in Figure 5-3.

Results for the I-mode are very similar. In GYRO, positive real frequencies are in-

dicative of modes moving in the electron diamagnetic drift direction (electron modes),
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Table 5.2: Input parameters for the GYRO simulations of the L- and I-mode plasmas
described in this validation study. All values are the nominal experimental values,
except for those in parentheses, which are for the ion heat flux-matched simulations.
This table shows the values at 𝜌𝑡𝑜𝑟 = 0.8, though the values vary with radius through-
out the global simulation domain. For the ion heat flux-matched simulations, 𝑎/𝐿𝑇𝑖

was adjusted down by 1% in L-mode and down by 29% in I-mode. Table originally
from Reference [100].

L-mode I-mode
𝜌𝑡𝑜𝑟 0.8 0.8

𝑛𝑒(1020𝑚−3) 0.94 1.14
𝑇𝑒 (keV) 0.76 1.26
𝑎/𝐿𝑛 1.67 0.97
𝑎/𝐿𝑇𝑒 5.81 3.60
𝑎/𝐿𝑇𝑖

4.79 (4.75) 3.18 (2.27)
𝑎/𝐿𝑇𝐼𝑚𝑝

4.79 (4.75) 3.18 (2.27)
𝑇𝑖/𝑇𝑒 1.12 0.83
𝑛𝐷/𝑛𝑒 0.758 0.830
𝑛𝐼𝑚𝑝/𝑛𝑒 0.018 0.015

Zeff 3.90 2.70
𝜈𝑒𝑖 (𝑎/𝑐𝑠) 0.29 0.13
𝑅0(𝑟)/𝑎 3.05 3.05

∆=d𝑅0(𝑟)/dr -0.08 -0.11
𝑞 1.92 2.03

𝑠=r dln(q)/dr 2.13 2.13
𝜅 1.30 1.30

𝑠𝜅=r dln(𝜅)/dr 0.27 0.30
𝛿 0.20 0.21

𝑠𝛿=r d𝛿/dr 0.46 0.50
𝛾𝐸×𝐵 (𝑎/𝑐𝑠) 0.0009 0.0524
𝛾𝑝 (𝑎/𝑐𝑠) 0.006 0.405
𝜌* = 𝜌𝑠/𝑎 0.0022 0.0028
𝑎/𝑐𝑠 (𝜇𝑠) 0.91 1.17
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while negative real frequencies are indicative of modes moving in the ion diamagnetic

drift direction (ion modes). Note that the real frequencies in GYRO use the opposite

sign convention as that used in GENE, which is the code used in Section 5.2.

At long wavelengths (low wavenumbers), the dominant mode has negative real

frequency in GYRO, indicative of the ion temperature gradient (ITG) mode. At high

wavenumber, the dominant mode has positive real frequency in GYRO, indicative of

the electron temperature gradient (ETG) mode.

Since the ITG mode was dominantly unstable at low wavenumbers, this study

followed the traditional gyrokinetic validation workflow and varied only 𝑎/𝐿𝑇 𝑖 (within

experimental uncertainty) in order to try to match the experimental heat fluxes.

Such a method is consistent with past validation studies on Alcator C-Mod, in which

ITG is typically the dominant mode at low wavenumbers (in L-, I- and H-modes)

[14, 96, 97, 127, 128]. Test scans of the electron temperature gradient revealed that it

had little impact on the heat fluxes, justifying such a method in this particular case.

This is in contrast to the work presented later in Section 5.2, in which it was necessary

to scan both the ion and electron temperature gradient in order to match either the

ion or electron heat fluxes. The desire to scan both temperature gradients, as well as

other inputs, simultaneously and efficiently was one of the major motivations behind

the work that will be presented in Chapter 6.

The simulations from L- and I-mode which most closely matched the heat fluxes

were then used to compare to the experimentally measured electron temperature

fluctuations and perturbative thermal diffusivity. These simulations are referred to

as the ion heat flux-matched simulations.

While particle transport is not the focus of this validation study, or of this thesis in

general, it is worth mentioning that a trace impurity species (Z=18, A=40) was intro-

duced into the ion heat flux matching simulations in order to calculate the diffusion

and convection in L- and I-mode, as done in Reference [129]. The simulations show
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similar levels of diffusion, convection, and peaking in both L- and I-mode, which is

consistent with experimental observations that I-mode has particle confinement sim-

ilar to that in L-mode [89]. Future, more detailed comparisons of experimental and

simulation particle transport will have to take into account recent advances in analysis

techniques for constraining experimental particle transport coefficients [50].

Comparison of Heat Fluxes to GYRO Simulations

Figure 5-4 shows the results of the electron and ion heat flux comparisons in both L-

and I-mode time periods. For the experimental results, blue is L-mode and red is I-

mode, as before. The GYRO results are shown in black. The shaded regions represent

uncertainties, calculated by propagating the uncertainties in the inputs to TRANSP

through the governing equations, as described in Chapter 2. The simulations in this

figure are those for which 𝑎/𝐿𝑇 𝑖 was scanned within experimental uncertainty in order

to most closely match the ion heat flux at all radii. The input 𝑎/𝐿𝑇 𝑖 was reduced

by 1% in L-mode and by 29% in I-mode. As stated above, scanning the electron

temperature gradient had little impact on the electron heat flux, and therefore did

not improve agreement with experiment.

In both L- and I-mode, the GYRO simulations are able to match the experimental

ion heat flux to within the experimental uncertainty over the entire radial range that

was simulated. On the other hand, the GYRO simulations robustly under-predict

the electron heat flux at all radii in L-mode, and over the majority of the domain

in I-mode. GYRO can match the electron heat flux between 𝜌𝑡𝑜𝑟 of 0.8 and 0.88 in

I-mode.

In order to confirm the accuracy of these global ion-scale simulations, local nonlin-

ear GYRO simulations were performed at a few radii in the global simulation domain,

and in all cases exhibit agreement within 10% of the global simulations. In particular,

the results of local GYRO runs at 𝜌𝑡𝑜𝑟 = 0.85 are shown in Figure 5-4 as the grey
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(a) L-mode ions. (b) L-mode electrons.

(c) I-mode ions. (d) I-mode electrons.

Figure 5-4: Comparison of experimental and simulated electron and ion heat fluxes
in the L- and I-mode time periods. Ion heat fluxes are shown on the left and electron
heat fluxes on the right. The L-mode comparison is shown on the top (with the
experiment in blue) and the I-mode comparison is shown on the bottom (with the
experiment in red). Experimental uncertainty is represented by the shaded regions.
Global GYRO results are shown in black, with uncertainty represented as the shaded
region. Gray diamonds represent local GYRO simulations, used as a check of the
global results. Figure originally from Reference [100].
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diamonds, and agree closely with the global simulations.

As has been discussed earlier in this thesis, high-k electron temperature gradient

(ETG) turbulence can also contribute to the electron heat flux. The linear analysis

shown in Figure 5-3 reveals this turbulence to be unstable. Even though past work

has shown that linearly adding ion- and electron-scale turbulence is not particularly

rigorous (motivating true multi-scale simulations) [14], for the sake of completeness

local nonlinear electron-scale GYRO simulations were performed for both L- and I-

mode at 𝜌𝑡𝑜𝑟 = 0.8 in order to investigate the effect of pure ETG turbulence. The

electron-scale simulations box size was approximately 9 by 6 𝜌𝑠 in the radial and

binormal directions, with a grid spacing of 2𝜌𝑒. These simulations captured short

wavelength turbulence up to approximately 𝑘𝜃𝜌𝑠 ≈ 56. All other inputs were the

same as listed in Table 5.2.

These electron scale simulations show that pure ETG turbulence drives approxi-

mately 10 - 20% of the experimental electron heat flux, which is non-negligible, but

not nearly enough to resolve the discrepancy between the ion-scale simulation results

and the experimental values in either L- or I-mode. More quantitatively, in L-mode

at 𝜌𝑡𝑜𝑟 = 0.8, the experimental heat flux was approximately 0.31 MW/m2. The ion-

scale simulation value, shown in Figure 5-4 was approximately 0.14 MW/m2. The

electron-scale simulation heat flux was approximately 0.03 MW/m2. Even added to-

gether, the ion- and electron-scale simulation electron heat fluxes under-predict the

experimental electron heat flux by more than 45% at this radius. The I-mode simu-

lation shows similar results. Again, this process of linear addition is included only for

completeness, and is not generally equivalent to running true multi-scale simulations.

The robust under-prediction of the electron heat flux observed in both L- and

I-mode is consistent with a broader trend of electron heat flux under-prediction on

Alcator C-Mod L-modes that is well documented [14, 126]. The only previous set of

GYRO simulations of an Alcator C-Mod I-mode found a similar trend [97]. In that
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case, a local simulation at 𝜌𝑡𝑜𝑟 = 0.6 under-predicted the electron heat flux, while a

local simulation at 𝜌𝑡𝑜𝑟 = 0.8 agreed within experimental uncertainty.

In the L- and I-mode plasmas considered here, ion-scale GYRO simulations are

already unable to match experimental parameters, even before adding additional

validation constraints. To the extent that validation is the question of whether or not

the experiment and simulation agree within uncertainty, in this particular case, the

answer is already that they do not. For further physics insight, however, it is certainly

worthwhile to compare the other validation constraints, especially since they have

already been measured. This work also contributes to a better understanding of how

different validation constraints interact, and how one must use as many as possible

to get a complete picture of the simulation validity.

Comparison of Electron Temperature Fluctuations

In order to properly compare the electron temperature fluctuations predicted by

GYRO, or any gyrokinetic simulation, to experimental measurements, one must apply

a synthetic diagnostic to the outputs of the code [130, 131]. The synthetic diagnos-

tic accounts for the physical limitations of the real diagnostic, which only imper-

fectly measures the true point fluctuations in the electron temperature of the plasma.

Specifically, the synthetic diagnostic includes the effects of a finite beam width and

emission volume (which is assumed to be a Gaussian with 𝐿𝑟 = 1.2 cm and 𝐿𝑧 = 0.64

cm [76]), the k-sensitivity of the physical diagnostic, and the effects of plasma rota-

tion on the measured spectrum. One can also think of the synthetic diagnostic as

mapping the diagnostic to the simulation phase space. The details of the specific

synthetic diagnostic used here are described in Reference [7].

The comparisons between the measured and simulation fluctuation spectra at

𝜌𝑡𝑜𝑟 = 0.8 for L- and I-mode are shown in Figure 5-5 (plotted in terms of absolute

fluctuation cross-power, instead of coherence, as this is the most appropriate com-
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(a) L-mode. (b) I-mode.

Figure 5-5: Comparison of experimentally measured and simulated electron tem-
perature fluctuation spectra in the L-mode (a) and I-mode (b) cases. The L-mode
experimental data is shown in blue and the I-mode data is shown in red. Shaded
regions represent experimental uncertainty. The results of the GYRO simulations,
after analysis with a synthetic diagnostic, are shown in black. The sensitivity limit is
shown as a dotted black line. Originally from Reference [100].

parison with the code). As stated above, the experimental integrated temperature

fluctuation level at this radius is ̃︀𝑇/𝑇 = 0.81 % in L-mode and ̃︀𝑇/𝑇 < 0.40 % (below

the sensitivity limit) in I-mode. GYRO predicts a value below the 0.40 % sensitivity

limit in both L- and I-mode. The simulation thus significantly under-predicts the

electron temperature fluctuation level in L-mode (by at least a factor of two). In

I-mode, since both values are below the sensitivity limit, the most that can be said

is that the simulation is not inconsistent with the experiment.

The L-mode result contrasts with some previous work with L-mode plasmas on

Alcator C-Mod, in which GYRO agreed quite closely with the measured temperature

fluctuation level even when the electron heat flux was under-predicted by the code

[7]. That study in particular revealed the importance of including all of the validation

constraints, not just those that are measured most directly, as fortuitous agreement

between code and experiment can occur for any one of the constraints. Having many

constraints, based on independent measurements of the plasma, reduces the chances

of such fortuitous agreement considerably.
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One may note that in the L-mode spectrum shown in Figure 5-5 there is a feature

that is nearly the correct amplitude as the experimental feature, but at considerably

lower frequency. Even though rotation does not influence the total fluctuation level,

it can influence the shape of the spectrum, so the experimental rotation was var-

ied within uncertainty (through the synthetic diagnostic) in order to see if doing so

would improve the agreement between the experimental and simulated spectra. Such

variations did not, however, result in significantly better matches.

Comparison of Perturbative Diffusivity

The final validation constraint applied in this study is the perturbative thermal dif-

fusivity. As described in Chapter 3, the perturbative diffusivity was measured exper-

imentally with partial sawtooth heat pulses. The simulation perturbative diffusivity,

on the other hand, is calculated by performing a series of gyrokinetic simulations,

in which one scans the input electron temperature gradient in order to map out the

flux-gradient relationship. One begins with the heat-flux matched simulation (or the

simulation that most closely matches the experimental heat fluxes). One then scans

the input electron temperature gradient up and down 12%, as this approximates the

temperature gradient change induced by the partial sawtooth heat pulses. If the rela-

tionship between gradient and heat flux deduced by this method is clearly non-linear,

one may also wish to perform additional simulations at 6% (or 24%) above or below

the flux-matched input electron temperature gradient. With the electron tempera-

ture gradient scan completed, one then plots the output electron heat flux against the

input electron temperature gradient multiplied by the density. This gives a slope on

this plot the proper units of m2/s. One then fits the set of simulations, and calculates

the slope of the fit at the heat flux matched simulation. This slope is the value of the

perturbative thermal diffusivity for the simulation. To be explicit (in response to an

occasional misunderstanding), heat pulses are not directly simulated in GYRO. The
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Figure 5-6: Comparison of the experimentally measured and simulated perturbative
thermal diffusivity. The electron heat fluxes, 𝑄𝑒, calculated from an electron temper-
ature gradient scan of the GYRO simulations are shown as the squares. L-mode is
in blue, I-mode is in red. The circled points are the base case ion heat flux-matched
simulations and the other points are scans of 𝑎/𝐿𝑇𝑒 around these simulations. A
linear fit to the scan of simulations is shown in the solid lines, the slope of which
is the GYRO perturbative thermal diffusivity, 𝜒𝑝𝑒𝑟𝑡

𝐺𝑌 𝑅𝑂. The dotted lines represent
the experimentally measured 𝜒𝑝𝑒𝑟𝑡

𝐸𝑥𝑝. One should compare the slopes of the solid and
dotted lines. Figure modified from Reference [100].

method described here has been used before to compare simulation to experimental

perturbative diffusivity (measured with modulated ECH) [63].

Since gyrokinetic simulations typically take the normalized electron temperature

gradient scale length, 𝑎/𝐿𝑇𝑒, as an input, rather than the temperature gradient di-

rectly, one can write:

𝜒𝑝𝑒𝑟𝑡
𝑠𝑖𝑚 =

𝑎

𝑛𝑒𝑇𝑒

𝜕𝑄𝑒

𝜕(𝑎/𝐿𝑇𝑒)
=

1

𝑛𝑒

𝜕𝑄𝑒

𝜕∇𝑇𝑒

(5.1)

where 𝜒𝑝𝑒𝑟𝑡
𝑠𝑖𝑚 is the simulation (GENE, GYRO, TGLF, etc.) perturbative diffusivity,

𝑎 is the plasma minor radius, 𝑛𝑒 is the local plasma density, 𝑇𝑒 is the local plasma

temperature, and 𝑄𝑒 is the electron heat flux.

This process is illustrated in Figure 5-6, which shows the results of the GYRO

electron temperature gradient scans, as well as the experimentally measured pertur-
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bative diffusivity. In this particular case, simulations with 𝑎/𝐿𝑇𝑒 reduced by 12%,

raised by 12% and raised by 25% were performed. In this plot, as before, blue is

L-mode and red is I-mode. The boxes represent the GYRO simulations and the solid

lines are linear fits to these simulations. The circled simulations are the ion heat

flux-matched simulations shown above. The dashed lines show the experimentally

measured perturbative diffusivity (which is a slope on this plot). The simulation heat

flux values are averaged over the GYRO simulation domain, in order to replicate as

closely as possible the nature of the experimental measurement.

In L-mode, GYRO predicts a perturbative diffusivity of 0.4 m2/s, compared to

the experimentally measured 4.0 ± 0.6 m2/s. In I-mode, GYRO predicts 1.0 m2/s,

compared to the experimentally measured 4.3 ± 0.9 m2/s. GYRO clearly under-

predicts the perturbative thermal diffusivity in both L- and I-mode, far outside of

experimental uncertainty. This completes the set of validation constraints that are

applied to these L- and I-mode plasmas.

Conclusions of this Validation Study of GYRO on Alcator C-Mod L- and

I-mode Plasmas

To summarize the results of this validation study, global, nonlinear, ion-scale GYRO

simulations are able to match the ion heat flux in both the L- and I-mode plasmas

considered in this study across the simulation domain of 𝜌𝑡𝑜𝑟 = 0.65 − 0.88. On the

other hand, GYRO under-predicts the electron heat flux in both L- and I-mode, with

the exception of the outer region of the I-mode, between 𝜌𝑡𝑜𝑟 of 0.8 and 0.88. The

linear addition of electron scale heat flux does not resolve this discrepancy. GYRO

also under-predicts the electron temperature fluctuation level in L-mode. In I-mode,

both the experimental measurement and simulated value are below the experimental

uncertainty, so all that can be said is that the simulation is not inconsistent with

the experiment. Finally, GYRO significantly under-predicts the perturbative thermal
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diffusivity in both L- and I-modes, with an entire order of magnitude under-prediction

in L-mode.

These plasmas thus represent an instance where ion-scale GYRO simulations de-

cidedly disagree with several experimental validation constraints. As has been dis-

cussed earlier in this thesis, and will be discussed in more detail later, it is possible

that running multi-scale simulations would help resolve these discrepancies. The

results of ion- and multi-scale simulations will be compared directly for a different

plasma discharge in the next study presented in this thesis. In addition, as has been

suggested earlier in this section, it may also be that one must vary more than just

the ion temperature gradient within experimental uncertainty in order to match the

experimental constraints. Both of these possibilities serve as motivation for the work

with VITALS and TGLF presented in Chapter 6.

It is also possible that the GYRO simulations in this study left out other important

physical effects that may have an important impact on the results. For example,

several relatively recent studies with turbulent transport models have shown that

fast ions can have a significant impact on both the experiment itself and the outputs

of gyrokinetic simulations [28, 29]. Since Alcator C-Mod uses minority ICRH as its

primary heating source, there will always be some population of fast minority ions,

which then collide with the bulk plasma for heating. It may be that including the

effects of fast ions is significant in these simulations, though such work is beyond the

scope of this thesis.

Another question that one may raise concerning the results of this validation study

is whether another turbulent transport model, such as GENE, would more closely

agree with experimental measurements, especially considering the fact that GENE is

used in the last two validation studies in this chapter. Though not done directly as

part of this thesis, GENE and GYRO were compared to one another in Reference

[132] using exactly the experimental conditions presented in this validation study.
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This benchmarking study (comparison of different codes to one another, as opposed to

validation of a model against experiment)2 found that in fact local, nonlinear, ion-scale

GENE and GYRO simulations disagree when the exact same inputs are used. GENE

and GYRO predict the same ratio of ion and electron heat flux, but GENE predicts

that both heat fluxes are nearly three times larger than GYRO’s predictions. This

significantly improves the agreement with experimental electron heat flux, but leads

to a large overprediction of the ion heat flux. Electron temperature fluctuations and

perturbative thermal diffusivity were not compared to the outputs of those particular

GENE simulations.

This benchmarking study reveals that different implementations of the gyroki-

netic model may indeed give different results, and that each implementation must

then be validated separately. In general, benchmarking involves extensive simulation

input and parameter scans and meticulous comparisons of how inputs are expressed

in different codes. Deep investigations of how physical processes are implemented

computationally are often required in order to resolve discrepancies. For these rea-

sons, benchmarking of gyrokinetic codes is beyond the scope of this thesis. Please

see References [133, 134, 135, 136, 137, 138, 139, 140, 141, 142, 143] for examples of

verification and benchmarking studies of GENE and GYRO, as well as various other

turbulent transport models.

Now that one complete validation study has been presented, this chapter will

next describe work in which the perturbative diffusivity was added as a validation

constraint to several sets of simulations that had already been performed. This next

study also addresses the question of whether the inclusion of multi-scale effects can

resolve the discrepancy between experimentally measured and ion-scale simulation

perturbative diffusivity by presenting a direct comparison.

2Note that these types of comparisons are sometimes also called verification, though technically
verification is the process of determining whether or not a code has correctly implemented a model.
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5.1.2 Validation of Ion- and Multi-Scale GYRO Simulations

with Perturbative Diffusivity

As was described in Chapter 2, one of the most recent developments in gyrokinetic

validation is the recognition that in some instances, ion-scale simulations do not suf-

ficiently describe the plasma behavior, and that linearly adding the results from ion-

and electron-scale simulations does not properly capture the interactions between the

two scales. This was exactly the case in the validation study of L- and I-mode just pre-

sented. In many of these instances, multi-scale simulations, which simultaneously cap-

ture ion-scale and electron-scale dynamics, are required in order to properly capture

the true plasma behavior. See References [10, 11, 12, 13, 14, 15, 16, 17, 55, 126, 144]

for a number of recent studies on this topic. In light of this, there is considerable

motivation to find validation constraints which can easily distinguish the performance

of ion- and multi-scale simulations, and can help further determine when multi-scale

simulations are necessary. This work will show that the perturbative diffusivity is one

such measurement.

The validation study presented here, originally published in Reference [55], focuses

solely on the use of the perturbative diffusivity as a validation constraint, and is

based off of simulations that were performed previously as part of other studies. The

original gyrokinetic simulations were performed as part of References [12, 97] but the

addition of the perturbative diffusivity as a constraint and the resulting conclusions

were a contribution of this thesis work. As such, this section will primarily describe

how the perturbative diffusivity was used as a constraint in these validation efforts.

The GYRO simulations in this validation study were local, non-linear, flux-tube

simulations of Alcator C-Mod discharges 1101209029 [97] and 1120221012 [12]. The

first discharge (1101209029) has only ion-scale simulations available, but contains

both L- and I-mode portions of the discharge. The second discharge (1120221012)
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Table 5.3: Table from Reference [55]. Comparison of the experimental and GYRO
perturbative diffusivities from discharges 1101209029 and 1120221012. Discharge
1101209029 has both L- and I-mode time periods. Discharge 1120221012 has only one
experimental case, but has both ion- and multi-scale simulations. All GYRO results
are from [12] and [97].

Shot Confinement
GYRO
Model

𝜒𝑝𝑒𝑟𝑡
𝑃𝑎𝑟𝑡𝑖𝑎𝑙 (𝑚2/𝑠) 𝜒𝑝𝑒𝑟𝑡

𝐺𝑌 𝑅𝑂 (𝑚2/𝑠)

1101209029 L-Mode Ion-scale 1.7 ± 0.3 0.3
1101209029 I-Mode Ion-scale 2.0 ± 0.4 0.8
1120221012 L-Mode Ion-scale 1.6 ± 0.4 0.2
1120221012 L-Mode Multi-scale 1.6 ± 0.4 1.4

is L-mode, and both ion- and multi-scale simulations have been performed. In both

cases, the inputs to GYRO were taken directly from experiment. Please see References

[12, 97] for details of the specific gyrokinetic simulations.

In both cases, the input ion temperature gradient (expressed as the normalized

ion temperature gradient scale length 𝑎/𝐿𝑇 𝑖) was varied within the experimental

uncertainty in order to match the experimentally inferred heat flux (from TRANSP,

as described in Chapter 2). The simulations presented here are the ion heat flux

matching simulations from each respective discharge. References [12, 97] discuss

comparisons with heat fluxes in more detail.

As was described in the last validation study, the simulation perturbative diffu-

sivity is calculated by performing a series of GYRO simulations in which one scans

the input electron temperature gradient up and down by 12%, which approximates

the temperature gradient change induced by the partial sawtooth heat pulses. One

then fits the flux-gradient curve of these simulations, and takes the slope of the fit

at the heat flux matched simulation in order to calculate the simulation perturbative

diffusivity.

This process was performed for the four simulation cases described above: ion-

scale L-mode in 1101209029, ion-scale I-mode in 1101209029, ion-scale L-mode in
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1120221012, and multi-scale L-mode in 1120221012. The results of all of these sim-

ulation scans, as well as the experimentally measured values (measured with partial

sawtooth heat pulses as described in Chapter 3), are shown in Table 5.3. In all

three ion-scale simulation cases, the GYRO simulations significantly under-predict

the experimentally measured perturbative diffusivity, sometimes by nearly an order

of magnitude. This is similar to the result from the validation study presented earlier

in this chapter. In stark contrast, the multi-scale simulation of discharge 1120221012

agrees with the experimental perturbative diffusivity to within experimental uncer-

tainty.

While Table 5.3 only contains one direct comparison of ion- and multi-scale sim-

ulations, the fact that the ion-scale simulation robustly under-predicts the experi-

mentally measured perturbative diffusivity, while the multi-scale simulation agrees

within uncertainty, is strong evidence that in at least some instances, the inclusion of

multi-scale effects can resolve the discrepancy between experimentally measured val-

idation constraints and the outputs of ion-scale simulations. This is consistent with

the hypothesis presented in the last validation study, that multi-scale effects may at

least in part be responsible for the discrepancy between experiment and simulation.

This result also motivates the work presented in Chapter 6, which seeks to determine

when multi-scale effects are important in turbulent transport simulations, and when

ion-scale models are sufficient.

In addition, it is interesting that even though the ion-scale simulations of both the

L- and I-mode time periods in 1101209029 were able to match the experimental heat

fluxes (at 𝜌𝑡𝑜𝑟 = 0.8) [97], they were unable to match the experimental perturbative

diffusivity. This would seem to indicate that even though it is possible to adjust the

simulation input gradients to achieve a heat flux match, the underlying response of the

plasma turbulence to the input gradients is not properly captured by the simulations.

This is a perfect example of what is known as ‘fortuitous agreement,’ where the
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simulations agree with the experiment, but are in reality not capturing all of the

relevant physics. It is precisely to avoid fortuitous agreement that one must use as

many validation constraints as are available. In this sense, the perturbative diffusivity

seems to be a powerful constraint in determining whether or not the simulations are

properly capturing the plasma behavior.

While the study presented here and the first one in this chapter combined represent

only five experimental cases (four with only ion-scale simulations and one with both

ion- and multi-scale simulations), the results may lead one to believe that multi-

scale simulations are always necessary to properly capture the plasma perturbative

diffusivity. This turns out not to be the case, as will be demonstrated later in this

chapter in Section 5.2. The question of when multi-scale simulations are necessary,

and when ion-scale simulations sufficiently capture all of the relevant plasma behavior,

will continue to arise through the rest of this thesis, and is the central motivation for

the work presented in Chapter 6

Conclusions from GYRO Validation Studies on Alcator C-Mod

This section has presented two validation studies with GYRO on Alcator C-Mod. One

was a complete validation study, focusing on the differences between L- and I-mode

plasmas, while the other added perturbative diffusivity as a validation constraint to

several previously existing sets of simulations. Taken together these results show that

in many cases ion-scale simulations do not adequately model the plasma behavior,

disagreeing with validation constraints outside of experimental uncertainty. These

studies highlight the importance of including many validation constraints, in order to

avoid fortuitous agreement. Finally, these results suggest that multi-scale effects may

resolve some of the discrepancies observed between ion-scale simulations and exper-

imental measurements. The next section in this chapter continues this work, using

the same set of validation constraints on the ASDEX Upgrade tokamak. Validation
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efforts on a second machine expand the accessible parameter space, and allow one

to eventually build a more complete picture of the physics behind the agreement or

disagreement of ion-scale simulations with experimental constraints.

5.2 Validation of GENE on ASDEX Upgrade

This section will present the results of two validation studies with the gyrokinetic

code GENE on ASDEX Upgrade. In both cases, the GENE simulations are local,

nonlinear, and ion-scale. As described in Chapter 2, ASDEX Upgrade is a fairly

different machine to Alcator C-Mod, thus allowing access to different plasma param-

eter ranges and different turbulent regimes. As such, validation on ASDEX Upgrade

complements validation on Alcator C-Mod.

GENE was chosen, instead of GYRO, primarily for practical reasons. GENE has

been run repeatedly on ASDEX Upgrade in past work, while GYRO has not been

run on ASDEX Upgrade. For this reason, there is no expertise in running GYRO

on ASDEX Upgrade, and the goal of this thesis was not to work on the logistics of

running simulations, but on the validation of turbulent transport models. In addition,

benchmarking of different gyrokinetic codes against one another is beyond the scope of

this thesis, though some contributions were made to a benchmarking study of GENE

and GYRO performed on the L- and I-mode discharges described in the previous

section. This benchmarking work is presented in Reference [132]. In addition, Chapter

6 will work to resolve the issue of running different codes on different machines by

running TGLF on both Alcator C-Mod and ASDEX Upgrade discharges.

Both validation studies in this section are based on the same experimental dis-

charge on ASDEX Upgrade, 33585, though at different radii and using different val-

idation constraints. Note also that this same discharge is one of those considered in

the multi-machine, multi-discharge study in Chapter 6. The first validation study,

presented in Subsection 5.2.2, was performed entirely as part of this thesis, and was
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originally presented in Reference [64]. It focuses on an inner radius of 𝜌𝑡𝑜𝑟 = 0.49 and

employs heat fluxes and perturbative thermal diffusivity as validation constraints.

The second validation study, presented in Subsection 5.2.3 was not performed

directly as part of this thesis, but this thesis work contributed the power balance

analysis and the CECE hardware and analysis techniques described in Chapter 4.

This study focused on an outer radius of 𝜌𝑡𝑜𝑟 = 0.75, and included heat fluxes,

electron temperature fluctuation spectra and radial correlation lengths, and density-

temperature fluctuation phase (n-T phase) measurements as validation constraints

(which are briefly explained below). Results from this study were originally presented

in Reference [107].

This section first briefly describes the experimental discharge, before then describ-

ing both validation studies.

5.2.1 Experimental Conditions of ASDEX Upgrade Discharge

33585

ASDEX Upgrade discharge 33585 was an L-mode plasma with a toroidal field on axis

of 𝐵𝑡 = 2.5 T, plasma current 𝐼𝑝 = 1.0 MA, and central density 𝑛𝑒,0 = 2.6 × 1019

m−3. It was heated with 0.7 MW of electron cyclotron heating (ECH), which was

deposited at 𝜌𝑡𝑜𝑟 ≈ 0.2. Neutral beam blips were also included in order to allow ion

temperature and rotation measurements with charge exchange recombination spec-

troscopy. The plasma was stationary for 2 seconds of flattop operation, from 2 to

4 seconds, which is the period for which all of the following analysis was carried

out. This plasma contained partial sawteeth, allowing for perturbative diffusivity

measurements.

All of the experimental measurements of this discharge were made with the diag-

nostics described in Chapter 2. Recall that the uncertainties in the plasma profiles

measured in ASDEX Upgrade are approximately 15% in 𝑇𝑒, 20% in 𝑇𝑖, 10% in 𝑛𝑒,
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Figure 5-7: Temperature and density profiles from ASDEX Upgrade discharge 33585,
averaged from 2 to 4 seconds. For the temperature, red is for electrons and blue is
for ions. Also shown are the normalized gradient scale lengths. Figure modified from
Reference [107].

and 50% in 𝑣𝑟𝑜𝑡. These fitted profiles are then used to calculate the normalized gradi-

ent scale lengths, 𝑎/𝐿𝑦, which are defined as above, except that in GENE, 𝑎 is defined

as the square root of the edge toroidal flux divided by 𝜋 times the reference toroidal

magnetic field, 𝑎 =
√︀

Φ𝑒𝑑𝑔𝑒/𝜋𝐵𝑟𝑒𝑓 [102]. This is generally equal to the plasma

minor radius, which was the definition of 𝑎 used above. The resulting uncertainties

in the normalized gradient scale lengths are: 20% in 𝑎/𝐿𝑇𝑒, 30% in 𝑎/𝐿𝑇 𝑖, and 30%

in 𝑎/𝐿𝑛𝑒. The measured plasma profiles and normalized gradient scale lengths for

ASDEX Upgrade discharge 33585 are plotted in Figure 5-7.

Note that for the second of the two validation studies in this section, the electron

temperature fluctuation measurements were made on a repeat discharge, since during

discharge 33585 only the first version of the ASDEX Upgrade CECE system de-

scribed in Chapter 4 was available. Discharge 34626 was an exact repeat of discharge
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33585, though with the new CECE hardware (the second system described in Chap-

ter 4) and therefore significantly expanded measurement capabilities. Specifically,

though temperature fluctuation measurements were available in the first discharge,

radial correlation length and n-T phase measurements were not. These measurements

were enabled by the fine comb of channels on the upgraded CECE system, which di-

rectly allows for radial correlation length measurements, and makes the alignment of

radiometer and reflectometer channels required for n-T phase measurements consid-

erably easier. Note that discharge 34626 is one of the discharges for which the radial

temperature fluctuation profile is shown in Figure 4-12.

5.2.2 Inner Radius Validation Study Perturbative Thermal

Diffusivity Measurements

Consider first the inner radius study, at 𝜌𝑡𝑜𝑟 = 0.49, which was performed entirely

as part of this thesis. This validation study was originally published in Reference

[64], and used the electron heat flux, ion heat flux, and electron perturbative thermal

diffusivity as validation constraints. This section will first describe the inputs to

the simulations used in both this and the next validation studies, before then going

into both the linear stability analysis results and nonlinear results. The results of

linear stability analysis will focus primarily on the interaction of ion- and electron-

modes at long wavelength in this plasma. The nonlinear results will compare heat

fluxes and the perturbative diffusivity, as well as introducing a validation metric,

which summarizes the agreement between experiment and simulation with a single

number. The validation study presented in this section represents the first example

of an ion-scale gyrokinetic simulation that agrees with the experimentally measured

perturbative diffusivity.

Some commentary on the results of just this study will be given at the end of this

subsection, but a more thorough discussion involving all four validation studies from
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this chapter will be given at the end of the chapter.

GENE Simulations

The GENE simulations in these validation studies were local, ion-scale (𝑘𝑦𝜌𝑠 < 2.3),

where 𝑘𝑦 is the binormal wavenumber and 𝜌𝑠 is the ion Larmor radius evaluated at

the electron temperature, and nonlinear. These simulations included electromagnetic

effects, used a realistic electron to ion mass ratio, included the effects of impurities

through an effective charge 𝑍𝑒𝑓𝑓 (to be discussed in further detail later), and treated

collisions with a linearized Landau-Boltzmann operator. The simulations utilized the

real experimental magnetic equilibrium, as reconstructed with the CLISTE code [48].

These nonlinear simulations included two gyrokinetic species (electrons and main

deuterium ions), 128 grid points in the radial direction, 48 bi-normal modes (corre-

sponding to 96 grid points due to the hermiticity of the Fourier coefficients for real

quantities [102]), 24 grid points in the parallel direction, 48 grid points in parallel ve-

locity, and 16 grid points in magnetic moment (for a resolution of 128×96×24×48×16

grid points). The binormal wavenumber 𝑘𝑦𝜌𝑠, which determines whether the simula-

tions are ion-, electron-, or multi-scale, ranged from 0.048 to 2.3, corresponding to a

minimum finite toroidal mode number of 5. Keeping modes up to 𝑘𝑦𝜌𝑠 = 2.3 ensures

that no ion-scale dynamics are lost, even if some modes extend to slightly shorter

wavelength than the ion Larmor radius. The simulation box extended 113.5 𝜌𝑠 in the

radial direction, up to 3𝑣𝑡ℎ,𝑗 in the parallel velocity (where 𝑣𝑡ℎ,𝑗 =
√︀

2𝑇0𝑗/𝑚𝑗), and

up to 9𝑇0𝑗/𝐵𝑟𝑒𝑓 in the magnetic moment. In both of the validation studies described

here, convergence checks were performed on the simulation resolution and box size

(except in bi-normal modes, as this would begin to extend into the electron scale) in

order to ensure that the results were numerically robust.

Table 5.4 summarizes the experimental inputs used in the GENE simulations for

both validation studies described in this section. Note that some parameters that
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Table 5.4: Inputs to the GENE simulations at both the inner (Subsection 5.2.2) and
outer (Subsection 5.2.3) radii. The magnetic shear is 𝑠 and the 𝐸 × 𝐵 shearing rate
is 𝛾𝐸×𝐵. All values are the nominal experimental values, except for the values of the
normalized temperature gradient scale lengths in parentheses, which are for the heat
flux matched cases of each validation study (𝑎/𝐿𝑇𝑖

down by 19% and 𝑎/𝐿𝑇𝑒 down by
12% for the inner radius study, and 𝑎/𝐿𝑇𝑖

unchanged and 𝑎/𝐿𝑇𝑒 down by 13% for
the outer radius study).

Quantity Inner Radius Study Outer Radius Study
𝜌𝑡𝑜𝑟 0.49 0.75
𝑞 1.42 2.28
𝑠 0.728 1.923

𝛾𝐸×𝐵 [𝑎/𝑐𝑠] 0.0042 0.0168
𝑎/𝐿𝑇𝑖

1.59 (1.29) 5.11
𝑎/𝐿𝑇𝑒 3.27 (2.88) 2.65 (2.31)
𝑎/𝐿𝑛 0.926 1.46

𝑇𝑒 [keV] 1.57 0.60
𝑛𝑒 [1019 m−3] 2.14 1.53

𝑇𝑖/𝑇𝑒 0.41 0.65
Zeff 1.6 1.6

𝛽𝑒 [%] 1.96 5.39
𝜈𝑐 0.000209 0.000952

𝜈𝑒𝑖 [𝑎/𝑐𝑠] 0.081 0.370
𝑅𝑎𝑥𝑖𝑠 [m] 1.65 1.65
𝑟𝑚𝑖𝑛𝑜𝑟 [m] 0.325 0.47

𝐵𝑟𝑒𝑓 = 𝐵0 [T] 2.626 2.626
𝐿𝑟𝑒𝑓 = 𝑎 [m] 0.652 0.652
𝑐𝑠 [km/s] 274.16 170.30
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don’t depend on the radial location of the plasma are the same in both studies.

All of these values are the nominal experimental values, except for those values in

parenthesis, which represent variations of the input temperature gradients within

experimental uncertainty in order to best match the validation constraints.

Linear Stability Results

Consider first the results of linear stability analysis performed on the discharge in

question. Figure 5-8 (a) shows the linear stability analysis for the nominal exper-

imental gradients, and (b) shows the linear stability analysis for a case where the

temperature gradients have been adjusted within experimental uncertainty to bet-

ter match the nonlinear heat flux validation constraints (𝑎/𝐿𝑇 𝑖 reduced by 19% and

𝑎/𝐿𝑇𝑒 reduced by 12%). The nonlinear heat flux results will be described in greater

detail below, but the linear results from the ‘flux-matched’ simulation are shown

here for comparison. In this figure, blue points represent modes with a positive real

frequency, indicative of modes moving in the ion drift direction. Red points repre-

sent modes with a negative real frequency, indicative of modes moving in the electron

drift direction. Note that the frequency sign convention is opposite for the GENE and

GYRO codes. Finally, diamonds show the dominant mode at a given wavenumber,

and circles show the largest subdominant mode.

While one can analyze various aspects of the linear stability results, perhaps the

most pertinent observation in Figure 5-8 is that in both cases the plasma is mixed

mode at low wavenumber, particularly in the nominal case, where ion- and electron-

modes alternate as the dominantly growing mode. In the nominal case, the TEM-like

mode is dominant throughout the low-k region, except for around 𝑘𝑦𝜌𝑠 ≈ 0.9 where

the ITG-like mode briefly becomes dominant. In the flux-matched case (with 𝑎/𝐿𝑇 𝑖

reduced by 19% and input 𝑎/𝐿𝑇𝑒 reduced by 12%) the electron (TEM) mode is always

dominant, though the ion (ITG) mode growth rate nearly equals that of the electron
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(a) (b)

Figure 5-8: Linear stability results at 𝜌𝑡𝑜𝑟 = 0.49 of ASDEX Upgrade discharge
33585. Blue points have positive real frequency (the ion diamagnetic direction) and
red points have negative real frequency (the electron diamagnetic direction). (a)
shows the linear growth rates of the dominant and secondary modes for the nominal
experimental parameters and (b) shows the results for the heat flux matched case
(𝑎/𝐿𝑇 𝑖 reduced by 19% and 𝑎/𝐿𝑇𝑒 reduced by 12%). Originally from Reference [64].

mode at around 𝑘𝑦𝜌𝑠 ≈ 1.0. This strongly mixed mode character of the plasma

foreshadows the unintuitive nonlinear dependence of the electron and ion heat fluxes

on both temperature gradients that are discussed below.

The results of linear stability analysis were also used to justify running simulations

with a 𝑍𝑒𝑓𝑓 parameter rather than with a third gyrokinetic impurity species. In

general, a simulation with a 𝑍𝑒𝑓𝑓 parameter captures only some of the effects of

impurities in a plasma, such as the effect on collisionality. It does not, however

capture the effect of dilution (the discrepancy between electron and main ion density)

or instabilities caused by the impurity ions themselves. In some cases, the 𝑍𝑒𝑓𝑓

parameter does sufficiently capture the impact of impurities in the plasma, especially

in cases where there is not a particularly large impurity content, and where the plasma

dilution is low. On the other hand, one must sometimes run a simulation with a third

gyrokinetic species in order to properly model the plasma turbulence (as was done

in the Alcator C-Mod GYRO simulations in Section 5.1). The downside of doing so

is that including a third gyrokinetic species considerably increases the computational
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resources required by the simulation.

Linear stability results for the nominal experimental inputs were compared be-

tween simulation cases run with 𝑍𝑒𝑓𝑓 and with a third gyrokinetic species in order to

determine the feasibility of saving computational time by using 𝑍𝑒𝑓𝑓 in the nonlin-

ear simulations. Since ASDEX Upgrade’s plasma facing components are dominantly

either made of tungsten or tungsten-coated [40], tungsten was chosen as the represen-

tative impurity. The tungsten impurity was partially ionized to +46, as is suggested

in Reference [145].

The linear growth rates from the simulation with a tungsten impurity and the

simulation with 𝑍𝑒𝑓𝑓 vary by less than 6% up to 𝑘𝑦𝜌𝑠 . 1.0 (and on average by less

than 5%), which is past the peak in the linear growth rates. The linear results do differ

slightly more at higher wavenumber, and the average difference for all wavenumber

included in the nonlinear simulations (up to 𝑘𝑦𝜌𝑠 = 2.3) is approximately 12 %. The

dilution of the plasma is less than 2% (the main ion density is approximately 98.7%

of the electron density).

Since the linear stability results differ only slightly up to the dominantly unstable

wavenumber, it was determined that for this particular instance, using a simulation

with 𝑍𝑒𝑓𝑓 would sufficiently capture the effects of impurities in the plasma, and that

it was not necessary to perform nonlinear runs with a gyrokinetic impurity species.

Nonlinear Validation Results

This study will now compare the experimentally measured heat fluxes with the results

of nonlinear GENE simulations. As is standard practice in validation studies, the

input temperature gradients were varied within experimental uncertainty (20% for

𝑎/𝐿𝑇𝑒 and 30% for 𝑎/𝐿𝑇 𝑖) in order to try to obtain a ‘heat flux matched’ case, in which

the experimental and simulated ion and electron heat fluxes agree within uncertainty.

The existence of such a case, for which inputs are varied within uncertainty and
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outputs agree within uncertainty, is an important validation result in its own right.

In addition, the input scans performed during the search for such a case offer insight

into the way in which the heat fluxes depend nonlinearly on the input gradients.

First, consider the manner in which one calculates the experimental and simulated

heat fluxes for comparison. As described in Chapter 2, the experimental heat fluxes

are calculated with the power balance transport solver TRANSP [146], giving 𝑃𝑒 =

0.67 MW and 𝑃𝑖 = 0.21 MW for this radius of this discharge. Recall that in this

thesis, 𝑃𝑗 refers to a total power in MW while 𝑄𝑗 refers to a heat flux in MW/m2

(𝑃𝑗 = 𝑆 · 𝑄𝑗, where 𝑆 is the flux surface area). As described before, uncertainties

in the inputs to TRANSP are propagated through the code’s governing equations to

obtain uncertainties of 18% for 𝑃𝑒 and 26% for 𝑃𝑖.

The GENE heat fluxes are then calculated by averaging the heat flux output of

the simulation (adding both electrostatic and electromagnetic contributions to the

total heat flux) over several hundred 𝑎/𝑐𝑠 times, where 𝑐𝑠 is the sound speed. The

ratio of 𝑎/𝑐𝑠 gives the characteristic time of the simulation output. The simulation

outputs the heat fluxes many times during each 𝑎/𝑐𝑠 time, so these averages typically

contain several thousand data points. One must also ensure that the time averaging

only begins after initial transients in the simulation have died off, and the effects of

𝐸×𝐵 shear (if it is initialized after the simulation begins) have come to equilibrium.

This averaging process is illustrated in Figure 5-9, which shows data from the heat

flux matched GENE run (𝑎/𝐿𝑇 𝑖 reduced by 19% and 𝑎/𝐿𝑇𝑒 reduced by 12%). In

this figure, the turquoise region highlights the time period over which the simulation

results were averaged. In this simulation, there is an initial transient as the heat

fluxes grow, then the effects of 𝐸 × 𝐵 shear were activated at 𝑡 = 250𝑎/𝑐𝑠 (the

vertical dashed line). After the transient caused by the 𝐸 × 𝐵 shear has died out,

the averaging begins at 𝑡 = 375𝑎/𝑐𝑠 and continuing for an additional 540 𝑎/𝑐𝑠. The

average heat fluxes are represented as the horizontal dashed lines. The uncertainty
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Figure 5-9: Heat flux output during GENE simulation of ASDEX Upgrade discharge
33585 at 𝜌𝑡𝑜𝑟 = 0.49. This is the heat flux matched case, with 𝑎/𝐿𝑇 𝑖 reduced by
19% and input 𝑎/𝐿𝑇𝑒 reduced by 12%. The data is plotted as Gyro-Bohm heat flux
(electrostatic plus electromagnetic) against simulation time in units of 𝑎/𝑐𝑠. Electrons
are in red and ions are in blue. Averaging was performed over the turquoise region,
with the dashed lines representing the average heat flux. Originally from Reference
[64].

on this average is calculated using the method described in Reference [147].

For the particular case shown in Figure 5-9, the average heat fluxes are 𝑄𝑒 =

(2.13±0.06)𝑄𝐺𝐵 and 𝑄𝑖 = (0.48±0.04)𝑄𝐺𝐵, where 𝑄𝐺𝐵 is the Gyro-Bohm heat flux

[148], a theoretical prediction of how turbulent heat fluxes should scale with various

plasma parameters. These values are then converted to powers (units of MW) by

multiplying by 𝑄𝐺𝐵 and the flux-surface area to get 𝑃𝐺𝐸𝑁𝐸
𝑒 = 0.73 MW and 𝑃𝐺𝐸𝑁𝐸

𝑖 =

0.16 MW. This agrees with the experimental values (𝑃𝐸𝑥𝑝
𝑒 = 0.67 ± 0.12 MW and

𝑃𝐸𝑥𝑝
𝑖 = 0.21±0.06 MW) within uncertainty. This averaging procedure was used on all

of the simulations presented in this study, including those used to check for numerical

convergence in box size and resolution. A similar procedure was used to obtain the

heat fluxes in the GYRO validation studies presented earlier in this chapter, though

the fact that the simulations were global somewhat complicates the process.

One interesting observation in Figure 5-9 is that even though there is a strong
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transient after the initialization of 𝐸×𝐵 shear, the average heat fluxes quickly return

to values that are very close to what they were before the effect was activated. This

same phenomenon is observed in all of the simulations in this study, and can be

explained by the relatively low value of the 𝐸 ×𝐵 shear in Table 5.4, which is much

smaller than the peak linear growth rates shown in Figure 5-8. Experimentally, the

small 𝐸 × 𝐵 shear is a result of a relatively flat rotation profile at the radius under

consideration. One should note, however, that rotation profile measurements can be

fairly uncertain, and that in cases where the 𝐸 × 𝐵 shear is more important, this

can be a potential source of uncertainty in the final simulation outputs. There is also

some disagreement within the simulation community concerning the correct way to

implement the effects of 𝐸 ×𝐵 shear in simulations.

As was described above, it is possible to separately perform ion-scale and electron-

scale simulations, calculate heat fluxes, and linearly add these results together, though

past work has shown that this procedure often gives poor agreement with real multi-

scale simulations [10, 14]. This was, for example, performed for the L- and I-mode

validation study with GYRO on Alcator C-Mod described above. The simulations

in the validation study now under consideration, however, have a very low ratio of

peak growth rate at the electron scales to the peak growth rate at the ion-scales (see

Figure 5-8), and so it is unlikely that electron scales will contribute significantly to

the heat flux. The importance of the ratio of the electron- to ion-scale peak growth

rates will be discussed in further detail in Chapter 6. For this reason, only ion-scale

simulations are performed as part of this study.

In practice, the heat flux matched simulation shown in Figure 5-9 was obtained

iteratively, first using the nominal experimental inputs in the simulation, and then

adjusting 𝑎/𝐿𝑇 𝑖 and 𝑎/𝐿𝑇𝑒 within the experimental uncertainty in order to obtain

better matches with the experimental heat fluxes. Table 5.5 shows the results of

some of these simulations, not including some simulations that were clearly not going
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Table 5.5: Summary of the nonlinear GENE simulations performed as part of this
validation study. The table contains the input normalized gradient scale lengths
(relative to the nominal experimental parameters), the simulation time over which
averaging was performed, and the output heat fluxes. Rows are in order of decreasing
ion temperature gradient and then decreasing electron temperature gradient. In Gyro-
Bohm units, the experimental heat fluxes were 𝑄𝑒𝑥𝑝

𝑒 = 1.97 ± 0.35 𝑄𝐺𝐵 and
𝑄𝑒𝑥𝑝

𝑖 = 0.62 ± 0.16 𝑄𝐺𝐵, where 𝑄𝐺𝐵 = 0.016 MW/m2. The heat flux matched
simulation is highlighted in green. Originally from Reference [64].

𝑎/𝐿𝑇𝑖
𝑎/𝐿𝑇𝑒

Averaged
𝑎/𝑐𝑠

𝑄𝑖/𝑄𝐺𝐵 𝑄𝑒/𝑄𝐺𝐵

Nominal Nominal 110 2.50 ± 0.15 5.03 ± 0.22
−10% Nominal 179 1.08 ± 0.08 4.41 ± 0.29
−19% −12% 540 0.48 ± 0.04 2.13 ± 0.06
−20% Nominal 180 0.93 ± 0.06 7.12 ± 0.55
−20% −13% 370 0.41 ± 0.05 2.01 ± 0.24
−20% −15% 595 0.56 ± 0.02 1.42 ± 0.08
−20% −20% 300 1.02 ± 0.03 1.47 ± 0.03
−21% −15% 375 0.43 ± 0.03 1.53 ± 0.07
−22% −15% 290 0.34 ± 0.01 2.08 ± 0.05
−24% −15% 195 0.43 ± 0.02 3.03 ± 0.11
−25% −15% 300 0.37 ± 0.03 2.63 ± 0.24

to match the experimental heat fluxes and so were terminated before a reasonable

averaging time had been completed (in order to save computational resources). Since

the relationship between the heat fluxes and gradients in highly nonlinear, the itera-

tion process can be rather non-intuitive and often requires many simulations. These

scans are still, however, interesting in their own right, as they reveal more about the

nature of the turbulent modes that are active in this discharge.

The first significant result is that one is indeed able to find a heat flux matched

solution, as was described above. This flux matched simulation will also be the one

that is compared to the perturbative diffusivity in the next section. Also interesting

is the result that one must change both 𝑎/𝐿𝑇 𝑖 and 𝑎/𝐿𝑇𝑒 simultaneously in order to

match the electron and ion heat fluxes. Not only this, but one must change both
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gradients to match just the ion heat flux, which was perhaps foreshadowed by the

mixed mode nature of the plasma revealed by the linear stability analysis.

More specifically, Table 5.5 shows that the nominal experimental gradients over-

predict 𝑄𝑖 by almost a factor of four and 𝑄𝑒 by more than a factor of two. The next

simulation, which reduced 𝑎/𝐿𝑇 𝑖 by 10%, reduced the overprediction to roughly a

factor of two in both 𝑄𝑖 and 𝑄𝑒. Further reducing 𝑎/𝐿𝑇𝑖 to 20% below the nominal

value has little effect on the ion heat flux, but worsens the overprediction of the elec-

tron heat flux. This initial scan of 𝑎/𝐿𝑇 𝑖 indicated that one would have to change

both 𝑎/𝐿𝑇𝑒 and 𝑎/𝐿𝑇 𝑖 in order to match either heat flux.

Figure 5-10: GENE electron and ion heat fluxes as a function of input electron
temperature gradient (all at the same ion temperature gradient), compared to the
experimental value. Ion heat fluxes are in blue and electrons in red. GENE values
are given by the triangles, with uncertainty represented as the error bars. The exper-
imental values are given as the solid lines, with uncertainty represented as the shaded
regions. Originally from Reference [64].

Consider changing 𝑎/𝐿𝑇𝑒 from nominal to 20% below nominal at fixed 𝑎/𝐿𝑇 𝑖 (20%

below nominal), which is shown in Figure 5-10. In this figure, the electron channel is

shown in red and the ion channel is shown in blue, with uncertainty represented as

the shaded regions. Initially, reducing 𝑎/𝐿𝑇𝑒 from the nominal value reduces 𝑃𝑒 from
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a large overprediction to roughly the experimental level (at 13% below the nominal

value), agreeing within uncertainty. Further reduction brings the predicted 𝑃𝑒 below

the experimental level, but then leads to a slight increase beyond 15% below the

nominal value. Interestingly, 𝑃𝑖 shows fairly strong non-monotonic behavior as one

decreases 𝑎/𝐿𝑇𝑒, since 𝑃𝑖 initially decreases with decreasing 𝑎/𝐿𝑇𝑒 and then later

increases. Note that if one considers both experimental and simulation uncertainty,

the simulation at -20% 𝑎/𝐿𝑇 𝑖 and -13 % 𝑎/𝐿𝑇𝑒 agrees with experiment, though not

as well as the flux matched simulation described above.

Figure 5-11: GENE electron and ion heat fluxes as a function of input ion temperature
gradient (all at the same electron temperature gradient), compared to the experimen-
tal value. Ion heat fluxes are in blue and electrons in red. GENE values with 𝑎/𝐿𝑇𝑒

- 15 % are given by the triangles, with uncertainty represented as the error bars. The
experimental values are given as the solid lines, with uncertainty represented as the
shaded regions. The flux matched case (𝑎/𝐿𝑇𝑒 - 12% and 𝑎/𝐿𝑇𝑒 - 19%) is shown as
the diamonds. Originally from Reference [64].

In addition, a scan of 𝑎/𝐿𝑇 𝑖 at fixed 𝑎/𝐿𝑇𝑒 (15% below the nominal value) was

performed, and is shown in Figure 5-11 as the circles. This figure also shows the

flux matched simulation as diamonds for the sake of comparison. Note that Figures

5-10 and 5-11 have different x- and y-axes. This figure reveals weaker non-monotonic

behavior than for the scan of 𝑎/𝐿𝑇𝑒, but it does occur outside of the simulation
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uncertainty. Note also that the point at -20 % 𝑎/𝐿𝑇 𝑖 and -15% 𝑎/𝐿𝑇𝑒 is the same on

both figures. This observed non-monotonic behavior of the heat fluxes with regards

to the temperature gradients is consistent with the mixed-mode nature of the plasma

revealed by the linear stability results.

It is worth recognizing that a few points on both of these plots agree with 𝑃𝑖

within uncertainty, but under-predict 𝑃𝑒 by some amount. As discussed above, it is

possible that purely electron scale turbulence contributes some small portion of the

electron heat flux, though the small linear growth rates at these scales suggest that

this contribution would be minimal. It is therefore possible that if one linearly added

electron- and ion-scale contributions some of these simulations would agree with the

experiment within uncertainty. As stated before, however, linearly adding different

scales in not particularly rigorous and for this reason the flux matched simulation

from above is taken as the closest match to experiment.

Now that a heat flux matched simulation has been identified, the experimentally

measured electron perturbative thermal diffusivity will be applied as an additional

validation constraint. Using the method described in Chapter 3, the experimental

perturbative diffusivity in this discharge was 𝜒𝑝𝑒𝑟𝑡
𝐸𝑥𝑝 = 7.7 ± 2.3 m2/s, averaged over

the radial range of 𝜌𝑡𝑜𝑟 = 0.44−0.54. The radial extent of the perturbative diffusivity

measurement is the reason that the GENE simulation location was chosen to be

𝜌𝑡𝑜𝑟 = 0.49.

The simulation perturbative diffusivity is calculated in the same manner as for the

GYRO validation study presented earlier in this chapter, scanning the input electron

temperature gradient up and down by 6% and 12% (a smaller range was used due

to the smaller amplitude heat pulses on ASDEX Upgrade) and then taking the slope

of the flux-gradient relationship.

In terms of time scales, the heat pulse propagates much more slowly than any

turbulence time scale. Quantitatively, the sawtooth period is approximately 25 ms,
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while the 𝑎/𝑐𝑠 time scale of the turbulence is approximately 2.4 𝜇s. Even if the

turbulence saturation time is 100 𝑎/𝑐𝑠, there are still 100 saturation times in a single

sawtooth period.

Figure 5-12: The experimental and simulation perturbative thermal diffusivities from
ASDEX Upgrade discharge 33585. Red squares represent GENE simulations, show-
ing the electron heat flux for a given 𝑎/𝐿𝑇𝑒 input. The circled simulation is the
flux matched case. The dashed red line is an exponential fit to the five GENE sim-
ulations, and the solid line is the tangent to this fit at the flux matched simula-
tion. The turquoise line is the experimental perturbative diffusivity, with uncertainty
represented as the shaded region. One should compare the solid red line with the
dash-dotted turquoise line. Figure originally from Reference [64].

The result of the perturbative thermal diffusivity analysis in GENE is shown

in Figure 5-12. The flux matched simulation just described is the circled point in

the plot, and the experimental value of the perturbative diffusivity is the slope of

the dash-dotted turquoise line going through the heat flux matched simulation (the

shaded region represents the experimental uncertainty).

GENE simulations are represented as red squares on this plot and are fit with

an exponential curve (the red dotted line). The slope of this fit at the flux-matched

simulation (the line tangent to to the fit curve) is shown as the solid red line, which

gives a perturbative diffusivity value of 8.8 m2/s. The simulation value of the pertur-
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bative diffusivity therefore agrees with the experimentally measured value of 7.7±2.3

m2/s within uncertainty. Note that if one uses a linear fit to the GENE simulations,

instead of an exponential fit, one calculates a perturbative diffusivity of 11.3 m2/s,

which is slightly outside of the experimental uncertainty. This result highlights the

importance of careful fitting of the simulation data when calculating the simulation

perturbative diffusivity.

This agreement contrasts starkly with the results of ion-scale gyrokinetic sim-

ulations on Alcator C-Mod, such as those presented earlier in this chapter and in

References [10, 14, 17, 55, 100]. In all of these past cases, ion-scale gyrokinetic sim-

ulations severely under-predicted the perturbative diffusivity, by up to an order of

magnitude as in the L- and I-mode study presented earlier. This under-prediction

even occurred in situations where the gyrokinetic code was able to match the experi-

mental electron and ion heat fluxes [17], and only by running a multi-scale simulation

was it possible to resolve the discrepancy.

The agreement between experiment and simulation found in this case strongly sup-

ports the theory that multi-scale effects and cross-scale coupling are very important

in turbulent transport in some plasma conditions, and less important in other cases

for which ion-scale simulations are sufficient. This is discussed further later in this

chapter, and the question of what differentiates these cases is part of the motivation

behind the multi-machine, multi-discharge validation study presented in Chapter 6.

Now that all three validation comparisons have been made (ion heat flux, electron

heat flux, and perturbative diffusivity) it is possible to reduce the overall agreement

between simulation and experiment to a single parameter, also known as a validation

metric. In particular this thesis will make use of the Ricci metric, 𝜒𝑅𝑖𝑐𝑐𝑖, originally

described in Reference [149] and further explained in Appendix D. This 𝜒𝑅𝑖𝑐𝑐𝑖 is not

to be confused with the perturbative diffusivity 𝜒𝑝𝑒𝑟𝑡
𝑒 . The Ricci metric is essentially

a weighted sum of the differences between the experimental and simulated quantities,
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bound between 0 and 1.0. Lower values of 𝜒𝑅𝑖𝑐𝑐𝑖 represent better agreement, and one

can select a value below which the simulation is said to agree overall, depending on

how strictly one wishes to define agreement. A cutoff somewhere between 0.1 and 0.5

is common. Using the three constraints in this validation give 𝜒𝑅𝑖𝑐𝑐𝑖 = 0.05, indicating

excellent agreement. This agreement is better than the agreement calculated in the

next validation study, though different constraints are used there.

Effect of Collisionality on Simulation Perturbative Diffusivity

Finally, the GENE simulations prepared for this validation study can also be used to

investigate the experimentally observed trend of perturbative diffusivity with colli-

sionality that was described in Chapter 3. Recall that experimentally, 𝜒𝑝𝑒𝑟𝑡
𝑒 was shown

to scale as (𝜈𝐺𝐸𝑁𝐸)−0.44 across both Alcator C-Mod and ASDEX Upgrade plasmas.

The discharge in this validation study, ASDEX Upgrade 33585, was one of those used

in that correlation, and is circled in green in Figure 3-9.

To try to understand why ion-scale gyrokinetic simulations agreed well with per-

turbative diffusivity in the study here but not in those earlier in this chapter, the

GENE collisionality for the flux-matched simulation was artificially raised by an or-

der of magnitude and the simulation was rerun with all other parameters the same.

The input 𝑎/𝐿𝑇𝑒 into this higher collisionality simulation was also scanned up and

down 12 %, and a perturbative diffusivity was calculated by a fit to set of three

simulations.

This calculation resulted in a perturbative diffusivity of 0.23 m2/s, which is a

factor of 38 lower than the nominal collisionality for the flux matched case, which

gave 8.8 m2/s. Based on the experimental trend, (𝜈𝐺𝐸𝑁𝐸)−0.44, one would expect

the perturbative diffusivity to decrease by only a factor of roughly 3 when the col-

lisionality is increased by a factor of 10 (10−0.44 ≈ 0.36). The simulation therefore

overestimates the strength of the dependence of the perturbative thermal diffusivity
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on collisionality, predicting a much stronger decrease of perturbative diffusivity with

increasing collisionality than is observed experimentally.

Note that this particular investigation of the dependence of the perturbative dif-

fusivity on collisionality is not intended as a direct validation study, but instead as a

search for insight into reasons for the dependence on collisionality. While it is possible

to scan the experimental collisionality while keeping other dimensionless parameters

constant, this particular study did not do so, instead just scanning the simulation col-

lisionality without any reference to a specific experimental discharge. In the future,

it may be worthwhile to perform such collisionality scans in order to investigate the

dependence more directly.

One interesting result of the simulation collisionality scan is that the very small

value predicted for the perturbative diffusivity, 0.23 m2/s, is very similar to the values

predicted by the ion-scale gyrokinetic simulations of higher collisionality Alcator C-

Mod plasmas that were presented in the first half of this chapter. In other words,

when the collisionality of the discharge considered in this validation study is increased

to be similar to that observed in Alcator C-Mod, then a similar order of magnitude

under-prediction of the experimentally expected perturbative diffusivity is observed.

This suggests that perhaps the low collisionality of the plasma simulated in this work

is related to the agreement found between ion-scale simulations and experiment, as

opposed to the high collisionality plasmas considered in previous studies.

As will be discussed further at the end of this chapter, this may be related to

the impact of the collisionality on the relative strength of ITG and TEM turbu-

lence, as well as the balance between ion- and electron-scale phenomena. In other

words, changing the collisionality changes the relative importance of different tur-

bulent modes, impacting the ability of ion-scale simulations to accurately model the

plasma behavior.

198



Conclusions and Discussion of Inner Radius GENE Validation on ASDEX

Upgrade

To summarize the results of this particular validation study, local (𝜌𝑡𝑜𝑟 = 0.49), non-

linear, ion-scale GENE simulations were able to simultaneously match experimentally

measured ion heat flux, electron heat flux, and electron perturbative thermal diffu-

sivity within experimental uncertainty. Linear stability analysis revealed that this

plasma is strongly mixed-mode in the ion-scale range, with ion- and electron-modes

alternating as the dominantly unstable mode. In order to simultaneously match the

ion and electron heat fluxes with nonlinear simulations, both 𝑎/𝐿𝑇 𝑖 and 𝑎/𝐿𝑇𝑒 were

adjusted within experimental uncertainty. This same heat flux matched simulation

also agreed with the experimentally measured perturbative diffusivity, measured ex-

perimentally using partial sawtooth heat pulses and calculated from the simulation

by scanning 𝑎/𝐿𝑇𝑒. A scan of the simulation collisionality suggested that the low

collisionality in this particular discharge may be related to the better match between

simulation and experiment (likely due to its effect on the relative importance of dif-

ferent turbulent modes). This set of simulations is the first ion-scale simulation that

has been able to match the experimental perturbative diffusivity.

Consider now how this result fits into the larger validation picture. As has been

made increasingly clear by the validation studies presented in this chapter, and others

in recent years, such as those in References [10, 11, 12, 13, 14, 15, 16, 17, 55, 64, 144],

multi-scale effects and cross-scale coupling are in some instances absolutely vital in

order to find agreement between gyrokinetic simulations and experiment. In other

cases, however, such as the one presented here, ion-scale simulations are able to

match the experiment without the inclusion of multi-scale effects. Cases have now

been identified in which: ion-scale simulations miss both the experimental heat fluxes

and perturbative diffusivity [14, 55, 100], and only multi-scale simulations are able

to match the experiment [14]; ion-scale simulations match heat fluxes, but miss the
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perturbative diffusivity, while multi-scale simulations match everything [17]; and ion-

scale simulations simultaneously match heat fluxes and perturbative diffusivity (the

study just presented).

In practical terms, this range of results indicates that it is not always necessary

to run enormously expensive multi-scale simulations, and that instead ion-scale sim-

ulations are fully sufficient. The difficult part is determining when this is the case,

without first running all of the simulations and comparing to experiment, as would

be necessary when eventually using the simulations predictively for a future machine.

This question is precisely the motivation for the study presented in Chapter 6, and

as such will be discussed further at that point. The topic is, however, worth a brief

discussion at this point, as the methodology presented later builds off of what was

learned through the validation studies here.

Earlier in this validation study it was mentioned that the collisionality, and thus

the balance of ITG and TEM turbulent modes at long wavelengths, may have some

correlation to the ability of ion-scale simulations to match experimental measure-

ments. This is investigated further in Chapter 6, and is shown to likely be one piece

of a larger picture concerning the relative strength of different turbulent modes. Sim-

ilarly, past work has suggested that the ratio of turbulence linear growth rates at

high-wavenumber to those at low-wavenumber may also be related to the ability of

ion-scale simulations to match experimental measurements [14, 17]. Intuitively, in-

creasing the drive of electron scale turbulence relative to ion-scale turbulence would

increase the importance of electron-scale phenomena, and thus the importance of

multi-scale physics.

Specifically, one is interested in the ratio 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘, where 𝛾ℎ𝑖𝑔ℎ-𝑘 is the max-

imum linear growth rate of any mode above 𝑘𝑦𝜌𝑠 & 2.0, and 𝛾𝑙𝑜𝑤-𝑘 is the maximum

linear growth rate of any mode below 𝑘𝑦𝜌𝑠 . 2.0. This particular metric won’t distin-

guish between the importance of purely electron-scale phenomena and the importance
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of cross-scale coupling, as it just compares the electron- and ion-scale turbulent drive,

but it should give some general indication of the importance of electron-scale turbu-

lence. This distinction is addressed further in Chapter 6.

Reference [14] suggested that plasmas in which 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 . 40 may not have

significant mutli-scale effects, and that ion-scale simulations would therefore be suffi-

cient. More recently, however, Reference [17] presented a case in which 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 ≈

30 in which multi-scale interactions were required in order to match the experimental

perturbative diffusivity (but not the heat fluxes). The exact value of 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘

below which multi-scale effects are unimportant may therefore be somewhat less than

the value of 40 originally proposed.

Using the linear stability results for the discharge presented in this validation

study, one calculates 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 ≈ 19 for the nominal experimental parameters and

𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 ≈ 15 for the flux matched simulation. Both of these values are much

lower than for the discharges presented in past work, and far below the values of

30 or 40 originally suggested as cutoffs. The fact that ion-scale simulations agree in

this case, but not in other with larger values of 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 is consistent with the

hypothesis that there is some cutoff value. Chapter 6 will expand upon this analysis,

showing that a slightly modified criterion is better able to predict the importance of

multi-scale effects. All of that analysis, however, was motivated by and expands upon

the work presented in this chapter.

This completes the discussion of the GENE validation study at the inner-radius

of ASDEX Upgrade discharge 33585. This chapter will present one final gyrokinetic

validation study before moving on to some overall results and discussion of what was

learned through this work.
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5.2.3 Outer Radius Validation Study with CECE Measure-

ments

The second validation study presented in this thesis using GENE on ASDEX Upgrade

focused on 𝜌𝑡𝑜𝑟 = 0.75. This study was not performed directly as part of this thesis,

but included significant contributions by the author of this thesis and utilized both

hardware and analysis from this thesis. For this reason, somewhat less detail is

given for this study than for the first validation study in this section. The work was

originally presented in Reference [107].

At this radial location, measurements of heat fluxes (from TRANSP), electron

temperature fluctuations (from CECE), radial correlation lengths (from CECE), and

n-T phase (from CECE and reflectometry) were available. While this thesis is not

generally focused on the details of radial correlation length and n-T phase measure-

ments, a brief description of both is given here.

Radial Correlation Length and n-T Phase Measurements

Radial correlation length measurements are based on all of the same fundamental

principles as normal CECE measurements, but instead of just two radially separated

channels, they require a set of many radially separated channels. In traditional CECE

measurements, one wishes to have the two radiometer channels as close as possible

without actually overlapping, in order to ensure that one is measuring the same

turbulent features without measuring the same thermal noise. In order to make

radial correlation length measurements, one uses a series of many radially spaced

channels, and calculates the coherence between the frist channel and the second, the

first and the third, the first and the fourth, and so on. In this manner, one is able

to measure how the correlation between channels decreases as the channel spacing

increases. The fall-off of this coherence is a measure of the radial correlation length.
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Since the upgraded CECE system on ASDEX Upgrade contains a comb of many

closely spaced channels, no hardware adjustments are necessary in order to measure

radial correlation lengths. One simply uses the same data that was recorded for the

CECE measurements in order to also calculate the radial correlation length. This is

one of the key strengths of such a system design.

In addition, one can use a CECE system in concert with a reflectometer to mea-

sure the phase angle between temperature and density fluctuations at the same ra-

dial location. Both theoretical and experimental work indicates that the n-T phase

angle is intimately linked to the fundamental nature of different turbulent modes

[150, 151, 152]. Thus, by measuring the n-T phase angle, one is able to constrain the

relative mix of ion temperature gradient (ITG) and trapped electron modes (TEM) at

long wavelength. This provides yet another validation constraint on gyrokinetic sim-

ulations, as one cannot arbitrarily change the mix of the long wavelength turbulence

in order to match the heat fluxes or other constraints.

Experimentally, n-T phase measurements are relatively difficult and have only

been published in a few select instances [150, 151, 152]. While there are quite a

few intricacies of the measurement that will not be covered here, the general idea

is that one measures density fluctuations and temperature fluctuations at the same

location at the same time and then calculates the phase angle between the two sets

of data. This is done by coupling a CECE radiometer and a reflectometer through

the same optics. The CECE system passively collects ECE from the plasma, while

the reflectometer actively launches a wave into the plasma, which is then reflected

at the wave’s cutoff frequency. The location of the reflection depends on the type

of wave launched (X- or O-mode) and the density of the plasma. In particular, the

CECE system on ASDEX Upgrade is coupled to the reflectometer systems described

in References [106, 153, 154].

One of the main experimental difficulties, then, is ensuring that the reflectometer
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cutoff aligns exactly with one of the CECE measurement locations, especially con-

sidering uncertainties in the density measurements in tokamak plasmas. Again, this

task is made easier by the large number of channels in the ASDEX Upgrade CECE

system, which cover a large radial region of the plasma, as the reflectometer can align

with any of the channels in the system. The resulting cross-phase calculation, using

the phase of the cross-correlation between the reflectometer and radiometer signals,

gives a phase angle spectrum, as the n-T phase angle may depend on the fluctuation

frequency, which can then be compared to the outputs of gyrokinetic simulations.

Outer Radius GENE Validation Results on ASDEX Upgrade

As discussed above, most of the GENE simulation settings were exactly the same

in this study as in the inner-radius study, with the exception of the local plasma

parameters. These parameters are summarized in Table 5.4. As stated earlier, the

GENE simulations in this study were not performed directly as part of this thesis, so

this section is somewhat more condensed than the last.

While many simulations were run in order to best match the validation constraints,

in the interest of brevity, only the results from the best match to the constraints will

be presented. As in the inner-radius study presented above, both the ion and electron

temperature gradients were varied within experimental uncertainty in order to match

the validation constraints. Overall, the best agreement was found for the nominal

value of 𝑎/𝐿𝑇 𝑖 (+0%) and 𝑎/𝐿𝑇𝑒 reduced by 13% (which is within the experimental

uncertainty of 20%). The five validation constraints compared here are the electron

and ion heat fluxes, the electron temperature fluctuations, the electron temperature

fluctuation radial correlation length, and the density-temperature fluctuation phase

angle.

As was discussed for the inner-radius study, heat fluxes are obtained by averaging

the outputs of the GENE simulation over many 𝑎/𝑐𝑠 times in order to ensure that
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an accurate mean value is found. With the inputs described above (nominal 𝑎/𝐿𝑇 𝑖

and 𝑎/𝐿𝑇𝑒 reduced by 13%), the simulation overpredicts the ion heat flux by 13%

(compared to an uncertainty of 26%), and under-predicts the electron heat flux by

14% (compared to an uncertainty of 18%)3. These are both within experimental

uncertainty.

Consider next the comparison with the measured temperature fluctuation spec-

trum. As in the study with GYRO on Alcator C-Mod, a synthetic diagnostic must be

applied to the outputs of GENE in order to meaningfully compare with experimental

measurements. As in that case, a two-dimensional Gaussian emission volume was

chosen to model the diagnostic measurement region. An ECE radiation transport

model [155] was used to estimate the radial dimension, giving a 1/e radial width

of 4.7 mm. This model takes into account the finite filter bandwidth, relativistic

broadening, Doppler broadening, and beam refraction.

The beam width (the poloidal extent of the emission volume) was determined via

ex-situ measurements of the system optics, described in greater detail in [107]. These

measurements were made with a 100 GHz source, and then extrapolated to the system

frequency of 117 GHz using standard quasi-optical beam propagation techniques.

These measurements gave a 1/𝑒 electric field beam radius of approximately 15 mm

at the measurement location of interest in this plasma.

A final consideration in this study on ASDEX Upgrade that was not pertinent

to the study on Alcator C-Mod regards the differences between perpendicular and

parallel temperature fluctuations. Since the magnetic field in a tokamak introduces

anisotropy along the magnetic field, the electron temperature fluctuations parallel

and perpendicular to the magnetic field are not necessary equal. This effect is more

pronounced in less collisional plasmas, in which the plasma takes longer to thermally

3Note that the uncertainty in 𝑃𝑒 quoted here (18 %) is larger than that in Reference [107] (14%).
This is due to additional uncertainty discovered in the routines that calculate the radiated power pro-
files since the publication of that study. This increase in uncertainty only strengthens the statements
made in Reference [107].
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equilibrate, and is thus more relevant on ASDEX Upgrade than on Alcator C-Mod.

Since CECE is sensitive to the perpendicular temperature fluctuations [73], one should

really only be comparing the perpendicular fluctuations predicted by the simulation

to the experimental measurements.

GENE has the capability to separately resolve the parallel and perpendicular fluc-

tuations, making it ideal for comparison to CECE on a lower collisionality tokamak.

In the particular plasma under consideration, the perpendicular temperature fluctu-

ation level was 33% larger than the total temperature fluctuation level, making clear

the necessity of such a distinction. For this reason, the comparison made in this

section will utilize the perpendicular fluctuation level, and not the total fluctuation

level. See Reference [139] for another study that discusses the differences between

perpendicular and parallel temperature fluctuations in GENE. Note also that the dis-

tinction between perpendicular and total temperature fluctuations will be important

in Chapter 6, for which an approximate correction will be made for the ASDEX Up-

grade discharges (since the TGLF code, used in that study, is unable to separately

resolve parallel and perpendicular fluctuation levels).

With all of these factors taken into account, the final comparison between the

measured and simulated temperature fluctuation spectra are shown in Figure 5-13.

As before, uncertainty is represented as the shaded regions. Note that this particular

figure is shown as cross-power per unit frequency plotted against frequency, which

tends to exaggerate differences between two traces (since it is proportional to the

temperature fluctuation level squared). This figure clearly shows that the simulations

over-predict the measured fluctuation level, as well as over-predicting the spectrum’s

peak frequency. More quantitively, when one integrates the total fluctuation level

using the techniques described in Chapter 4, one finds a measured fluctuation level

of (̃︀𝑇𝑒,⊥/𝑇𝑒)𝑒𝑥𝑝 = 0.70 % and a simulation value of (̃︀𝑇𝑒,⊥/𝑇𝑒)𝐺𝐸𝑁𝐸 = 1.14 %. The

simulation therefore over-predicts the integrated fluctuation level by roughly 60%, far
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Figure 5-13: Comparison of experimental and simulated electron temperature fluc-
tuation spectra from 𝜌𝑡𝑜𝑟 = 0.75 in ASDEX Upgrade discharge 33585. Experimental
measurement is in turquoise and GENE output is in orange. Only perpendicular
temperature fluctuations are considered. Uncertainty is represented by the shaded
regions. Data integrated from 2 seconds of plasma operation. Figure modified from
Reference [107].

outside of the experimental uncertainty of approximately 2%.

Consider next the radial correlation length comparison, shown in Figure 5-14. As

described above, the experimental measurement is accomplished using the comb of

CECE channels, and correlating one channel with each subsequent channel in turn.

This figure is plotted as the cross-correlation (in arbitrary units) against the channel

separation in mm. The cross-correlation is similar to the complex coherence described

in Chapter 4, but is not normalized since only the spatial variation of the signal is

important for the correlation length measurement. Fitting a Gaussian to the results

shown gives 𝐿𝑟(𝑇𝑒,⊥)𝑒𝑥𝑝 = 9.8 mm and 𝐿𝑟(𝑇𝑒,⊥)𝐺𝐸𝑁𝐸 = 10.5 mm. For reference, 10

mm is approximately 6 𝜌𝑠 in this plasma. The uncertainty in this measurement is

approximately 1.5 mm, so in this case the experimental and simulation results agree

within uncertainty. Further discussion of whether or not a Gaussian is an appropriate

shape for this correlation can be found in Reference [107].
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Figure 5-14: Comparison of experimental and simulated electron temperature fluc-
tuation radial correlation length measurements for ASDEX Upgrade discharge 34626
(a repeat of 33585). Experimental measurement is in turquoise and GENE output is
in orange. Figure modified from Reference [107].

Finally, consider the phase angle between electron density and temperature fluctu-

ations, for which Figure 5-15 shows the comparison. Again, this measurement couples

the CECE system described in this thesis with reflectometers described in References

[106, 153, 154]. In general, one should only compare the measured phase angle in

the region in which there is strong coherence between the CECE and reflectometer

signals; in this case, between approximately 10 and 50 kHz. As Figure 5-15 shows,

GENE agrees quantitatively with the experimental measurement of a phase angle of

approximately 𝛼𝑛𝑇 ≈ −90∘ over this frequency range.

As described above, the density-temperature phase angle is a good means by which

to distinguish different turbulent modes (ITG and TEM) at long wavelength. For

reference, GENE simulations of this discharge for which 𝑎/𝐿𝑇𝑒 = 0 (ITG-like) gives

𝛼𝑛𝑇 = −135∘. A simulation in which 𝑎/𝐿𝑇 𝑖 = 0 (TEM-like) gives 𝛼𝑛𝑇 = −15∘. The

experimental value of 𝛼𝑛𝑇 ≈ −90∘ thus represents a value in between pure ITG and

pure TEM (as one might expect) and the agreement with the GENE result indicates

that GENE is properly capturing this mix.
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Figure 5-15: Comparison of experimental and simulated density-temperature phase
angle from ASDEX Upgrade discharge 34626 (a repeat of 33585). Experimental
measurement is in turquoise and GENE output in orange. Uncertainty is represented
by error bars. Figure modified from Reference [107].

To combine these validation constraints into a single metric, this study will again

use the Ricci metric, 𝜒𝑅𝑖𝑐𝑐𝑖, that was introduced in the last study. For the simulation

described here (with the nominal 𝑎/𝐿𝑇 𝑖 and 𝑎/𝐿𝑇𝑒 reduced by 13%), the five valida-

tion constraints (electron heat flux, ion heat flux, electron temperature fluctuation

level and radial correlation length, and n-T phase angle) together give a Ricci metric

of 𝜒𝑅𝑖𝑐𝑐𝑖 = 0.27. While this is a weaker agreement (a larger value of 𝜒𝑅𝑖𝑐𝑐𝑖) than for

the inner-radius study presented above, it is still below 0.5, and thus should still be

interpreted as an overall agreement.

To summarize this outer-radius validation study, a local, nonlinear, ion-scale

GENE simulation at 𝜌𝑡𝑜𝑟 = 0.75 in ASDEX Upgrade discharge 33585 was able to

simultaneously match the experimental electron heat flux, ion heat flux, electron

temperature fluctuation radial correlation length, and density-temperature fluctua-

tion phase angle within experimental uncertainty. The simulation did disagree with

the measured total fluctuation level, but given the good agreement with the other

four constraints, a combined validation metric, 𝜒𝑅𝑖𝑐𝑐𝑖, indicates that overall, the sim-
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ulations agreed with the experiment.

There are a number of possible explanations for the discrepancy in the electron

temperature fluctuation level from experiment and simulation. One possible issue is

the CECE beam size, which can have a large impact on the total measured fluctuation

level, as was described in Chapter 4. Reference [107] describes in detail the measure-

ments of the beam size, and also reports that the beam size would need to be a factor

of 2 smaller than the measured value in order to agree with the GENE results, which is

far outside of the uncertainty in the beam measurements. Another explanation is that

since the ion-scale GENE simulations do not include electron-scale heat transport,

the simulations are over-driving low-wavenumber turbulence in order to match the

heat fluxes, and in doing so are over-predicting the low-wavenumber fluctuation level.

Finally, it is possible that other experimental parameters, such as the effective charge

and density gradient, are impacting the results of the simulations, and that many

experimental parameters would have to be changed simultaneously in order to match

the experimental conditions. Chapter 6 will attempt to address the second and third

possibilities through the use of multi-scale TGLF and multi-parameter optimization

of the code outputs.

5.3 General Validation Observations and Conclusions

Taken together, the results of the four validation studies presented in this chapter

lead to several overall conclusions, and motivate the work presented in Chapter 6.

The results of the four validation studies are first collected and summarized here,

before then considering how they fit into a larger picture.

Of the four validation studies in this chapter, two were with GYRO on Alcator

C-Mod and two were with GENE on ASDEX Upgrade. All four studies employed

electron and ion heat fluxes as validation constraints, and each included at least one

other constraint. Most of the plasmas were L-modes, though two studies included
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both L- and I-mode plasmas. The first study with GYRO on Alcator C-Mod included

an L- and I-mode plasma, showing that global ion-scale GYRO simulations matched

the ion heat flux for both plasmas, but missed the electron heat flux, perturbative

diffusivity, and electron temperature fluctuations in both plasmas (though the I-mode

electron heat flux was matched in some regions, and the temperature fluctuation

level was below the instrumental sensitivity). The second study involved adding

the perturbative thermal diffusivity to two previously completed sets of simulations,

showing that in at least one case, including multi-scale effects was able to resolve the

discrepancy between ion scale simulations and experimentally measured electron heat

flux and perturbative diffusivity. In addition, this study showed that even in cases

where ion-scale simulations match experimental heat fluxes, they may still disagree

with the experimental perturbative diffusivity.

The third study, with GENE on ASDEX Upgrade, showed that an ion-scale simu-

lation was able to successfully match electron and ion heat fluxes and the perturbative

diffusivity at an inner radius of one discharge. The final study showed that ion-scale

GENE simulations successfully matched electron and ion heat fluxes, electron tem-

perature fluctuation correlation lengths, and density-temperature fluctuation phase

angle, but missed the electron temperature fluctuation level at an outer radius in the

same ASDEX Upgrade discharge.

The most basic conclusion from these studies is that ion-scale gyrokinetic sim-

ulations are clearly not always sufficient to describe plasma behavior in tokamaks,

though in some cases they are. The question of why the simulations disagree with ex-

periment is not always particularly straightforward, as there could be many possible

reasons. One of the central motivations behind these studies, however, was the rela-

tively recent work with multi-scale simulations and indications that in some plasma

conditions, multi-scale simulations agree with validation constraints while ion-scale

simulations disagree. For the second study presented here, it was directly shown that
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a multi-scale simulation agrees with the experimental constraints, while an ion-scale

simulation disagrees. Though no multi-scale simulations were performed for the other

three studies, these three studies show that ion-scale simulations are sometimes suf-

ficient to model the plasma behavior, but are in other cases insufficient. Specifically,

experimental cases have now been identified in which: ion-scale simulations disagree

with both heat fluxes and perturbative diffusivity, ion-scale simulations agree with

heat fluxes but disagree with perturbative diffusivity, and ion-scale simulations agree

with both.

Another result of this chapter is that the perturbative diffusivity seems to be a

powerful validation constraint. In addition to its use in three of the four validation

studies presented here, in Reference [17] the perturbative diffusivity was the only

parameter that distinguished between ion- and multi-scale simulations. Recall that

the perturbative diffusivity correlates experimentally with the plasma collisionality,

and that this correlation is possibly connected to the balance between ITG and TEM

turbulent modes.

Digging a little deeper, it is possible to interpret the perturbative diffusivity as a

measure of the balance between ITG, TEM, and ETG modes in the plasma. The elec-

tron perturbative thermal diffusivity is measured through the propagation of electron

heat pulses, which dominantly change the electron temperature gradient. The value

of the perturbative thermal diffusivity should therefore be greater when the dominant

turbulence is sensitive to the electron temperature gradient, such as when TEM or

ETG modes are active. If the dominant turbulence is ITG, the perturbative diffusivity

should be lower, as the heat flux should be less sensitive to the electron temperature

gradient. In this sense, the perturbative diffusivity constrains the relative mix of ITG

and TEM/ETG driven heat fluxes in the simulation.

With this interpretation, it is unsurprising that an ion-scale simulation dominated

by ITG turbulence would severely under-predict the perturbative diffusivity, as it is
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unable to include the contributions of the ETG. The plasma analyzed in the third

validation study, however, was dominantly TEM at low wavenumbers for the flux

matched inputs, which may be responsible for the better agreement between simula-

tion and experiment. In particularly mixed mode plasmas, cross-scale coupling may

become important, so it may be important to include multi-scale effects in order to

correctly discern the perturbative diffusivity. While the plasma from the third vali-

dation study was to some extent mixed mode, at the heat flux matched inputs, the

plasma was dominantly TEM and ETG at all wavenumbers, so it may be that the

cross-scale coupling was unimportant.

Turning back to the larger validation picture, the results presented here raise the

question of why ion-scale simulations agree with experiment in some cases and disagree

in others. In other words, what properties of the plasmas in question distinguish cases

in which ion-scale simulations are sufficient from those in which they are not? One

possibility that was suggested during the third validation study (inner-radius ASDEX

Upgrade with GENE), was that the ratio of high-k to low-k peak linear growth rates,

𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘, may be a distinguishing parameter. The idea is that at higher values of

𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘, electron-scale turbulence is more strongly driven compared to ion-scale

turbulence, and thus multi-scale effects are more important and ion-scale simulations

perform less well. That particular validation study had 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 ≈ 15, much

lower than the cutoff proposed in References [14, 17] of 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 ≈ 30−40. While

this data was not available for the two validation studies not performed directly as

part of this thesis (the first and fourth), the second study (GYRO on L- and I-mode

Alcator C-Mod plasmas) did have this data. For the L-mode discharge, where the ion-

scale GYRO simulations strongly disagreed with the experiment, 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 ≈ 12,

which does not fit into the proposed model. In that case, a plasma with very low

𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 still required multi-scale effects to find agreement.

Though this is a very limited data set, it is clear that while 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 may
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have some correlation to the importance of multi-scale effects, the real picture must

be more complicated. In order to investigate this question, one would need a larger set

of validation discharges, preferably from multiple machines and using the same code,

to avoid the question of machine or code dependence. Obtaining such a large data

set using GENE or GYRO would, however, take an enormous amount of computing

resources. This is exactly the motivation for the study presented in Chapter 6, which

uses TGLF to validate 11 plasma discharges, some at two locations for a total of

17 plasma conditions, from Alcator C-Mod and ASDEX Upgrade. The large data

set gathered in that study expands up on the results of this chapter, revealing a

set of criteria with which one can predict whether or not multi-scale effects will be

important in a plasma discharge, based only on linear stability results.
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Chapter 6

Validation of TGLF in Multi-Machine

Study

This chapter seeks to answer more concretely one of the central questions of this thesis,

concerning when multi-scale effects are important in turbulent transport simulations

and when ion-scale simulations are sufficient. The work presented in this chapter will

build off of the work of the last three chapters. It will make use of both perturbative

diffusivity (from Chapter 3) and CECE (from Chapter 4) as validation constraints.

The validation of gyrokinetic simulations in Chapter 5 motivated this work from from

a physics standpoint, showing that ion-scale simulations can in some cases agree with

many experimental validation constraints, while in others ion-scale simulations are

entirely insufficient. That work also motivated the methodology of this chapter, as

multi-scale gyrokinetic simulations are far too computationally expensive to perform

on more than a few discharges.

This chapter makes use of the quasi-linear turbulent transport code TGLF (Trapped

Gyro-Landau Fluid) [20, 21], which was described in greater detail in Chapter 2. For

the highest fidelity predictions of future machine performance, especially in parameter

regimes far from current plasmas, fully nonlinear gyrokinetic simulations are likely
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required, but TGLF is used here as a tool to quickly assess the importance of multi-

scale effects (though from a practical perspective, it is always better to run TGLF

in the multi-scale configuration, as the increase in computational time is negligible).

The chapter begins by applying TGLF to the L- and I-mode validation case that was

originally studied with GYRO presented in Section 5.1.1. Using the results of this

application as motivation, the chapter then presents a full validation study of TGLF

on 11 discharges from Alcator C-Mod and ASDEX Upgrade.

This validation study reveals first that TGLF run in a multi-scale configuration

agrees with all available validation constraints on all of the experimental plasma

conditions under consideration. Going further, the code is also run in an ion-scale

configuration on each condition, and a comparison of the two configurations leads to a

set of criteria that determine when multi-scale effects are necessary for agreement with

experimental constraints. In addition to their practical implications, these criteria

reveal which physical processes are dominantly responsible for the importance of

multi-scale effects. Finally, this chapter uses both ion- and multi-scale TGLF to

predict profiles for two experimental discharges, in order to illustrate the practical

implications of validation when one’s ultimate goal is the prediction of future machine

performance.

6.1 TGLF Applied to L- and I-mode Validation Study

Before embarking on an entirely new validation study with new experimental condi-

tions, TGLF is first used to expand upon the validation effort originally presented

in Section 5.1.1. Recall that this validation effort originally ran GYRO on an L-

mode time period and an I-mode time period from the same Alcator C-Mod dis-

charge, 1120921008. For convenience, the overall plasma parameters are repeated

here: 𝑛𝑒 = 0.7− 0.8× 1020m−3, 𝐼𝑝 = 1.1 MA, 𝐵𝑡 = 5.4 T, and 𝑞95 = 3.2. The plasma

was heated with 1.6 MW of ICRH in the L-mode time period and 3.5 MW of ICRH
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in the I-mode time period. As with the GYRO work, this study will compare ex-

perimental ion and electron heat fluxes and electron perturbative thermal diffusivity

to the outputs of TGLF. It will not, however, compare electron temperature fluctu-

ations, though this constraint will be included in the multi-machine validation study

later in this chapter. The results of this work with TGLF were originally published

in Reference [100].

The original motivation of this work was to see whether the multi-scale TGLF

model would agree with the experimental validation constraints when ion-scale GYRO

was unable to do so. While it is recognized that such a comparison is not strictly

rigorous, as one is comparing two different simulation codes, it was intended as a

quick test of the hypothesis that multi-scale effects would resolve the discrepancies

observed in the ion-scale GYRO results. The results of this check further informed

the methodology that was used in the more extensive validation study presented later

in this chapter.

In this study, TGLF was run using its standard multi-scale wavenumber spectrum

(𝑘𝜃𝜌𝑠 = 0.1 to 24.0) and the SAT-1 saturation rule [21]. Ion and electron heat fluxes

are calculated as standard outputs from TGLF, and so can be compared to the exper-

imental TRANSP analysis directly. The ion and electron temperature gradients were

varied within experimental uncertainty in order to match the heat fluxes as closely

as possible. As was done for the gyrokinetic codes in Chapter 5, the perturbative

diffusivity is calculated by running TGLF cases with the input electron temperature

gradient increased and decreased by 12%, and then calculating the slope of the output

electron heat flux agains the input electron temperature gradient.

Heat Flux Comparison

Unlike GYRO, TGLF cannot be run as a global simulation, so instead of comparing

global results, TGLF was run at three radii (𝜌𝑡𝑜𝑟 = 0.64, 0.74, 0.84) for both L- and
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(a) L-mode ions. (b) L-mode electrons.

(c) I-mode ions. (d) I-mode electrons.

Figure 6-1: Comparison of the experimental and TGLF electron and ion heat fluxes
in the L- and I-mode periods. Ion heat fluxes are shown on the left, and electron heat
fluxes on the right. L-mode results are shown on the top in blue, and I-mode on the
bottom in red. TGLF results are shown as the black circles. TGLF generally matches
ion heat fluxes (with one slight deviation in I-mode), but significantly underpredicts
the electron heat fluxes in both cases. Figure originally from Reference [100].
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I-mode experimental cases. Figure 6-1 shows the comparison between TGLF and the

experimental electron and ion heat fluxes from both L- and I-mode time periods of

the discharge. These results are not substantially different from the GYRO validation

results shown in Figure 5-4. Similar to the GYRO outputs, TGLF is able to match

the ion heat flux in both L- and I-mode within experimental uncertainty, except for

a slight disagreement at the outermost radius in I-mode. For the electron heat flux,

TGLF is much closer than GYRO for the L-mode case, but still slightly underpredicts

the electron heat flux at all radii. In I-mode, TGLF only matches the experimental

electron heat flux at the outermost radius, the same as for the GYRO results.

This disagreement contrasts with previous results using multi-scale TGLF SAT-1,

in which multi-scale TGLF was able to reproduce both experimental heat fluxes, 𝑄𝑖

and 𝑄𝑒, in an Alcator C-Mod L-mode plasma for which ion-scale simulations were

insufficient [21]. This disagreement suggests that there may be additional effects, be-

yond just the inclusion of multi-scale effects, that lead to disagreement between TGLF

(or other turbulent transport models) and experimental measurements. Specific ex-

amples are given at the end of this section, and inform the validation methodology

of the multi-machine study presented later in this chapter.

Perturbative Thermal Diffusivity Comparison

In addition to electron and ion heat fluxes, the perturbative thermal diffusivity was

used as a validation constraint for these TGLF simulations. The perturbative diffu-

sivity calculated from the simulation electron temperature gradient scans are given

in Table 6.1. For convenience, this table also includes the perturbative diffusivities

calculated with GYRO that were shown in Section 5.1.1. The TGLF perturbative

diffusivity shown in this table is an average of the values calculated at each of the

three radial locations, in order to most accurately compare to the experimental mea-

surement.
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L-mode

𝜒𝑝𝑒𝑟𝑡
𝑒 (𝑚2/𝑠)

I-mode

𝜒𝑝𝑒𝑟𝑡
𝑒 (𝑚2/𝑠)

Experiment 4.0 ± 0.6 4.3 ± 0.9

GYRO 0.4 1.0

TGLF 0.7 0.6

Table 6.1: Comparison of perturbative diffusivity from experiment 𝜒𝑝𝑒𝑟𝑡
𝐸𝑥𝑝, GYRO

𝜒𝑝𝑒𝑟𝑡
𝐺𝑅𝑌 𝑂, and TGLF 𝜒𝑝𝑒𝑟𝑡

𝑇𝐺𝐿𝐹 in both L- and I-mode. All values given in units of 𝑚2/𝑠
and are average of the values calculated at each of the three radial locations. Origi-
nally from Reference [100].

As was the case with ion-scale GYRO, multi-scale TGLF severely underpredicts

the perturbative diffusivity in both L- and I-mode. While the multi-scale TGLF pre-

diction is slightly closer in L-mode, it is further away in I-mode. This stark disagree-

ment makes clear that simply including multi-scale effects is not always sufficient to

attain agreement with experimental validation constraints, and that there are clearly

other effects of importance in these validation efforts.

Conclusions from Preliminary Multi-Scale TGLF Validation

At first glance, the results of this preliminary work with multi-scale TGLF, applied

to the same L- and I-mode plasmas investigated with GYRO in Section 5.1.1, would

seem to indicate that the hypothesis that multi-scale effects are responsible for the

disagreement between many of the gyrokinetic results in Chapter 5 and experiment

is false. This seems to at least be the case in the particular plasmas considered here.

The multi-machine study presented later in this chapter seeks to answer this question

more directly, by comparing ion- and multi-scale TGLF run on the same plasma

discharges using the same validation constraints.

The results from this preliminary validation, however, motivate another possible

explanation for some of the discrepancy observed in previous validation efforts. As
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has been mentioned before in this thesis, the computational resources required to run

nonlinear gyrokinetic simulations, even ion-scale simulations, typically limit one to

varying only the input temperature gradients, and often just the input ion temper-

ature gradient, within experimental uncertainty in order to try to match the heat

fluxes. Only very few studies also vary other inputs, such as the density gradient,

effective charge, 𝑇𝑒/𝑇𝑖, collisionality, and others. The very fast runtime of TGLF,

however, makes such multi-parameter scans feasible. For this reason, in addition to

comparing the results of ion- and multi-scale TGLF, the multi-machine validation

study presented next will also compare results of varying only temperature gradient

inputs or of varying temperature gradients, density gradient, and effective charge,

𝑍𝑒𝑓𝑓 . To foreshadow the results of those scans, both multi-scale effects and the varia-

tion of input parameters beyond just temperature gradients prove necessary to match

experimental constraints in some cases.

6.2 Methodology and Plasmas for Multi-Machine Study

The final validation study of this thesis differs significantly in both its objective and

methodology from the previous studies. In terms of objective, this final study intends

to do more than just validate a particular code on a particular plasma or set of

plasmas. While this will indeed be accomplished along the way, the real objective is

to develop a set of criteria with which one can determine when multi-scale effects are

important to turbulent transport in tokamak plasmas, and when ion-scale simulations

are sufficient. In this sense, this final validation study has a broader physics-oriented

objective than the previous studies. The form of these criteria will also shed light on

the underlying physical interactions that determine when multi-scale interactions are

important.

To accommodate this broader objective, the methodology of this final study also

differs significantly from past validation work. Instead of focusing in depth on a
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single discharge or pair of discharges, this study will look at eleven plasmas from two

machines (Alcator C-Mod and ASDEX Upgrade), some at two radial locations for

a total of 17 plasma conditions. As with previous studies, a total of four validation

constraints will be applied: electron heat flux, ion heat flux, perturbative thermal

diffusivity, and electron temperature fluctuations. Unlike previous studies, however,

and motivated by the results of the gyrokinetic results from Chapter 5 and the TGLF

work from Section 6.1, TGLF will be run in both ion- and multi-scale configurations

to investigate the importance of multi-scale effects, and multiple inputs will be varied

within uncertainties.

The remainder of this section describes the experimental plasmas considered in

this study and gives further detail on the validation methodology.

Table 6.2 summarizes the 11 plasma discharges from Alcator C-Mod and ASDEX

Upgrade that are analyzed in this study. These discharges are all low to moderate

power L-modes, and were selected to avoid any nonstandard operating conditions,

such as internal transport barriers, reversed magnetic shear, resonant magnetic per-

turbations (RMPs), etc. Part of the reason that only L-mode plasmas were analyzed

in this study, instead of H- or I-modes, was to allow more consistent measurement

of the electron temperature fluctuation level, as fluctuation levels in I- and H-modes

are often below the instrumental sensitivity of CECE diagnostics. The Alcator C-

Mod plasmas were all heated with hydrogen minority ion cyclotron resonance heating

(ICRH) and the ASDEX Upgrade plasmas were all heated with electron cyclotron

heating (ECH), with neutral beam blips for charge exchange measurements.

Availability of perturbative thermal diffusivity measurements (via partial saw-

tooth heat pulses) and electron temperature fluctuation measurements (via CECE)

was also important to the selection of these plasmas. The first four Alcator C-Mod

discharges have both measurements available at the same radial location. The last

Alcator C-Mod plasma has only CECE measurements. All six ASDEX Upgrade plas-
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Machine Discharge
𝐼𝑝

(MA)
𝑃𝑎𝑢𝑥

(MW)
Radius

𝑛𝑒

(1019

m−3)

𝑇𝑒

(𝑘𝑒𝑉 )

̃︀𝑇𝑒/𝑇𝑒

(%)
𝜒𝑝𝑒𝑟𝑡
𝑒

(m2/s)

Alcator
C-Mod

1120706008 0.8 1.2 0.75 6.52 0.52 1.05 3.21
1120706017 0.8 1.2 0.75 8.83 0.45 0.81 1.85
1120706018 0.8 1.2 0.75 10.0 0.41 0.78 1.76
1120706019 0.8 1.2 0.75 6.28 0.51 1.08 3.41
1120706030 0.8 4.5 0.75 6.74 0.71 1.09 NA

ASDEX
Upgrade

33585 1.0 0.7
0.75 1.41 0.58 0.74 NA
0.49 1.99 1.48 NA 7.72

34301 0.8 0.3
0.70 1.99 0.40 0.45 NA
0.39 2.46 1.36 NA 6.58

34303 0.6 0.3
0.70 1.58 0.31 0.75 NA
0.30 2.70 1.49 NA 3.85

34309 1.0 0.6
0.70 1.85 0.47 0.69 NA
0.50 2.47 1.15 NA 7.35

34508 0.6 0.5
0.70 1.80 0.31 0.66 NA
0.30 2.91 1.62 NA 6.00

34623 0.6 0.6
0.65 2.50 0.30 0.41 NA
0.27 3.90 1.38 NA 5.05

Table 6.2: Summary of plasma parameters for the five Alcator C-Mod and six ASDEX
Upgrade discharges used in this study. All of the Alcator C-Mod discharges operated
at 5.4 T magnetic field on axis, and all of the ASDEX Upgrade discharges at 2.5 T.
Modified from Reference [65].
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mas have both measurements available, but in every case they are at different radial

locations (the fluctuation measurements are always further out radially than the per-

turbative diffusivity measurements). Temperature fluctuation measurement positions

are constrained by the minimum measurable fluctuation level with CECE, and per-

turbative diffusivity measurements are constrained radially by the sawtooth mixing

radius and the pulse amplitude below which the pulse is indistinguishable from noise.

For this reason, each ASDEX Upgrade plasma is validated at two separate radial

locations, each with three validation constraints (ion and electron heat fluxes plus

either fluctuations or perturbative diffusivity), for a total of 17 plasma conditions. As

will be discussed further in the next section, validation constraints are added one by

one in the simulation runs, so it is possible to compare only validation efforts that

used exactly the same constraints. It is also possible to compare the results of each

condition with all of the constraints available for that condition, which is perhaps a

simpler comparison.

In addition to a larger number of plasma conditions, TGLF will be run many times

for each condition using different input variations, constraints, and scale range. In

order to optimize up to four inputs in order to match up to four validation constraints,

TGLF is run through the VITALS framework [156]. VITALS utilizes surrogate based

machine learning algorithms in order to efficiently optimize a variable number of

inputs to a turbulent transport model (within their experimental uncertainty) in order

to match validation constraints as closely as possible. VITALS has been implemented

using the OMFIT code [157], which serves as an interface to many other codes and

data sources.

As mentioned above, in order to investigate directly the importance of multi-scale

effects in different plasmas, TGLF was run in ion-scale and multi-scale configurations

for each experimental case considered. In this study, the multi-scale TGLF runs

include modes from 𝑘𝜃𝜌𝑠 = 0.1 to 24.0 (the standard wavenumber spectrum in TGLF),

224



where 𝑘𝜃 is the poloidal wavenumber (defined as in GYRO) and 𝜌𝑠 is the ion gyro-

radius evaluated at the electron temperature. The ion-scale TGLF configuration ran

with modes from 𝑘𝜃𝜌𝑠 = 0.08 to 1.0.

If one uses the standard wavenumber spectrum, the simulation modes are spaced

logarithmically, such that there is higher resolution at lower wavenumber. This is done

so as to better resolve both ion- and electron-scale dynamics, as the variation with

wavenumber is greater at lower wavenumber than at higher wavenumber. The same

strategy is employed for linear growth calculations with GYRO and GENE, as can be

seen in Chapter 5 in Figures 5-3 and 5-8. On the other hand, if one manually specifies

a wavenumber range in TGLF, as was done for the ion-scale configuration, one must

use evenly distributed wavenumbers. Specifically, this work used 12 evenly spaced

wavenumbers from 0.08 to 1.0, which approximates the number of wavenumbers in

this range used in the multi-scale configuration.

Note that in both ion- and multi-scale configurations, TGLF was run with the

‘SAT-1’ saturation rule [21]. This means that the rule used to determine the saturated

turbulence levels from the linear growth rates (since TGLF is a quasi-linear model)

is based on the larger set of GYRO discharges, including some multi-scale runs,

described in Reference [21], as opposed to the original set of discharges that made up

SAT-0 in Reference [20].

In addition to running TGLF in either ion- or multi-scale configurations, based

on the results in Section 6.1 the number of inputs that are allowed to vary within

uncertainties will also be changed. First, only 𝑎/𝐿𝑇𝑒 and 𝑎/𝐿𝑇 𝑖 will be allowed to

vary by VITALS, as these are traditionally the drive terms that are varied in most

validation studies. VITALS will then run a second validation effort for each case,

now allowing 𝑎/𝐿𝑇𝑒, 𝑎/𝐿𝑇 𝑖, 𝑎/𝐿𝑛𝑒 and 𝑍𝑒𝑓𝑓 to all vary within uncertainty. This

hopes to address the issue discovered in Section 6.1, where even a multi-scale TGLF

run was unable to match experimental validation constraints if one only varied 𝑎/𝐿𝑇𝑒
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and 𝑎/𝐿𝑇 𝑖. These four inputs are chosen since they are independent of one another

(unlike, for example, 𝑇𝑖/𝑇𝑒 and 𝜈𝑐, which both depend on temperature).

Finally, for each validation case, the available validation constraints (𝑄𝑒, 𝑄𝑖, ̃︀𝑇𝑒/𝑇𝑒

and 𝜒𝑝𝑒𝑟𝑡
𝑒 ) will be added consecutively, in order to investigate the possibility of for-

tuitous agreement when one applies too few constraints. Each case will start with

only 𝑄𝑒 and 𝑄𝑖 as constraints, and will be run through VITALS to see if agreement

is possible. If only three validation constraints are available, the third constraint will

then be added. If all four constraints are simultaneously available, validation will be

performed with first just 𝑄𝑒 and 𝑄𝑖; then 𝑄𝑒, 𝑄𝑖, and ̃︀𝑇/𝑇 ; then 𝑄𝑒, 𝑄𝑖, and 𝜒𝑝𝑒𝑟𝑡
𝑒 ;

and finally with all four of 𝑄𝑒, 𝑄𝑖, ̃︀𝑇/𝑇 and 𝜒𝑝𝑒𝑟𝑡
𝑒 .

Each of these validation constraints is extracted from TGLF in a slightly different

manner. The ion and electron heat fluxes are a standard output from TGLF, and

therefore don’t require any special procedure [20, 21]. The perturbative diffusivity is

calculated using the same procedure as was used for the gyrokinetic codes in Chapter

5: the input electron temperature gradient was artificially raised and lowered by 12%,

and then a line was fit to the resulting flux-gradient plot. For simplicity (due to the

large number of cases), a linear fit was used in every case rather than trying different

fits, though the results of Section 5.2 show that this may not always be the best fit.

Using a parabolic fit for a few test cases, instead of a linear fit, did not significantly

alter the results.

Unlike gyrokinetic codes, TGLF does not output spatially resolved fluctuation

data, so the type of synthetic diagnostic that is applied to the output of gyrokinetic

codes will not work for TGLF. Instead, TGLF outputs directly a single fluctuation

spectrum, which one can integrate over the wavenumbers that are measurable with

the CECE diagnostic. To this end, the 𝜌𝑠 for the plasma in question was calculated

and then compared to the diagnostic spot size in order to determine the extent of the

𝑘𝜃𝜌𝑠 spectrum that is measurable. This portion of the spectrum was then integrated
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to get a total fluctuation level. This method doesn’t contain the full complexity of

the process that is captured in the synthetic diagnostics for gyrokinetic codes, but it

is the only method that works given the outputs of TGLF.

After obtaining the total integrated electron temperature fluctuation level from

the output of TGLF, there is one final correction that must be applied for the ASDEX

Upgrade discharges (but not for the Alcator C-Mod discharges). As was discussed in

Section 5.2, CECE measures the perpendicular temperature fluctuation level. TGLF,

however, only outputs the total temperature fluctuation level, as the code cannot

separately resolve parallel and perpendicular temperature fluctuations. While the

high collisionality on Alcator C-Mod discharges means that these two values are

essentially the same, the lower collisionality on ASDEX Upgrade leads to a difference

between the two values, by up to 33% [107, 139].

The most rigorous way to account for this difference would be to run nonlinear

GENE simulations for every discharge and compute the difference between total and

perpendicular fluctuations. This is, however, far too computationally expensive, and

would defeat the entire purpose of this new type of multi-discharge validation study.

For this reason, the results of Reference [107], presented in Section 5.2, are used as an

approximate correction to the output of TGLF, multiplying the output total fluctua-

tion level by 1.33 in order to roughly give the perpendicular temperature fluctuation

level. This is clearly an approximation, as the exact difference would depend on the

discharge in question, but the discharges considered in this study are similar enough

that this method should be at least approximately correct. While the uncertainty

on this calculation may be difficult to quantify, as an estimation an additional 5%

uncertainty was added to the experimentally calculated fluctuation level uncertainty

for the ASDEX Upgrade cases. Despite the caveat, this correction is thought to be

more accurate than using the uncorrected level, corroborated by the fact that in test

cases, multi-scale TGLF was able to match the corrected fluctuation level, but not
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the uncorrected level.

For each experimental case, therefore, many different combinations of TGLF scale

configuration, inputs to vary, and applied constraints were used. This resulted in 16

different validation runs for each experimental case with all four constraints available,

and 8 different validation runs for experimental cases with three constraints. In total,

168 validation runs were performed.

This validation methodology is now put to use on the 11 experimental discharges

described above.

6.3 Results of Multi-Machine Study

This section presents the results of the multi-machine validation study and the re-

sulting criteria for the importance of multi-scale effects. First, the results for the 168

validation runs described in the last section are presented, along with summaries of

overall trends and general conclusions that can be drawn from these results. A subset

of these results is then used to develop two criteria with which one can determine

whether or not multi-scale effects are important for a given plasma. The physical

implications of these criteria are also discussed. Finally, TGLF is used to predict

temperature profiles for two plasmas on ASDEX Upgrade, one of which satisfies the

derived criteria and one of which does not, as an example of the practical implications

of these validation efforts.

6.3.1 Validation Results

Table 6.3 summarizes all of the validation results for each of the 168 cases described

in the previous section. In this table, a green checkmark indicates that TGLF agreed

simultaneously with all of the validation constraints within uncertainty for that par-

ticular case, after the inputs for that case had been varied within experimental uncer-

tainty. A red ‘X’ indicates that TGLF failed to match at least one of the constraints
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within uncertainty. A grey box indicates that the set of validation constraints for a

column were not available for that particular plasma condition at that radius. While

this binary classification is not particularly precise, it is useful when one is presented

with so much data. The agreement with constraints will be quantified later in this

section with a validation metric.

This table contains quite a lot of information from which several conclusions can be

drawn. First, and most simply, note that when all inputs are varied within uncertainty

the multi-scale TGLF model agrees with all available validation constraints within

uncertainty for all of the plasma conditions (the furthest right colored cell of each

row of Table 6.3). This result is already quite significant, as it successfully validates

TGLF in 17 new plasma conditions on two machines, finding good agreement in

every case. This is not to say that multi-scale TGLF will always work in every case,

as the plasmas considered in this study only cover some finite parameter range. In

particular, all of the plasmas are low to moderate power L-mode discharges without

internal transport barriers, reversed shear, etc. More complete validation of TGLF

will also have to include H-mode, I-mode, high 𝛽, and other types of plasmas, as well

as looking at other machines besides Alcator C-Mod and ASDEX Upgrade.

In contrast, when one looks at ion-scale TGLF, only some cases where all inputs

are varied agree with all available validation constraints (the furthest right colored

cell of each row on the ion-scale section of Table 6.3). This indicates that ion-scale

TGLF agrees with validation constraints in some cases, but not in all cases, which

is consistent with past gyrokinetic validation work showing that multi-scale effects

are important in some plasmas but not in all. The task of developing criteria which

distinguish plasmas in which multi-scale effects are important from plasmas in which

ion-scale simulations are sufficient is exactly the task of determining what differenti-

ates the cases in this table.

More generally, Table 6.3 shows that the multi-scale configuration performs better
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than, or equally as well as, the ion-scale configuration in nearly every case. There

are a few cases, however, when only temperature gradients are scanned, for which

the ion-scale model agrees and the multi-scale model disagrees. In all of these cases

the multi-scale model disagrees only slightly outside of uncertainty. These cases are

believed to be examples of fortuitous agreement, in which the application of additional

validation constraints would eventually show the multi-scale model to be equal or

superior to the ion-scale model. These cases reveal the importance of varying more

than just temperature gradients, as the multi-scale model always performs better for

the cases for which all four four inputs are varied.

The effect of adding more validation constraints to the same model and set of

input variations is now considered. Additional constraints can by definition only

reduce the binary agreement shown in this table, as is seen in a variety of cases for

the ion-scale configuration and the reduced input variation multi-scale configuration.

These cases for which additional constraints disagree with the experiment, while heat

fluxes are found to agree, are examples of what has previously been termed fortuitous

agreement, or agreement with a limited set of constraints without truly capturing

the plasma turbulent state. This illustrates the importance of including as many

validation constraints as possible, and motivates future studies with more than just

the four constraints considered here.

Finally, the differences between varying only temperature gradients or varying

all four inputs in the validation effort is analyzed. Unsurprisingly, varying more

inputs always leads to better or equal agreement with constraints. In particular,

some plasmas agree with all available constraints varying only temperature gradients,

while for others adding the additional input variations leads to better agreement. This

result supports the hypothesis motivated by the work in Section 6.1, that in some

cases one must vary more than just temperature gradients to find agreement between

simulations and experimental constraints. While such variations would be difficult for
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more computationally expensive gyrokinetic simulations, it is certainly worth keeping

in mind that this could play an important role in validation results.

A subset of these validation results (those with all inputs varied and all available

constraints applied) will now be used to develop criteria for the importance of multi-

scale effects, which is one of the main motivations for this study.

6.3.2 Validation Metric and Criteria for the Importance of

Multi-Scale Effects

For the purposes of developing criteria for the importance of multi-scale effects, it is

necessary to further quantify the difference between the performance of the ion-scale

and multi-scale configurations of TGLF. Specifically, this work makes use of a modi-

fied version of the Ricci validation metric, 𝜒𝑅𝑖𝑐𝑐𝑖 [149], which was first introduced in

Chapter 5 and is further explained in Appendix D. Recall that 𝜒𝑅𝑖𝑐𝑐𝑖 is essentially

a weighted sum of the differences between the experimentally measured and simula-

tion validation constraint values, normalized by the uncertainty of the experimental

measurements.

To minimize the influence of fortuitous agreement, and for the sake of simplicity,

only the validation results with all four inputs varied and all available constraints

applied to each experimental plasma are used (the furthest right colored cell of each

row in the ion- and multi-scale sections of Table 6.3). This section therefore takes

the difference between the 𝜒𝑅𝑖𝑐𝑐𝑖 values for the ion- and multi-scale configurations,

with all inputs varied and all available constraints applied, in order to quantify the

importance of multi-scale effects:

∆𝜒𝑅𝑖𝑐𝑐𝑖 = 𝜒𝑖𝑜𝑛 − 𝜒𝑚𝑢𝑙𝑡𝑖 (6.1)

where 𝜒𝑖𝑜𝑛 is the Ricci metric calculated for the ion-scale result with all available
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constraints and 𝜒𝑚𝑢𝑙𝑡𝑖 is the Ricci metric for the multi-scale result with all available

constraints.

Using this definition, a value of ∆𝜒𝑅𝑖𝑐𝑐𝑖 = 0 indicates that the ion- and multi-

scale models are able to match the validation constraints equally well (though they

may do so using different input parameters), and that multi-scale effects are therefore

unimportant. A value of ∆𝜒𝑅𝑖𝑐𝑐𝑖 = 1.0 indicates that the multi-scale model performs

significantly better than the ion-scale model, and that multi-scale effects are therefore

very important. While it is also possible to have negative values of ∆𝜒𝑅𝑖𝑐𝑐𝑖, indicating

that the ion-scale model matches the experiment more closely than the multi-scale

model, there is no strong reason for this to be the case outside of small variations in

optimization.

There is some discretion in choosing a cutoff value of ∆𝜒𝑅𝑖𝑐𝑐𝑖, beyond which one

says that multi-scale effects are important enough that ion-scale models are no longer

sufficient. For the purposes of the work presented in this thesis, a value of ∆𝜒𝑅𝑖𝑐𝑐𝑖 =

0.1 is chosen. Any cases with ∆𝜒𝑅𝑖𝑐𝑐𝑖 > 0.1 are therefore considered to have important

multi-scale effects.

Using this quantification of the importance of multi-scale effects as a tool, one can

now develop criteria to determine whether or not multi-scale effects will be important

without running nonlinear gyrokinetic simulations. Some discussion of possible crite-

ria was already given at the end of Chapter 5, specifically concerning the ratio of linear

growth rates at ion and electron scales. This proposal, from References [14, 17, 64],

suggested that 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘 determined the importance of multi-scale effects, with a

cutoff of somewhere between 20 and 40. Recall that 𝛾ℎ𝑖𝑔ℎ-𝑘 is the peak linear growth

rate in the electron scales (𝑘𝑦𝜌𝑠 & 2.0), and 𝛾𝑙𝑜𝑤-𝑘 is the peak linear growth rate in

the ion scales (𝑘𝑦𝜌𝑠 . 2.0). A limited number of test cases and variation in exactly

how each case was treated, however, made a comprehensive analysis difficult for this

past work.
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Another past study suggested instead that (MAX(𝛾/𝑘)ℎ𝑖𝑔ℎ)/(MAX(𝛾/𝑘)𝑙𝑜𝑤) should

be used as a criterion [22], for which one takes the peak of the linear growth rate spec-

trum normalized by the wavenumber above 𝑘𝑦𝜌𝑠 > 1.0, divided by the peak at low

wavenumber. Reference [22] suggested that this criterion should have a cutoff value

of 1.0. Again, that work was also based on a limited set of discharges.

This thesis tested many possible criteria and selected those which best separated

cases with different values of ∆𝜒𝑅𝑖𝑐𝑐𝑖. The final conclusion is that one must apply two

criteria, and that the plasma must satisfy both simultaneously in order for ion-scale

simulations to be sufficient. These two criteria, along with their physical interpreta-

tions are now presented.

The first of the two criteria is similar to that proposed in Reference [22], though

it differs slightly in definition. This thesis defines:

Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 = (𝛾ℎ𝑖𝑔ℎ-𝑘/𝑘ℎ𝑖𝑔ℎ)/(𝛾𝑙𝑜𝑤-𝑘/𝑘𝑙𝑜𝑤) (6.2)

where again 𝛾ℎ𝑖𝑔ℎ-𝑘 and 𝛾𝑙𝑜𝑤-𝑘 are the peak high and low wavenumber linear growth

rates, 𝑘ℎ𝑖𝑔ℎ is the poloidal wavenumber corresponding to the peak high-k linear growth

rate, and 𝑘𝑙𝑜𝑤 is the poloidal wavenumber corresponding to the peak low-k linear

growth rate. If there is no clear peak at low wavenumber (in the case of a monotoni-

cally increasing linear growth spectrum), the linear growth rate at 𝑘𝑦𝜌𝑠 = 2 was used

as 𝛾𝑙𝑜𝑤-𝑘.

Figure 6-2 shows the results of plotting ∆𝜒𝑅𝑖𝑐𝑐𝑖 against Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 from the 17

plasma conditions described in the last section. With a few exceptions (which are

addressed by the second criterion), cases for which Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 < 1.0 have ∆𝜒𝑅𝑖𝑐𝑐𝑖 < 0.1,

and the ion-scale TGLF model is sufficient. On the other hand, as Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 increases

above 1.0, ∆𝜒𝑅𝑖𝑐𝑐𝑖 steadily increases to values of approximately 0.7, indicating that

multi-scale effects are becoming increasingly important. The outlier on the far right

of the graph, which shows less importance of multi-scale effects than one might expect

234



Figure 6-2: The significance of multi-scale effects, as represented by ∆𝜒𝑅𝑖𝑐𝑐𝑖, plotted
against Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤, which is the ratio of high and low wavenumber linear growth rate
peaks normalized by the wavenumber. Each red square is one validation case. Points
in the blue highlighted region, below ∆𝜒𝑅𝑖𝑐𝑐𝑖 = 0.1, are sufficiently represented by ion-
scale simulations, while points above this cutoff require multi-scale effects. Originally
from Reference [65].

at that value of Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤, is likely due to fortuitous agreement, and it is hypothesized

that adding additional validation constraints would move this point into the more

generally observed trend.

In addition to its practical uses for informing future gyrokinetic simulations, the

form of this criterion provides information on which physical phenomena are domi-

nantly responsible for the importance of multi-scale effects. As has been mentioned

earlier, there are two major sources of differences between ion- and multi-scale sim-

ulations. The first is the inclusion of purely electron-scale phenomena, such as elec-

tron temperature gradient (ETG) turbulence. These phenomena are also captured

in electron-scale only simulations. In addition, multi-scale simulations include the

effects of cross-scale coupling between different turbulent modes, moderated by zonal

flows [12, 21, 22]. It is this cross-scale coupling that leads multi-scale simulations to

often give different results to simple linear additions of heat fluxes from electron- and
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Figure 6-3: The significance of multi-scale effects, as represented by ∆𝜒𝑅𝑖𝑐𝑐𝑖, plotted
against (𝛾ℎ𝑖𝑔ℎ-𝑘/𝑘

2
ℎ𝑖𝑔ℎ)/(𝛾𝑙𝑜𝑤-𝑘/𝑘

2
𝑙𝑜𝑤). Each green square is one validation case. This

1/𝑘2 normalization separates cases that agree and those that disagree less cleanly
than the 1/𝑘 normalization.

ion-scale simulations.

While it is generally accepted that larger linear growth rates at electron scales

should lead to more significant electron-scale contributions to the overall turbulent

state of the plasma (as was seen in the criterion in Chapter 5, 𝛾ℎ𝑖𝑔ℎ-𝑘/𝛾𝑙𝑜𝑤-𝑘), the

relative importance of electron-scale phenomena and cross-scale coupling was unclear.

The normalization of 1/𝑘 in the first criterion, however, indicates that zonal flow

mixing and its role in coupling ion- and electron-scales is the most important physical

mechanism in determining when multi-scale effects are important [22]. In contrast, a

1/𝑘2 normalization would have indicated that the mixing length of a given turbulent

mode was dominantly important [21]. This 1/𝑘2 normalization is shown in Figure 6-3,

revealing significantly less clean separation between cases that agree and those that

disagree. In other words, the form of the criterion derived from the validation results

above reveals that coupling between ion- and electron-scales, and not the inclusion

of purely electron scale transport, is most relevant to the importance of multi-scale

simulations. This is consistent with past work, discussed at various points throughout
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this thesis, that linearly adding ion- and electron-scale simulations is not equivalent

to running a true multi-scale simulation.

The second criterion is also related to cross-scale coupling, but instead of dealing

with the strength of electron-scale drives, it concerns the susceptibility of ion-scale

turbulence to coupling. Specifically, it is based on the relative drives of ITG (ion

temperature gradient) and TEM (trapped electron) modes at ion-scales. This second

criterion is defined as:

Σ𝑡𝑒𝑚/𝑖𝑡𝑔 = 𝑒𝑥𝑝

(︃
−(𝛾𝑇𝐸𝑀/𝑘𝑇𝐸𝑀

𝛾𝐼𝑇𝐺/𝑘𝐼𝑇𝐺
− 1.0)2

0.09

)︃
(6.3)

where 𝛾𝑇𝐸𝑀 is the peak linear growth rate of the TEM at ion scales (the TEM

can occasionally have a second peak at scales between the ion and electron scales,

but this is not of interest here), 𝑘𝑇𝐸𝑀 is the wavenumber corresponding to the TEM

peak, 𝛾𝐼𝑇𝐺 is the peak linear growth rate of the ITG, and 𝑘𝐼𝑇𝐺 is the wavenumber

corresponding to the ITG peak.

This criterion is a measure of how closely the peak ITG and TEM growth rates,

normalized by wavenumber, compete for dominance at ion-scales. A value of Σ𝑡𝑒𝑚/𝑖𝑡𝑔 =

1.0 indicates that the two modes are very close, while a value of 0 indicates that one

mode dominates. To that end, if either mode is entirely stable, then the value will be

approximately 0. Although the final form of this criterion is rather complex, it was

constructed specifically to vary between 0 and 1 and so that the cutoff of ∆𝜒𝑅𝑖𝑐𝑐𝑖 = 0.1

occurs at Σ𝑡𝑒𝑚/𝑖𝑡𝑔 = 0.5. The value of 0.09 in the denominator determines the cutoff,

and a cutoff of 0.5 produces the most evenly spaced results.

Figure 6-4 shows the value of both criteria for each plasma condition, plotted as a

colored circle representing ∆𝜒𝑅𝑖𝑐𝑐𝑖 on a two-dimensional plot of Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 and Σ𝑡𝑒𝑚/𝑖𝑡𝑔.

Specifically, turquoise points represent cases where ion-scale simulations are sufficient

(∆𝜒𝑅𝑖𝑐𝑐𝑖 < 0.1), and then green, red, and black represent increasing ∆𝜒𝑅𝑖𝑐𝑐𝑖 and thus

increasing importance of multi-scale effects.
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Figure 6-4: A visual representation of both criteria for the importance of multi-scale
effects in turbulent transport. Each validation case is plotted on axes of Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤

and Σ𝑡𝑒𝑚/𝑖𝑡𝑔. The color scale shows ∆𝜒𝑅𝑖𝑐𝑐𝑖, with values below 0.1 (indicating that
ion-scale simulations are sufficient) shown in turquoise. The orange shaded regions
indicate that multi-scale effects are important due to the breaking of either one or
both criteria. Discharges are annotated as follows: ‘C’ for Alcator C-Mod or ‘A’
for ASDEX Upgrade, the last two digits of the discharge number, and (for ASDEX
Upgrade cases) an ‘o’ for outer radius or an ‘i’ for inner radius. See Table 6.3 for
discharge information. Modified from Reference [65].

This figure reveals that all points in the bottom left quadrant, which satisfy both

Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 < 1.0 and Σ𝑡𝑒𝑚/𝑖𝑡𝑔 < 0.5, have ∆𝜒𝑅𝑖𝑐𝑐𝑖 < 0.1 and therefore are sufficiently

modeled by ion-scale simulations. All points outside of this quadrant have significant

multi-scale effects. In particular, note that the two outliers in Figure 6-2, which

seemed to elude the first criterion, are in the top left quadrant, and are therefore

captured by the second criterion. In general, as one moves further from the bottom

left, multi-scale effects become more important, with the exception of the green point

in the top right. This point (which was also discussed in Figure 6-2) is likely a case

of fortuitous agreement, for which adding more validation constraints would show

shortcomings in the ion-scale model.
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The physical interpretation of the second criterion also concerns the importance of

cross-scale coupling in determining the final turbulent state of the plasma. While the

first criterion measures the strength of the electron-scale turbulence drive, and thus

its ability to couple to the ion-scales, the second criterion measures the susceptibility

of the ion-scale turbulence to coupling with the electron scales. In cases for which

there is no clearly dominant mode at the ion-scales (ITG and TEM compete for dom-

inance), then cross-scale coupling, even from weaker electron-scale drive, is important

to determining which ion-scale mode becomes dominant, and therefore what the final

turbulent properties are.

These criteria are now applied to some of the plasmas used for validation of GYRO

and GENE in Chapter 5. This is quite an important comparison, as one of the

motivations for developing these criteria is to inform when multi-scale gyrokinetic

simulations are necessary, and one should therefore also apply them to validation

cases of gyrokinetic codes. First, the criteria are calculate for the L- and I-mode

study on Alcator C-Mod from Subsection 5.1.1. Since that study involved global

simulations, the metrics are checked at multiple radial locations. For the purposes of

this check, only the L-mode portion of the discharge is analyzed. At 𝜌𝑡𝑜𝑟 = 0.88 (the

outer edge of the simulation domain), the plasma has Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 = 0.48 and Σ𝑡𝑒𝑚/𝑖𝑡𝑔 =

0.90, which violates the second criterion, indicating that multi-scale effects should be

important. At 𝜌𝑡𝑜𝑟 = 0.75, however, both criteria are satisfied, with Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 = 0.20

and Σ𝑡𝑒𝑚/𝑖𝑡𝑔 = 0.02. Interestingly, at the inner edge of the simulation domain, 𝜌𝑡𝑜𝑟 =

0.65, where the global simulations did quite poorly, both criteria are also satisfied,

with Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 = 0.15 and Σ𝑡𝑒𝑚/𝑖𝑡𝑔 = 0.01.

At least at first glance, the criteria would seem to correctly predict the disagree-

ment with ion-scale simulations at the outer radius, but incorrectly predict agreement

at the inner radius. It is important to note, however, that the values for the criteria

just quoted are all for the nominal experimental inputs, which is consistent with how
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one would eventually use the criteria, checking for the importance of multi-scale effects

before running the nonlinear simulations. If, however, one uses inputs for a heat-flux

matched case at 𝜌𝑡𝑜𝑟 = 0.65, one finds that Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 = 0.50 and Σ𝑡𝑒𝑚/𝑖𝑡𝑔 = 0.76, which

violates the second criterion. This reveals one possible complication with applying

the criteria to plasmas in which the linear growth rates are highly sensitive to small

changes in the input gradients. In cases such as this, slightly varying inputs may

cause one or the other criteria to be broken, and so one may have to check a few

variations of inputs for a complete assessment. It is also possible that cases for which

variations of inputs lead to broken criteria are in some sense an edge case, where

multi-scale effects may still be marginally important. This serves as a possible expla-

nation for why the ion-scale gyrokinetic simulations did poorly at the inner portion

of the domain.

The criteria are next applied to the inner radius GENE validation study on AS-

DEX Upgrade from Section 5.2.2. For this discharge, 33585 (which is also one of

the ones used in the multi-machine TGLF work), at the radial location of that study,

𝜌𝑡𝑜𝑟 = 0.49, one calculates Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 = 0.59 and Σ𝑡𝑒𝑚/𝑖𝑡𝑔 = 0.001. This discharge there-

fore satisfies the criteria developed in this section, and ion-scale simulations should be

sufficient to model the plasma. The same is true when one uses the heat-flux matched

input gradients. This is indeed consistent with the GENE validation work, in which

GENE was able to simultaneously match all of the available validation constraints:

the electron heat flux, the ion heat flux, and the perturbative diffusivity.

To summarize, these two criteria indicate that if either electron-scale turbulence

is sufficiently driven, or ion-scale turbulence is particularly susceptible to cross-scale

coupling contributions, then multi-scale effects are important and ion-scale simula-

tions will not adequately model the plasma. These criteria have also been applied

to two of the gyrokinetic validation studies from Chapter 5, and seem to correctly

predict whether or not multi-scale effects will be important.
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6.3.3 Profile Prediction

Returning now to one of the original motivations behind all validation work, TGLF

will be put to use predicting temperature profiles as an illustration of the implica-

tions of the criteria just derived. Profile predictions are done iteratively through the

TGYRO framework [158], which was also run within OMFIT [157]. TGYRO runs

TGLF at multiple radial locations in the plasma, using the experimental profiles to

calculate heat fluxes, and then adjusts the gradients to better match the heat fluxes.

These new gradients are integrated to obtain new profiles, for which the process is

repeated until the profiles lead to heat flux calculations that match the experimental

values. In addition to turbulent transport calculations with TGLF, TGYRO also

includes the effects of neoclassical transport, as calculated with the NEO code [159].

The final predicted profile should not depend on the initial profile input (the experi-

mental profile), though starting with the experimental profile rather than an arbitrary

profile considerably speeds the convergence process. Depending on the settings used

in TGYRO, it is possible that the iterative process will not converge, though that

was not the case for any of the plasmas analyzed here. For the work presented here,

only the ion and electron temperature profiles were allowed to vary, though TGYRO

is also able to vary and predict the density profile.

One difference between this iterative process and that used above in the validation

effort is exactly which parameters are allowed to change. The validation effort above

worked purely locally, and changed only ion and electron temperature gradients, den-

sity gradient, and effective charge (which, for example, also changes collisionality).

The TGYRO framework changes electron and ion temperature profiles, though this

impacts a variety of other parameters, including ion and electron temperature gra-

dients, 𝑇𝑖/𝑇𝑒, collisionality, and others. It does not, however, change the effective

charge or the density gradient. For this reason, these two processes are similar, but
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not exactly the same in their input variation. Finally, since TGYRO is intended for

profile prediction, only the final predicted profiles are compared between simulation

and experiment. In the end, this is also the comparison that counts if one wants to

use simulations to design future machines.

TGYRO was only used to predict profiles between 𝜌𝑡𝑜𝑟 = 0.2 or 0.3 (inside of

which sawtooth crashes dominate transport) and 𝜌𝑡𝑜𝑟 = 0.8 (outside of which edge

and pedestal effects become important). The experimental temperature was therefore

used for 𝜌𝑡𝑜𝑟 = 0.8, and predicted from there inward. For full profile predictions, one

must also include a pedestal model (such as EPED [160]) and a core sawtooth model,

which is generally time dependent.

Figure 6-5 shows the results of profile predictions for two of the ASDEX Upgrade

discharges considered in the validation study above, 33585 and 34623. Discharge

33585 had ∆𝜒𝑅𝑖𝑐𝑐𝑖 = 0.02 at 𝜌𝑡𝑜𝑟 = 0.50 and ∆𝜒𝑅𝑖𝑐𝑐𝑖 = 0.0002 at 𝜌𝑡𝑜𝑟 = 0.75. In

terms of the derived criteria, at 𝜌𝑡𝑜𝑟 = 0.50, Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 = 0.18 and Σ𝑡𝑒𝑚/𝑖𝑡𝑔 = 0.26.

Discharge 34623 had ∆𝜒𝑅𝑖𝑐𝑐𝑖 = 0.66 at 𝜌𝑡𝑜𝑟 = 0.27 and ∆𝜒𝑅𝑖𝑐𝑐𝑖 = 0.60 at 𝜌𝑡𝑜𝑟 = 0.65.

For the derived criteria, at 𝜌𝑡𝑜𝑟 = 0.27, Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 = 1.7 and Σ𝑡𝑒𝑚/𝑖𝑡𝑔 = 0.001.

The fact that the two discharges predicted here are two of the discharges from the

validation study in no way lessens the significance of the agreement or disagreement

between the predicted and experimental temperature profiles. The profile predictions

and the validation were performed entirely separately, and TGLF was in no way

‘adjusted’ to include the results of the validation study. TGLF’s saturation rule does

not include any discharges from ASDEX Upgrade, let alone any of the discharges

included in this work. The only reason that predictions were performed on discharges

from the validation study is that the experimental work and data analysis required to

prepare the code inputs is considerable, and such work had already been performed

for all of the discharges in the validation study.

As this figure shows, multi-scale TGLF predictions agree with the experimentally
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Figure 6-5: Temperature profile predictions for two ASDEX Upgrade discharges.
The left column in discharge 33585 and the right is 34623. The top row is electron
temperature and the bottom is ion temperature. Experimental profiles are shown
in turquoise, with uncertainty represented by the shaded region. Multi-scale TGLF
predictions are shown in green and ion-scale in red. Only radii inside of the edge and
outside of the sawtooth region are shown. Figure modified from Reference [65].

measured ion and electron temperature profiles within uncertainty for both discharges,

with only a slight deviation in the electron temperature of discharge 34623 around

𝜌𝑡𝑜𝑟 ≈ 0.7. It is likely that variation of the density gradient or effective charge

would be able to resolve this discrepancy. Ion-scale TGLF, on the other hand, does

reasonably well for 33585, with only slight deviations in both the ion and electron

temperatures, but severely over-predicts the electron temperature in discharge 34623.

These predictions are robust to the spatial resolution of the prediction and to the

edge pinning location (moved in or out by 0.05 𝜌𝑡𝑜𝑟).
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The discrepancy between the ion-scale model and experiment in discharge 34623

and the agreement in discharge 33585 is consistent with the values of the criteria for

both discharges. In 33585, both criteria are met, indicating the ion-scale simulations

should be sufficient, while in 34623, Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤 = 1.7 > 1.0, indicating that multi-scale

effects are important and that one should not trust the result of ion-scale simulations.

Conclusions and Implications of Multi-Machine Validation Study

This chapter has presented a validation effort with slightly different goals than those

presented in Chapter 5, focusing on developing more general criteria to determine the

importance of multi-scale effects, rather than focusing on validating a specific code

for one particular plasma discharge. The results of this work were manyfold, starting

with the validation of multi-scale TGLF for 17 plasma conditions from Alcator C-Mod

and ASDEX Upgrade, with three or four constraints for each condition. This is itself

a significant result, as it shows that TGLF is a robust transport model, which agrees

with all available experimental measurements over a wide range of L-mode plasmas

on two different machines.

The validation portion of the study also further proved the importance of in-

cluding as many validation constraints as are available, in order to avoid fortuitous

agreement, which was seen for several cases when only heat fluxes were compared. In

addition, this effort varied many input parameters, beyond just temperature gradi-

ents, revealing that this input variation in some cases leads to validation agreement

where one would have otherwise found disagreement.

In all, the validation portion of this study represents a new methodology, focusing

on breadth of validation, rather than depth. This type of study will be necessary in

the future, as it is vital to validate turbulent transport models in as many different

plasma conditions as possible before using them predictively. Continuation of the

study presented here would involve additional types of plasmas (H-modes, I-modes,
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etc.), additional machines (DIII-D, JET, etc.), and additional constraints (density

fluctuations, etc.). Validation in only a few plasma conditions or on only a single

machine, even very thoroughly, represents insufficient evidence to build confidence in

future predictions for future machines.

More generally, this chapter used the results of the validation study to investigate

the physics of multi-scale turbulence effects, and to develop criteria that can be used

to determine when multi-scale simulations are necessary. The two criteria, Γℎ𝑖𝑔ℎ/𝑙𝑜𝑤

and Σ𝑡𝑒𝑚/𝑖𝑡𝑔, both deal with the importance of cross-scale coupling in determining

the final turbulent state of the plasma. The form of the first criterion reveals that it

is cross-scale coupling of turbulence, moderated by zonal flows, which is dominantly

responsible for the importance of multi-scale effects. Sufficiently high electron-scale

linear growth rates will lead to coupling with the ion-scales. The second criterion

shows that even if electron-scale drives are weak, if the ion-scale turbulence has no

clearly dominant mode, then cross-scale coupling is still important, and multi-scale

simulations are still necessary. These criteria were also applied to two of the gy-

rokinetic studies from Chapter 5, correctly predicting whether or not the ion-scale

simulations would agree with validation constraints.

Finally, the practical implications of validation were illustrated by using ion- and

multi-scale TGLF to predict temperature profiles for two ASDEX Upgrade discharges,

one which satisfied both criteria and one which violated the first criterion. The

severe overprediction of the electron temperature profile for discharge 34623 with

ion-scale TGLF illustrates exactly why one should not trust the results of models

which have not been thoroughly validated. Such a prediction would lead one to be

overly optimistic as to the performance of a future device. The profile predictions

also show that an ion-scale model does quite well for a plasma which satisfies both of

the criteria developed in this chapter.
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Chapter 7

Conclusions

This thesis has described a wide range of work, from new experimental hardware to

new analysis techniques and simulation results, but the central narrative throughout

has been validation of turbulent transport simulations with the hope that they will

eventually be ready to predict the performance of future fusion machines. This final

chapter summarizes the work presented in this thesis, as well as suggesting future

research endeavors motivated by the results of this work.

The Work of this Thesis

The first two major contributions of this thesis were the development of analysis tech-

niques and hardware in order to experimentally measure two validation constraints

for turbulent transport models, the electron perturbative thermal diffusivity and elec-

tron temperature fluctuations. Chapter 3 described in detail the method of measuring

the perturbative thermal diffusivity in tokamak plasmas by tracking the propagation

of heat pulses generated by partial sawtooth crashes. This new method avoids the

non-diffusive heat transport associated with full sawteeth and does not require active

perturbation of the plasma with modulated electron cyclotron heating, requiring only

a plasma that naturally produces partial sawteeth. It was also checked against mea-
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surements from the more established modulated electron cyclotron heating method,

finding good agreement. The perturbative diffusivity measured in this fashion is an

essentially free additional validation constraint in many naturally sawtoothing plas-

mas, and for this reason nearly all of the data in that chapter was from previously

run plasmas, requiring no additional experimental run time. The requirement for

sawtooth crashes may exclude some particularly high performance plasmas with a 𝑞

greater than 1 on the magnetic axis. As was shown in Chapters 5 and 6, the per-

turbative diffusivity is a valuable validation constraint when assessing the physical

accuracy of turbulent transport models. In addition, perturbative diffusivity measure-

ments from more than 70 discharges on both Alcator C-Mod and ASDEX Upgrade

were used to investigate the governing physics of heat pulse propagation, revealing a

strong correlation with collisionality across both machines.

Chapter 4 described the development of both hardware and analysis techniques

for the correlation electron cyclotron emission diagnostic, used to measure electron

temperature fluctuations. This thesis work constructed intermediate frequency elec-

tronics sections for CECE diagnostics on both Alcator C-Mod and ASDEX Upgrade.

In particular, the hardware on ASDEX Upgrade represented a significant improve-

ment over previous systems, and has taken arguably some of the cleanest CECE data

on any tokamak to date. New analysis techniques were also developed analytically in

order to more accurately calculate temperature fluctuation levels from the raw CECE

radiometer data. These techniques were thoroughly tested with both synthetic and

experimental data. In terms of purely experimental observations, these CECE di-

agnostics were used to investigate I-mode physics on Alcator C-Mod and H-mode

physics on ASDEX Upgrade. They also provided key validation data to the studies

in Chapters 5 and 6.

Having developed two experimental tools necessary for thorough validation of

turbulent transport models, this thesis then moved on to two chapters describing
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directed validation studies. Chapter 5 described validation of two gyrokinetic codes,

GYRO and GENE. The validation studies in this chapter followed a fairly established

methodology, looking at a single code in one or two plasmas in great depth. The

first study compared GYRO simulations of L- and I-mode plasmas on Alcator C-

Mod (using as validation constraints the electron heat flux, ion heat flux, and both

measurements described in this thesis), finding that the code agreed rather poorly

with experimental measurements from both plasmas. One possible reason for this

disagreement was the absence of multi-scale physics in the GYRO simulations, a

hypothesis motivated by the second validation study of the chapter, which showed

that in at least one case, multi-scale simulations resolved discrepancies between ion-

scale simulations and experimental observations. The next two validation studies in

the chapter focused on validating GENE on ASDEX Upgrade. Both studies, which

applied different validation constraints to two radii in the same plasma discharge,

found reasonably good agreement between ion-scale simulations and experiment. This

raised the question of when ion-scale simulations were sufficient to model the plasma

turbulence, and when multi-scale simulations were necessary.

The next chapter in the thesis, Chapter 6 attempted to answer this question by

using the quasi-linear gyrofluid code, TGLF. First, multi-scale TGLF was applied

to the same L- and I-mode plasmas analyzed with GYRO in Chapter 5. Contrary

to the previous hypothesis, however, multi-scale TGLF also disagreed with experi-

mental measurements, suggesting that some other effect may be responsible for the

disagreement. One possibility was that one may have to vary more than just the input

temperature gradients in order to find a match with experimental measurements. All

of these results motivated the design of the final validation study in the thesis. Instead

of focusing on a single plasma on one machine, one code, TGLF, was applied equally

to 11 discharges from 2 machines, all within the parameter range for which TGLF’s

saturation rule was tuned. TGLF was run varying up to four inputs through the VI-
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TALS framework, allowing investigation of the importance of varying multiple inputs.

TGLF was also run in both ion- and multi-scale configurations in order to investigate

when multi-scale effects were important and when they were not. This final study in-

volved 168 combinations of discharge, location, constraints, inputs, and scale setting.

The results of the study were twofold. First, multi-scale TGLF was shown to agree

with all available validation constraints for all 17 plasma conditions analyzed, once all

four inputs were allowed to vary within uncertainty. Second, two physical criteria to

predict whether or not multi-scale interactions would be important were developed,

offering insight into the physical phenomena behind the coupling of electron- and ion-

scales. This final validation effort brought together all that was learned throughout

the entire thesis to produce both practical and fundamental physics results.

It is worthwhile to briefly consider some larger picture implications of these valida-

tion results. First, as was mentioned before, there is really no reason to run ion-scale

TGLF outside of targeted physics investigations (such as the one performed in this

thesis), as multi-scale TGLF more closely matches experiment in all cases and requires

negligibly more computation time. More generally, this work indicates that for cases

which violate either criterion from Chapter 6, one cannot in good faith use results

from any ion-scale gyrofluid or gyrokinetic simulation, as multi-scale interactions are

clearly important. This is perhaps a controversial statement, and comes with the

caveat that ion-scale simulations are still useful for answering certain specific physics

questions. These validation results strongly indicate, however, that for cases which

violate either criterion, ion-scale simulations are not an accurate representation of re-

ality. This conclusion by itself is incredibly strong motivation for increased allocation

of computing resources to multi-scale gyrokinetic simulations, and then the use of

these simulations to develop quasi-linear saturation rules that span larger parameter

spaces.

In summary, this thesis has developed analysis techniques and hardware for two
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validation constraints and then applied these constraints, and others, to validation

of three turbulent transport codes on two tokamaks. The hardware and analysis

techniques have been documented in several publications and will hopefully be used

in future validation studies by other researchers. In addition to the specific valida-

tion results presented in this thesis, which add to the continually growing collective

knowledge of the validation community, this thesis answered a concrete question con-

cerning the importance of multi-scale effects, resulting in both practical criteria and

physics understanding. The final work with TGLF also pioneered a new validation

study methodology, which will hopefully increase the breadth of validation work in

the future.

The Road Ahead

While this thesis has contributed substantially to the ongoing work to validate tur-

bulent transport models, and more broadly to the grand march toward fusion energy,

there is of course, much remaining to be accomplished. Fortunately, the work in this

thesis points to several concrete next steps.

Regarding the partial sawtooth perturbative diffusivity measurements, it would be

greatly beneficial to apply this measurement to additional machines beyond Alcator

C-Mod and ASDEX Upgrade. This would allow continued expansion of the dataset

used to analyze the collisionality dependence, and would set precedent for then using

this measurement as a validation constraint on those machines as well. In addition,

while this thesis did perform a comparison with modulated electron cyclotron heating

measurements, it would be worthwhile to perform additional comparisons on other

discharges to further confirm that the two methods give the same result. Finally, all

of the analysis in this thesis relied on manually identified partial sawtooth crashes.

Development of a code to automatically identify partial sawtooth crashes and then

perform the perturbative diffusivity analysis would go a long way toward making this
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validation constraint more mainstream.

The CECE results in this thesis also suggest a number of hardware improvements

and open questions to be addressed. First, it would certainly be beneficial to install

CECE diagnostics on additional machines, beyond the two machines in this thesis and

the few other systems in the world (TCV and DIII-D). Additional machines would

allow measurements in an expanded parameter regime, and would also contribute to

making electron temperature fluctuation measurements a standard validation con-

straint. In constructing a new system, several hardware lessons learned from this

thesis work may be applied. First, the careful attention to reducing noise through

separating signal and power grounds and reducing spurious cable length definitely

paid off, and should be part of any future CECE, or more broadly, any microwave

diagnostic, design. In addition, during operation of the diagnostic, it became clear

that with a large number of fixed channels in a comb, the tunable YIG filters were

not used very often. For this reason, a new system would likely replace the YIG

filters with more fixed channels. The YIGs are both more expansive and take up

more space than the fixed channels, not to mention being more complicated due to

the required control circuit, so removing one YIG channel could enable the addition

of two or three more fixed channels, further expanding the comb coverage. At least

as the system on ASDEX Upgrade was operated, this would lead to more useful data.

There is of course a trade off in flexibility, and so for a different set of research goals,

other systems may wish to retain the YIG channels.

In terms of physics investigations with CECE, two promising experimental re-

search directions were mentioned in Chapter 4. Additional work in both of these

areas may deepen understanding of how core temperature fluctuations change in high

performance regimes, and of the relationship between core turbulence and increased

plasma performance. First, some example measurements were shown from low cur-

rent I-modes on Alcator C-Mod, which did not show the characteristic reduction in
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core temperature fluctuations that is typically observed after the transition from L-

mode to I-mode. Further investigation of these low current I-modes may help shed

light on what it is about the standard I-mode transition that leads to reduced fluctu-

ation levels in the plasma core and improved confinement. Similarly, data was shown

from low current H-modes on ASDEX Upgrade, with and without resonant magnetic

perturbations, revealing a change in outer core temperature fluctuations even though

RMPs are thought to mainly affect the plasma edge. Investigating the effect of RMPs

on electron temperature fluctuations may also shed light on their role in stabilizing

edge localized modes and how one might develop other stationary high performance

regimes. Finally, while CECE has mostly been used so far to investigate core turbu-

lence, it is also possible to observe closer to the plasma edge, though one must be

careful about optical thickness. In particular, there has recently been a lot of interest

in the weakly coherent mode near the edge of I-mode plasmas. By combining CECE

measurements with density fluctuation measurements, one may gain insight into the

decoupling of heat and particle transport in the I-mode pedestal.

Finally, the validation work in this thesis also suggests a number of future direc-

tions. First, it would be valuable to eventually run fully multi-scale (with a realis-

tic electron to ion mass ratio) GENE simulations, and to compare these results to

multi-scale GYRO and TGLF runs. This would bolster confidence in the multi-scale

gyrokinetic results that have already been published, and ensure that the two codes

give similar predictions. Along the same lines, additional multi-scale gyrokinetic runs

are required in order to generate better saturation rules for quasi-linear codes like

TGLF, and expand the parameter range in which they are valid.

Specific to the results in this thesis, it would be good to use multi-scale gyrokinetic

simulations to check a few of the TGLF cases presented in the last study to ensure

their accuracy, as well as to check the application of the derived criteria for more

than just a few gyrokinetic cases (these comparisons were not performed as part
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of this thesis due to the significant computational resources required for multi-scale

gyrokinetic simulations). The last validation study, while already much broader than

most past work, should eventually be expanded to include even more machines and

plasma discharges, specifically higher performance regimes such as I- and H-mode. If

at some point the study finds parameter space in which multi-scale TGLF is unable

to match constraints, it may lead to substantive improvements to the code. For

example, one could run multi-scale gyrokinetic simulations with these parameters,

and then include those runs in a new saturation rule. A broad study such as this may

also reveal other important physics that should be included in turbulent transport

simulations.

This last study would also benefit from including additional validation constraints,

beyond the four used in this thesis. It could also expand to considering both parti-

cle and momentum transport, in addition to the heat transport that was the focus

of this thesis. Such a study could include density fluctuations as a validation con-

straint, made with, for example, reflectometry (described in Appendix E) and high

time resolution interferometry (described in Appendix G). Finally, one could apply

more rigorous statistical analysis to a larger set of validation data from this type of

study, including perhaps various Bayesian statistical methods, in order to quantify

the improvement in model agreement as the number of free parameters (varied inputs)

is increased.

More generally, turbulent transport models represent just one research focus in

the broader fusion research field. This research must continually interact with other

research topics, such as the study of plasma heating, edge and pedestal physics,

and divertor physics, in order to develop a physical understanding and predictive

capability for the entire tokamak plasma. By combining knowledge from all of these

regions of the plasma, and by developing integrated models of the entire machine

(an example of which is described in Appendix F), one will hopefully be able to
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inform engineering decisions when designing future machines, and also indicate which

engineering research paths are most important to achieve the goal of fusion energy.

The path to the clean, sustainable, and safe energy source promised by magnetic

fusion has been long, and fraught with seemingly insurmountable obstacles. This the-

sis has made its contribution to the march toward that goal, but significant challenges

remain. In spite of all of this, researchers around the world dedicate themselves to

making fusion energy a reality. It is too important not to try. And that is why we

do.
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Appendix A

History of Perturbative Thermal

Diffusivity Measurements

The work in this appendix was originally presented as the Appendix of Reference [55].

The perturbative diffusivity discussed in Chapter 2 and 3 has a fairly long history

of measurement, which may be relevant to the reader interested in how the method

presented in this thesis fits into the larger historical context.

Using heat pulses to deduce the diffusivity in tokamak plasmas has a long history,

and due to it’s natural presence in many tokamak plasmas, the sawtooth crash was one

of the first sources used for this purpose. Tracking heat pulses generated by sawtooth

crashes was first performed on the ORMAK tokamak in 1977 [57]. This early work

calculated the thermal diffusivity via the time-to-peak method, which tracks the

propagation of the peak of the heat pulse [57]. For comparison, the Extended-Time-

to-Peak method used in this thesis also includes information from the amplitude of

the heat pulse as it moves radially, leading to considerably more accurate calculations.

It wasn’t until roughly 1986 that modulated electron cyclotron heating (ECH) was

used to generate heat pulses [161]. Some work has also tracked ‘cold’ pulses generated

by edge impurity injection [162], though this method is not a focus of this thesis.
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These first measurements found that the diffusivity calculated by tracking saw-

tooth generated heat pulses exceeded the power balance diffusivity by factors of up

to 15 [57], but did not at the time recognize that the perturbative and power balance

diffusivities were measuring different aspects of the plasma. Some later work on OR-

MAK partially resolved the discrepancy by using more detailed calculations, but a

discrepancy remained [163].

Similar methods were then applied to other tokamaks, with varied results. Work

on the ISX-B tokamak found agreement between the power balance and ‘heat pulse’

diffusivities [164], while work on Doublet III [165] and TFTR [166] found that the

heat pulse measured diffusivity significantly exceeded the power balance diffusivity.

Around this time a method of calculating the heat pulse diffusivity based on Fourier

analysis of sawtooth heat pulses was also developed, and was applied to Doublet III

[165] and TFTR [166], but did not show significantly different results to the earlier

calculation methods. The observations from these larger machines led some to believe

that the power balance diffusivity was transiently enhanced during the propagation

of heat pulses [166].

Further investigation of the discrepancies between the heat pulse diffusivity and

the power balance diffusivity led to the theory that they were in fact different physical

properties, one governing the propagation of perturbations and one governing the

steady state equilibrium of the plasma [54]. This is reflected in the different definitions

given in Chapter 2, and the graphical illustrations in Figure 2-2.

This realization was also accompanied by the development of the Extended-Time-

to-Peak calculation method used in this thesis [84]. Later work also compared the

Extended-Time-to-Peak and Fourier calculation methods, finding agreement within

uncertainty for several experimental conditions [60, 85]. Using these methods, sev-

eral studies on JET found agreement between the power balance diffusivity and the

perturbative diffusivity measured with sawtooth heat pulses [54, 61].
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Still, the realization that the power balance and perturbative diffusivities were

different physical quantities did not entirely dissipate concerns over the large dis-

crepancy between power balance and perturbative diffusivity measured with full saw-

tooth heat pulses, by up to a factor of 20 on TFTR [54]. Subsequent investigation

revealed that the sawtooth crash itself was a possible cause for this discrepancy, since

the sawtooth event led to additional enhanced transport even beyond the mixing ra-

dius, likely caused by the macroscopic MHD perturbations to the plasma equilibrium,

which was termed “ballistic” transport [167]. This theory was supported by calcula-

tions suggesting that the ballistic transport was non-diffusive, and so would lead to

large enhancements if one tried to calculate an effective diffusivity [167]. This work

therefore suggested that full sawtooth crash-generated heat pulses were unsuitable

for calculating the perturbative diffusivity, as the sawtooth event led to non-diffusive

transport even far outside of the mixing radius.

This result did not immediately end perturbative diffusivity calculations based

on full sawtooth crashes, and for the next decade or so, various studies debated the

validity of using full sawtooth heat pulses, including the possibility that one could

use the measurement as long as certain spatial or temporal limits were respected

[62, 168, 169, 170]. Reference [53] gives a thorough review of perturbative diffusivity

measurements based on heat pulse propagation up to this point.

Further evidence emerged from both TFTR and DIII-D in 2000, however, which

mostly ended the use of full sawtooth crash-generated heat pulses to measure per-

turbative diffusivity [58]. This work contained detailed comparisons between experi-

mental data and computational models, revealing that the shape and propagation of

sawtooth crash heat pulses were inconsistent with a diffusive process, even if one in-

cluded a strong nonlinear dependence of the diffusivity on the temperature gradient.

This same work was the first to suggest that partial sawteeth might pose a viable

alternative, showing that partial sawtooth heat pulses were indeed consistent with a
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diffusive model. Finally, it was shown that the ballistic transport extended to at least

twice the inversion radius in some cases, leaving very little radial range over which

the propagation of full sawtooth heat pulses might have been considered diffusive.

The results of this work were later confirmed and expanded upon by other studies

[171].

Since this work, it has generally been accepted that ballistic transport makes the

use of full sawtooth heat pulses unreliable for measuring the perturbative diffusivity

[56, 172], though there are a few examples of studies that have continued to use

that method [173, 174]. It is for this reason that before the publication of the work

performed in this thesis, modulated ECH had been the preferred source of heat pulses

for measuring the perturbative diffusivity [56].

Turning now to the physics behind these conclusions, the reason that the ballistic

transport is thought to be non-diffusive is that it is heavily influenced by the macro-

scopic MHD physics of the sawtooth crash [58]. References [83, 175, 176] discuss the

physics of the sawtooth crash in considerable detail, including the fast redistribu-

tion of energy and particles which preclude the use of full sawteeth for measuring a

diffusivity.

While the partial sawteeth described in this thesis (which are also sometimes called

‘compound’ sawteeth in the literature), are caused by the same fundamental physical

processes as full sawteeth, their considerably smaller radial extent and amplitude

mean that they are not accompanied by the same ballistic transport as full sawteeth

[58, 83]. Qualitatively, one can also show that partial sawteeth result in a considerably

smaller redistribution of energy than full sawteeth, using techniques such as those in

Reference [177]. The interested reader could also apply more quantitative techniques,

such as those in Reference [178].
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Appendix B

Calculation of Numerical Prefactor

for Perturbative Thermal Diffusivity

Chapter 3 discussed in detail the use of partial sawtooth crash-generated heat pulses

in order to measure the perturbative diffusivity in the plasma. In particular, this

thesis used the Extended-Time-to-Peak calculation method, shown in Equation 3.1

[54, 84]. For convenience, this is repeated here:

𝜒𝑝𝑒𝑟𝑡
𝑒 = 4.2𝑎𝑐

𝑣𝐻𝑃

𝛼
(B.1)

where:

𝑣𝐻𝑃 =
√
𝜅

𝑎

𝑎− 𝑠

(︂
𝑑𝑡𝑝𝑒𝑎𝑘
𝑑𝑟

)︂−1

(B.2)

is the radial velocity of the peak of the heat pulse (in 𝑚/𝑠) and:

𝛼 = 10(𝑎− 𝑠)
𝑑

𝑑𝑟
𝑙𝑜𝑔(𝐴) (B.3)

is a parameter describing damping of the heat pulse as it propagates radially

(unitless).
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The aim of this appendix is to derive Equation 3.1, including the numerical pref-

actor of 4.2. This derivation was originally performed in References [54, 84], but in

particular this thesis wanted to confirm that the numerical prefactor of 4.2 would not

change depending on the machine to which the method was applied. This appendix

therefore starts by repeating the analytic derivation of Equation Equation 3.1 from

References [54, 84], and then describes the numerical calculations performed to get

the prefactor of 4.2.

Following Reference [54], this derivation starts with a simplified version of Equa-

tion 2.6, the fluid equation describing energy flux in the plasma, for electrons. Specif-

ically, consider only:

3

2

𝑑

𝑑𝑡
(𝑛𝑒𝑇𝑒) ≈ −∇ · �⃗�𝑒 + 𝑆𝐸,𝑒 (B.4)

where, as before, 𝑛𝑒 is the electron density, 𝑇𝑒 is the electron temperature, �⃗�𝑒 is the

electron heat flux, and 𝑆𝐸,𝑒 is the energy source term (which in this derivation also

includes the contribution of electron-ion collisions, 𝐶𝑠). Since this derivation is fo-

cused only on the dominant perturbed part of the equation, convection, compression,

and steady plasma heating will be ignored.

Now, split each variable into equilibrium and perturbed parts, 𝑥 = 𝑥𝑒𝑞 + ̃︀𝑥, and

take only the perturbed part of the equation. Assuming only a temperature heat

pulse (the density is unperturbed), one gets:

3

2

𝑑

𝑑𝑡
(𝑛𝑒
̃︀𝑇𝑒) = −∇ · ̃⃗︀𝑞𝑒 + ̃︀𝑆𝐸,𝑒 (B.5)

If one then applies a diffusive model to the heat transport in this situation, one

can write:

�⃗�𝑒 = −𝑛𝑒𝜒𝑒∇𝑇𝑒 (B.6)
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If one then allows 𝜒𝑒 to be a function of 𝑇𝑒 and ∇𝑇𝑒, focuses on transport only

in the radial direction (∇ → 𝜕/𝜕𝑟), and limits oneself to first order in perturbed

quantities, one can write:

−̃︀𝑞 = 𝑛𝑒̃︀𝜒𝑒∇𝑇𝑒 + 𝑛𝑒𝜒
𝑃𝐵
𝑒 ∇ ̃︀𝑇𝑒 (B.7)

where 𝜒𝑃𝐵
𝑒 is the same quantity defined in Chapter 2, and is the steady state

thermal diffusivity.

Now, define:

𝜒𝑝𝑒𝑟𝑡
𝑒 = − 1

𝑛𝑒

𝜕𝑄𝑒

𝜕∇𝑇𝑒

= 𝜒𝑃𝐵
𝑒 +

𝜕𝜒𝑒

𝜕∇𝑇𝑒

∇𝑇𝑒 (B.8)

as in Equation 2.22.

Plugging everything into Equation B.7 and staying at first order in the perturba-

tion gives:

−̃︀𝑞 = 𝑛𝑒𝜒
𝑝𝑒𝑟𝑡
𝑒 ∇̃︀𝑇𝑒 + 𝑛𝑒

(︂
𝜕𝜒𝑒

𝜕𝑇𝑒

)︂
(∇𝑇𝑒)̃︀𝑇𝑒 (B.9)

One can show that for any reasonable explicit temperature dependence in 𝜒𝑒,

the second term will have a negligible effect on the calculation of the perturbative

diffusivity and is therefore dropped from the remainder of this derivation [54].

Plugging this into Equation B.5 gives:

3

2
𝑛𝑒

𝜕 ̃︀𝑇𝑒

𝜕𝑡
= ∇ · (𝑛𝑒𝜒

𝑝𝑒𝑟𝑡
𝑒 ∇̃︀𝑇𝑒) −

𝑛𝑒

𝜏𝑑
̃︀𝑇𝑒 (B.10)

where ̃︀𝑆𝐸,𝑒 has been assumed to be linear in ̃︀𝑇𝑒 to first order, with a characteristic

damping time constant:

𝜏𝑑 = −𝑛𝑒

(︂
𝜕𝑆𝐸,𝑒

𝜕𝑇𝑒

)︂−1

(B.11)
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This assumes that radiative losses are much smaller than collisional losses, which

is the case for nearly all high performance tokamak plasmas. Note that the standard

time-to-peak analysis implicitly assumes that 𝜏𝑑 → ∞. Allowing this to be finite is

what differentiates the extended-time-to-peak method.

Following now Reference [84], it is assumed that 𝜏𝑑 is a constant, uniform in space

and time over the propagation region of the heat pulse. This is not true in a real

tokamak plasma, as the collisional portion of the damping will certainly depend on

the background profiles, but the approximation allows the diffusive calculation carried

out here.

The relative strength of the damping term in Equation B.10 is characterized with

the dimensionless quantity:

𝐾 =
𝑎2

𝜏𝑑𝜒𝑒

(B.12)

where 𝑎 is the machine minor radius.

One now proceeds to solve Equation B.10 numerically, by imposing an initial

temperature perturbation onto background profiles in a cylindrical geometry, and

allowing the perturbation to propagate radially. By calculating 𝑣𝐻𝑃 and 𝛼, based

on their definitions in Equations B.2 and B.3 respectively, and then comparing them

to the input value of 𝜒𝑝𝑒𝑟𝑡
𝑒 , one is able to derive the relationship in Equation 3.1,

including the prefactor. These calculations are now described in greater detail.

The machine size and perturbative diffusivity as inputs. In addition, one must

choose the shape and location of the initial perturbation, the effect of which is dis-

cussed in greater detail below.

When one runs these simulations, one finds that the dimensionless parameters

𝑎𝑣𝐻𝑃/𝜒
𝑝𝑒𝑟𝑡
𝑒 and 𝛼 both depend linearly on 𝐾, as seen in Reference [84] and in the
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repeated calculations in this thesis. They are thus parameterized as follows:

𝑎𝑣𝐻𝑃

𝜒𝑝𝑒𝑟𝑡
𝑒

= 𝑝𝑣 + 𝑞𝑣𝐾 (B.13)

and

𝛼 = 𝑝𝛼 + 𝑞𝛼𝐾 (B.14)

Solving for 𝜒𝑝𝑒𝑟𝑡
𝑒 gives:

𝜒𝑝𝑒𝑟𝑡
𝑒 = 𝑐1

𝑎𝑣𝐻𝑃

𝛼 + 𝑐2
(B.15)

where 𝑐1 = 𝑞𝛼/𝑞𝑣 and 𝑐2 = 𝑐1𝑝𝑣 − 𝑝𝛼.

Finally, assuming 𝑐2 ≪ 𝛼, which is the case in all of the calculations performed in

Reference [84] and in this thesis, one can write:

𝜒𝑝𝑒𝑟𝑡
𝑒 ≈ 𝛾𝑎𝑐

𝑣𝐻𝑃

𝛼
(B.16)

where 𝑎𝑐 = 𝑎
√
𝜅 now includes a correction for an elongated plasma and:

𝛾 = 𝑐1

(︁
1 − 𝑐2

𝛼

)︁
(B.17)

This 𝛾 is the prefactor in Equation 3.1. The average 𝛼 for the set of simulations

is used in this relationship.

To summarize the workflow, one sets up background equilibrium profiles and an

initial perturbation in a cylindrical geometry. One then solves Equation B.10 for a

given 𝜒𝑝𝑒𝑟𝑡
𝑒 numerically for multiple values of the dimensionless parameter 𝐾 (which

sets 𝜏𝑑). One then calculates 𝑣𝐻𝑃 and 𝛼 for each of the input K values. Plotting

𝑎𝑣𝐻𝑃/𝜒
𝑝𝑒𝑟𝑡
𝑒 and 𝛼 against 𝐾, one performs linear fits to find 𝑝𝑣, 𝑞𝑣, 𝑝𝛼, and 𝑞𝛼. These

are used to calculate 𝛾, the numerical prefactor in Equation 3.1. The published
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value of this prefactor in Reference [54] is 4.2. In the work here, the calculation was

performed in MATLAB, the results of which are briefly mentioned in Reference [55].

The resulting prefactor may depend on the input perturbation location and shape,

as well as the location at which one measures the perturbative diffusivity. In order

to check the effect of these inputs on the value of the prefactor, a number of scans

were run. Using parabolic, gaussian, triangle, and even square initial perturbations

had less than a 1% effect on the calculated prefactor, as long as the measurement

location was at least 0.1𝑎 beyond the initial perturbation location. Similarly, using

a variety of experimentally relevant perturbation widths resulted in variations of less

than 10% in this prefactor, once the pulse had propagated 0.1𝑎 radially outward.

Finally, as one varied the exact location of the initial perturbation (from 𝑟/𝑎 =

0.1−0.5) and measurement location (from 𝑟/𝑎 = 0.3−0.9), such that the measurement

location was always 0.1𝑎 further out than the location of the initial perturbation, the

calculated numerical prefactor did vary between 3.8 and 4.3. This variation of less

than 10% is consistent with the published uncertainty of 10%, and is less than the

experimental uncertainty in every case analyzed in this thesis, which is usually at least

15%. It would be possible to recalculate this prefactor for the initial perturbation

location and measurement location of every experimental measurement, but because

the variation is less than the experimental uncertainty, the slight improvement to the

accuracy is likely not worth the additional work. For this reason, the published value

of 4.2 is used in Equation 3.1 throughout this thesis.

This completes the derivation of Equation 3.1, including its numerical prefactor.
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Appendix C

Derivation of CECE Equations

This appendix derives four equations presented in Chapter 4 that are used in analysis

and interpretation of CECE data: Equation 4.1, which calculates the total tempera-

ture fluctuation level (derived in both the frequency and time domains); Equation 4.8,

which calculates the uncertainty on this value; Equation 4.9, which states the sen-

sitivity limit of CECE measurements; and Equation 2.29, which is used to calculate

the optical depth of the second harmonic X-mode ECE.

C.1 Frequency Domain Derivation of Total Temper-
ature Fluctuation

First, this appendix will derive Equation 4.1 in the frequency domain, using the

definition of 𝛾𝑐 from Equation 4.2, highlighting differences with previous derivations

that have led to Equation 4.5. This derivation was originally published in Reference

[81].

Consider one signal collected by an ECE radiometer, 𝑥(𝑡), which includes con-

tributions from the steady state temperature 𝑇𝑒, temperature fluctuations ̃︀𝒯𝑒(𝑡), and
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thermal noise ̃︀𝒩𝑥(𝑡) [71, 120].

𝑥(𝑡) = 𝑐𝑥(𝑇𝑒 + ̃︀𝒯𝑒(𝑡))(1 + ̃︀𝒩𝑥(𝑡)) ≈ 𝑐𝑥(𝑇𝑒 + ̃︀𝒯𝑒(𝑡) + 𝑇𝑒
̃︀𝒩𝑥(𝑡)) (C.1)

where 𝑐𝑥 is a calibration factor that relates the radiometer signal to the absolute tem-

perature. This factor will cancel out later in this derivation, so absolute calibration

is not necessary for CECE operation using this calculation method. It is assumed

in this derivation that ̃︀𝒯𝑒 ≪ 𝑇𝑒 and ̃︀𝒩𝑥 ≪ 1, so that the quadratic term ̃︀𝒯𝑒
̃︀𝒩𝑥 is

negligibly small [71].

One then takes the Fourier transform of Equation C.1, defining 𝑋(𝑓) to be the

Fourier transform of 𝑥(𝑡), ̃︀𝑇𝑒(𝑓) to be the Fourier transform of ̃︀𝒯𝑒(𝑡), and ̃︀𝑁𝑥(𝑓) to

be the Fourier transform of ̃︀𝒩𝑥(𝑡). This gives:

𝑋(𝑓) = 𝑐𝑥(𝛿(𝑓)𝑇𝑒 + ̃︀𝑇𝑒(𝑓) + 𝑇𝑒
̃︀𝑁𝑥(𝑓)) (C.2)

where 𝛿(𝑓) is the Dirac Delta Function, indicating that the background temperature

leads to a constant component at zero frequency.

This derivation is concerned with only the fluctuating part of the frequency spec-

trum (𝑓 ̸= 0) such that one can ignore the equilibrium temperature. Consider now

the cross-spectral density function [115] of two signals 𝑥 and 𝑦:

𝐺𝑥𝑦(𝑓) = ⟨𝑋(𝑓)*𝑌 (𝑓)⟩ (C.3)

where the triangle brackets represent ensemble averaging and the asterisk represents

the complex conjugate, and the auto-spectral density function of 𝑥:

𝐺𝑥𝑥(𝑓) = ⟨𝑋(𝑓)*𝑋(𝑓)⟩ (C.4)
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Inserting Equation C.2 into Equation C.3 gives:

𝐺𝑥𝑦(𝑓) = 𝑐𝑥𝑐𝑦

(︂⟨̃︀𝑇 *
𝑒 (𝑓)̃︀𝑇𝑒(𝑓)

⟩
+

���������
𝑇𝑒

⟨ ̃︀𝑁*
𝑥(𝑓)̃︀𝑇𝑒(𝑓)

⟩
+

����������
𝑇𝑒

⟨̃︀𝑇 *
𝑒 (𝑓) ̃︀𝑁𝑦(𝑓)

⟩
+
⟨
𝑇 2
𝑒
̃︀𝑁*
𝑥(𝑓) ̃︀𝑁𝑦(𝑓)

⟩)︂ (C.5)

Since the thermal noise in each channel is uncorrelated with the turbulent temper-

ature fluctuations, the ⟨̃︀𝑇 ̃︀𝑁⟩ terms are dropped, as in References [71, 73] and others

(even if correlated, these terms would be quadratic in small parameters). Note that

ensemble averaging brackets will be dropped in the remainder of this derivation to

minimize notational clutter. This then reduces to:

𝐺𝑥𝑦(𝑓) = 𝑐𝑥𝑐𝑦

(︂̃︀𝑇 2
𝑒 (𝑓) + 𝑇 2

𝑒
̃︀𝑁2
𝑥𝑦

)︂
= 𝑐𝑥𝑐𝑦 ̃︀𝑇 2

𝑒 (𝑓) + 𝐺𝑛𝑜𝑖𝑠𝑒

(C.6)

This assumes that the thermal noises ̃︀𝑁𝑥 and ̃︀𝑁𝑦 are mostly uncorrelated, except

for some small part ̃︀𝑁𝑥𝑦 caused, for example, by finite filter overlap. 𝐺𝑛𝑜𝑖𝑠𝑒 = 𝑐𝑥𝑐𝑦𝑇
2
𝑒
̃︀𝑁2
𝑥𝑦

is the portion of the cross-spectral density due to common noise between the two chan-

nels. As described below, this makes this derivation more general than most previous

derivations that assume ̃︀𝑁2
𝑥𝑦 = 0.

Similarly,

𝐺𝑥𝑥(𝑓) = 𝑐2𝑥

(︂̃︀𝑇 2
𝑒 (𝑓) + 𝑇 2

𝑒
̃︀𝑁2
𝑥(𝑓)

)︂
(C.7)

Note that this step differs from pervious derivations in two ways, both of which

make the current derivation more generally applicable than previous derivations (for

example, in Reference [105]). First, most previous derivations have assumed ̃︀𝑇 2
𝑒 ≪
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𝑇 2
𝑒
̃︀𝑁2
𝑥 , such that 𝐺𝑥𝑥(𝑓) ≈ 𝑐2𝑥(𝑇 2

𝑒
̃︀𝑁2
𝑥) (note that the definitions of 𝑐𝑥 and ̃︀𝑁2

𝑥 here are

slightly different than those in Reference [105]). Relaxing this assumption leads to

the eventual integrand of 𝛾𝑐/(1 − 𝛾𝑐) in Equation 4.1 as opposed to just 𝛾𝑐 (aspect 2

from Section 4.2.1).

In addition, this derivation allows for some common noise between channels 𝑥 and

𝑦 by keeping a term 𝐺𝑛𝑜𝑖𝑠𝑒, whereas previous derivations have assumed this term to

be identically zero (this will later prove to be related to aspect 3 from Section 4.2.1)

Keeping this additional term is an important extension over previous derivations.

Solving Equation C.7 for 𝑐𝑥 gives:

𝑐𝑥 =

√︃
𝐺𝑥𝑥(𝑓)̃︀𝑇 2

𝑒 (𝑓) + 𝑇 2
𝑒
̃︀𝑁2
𝑓

(C.8)

This assumes that the magnitude of the thermal noise on both channels is the

same, even if the noise between the two channels is uncorrelated ( ̃︀𝑁2
𝑥(𝑓) ≈ ̃︀𝑁2

𝑦 (𝑓) ≈̃︀𝑁2
𝑓 , where the 𝑓 subscript emphasizes that this is noise per unit frequency). This

assumption should be valid in any case where all CECE assumptions are valid (the

two channels are closely enough spaced that they are sampling roughly the same

background temperature). Such an assumption is also later justified by Equation

C.16.

Now, solve Equation C.6 for ̃︀𝑇 2
𝑒 (𝑓):

̃︀𝑇 2
𝑒 (𝑓) =

𝐺𝑥𝑦(𝑓) −𝐺𝑛𝑜𝑖𝑠𝑒

𝑐𝑥𝑐𝑦
(C.9)

Then insert Equation C.8 and the equivalent for 𝑐𝑦 to get:

̃︀𝑇 2
𝑒 (𝑓) =

𝐺𝑥𝑦(𝑓) −𝐺𝑛𝑜𝑖𝑠𝑒√︀
𝐺𝑥𝑥(𝑓)𝐺𝑦𝑦(𝑓)

(︁̃︀𝑇 2
𝑒 (𝑓) + 𝑇 2

𝑒
̃︀𝑁2
𝑓

)︁
(C.10)

One can then define the complex coherence function, 𝛾𝑐, (see page 390 of Ref.
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[112]) as is done in Equation 4.2. For the sake of clarity it is repeated here:

𝛾𝑐(𝑓) =
𝐺𝑥𝑦(𝑓)√︀

𝐺𝑥𝑥(𝑓)𝐺𝑦𝑦(𝑓)
(C.11)

In addition, Equation 4.4 will be written in terms of 𝐺𝑛𝑜𝑖𝑠𝑒, 𝐺𝑥𝑥, and 𝐺𝑦𝑦:

𝛾𝑏𝑔 =
𝐺𝑛𝑜𝑖𝑠𝑒√︁
𝐺𝑥𝑥𝐺𝑦𝑦

(C.12)

where the overbar represents a frequency average over a frequency range far above

the turbulent signal (assuming a constant background over the frequency range of

interest, which is the case in all of the experimental discharges considered in this

study). The value of 𝛾𝑏𝑔 is calculated experimentally using Equation 4.4.

Using these definitions, one can write:

̃︀𝑇 2
𝑒 (𝑓) = (𝛾𝑐(𝑓) − 𝛾𝑏𝑔)

(︁̃︀𝑇 2
𝑒 (𝑓) + 𝑇 2

𝑒
̃︀𝑁2
𝑓

)︁
(C.13)

Rearranging, solving for ̃︀𝑇 2
𝑒 (𝑓), and dividing by 𝑇 2

𝑒 gives:

̃︀𝑇 2
𝑒 (𝑓)

𝑇 2
𝑒

= ̃︀𝑁2
𝑓

𝛾𝑐(𝑓) − 𝛾𝑏𝑔
1 − (𝛾𝑐(𝑓) − 𝛾𝑏𝑔)

(C.14)

Integrating over the frequency range of interest and considering the root-mean-

square value of the temperature fluctuation level (as in Reference [71] and others)

gives:

̃︀𝑇
𝑇

⃒⃒⃒
𝑟𝑚𝑠

=

√︃∫︁ 𝑓2

𝑓1

̃︀𝑁2
𝑓

𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}
1 −𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}

𝑑𝑓 (C.15)

where one takes the real part of the complex coherence function in order to obtain the

root-mean-square value of the temperature fluctuations [115]. Note that this integral

gives the band-limited turbulent temperature fluctuations from frequency 𝑓1 to 𝑓2,

which, as stated in the main text, are determined by the frequency width of the
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turbulent feature.

For a finite frequency bandwidth (𝑓1 to 𝑓2) one can substitute an expression for the

thermal noise. From References [118, 120, 179], for an ECE radiometer the measured

fluctuation level due to thermal noise is:

̃︀𝑇 2
𝑒

𝑇 2
𝑒

⃒⃒⃒
𝑛𝑜𝑖𝑠𝑒

=

∫︁ 𝑓2

𝑓1

̃︀𝑁2
𝑓 𝑑𝑓 = 𝐵𝑠𝑖𝑔

̃︀𝑁2
𝑓 =

2𝐵𝑠𝑖𝑔

𝐵𝐼𝐹

(C.16)

where 𝐵𝐼𝐹 is the intermediate frequency bandwidth and 𝐵𝑠𝑖𝑔 = 𝑓2 − 𝑓1 is the signal

bandwidth (allowing the signal bandwidth 𝐵𝑠𝑖𝑔 to be less than the video bandwidth).

Thus, ̃︀𝑁2
𝑓 = 2/𝐵𝐼𝐹 . If possible, it is also advantageous to measure ̃︀𝑁2

𝑓 experimentally,

rather than using the theoretical value.

Inserting this into Equation C.15 gives the desired result, Equation 4.1:

̃︀𝑇
𝑇

⃒⃒⃒
𝑟𝑚𝑠

=

√︃
2

𝐵𝐼𝐹

∫︁ 𝑓2

𝑓1

𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}
1 −𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}

𝑑𝑓 (C.17)

Note that in Equation 4.1 the
⃒⃒⃒
𝑟𝑚𝑠

notation has been dropped for the sake of

brevity.

C.2 Time Domain Derivation of Total Temperature
Fluctuation

Most previous derivations of an equation for the total temperature fluctuation level

from a CECE diagnostic have proceeded in the time domain, rather than the frequency

domain [71, 105, 120]. Though the first derivation presented in this appendix was

performed in the frequency domain, as this is clearer and more concise, it is also

possible to perform the same derivation, starting with Equation C.1, in a manner

more similar to past work. Parts of this derivation were also published in Reference

[81].

Instead of Fourier transforming immediately, one defines the autocorrelation and
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crosscorrelation functions as [115]:

𝑅𝑖𝑗(𝜏) =
1

𝑡𝑡𝑜𝑡

∫︁ 𝑡𝑡𝑜𝑡

0

𝑖(𝑡)𝑗(𝑡 + 𝜏)𝑑𝑡 (C.18)

where 𝑡𝑡𝑜𝑡 is the total time period over which the measurement is taken, and 𝑖(𝑡)

and 𝑗(𝑡) are two CECE signals.

Inserting the time domain signals into this definition, and taking only the fluctu-

ating part at zero time delay gives equations that are the time domain analogues of

Equations C.6 and C.7:

𝑅𝑥𝑥(0) = 𝑐2𝑥

(︁⟨̃︀𝒯 2
𝑒

⟩
+ 𝑇 2

𝑒

⟨ ̃︀𝒩 2
𝑥

⟩)︁
(C.19)

and

𝑅𝑥𝑦(0) = 𝑐𝑥𝑐𝑦

(︁⟨̃︀𝒯 2
𝑒

⟩
+ 𝑇 2

𝑒

⟨ ̃︀𝒩 2
𝑥𝑦

⟩)︁
= 𝑐𝑥𝑐𝑦

⟨̃︀𝒯 2
𝑒

⟩
+ 𝑅𝑛𝑜𝑖𝑠𝑒 (C.20)

where 𝑅𝑛𝑜𝑖𝑠𝑒 = 𝑐𝑥𝑐𝑦𝑇
2
𝑒 ⟨ ̃︀𝒩 2

𝑥𝑦⟩ is the portion of the cross-correlation function at zero

time lag due to common noise between the two channels, the time domain equivalent

of 𝐺𝑛𝑜𝑖𝑠𝑒.

As before, one solves for 𝑐𝑥 and 𝑐𝑦, combines equations, and solves for ̃︀𝒯 to get:

̃︀𝒯 2
𝑒 ≈ 𝑅𝑥𝑦(0) −𝑅𝑛𝑜𝑖𝑠𝑒√︀

𝑅𝑥𝑥(0)𝑅𝑦𝑦(0)
(̃︀𝒯 2

𝑒 + 𝑇 2
𝑒
̃︀𝒩 2) (C.21)

Again, this assumes that the magnitude of the noise on both channels is the same,

as in the first derivation.

Normalizing by 𝑇 2
𝑒 , rearranging, and solving for ̃︀𝒯 2

𝑒 /𝑇
2
𝑒 gives the analogue of
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Equation C.10:

̃︀𝒯 2
𝑒

𝑇 2
𝑒

= ̃︀𝒩 2

𝑅𝑥𝑦(0)√
𝑅𝑥𝑥(0)𝑅𝑦𝑦(0)

− 𝑅𝑛𝑜𝑖𝑠𝑒√
𝑅𝑥𝑥(0)𝑅𝑦𝑦(0)

1 −
(︂

𝑅𝑥𝑦(0)√
𝑅𝑥𝑥(0)𝑅𝑦𝑦(0)

− 𝑅𝑛𝑜𝑖𝑠𝑒√
𝑅𝑥𝑥(0)𝑅𝑦𝑦(0)

)︂ (C.22)

Note that the ̃︀𝒩 2 in this equation is different than the ̃︀𝑁2
𝑓 from Equation C.10

(the former is a total noise level while the latter is the noise level per unit frequency).

One then uses the relationship between correlation functions and spectral density

functions in general (they are Fourier transforms on one another [115]), and specifi-

cally the realtionships [180]:

𝑅𝑥𝑦(0)√︀
𝑅𝑥𝑥(0)𝑅𝑦𝑦(0)

=
1

𝐵𝑠𝑖𝑔

∫︁ 𝑓2

𝑓1

𝑅𝑒{𝛾𝑐(𝑓)}𝑑𝑓 (C.23)

and

𝑅𝑛𝑜𝑖𝑠𝑒√︀
𝑅𝑥𝑥(0)𝑅𝑦𝑦(0)

=
1

𝐵𝑠𝑖𝑔

∫︁ 𝑓2

𝑓1

𝑅𝑒{𝛾𝑏𝑔}𝑑𝑓 (C.24)

where 𝐵𝑠𝑖𝑔 and 𝛾𝑐 are defined as above. This relationship is exactly true in the limit

of a continuous integral [180].

Taking the Fourier transform of Equation C.22 therefore gives:

̃︀𝑇 2
𝑒

𝑇 2
𝑒

=
̃︀𝒩 2

𝐵𝑠𝑖𝑔

∫︁ 𝑓2

𝑓1

𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}
1 −𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}

𝑑𝑓 (C.25)

Finally, using ̃︀𝒩 2 = 𝐵𝑠𝑖𝑔
̃︀𝑁2
𝑓 = 2𝐵𝑠𝑖𝑔/𝐵𝐼𝐹 and taking the square root gives the

desired result, which is the same as for the frequency domain derivation (the same as

Equation C.17):

̃︀𝑇
𝑇

=

√︃
2

𝐵𝐼𝐹

∫︁ 𝑓2

𝑓1

𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}
1 −𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}

𝑑𝑓 (C.26)
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C.3 Derivation of Uncertainty

This section of the appendix derives Equation 4.8, which is used to calculate the

uncertainty in the total temperature fluctuation level from Equation 4.1.

Start with Equation 4.8:

̃︀𝑇
𝑇

=

√︃
2

𝐵𝐼𝐹

∫︁ 𝑓2

𝑓1

𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}
1 −𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}

𝑑𝑓 (C.27)

Now, assume that 𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔} ≪ 1 such that:

̃︀𝑇
𝑇

≈

√︃
2

𝐵𝐼𝐹

∫︁ 𝑓2

𝑓1

𝑅𝑒{𝛾𝑐(𝑓) − 𝛾𝑏𝑔}𝑑𝑓 (C.28)

Convert the continuous integral to a finite sum, as this is how the calculation is

performed in practice:

̃︀𝑇
𝑇

≈
√︃

2

𝐵𝐼𝐹

∑︁
𝑖

𝛾𝑖𝛿𝑓

≈
√︂

2𝛿𝑓

𝐵𝐼𝐹

·
√
𝛾1 + 𝛾2 + 𝛾3 + ...

(C.29)

where 𝛿𝑓 is the frequency bin width for the finite sum calculation, and 𝛾𝑖 is the

complex coherence function calculated for that bin.

Now, take the derivative of ̃︀𝑇/𝑇 with respect to 𝛾𝑖 and rearrange:

𝑑

𝑑𝛾𝑖

(︃ ̃︀𝑇
𝑇

)︃
≈
√︂

2𝛿𝑓

𝐵𝐼𝐹

· 1

2
√
𝛾1 + 𝛾2 + 𝛾3 + ...

≈ 𝛿𝑓

𝐵𝐼𝐹

1√︀
2𝛿𝑓/𝐵𝐼𝐹

√
𝛾1 + 𝛾2 + 𝛾3 + ...

≈ 𝛿𝑓

𝐵𝐼𝐹

1̃︀𝑇/𝑇
(C.30)
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To calculate the total uncertainty on the calculation of ̃︀𝑇/𝑇 , one uses relatively

standard error propagation techniques, writing:

𝜎̃︀𝑇/𝑇 =

⎯⎸⎸⎷∑︁
𝑖

𝜎2
𝛾𝑖

(︃
𝑑/𝑑𝛾𝑖(

̃︀𝑇
𝑇

)

)︃2

(C.31)

where 𝜎𝛾𝑖 is the uncertainty on the complex coherence function calculated for each

bin.

One then plugs Equation C.30 into Equation C.31 and rearranges to get:

𝜎̃︀𝑇/𝑇 ≈

⎯⎸⎸⎷∑︁
𝑖

𝜎2
𝛾𝑖

(︃
𝛿𝑓

𝐵𝐼𝐹

1̃︀𝑇/𝑇
)︃2

≈ 1̃︀𝑇/𝑇 1

𝐵𝐼𝐹

√︃∑︁
𝑖

(𝜎𝛾𝑖𝛿𝑓)2

(C.32)

which is the desired result, Equation 4.8.

C.4 Derivation of Sensitivity Limit

This section derives the sensitivity limit of the CECE diagnostic, which is given in

Equation 4.9. This calculation involves integrating the uncertainty in the complex

coherence function over the signal bandwidth.

To begin, start with Equation 4.1, assume 𝑅𝑒{𝛾𝑐(𝑓)−𝛾𝑏𝑔} ≪ 1 (which is consistent

with trying to calculate the minimum detectable signal), and instead of integrating

the complex coherence function 𝛾𝑐, integrate its uncertainty 𝜎𝛾𝑐 :

̃︀𝑇
𝑇

⃒⃒⃒𝑠𝑡𝑎𝑡
𝑙𝑖𝑚𝑖𝑡

>

√︃
2

𝐵𝐼𝐹

∫︁ 𝑓2

𝑓1

𝜎𝛾𝑐𝑑𝑓 (C.33)

An expression for 𝜎𝛾𝑐 is given by Equation 4.7, and is repeated here for conve-
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nience:

𝜎𝛾𝑐(𝑓) =

√︂
1

2𝑛𝑑

(1 − |𝛾𝑐(𝑓)|2)2 (C.34)

where 𝑛𝑑 is the number of independent ensemble averaging windows. For the

purposes of this derivation, assume |𝛾𝑐(𝑓)|2 ≪ 1 (again, consistent with deriving

a minimum detectable signal), which means 𝜎𝛾𝑐(𝑓) ≈
√︀

1/2𝑛𝑑. Inserting this into

Equation C.33 gives:

̃︀𝑇
𝑇

⃒⃒⃒𝑠𝑡𝑎𝑡
𝑙𝑖𝑚𝑖𝑡

>

√︃
2

𝐵𝐼𝐹

∫︁ 𝑓2

𝑓1

√︂
1

2𝑛𝑑

𝑑𝑓

>

√︃
2

𝐵𝐼𝐹

√︂
1

2𝑛𝑑

∫︁ 𝑓2

𝑓1

𝑑𝑓

>

√︃
2

𝐵𝐼𝐹

√︂
1

2𝑛𝑑

𝐵𝑠𝑖𝑔

(C.35)

where 𝐵𝑠𝑖𝑔 = 𝑓2 − 𝑓1 is the signal bandwidth. Now, use the relationship between

𝑛𝑑 and the total number of sample points, 𝑛𝑑 = 𝑁𝐵𝑠𝑖𝑔/𝐵𝑠𝑎𝑚𝑝, where 𝑁 is the total

number of sample points and 𝐵𝑠𝑎𝑚𝑝 is the sampling rate. Inserting this into Equation

C.35 to get:

̃︀𝑇
𝑇

⃒⃒⃒𝑠𝑡𝑎𝑡
𝑙𝑖𝑚𝑖𝑡

>

⎯⎸⎸⎷ 2

𝐵𝐼𝐹

√︃
𝐵𝑠𝑎𝑚𝑝

2𝑁𝐵𝑠𝑖𝑔

𝐵𝑠𝑖𝑔

>

⎯⎸⎸⎷2
𝐵𝑠𝑖𝑔

𝐵𝐼𝐹

√︃
𝐵𝑠𝑎𝑚𝑝

2𝑁𝐵𝑠𝑖𝑔

>

⎯⎸⎸⎷ 2√
𝑁

𝐵𝑠𝑖𝑔

𝐵𝐼𝐹

√︃
𝐵𝑠𝑎𝑚𝑝

2 ·𝐵𝑠𝑖𝑔

(C.36)

which is the desired result, Equation 4.9.
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In particular, if one takes uses the Nyquist Frequency as the signal bandwidth,

𝐵𝑠𝑖𝑔 = 𝐵𝑠𝑎𝑚𝑝/2, then one finds that:

̃︀𝑇
𝑇

⃒⃒⃒𝑟𝑎𝑑
𝑙𝑖𝑚𝑖𝑡

>

√︃
2√
𝑁

𝐵𝑠𝑖𝑔

𝐵𝐼𝐹

(C.37)

which is Equation 4.10, and is the formula used in References [71, 120]. This

difference between Equations 4.9 and 4.10 is consistent with suggestions in References

[73, 121] that one must correct the original formula for the sensitivity limit when the

signal bandwidth and sampling rate differ significantly.

This completes the derivation of the CECE sensitivity limit.

C.5 Optical Depth Derivation

This final section of the appendix derives Equation 2.29, which is used to calculate the

optical depth of second harmonic X-mode electron cyclotron emission. This optical

depth calculation is used to ensure that the CECE diagnostic is truly measuring elec-

tron temperature fluctuations, and not some combination of density and temperature

fluctuations.

This derivation does not go through the entire process of obtaining the optical

depth, instead continuing the derivation already presented in Reference [68] in order

to achieve the final equation used in practical calculations. This derivation therefore

begins with the equation from the third row of Table XII from Reference [68], giving

the generic expression for 𝑛 ≥ 2 harmonics of both modes of propagation:

𝜏 (𝑂,𝑋)
𝑛 =

𝜋2𝑛2(𝑛−1)

2𝑛−1(𝑛− 1)!

(︂
𝜔𝑝𝑒

𝜔𝑐𝑒

)︂2 (︁𝑣𝑇𝑒

𝑐

)︁2(𝑛−1)

(sin 𝜃)2(𝑛−1) (︀1 + cos2 𝜃
)︀
𝜇(𝑂,𝑋)
𝑛 (𝜃)

𝐿𝐵

𝜆𝑂

(C.38)

where n is the emission harmonic, 𝜔𝑝𝑒 is the electron plasma frequency, 𝜔𝑐𝑒 is

the electron cyclotron frequency, 𝑣𝑇𝑒 is the electron thermal velocity, 𝑐 is the speed of
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light, 𝜃 is the angle between the propagation and the background magnetic field, 𝜇𝑛 is

a function that describes polarization effects in the wave absorption, 𝐿𝐵 = 𝐵0|𝑑𝐵0/𝑑𝑠|

(s is the path length traversed by the radiation), and 𝜆𝑂 = 2𝜋𝑐/𝜔𝑐𝑒.

From Equation 3.1.79b [68]:

𝜇𝑋
𝑛 (𝜃) =

(︁
𝑁

′

⊥,𝑋

)︁2𝑛−3
[︂
1 +

(𝜔𝑝𝑒/𝜔𝑐𝑒)
2

𝑛[𝑛2 − 1 − (𝜔𝑝𝑒/𝜔𝑐𝑒)2]

]︂2
(C.39)

where 𝑁
′

⊥,𝑋 is the X-mode refractive index, and is given by Equation 3.1.12 [68]:

(𝑁2
⊥)

′
= 1 −

(︁𝜔𝑝𝑒

𝜔

)︁2 𝜔2 − 𝜔2
𝑝𝑒

𝜔2 − 𝜔2
𝑐𝑒 − 𝜔2

𝑝𝑒

(C.40)

Now, define:

𝑞 =

(︂
𝜔𝑝𝑒

𝜔𝑐𝑒

)︂2

(C.41)

Letting 𝜔 = 2𝜔𝑐𝑒 in Equation C.40 and using the definition of 𝑞 gives:

(𝑁2
⊥)

′
=

12 − 8𝑞 + 𝑞2

12 − 4𝑞
(C.42)

Inserting this into Equation C.39 and using 𝑛 = 2 for the second harmonic one

obtains:

𝜇𝑋
𝑛 (𝜃) =

(︂
12 − 8𝑞 + 𝑞2

12 − 4𝑞

)︂1/2(︂
6 − 𝑞

6 − 2𝑞

)︂2

(C.43)

Finally, insert this into Equation C.38, assume perpendicular propagation such

that 𝜃 = 𝜋/2, again use 𝑛 = 2 for the second harmonic, use 𝑣2𝑇𝑒 = 𝑇𝑒/𝑚𝑒0 (defined in

this derivation as used in Reference [68], without the standard factor of 2), and use

𝜆𝑂 = 2𝜋𝑐/𝜔𝑐𝑒 to obtain the desired result:

𝜏𝑋2 = 𝜋𝑞
𝑇𝑒

𝑚𝑒0𝑐2
𝜔𝑐𝑒

𝑐

(︂
12 − 8𝑞 + 𝑞2

12 − 4𝑞

)︂1/2(︂
6 − 𝑞

6 − 2𝑞

)︂2

𝐿𝐵 (C.44)
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This is Equation 2.29, and is the same result shown as Equation 4.53 in Reference

[67].
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Appendix D

The Ricci Validation Metric

This appendix contains more information about the Ricci validation metric that was

used in Chapters 5 and 6 of this thesis. The metric itself is originally from Reference

[149]. This appendix includes the equations required to calculate the metric, as well

as the weighting choices that were used in this thesis work.

The metric itself, 𝜒𝑅𝑖𝑐𝑐𝑖, is defined as:

𝜒𝑅𝑖𝑐𝑐𝑖 =

∑︀
𝑗 𝑅𝑗𝐻𝑗𝑆𝑗∑︀
𝑗 𝐻𝑗𝑆𝑗

(D.1)

where the sum over 𝑗 is the sum over each validation constraint. 𝑅𝑗 quantifies

the level of agreement between the experimental measurement and the simulation

output, 𝐻𝑗 denotes the level in the validation hierarchy for a given constraint, and

𝑆𝑗 quantifies the uncertainties in the simulation and experimental value for a given

constraint. In this thesis, the four primary constraints are the electron heat flux, the

ion heat flux, the perturbative thermal diffusivity, and the total electron temperature

fluctuation level. The definitions of each of these inputs is now explained in greater

detail.
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The level of agreement between experiment and simulation, 𝑅𝑗, is defined as:

𝑅𝑗 =
𝑡𝑎𝑛ℎ [(𝑑𝑗 − 𝑑0)/𝜆] + 1

2
(D.2)

where 𝑡𝑎𝑛ℎ is the hyperbolic tangent function, 𝑑𝑗 is the normalized distance be-

tween experiment and simulation, 𝑑0 is the value of 𝑑𝑗 that dictates the transition

from agreement to disagreement, and 𝜆 dictates the sharpness of the transition. As

is recommended in Reference [149], this thesis uses 𝑑0 = 1.5 and 𝜆 = 0.5 for all cal-

culations of 𝜒𝑅𝑖𝑐𝑐𝑖. Others using the Ricci Metric may make other choices for these

parameters, so it is important to state what choices are made before describing one’s

results.

The normalized distance for each constraint, 𝑑𝑗, is defined as:

𝑑𝑗 =

⎯⎸⎸⎷ 1

𝑁𝑗

𝑁𝑗∑︁
𝑖=1

(𝑥𝑗,𝑖 − 𝑦𝑗,𝑖)
2

∆𝑥2
𝑗,𝑖 + ∆𝑦2𝑗,𝑖

(D.3)

where 𝑥𝑗,𝑖 is the experimental measurement of constraint 𝑗 at point 𝑖 (allowing

for comparisons of several points of the same constraint, for example two frequency

bins of a measured frequency spectrum), 𝑦𝑗,𝑖 is the simulation value of constraint 𝑗

at point 𝑖, ∆𝑥𝑗,𝑖 is the uncertainty of the experimental measurement, and ∆𝑦𝑗,𝑖 is the

uncertainty of the simulation value. In this thesis, all validation constraints are a

single value, so there is no sum over 𝑖.

Turning now the hierarchy level, 𝐻𝑗, this thesis doesn’t make any assumptions

or judgements about the hierarchy difference between different constraints, and so

sets 𝐻𝑗 = 1 for every validation constraint. Please see Reference [49] for further

discussion of the validation hierarchy and how one might make judgements about

which constraints are appropriate on higher or lower levels of the hierarchy.
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Finally, the uncertainty of each constraint is quantified as:

𝑆𝑗 = 𝑒𝑥𝑝

(︂
−
∑︀

𝑖 ∆𝑥𝑗,𝑖 +
∑︀

𝑖 ∆𝑦𝑗,𝑖∑︀
𝑖 |𝑥𝑗,𝑖| +

∑︀
𝑖 |𝑦𝑗,𝑖|

)︂
(D.4)

where all quantities are defined above. In the case of zero uncertainty, 𝑆𝑗 = 1,

and as the uncertainty for a constraint increases, the its weight in the final metric

decreases. In other words, 𝑆𝑗 gives more weight to constraints that are measured

with lower uncertainty, and less weight to constraints that are measured with higher

uncertainty.

This completes the equations required to calculate the Ricci Metric, 𝜒𝑅𝑖𝑐𝑐𝑖. As

shown in this appendix, the Ricci Metric gives a weighted sum of the discrepancy

between experimental and simulation values of several validation constraints. Those

constraints with smaller uncertainties are weighted more heavily than those with

larger uncertainties. The metric also allows one to weight different levels of the

validation hierarchy differently, but this thesis did not do so. The three parameters

that one chooses when calculating the Ricci Metric are 𝐻𝑗 (the hierarchy weight of

each constraint), 𝑑0 (the transition value from agreement to disagreement for a given

constraint), and 𝜆 (the sharpness of the cutoff transition), for which this thesis used

𝐻𝑗 = 1, 𝑑0 = 1.5, and 𝜆 = 0.5, which are the values recommended in Reference [149].
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Appendix E

Density Fluctuation Measurements

with Reflectometry on the Large

Helical Device (LHD)

This appendix describes the development of new analysis techniques to calculate

radial profiles of density fluctuations measured with reflectometry on the Large Helical

Device (LHD). This work was completed as part of this thesis and was originally

published in Reference [181], and though it does concern turbulence measurements,

it did not fit directly into the narrative of the thesis and is therefore described in this

appendix.

In this work, fast far infrared laser interferometry (FIR) density profile data was

combined with lower time resolution results of the ray tracing code LHDGauss in

order to determine the cutoff location of a reflectometer diagnostic with high time

resolution. The plasma density was quickly scanned by injecting a pellet, leading to

a scan in the reflectometer measurement location. The reflectometer data was used

to locally measure both plasma rotation velocity and density fluctuations. Rotation

velocity profile measurements agreed with measurements made by charge exchange
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spectroscopy (CXS), once diagnostic differences were accounted for. The local density

fluctuation measurements showed strong peaking near the edge of the plasma, with

a full width at half maximum of 1.5 - 3 cm (less than 5% of the normalized minor

radius), which is consistent with data from other machines. These measurements may

also be used in the future to improve inversion algorithms for phase contrast imaging

(PCI) diagnostics.

The remainder of this appendix closely follows Reference [181].

E.1 Introduction to Density Fluctuation Measure-
ments

In addition to the temperature fluctuations used throughout this thesis, measuring

density fluctuations in fusion plasmas is also key to better understanding and mod-

eling turbulence and turbulent transport. Just as temperature fluctuations can be

measured with the CECE diagnostic described in Chapter 4, a number of diagnostics

can be used to measure density fluctuations, including: beam emission spectroscopy

(BES) [182], phase contrast imaging (PCI) [183], and reflectometry [184, 185, 186].

Fortunately, most of these techniques are not constrained by the optical depth near

the edge of plasmas as CECE measurements are, and density fluctuations have been

observed to increase sharply near the edge of tokamak plasmas on a number of ma-

chines worldwide [187, 188, 189, 190, 191, 192].

As described in Chapter 2, the edge and pedestal region is often qualitatively

different than the core plasma region, which has been the main focus of thesis. Nev-

ertheless, turbulence in this region is governed by the same general principles as it is

in the core region, and so the increase in density fluctuations near the edge is likely

related to turbulence drive and suppression terms. First, normalized gradient scale

lengths are typically very large near the edge, leading to increased turbulent drive

[193]. In addition, there is a very sharp increase in the safety factor 𝑞 profile, which
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describes the angle of the magnetic field in the torus. It is possible that this strongly

changing magnetic configuration, in particular the magnetic shear, also plays a role

in the measured increase in fluctuations.

Historically, most edge density measurements have been made on tokamaks, par-

tially due to their greater number worldwide. In order to investigate the role of mag-

netic geometry in driving edge density fluctuations, however, it is important to mea-

sure this phenomenon in other magnetic configurations, such as helical devices. Very

briefly, stellarator-type devices generate a stable plasma through carefully shaped

magnetic field coils, rather than by driving a current in the plasma like a tokamak.

While there are many examples of single location measurements, only a few fluctu-

ation profile measurements on stellarators have been published: Reference [194] on

ATF, References [195, 196] on TJ-II, and Reference [197] on Wendelstein 7AS. The

work described here makes these measurements on the Large Helical Device (LHD)

[198, 199] using reflectometry.

There have been some measurements of density fluctuation profiles in the past

on LHD with PCI [200, 201, 202, 203], but these are all based on line-integrated

measurements. For this reason, the profile must be inverted from measurements along

several chords. The inversion process is mathematically complicated, and may lead

to large uncertainty in the inferred profile. Specifically, this past work has shown that

the inferred profile depended heavily on the inversion method, with some methods

leading to profiles that were peaked fairly far in radially. In addition, PCI diagnostics

are susceptible to systematic errors due to optical misalignment, which may affect

the measured location of the peak of the fluctuation profile [202].

The work described in this appendix attempts to overcome these difficulties by

developing new analysis techniques enabling local density fluctuation profile mea-

surements on LHD with reflectometry. Reflectometers measure density fluctuations

at only one location at a given time, and so profile measurements are accomplished
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by scanning the reflectometer cutoff with a pellet-induced density scan. The new

analysis technique focuses on fast mapping of the reflectometry measurement loca-

tion during this scan, and enables local measurement of density fluctuation profiles.

These profiles may also be used to inform inversion and systematic error correction

of PCI measurements.

The remainder of this appendix is organized as follows. Section E.2 describes the

diagnostic hardware used in this study. Section E.3 describes the new analysis meth-

ods developed as part of this work. Finally, Section E.4 presents profile measurements

of both rotation velocity and density fluctuations, as well as evidence that these the

profiles are not affected by temporal variation in the density fluctuation levels caused

by the pellet injection.

E.2 Experimental Set-Up on LHD

Though a detailed description is not given here, Doppler reflectometry (or Doppler

back-scattering) is a relatively widespread technique used to measure turbulent flow

velocity and amplitude in fusion plasmas. References [184, 185, 186] contain con-

siderable detail on the physical principles behind this diagnostic as well as how it is

implemented in practice. In essence, a reflectometer launches a wave into the plasma

that reflects at a particular electron density. If this wave is launched at an angle to the

plasma’s density gradient, the Doppler shift of the reflected waves gives information

about the plasma rotation velocity and density fluctuation amplitude.

Specifically, two Doppler reflectometers have been installed on LHD: a frequency

hopping system [204] and a multi-channel frequency comb system [205]. For historical

reasons, the frequency-hopping system is referred to as the ‘9-O’ reflectometer, since

it is installed on the ‘9-O’ toroidal port, and the multi-channel system is referred

to as the ‘comb’ reflectometer (it is installed on the ‘3-O’ toroidal port). The 9-O

system is typically set to launch waves at 30.0 GHz, and the comb system operates
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with frequencies of 27.7, 29.0, 30.5, 32.0, 33.3, 34.8, 37.0, and 38.3 GHz. These reflec-

tometers measure turbulent electron density fluctuation perpendicular wavenumbers

up to approximately 15 cm−1, with a resolution of approximately 2 cm−1 [186, 205].

Both systems use vertically separated bi-static antennae and generally operate in the

O-mode polarization. The channels of the comb reflectometer are not calibrated to

one another, and each measures density fluctuations in their own arbitrary units.

While there are many difficulties in interpreting Doppler reflectometry data, the

one that is the focus of this work is estimating the reflection location, and thus the

location at which the reflectometer is measuring density fluctuations. In the simplest

treatment of an O-mode reflectometer, one uses cold plasma equations to calculate

the density at which the launched wave frequency is equal to the plasma frequency. In

this case, one only requires knowledge of the plasma density profile. Unfortunately,

the complexities of wave propagation in hot plasmas often necessitate ray tracing

codes in order to accurately assess the reflection location [206, 207].

As their name suggests, ray tracing codes trace a ray of the launched wave as it

propagates through the plasma, using a variety of models for the plasma index of

refraction. The work presented here uses the 3D ray tracing code LHDGauss, which,

in its most recent update, has been been mainly applied to ECH experiments in LHD

[206, 207]. This code solves the eikonal equation under the WKB approximation.

The equilibrium electron density profile is provided by 3D equilibrium mapping of

Thomson Scattering measurement [208, 209]. This work will also include density

measurements from a far infrared laser interferometer (FIR) [210].

Figure E-1 shows an example of the output from LHDGauss. The reflectometer

measurement location is determined by the point at which the wave reflects (the point

of its maximum radial penetration). The figure also shows the cutoff location as cal-

culated with a simple cold plasma reflection as the thin lines, revealing that the two

calculations disagree quite significantly in some cases. The main uncertainties in these
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Figure E-1: Example ray trajectories in a horizontal plasma cross section calculated
with the ray tracing LHDGauss code. The thick solid lines indicate the rays of
reflectometer probing beams at 27.7, 30.5 and 33.3 GHz. The thinner and dashed
lines are the nominal cutoff densities, assuming cutoff when the plasma frequency
is equal to the beam frequency. The ray tracing results show reflection before the
nominal cutoff. Originally from Reference [181].

calculations arise from uncertainties in the plasma density profile. LHDGauss calcu-

lations have shown that uncertainties arising from reflectometer beam misalignments

are negligible compared to other uncertainties in the analysis.

In addition to equilibrium profile measurements, Doppler reflectometry, and PCI

data, this work also uses rotation velocity measurements from poloidal charge ex-

change spectroscopy (CXS) [211, 212] in order to compare to the reflectometry data

and check the mapping. The CXS system has two poloidal views, one upward and one

downward, and calculates the rotation velocity by using the difference in the Doppler

shift observed on the two views. The effective spatial resolution is approximately 3

cm.

E.3 Reflectometry Analysis Methods

This section describes the new analysis procedure developed to extract the fluctuation

profile from the reflectometer fluctuation data. Before diving into the details, a brief
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summary is given.

Since each reflectometer channel measures the fluctuation level at only one location

(and the channels of the comb reflectometer are not calibrated to one another), one

must scan the reflectometer cutoff location in order to measure a fluctuation profile.

This is achieved experimentally by injecting a pellet into the plasma. The pellet tran-

siently increases the plasma density, which then transiently scans the reflectometer

measurement location outward.

As discussed in the last section, the 3D ray tracing code LHDGauss is needed to

determine the exact reflectometer measurement location. Running this code at every

1ms time slice required to resolve the fast cutoff scan caused by a pellet induced

density scan tends to be prohibitively slow, and so a faster estimate of the cutoff

location was required. This is achieved using a scaled cutoff density in the simple

plasma frequency cutoff calculation. The cutoff density scaling is chosen to match the

measurement location calculated with ray tracing for each Thomson Scattering slice

(every 33 ms). Between these time slices, the scaled cutoff density is applied to the

faster FIR density profiles. By calculating the reflectometer measurement location

at each time step, one can map the time signal of the reflectometer fluctuations to a

spatial location, thus mapping out a profile. The rotation velocity profile measured

in this manner was then checked against that measured by CXS in order to confirm

the validity of the analysis method.

Once the cutoff density scaling has been determined using ray tracing and checked

against the velocity profile measured with CXS, the same technique can be used to

measure the density fluctuation profile. One can also use the peak of the fluctuation

profile to calibrate the channels of the comb reflectometer to the 9-O reflectometer.

Once calibrated to one another, one can use all of the channels in order to measure

fluctuation profiles even in periods of constant density.
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Profile Fitting and Reflectometer Cutoff Calculation

The first step of the analysis procedure for the profile measurement is to fit the density

profile and calculate the reflectometer measurement location at each time step. The

two density profile diagnostics on LHD are the FIR and Thomson Scattering. The FIR

has high time resolution (1 ms in its typical configuration), but low spatial resolution.

Thomson Scattering, on the other hand, has high spatial resolution, but slow time

resolution (33 ms). As mentioned above, this work used the fast FIR profiles, and

checked them against the Thomson profiles as appropriate.

Figure E-2: The electron density profile of LHD discharge 116119, measured with
both Thomson Scattering and FIR. The Thomson data is smoothed with a Savitzky-
Golay filter, and the FIR data is spline fit. The nominal cutoff density for the 9-O
reflectometer is marked as the horizontal black line. Near the cutoff density, the FIR
and Thomson fits agree quite well. 𝑟𝑒𝑓𝑓 is the effective minor radius, if the plasma
cross section was mapped to a circle. Originally from Reference [181].

Since the FIR is a line-integrated diagnostic, the first step in calculating the profile

is a standard inversion of the line-integrated data [210]. A spline fit was used to fit

the inverted profile, and example of which is shown in Figure E-2, along with a profile

fit to Thomson data. While there is some discrepancy between the two profiles, most

clearly around 𝑟𝑒𝑓𝑓 = 0.5 m, the two diagnostics agree quite well near the plasma
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edge, which is the region most important in this study.

In order to check first the results of an overly simplified analysis, the reflectometer

measurement location was calculated as the location where the density first increased

enough such that the plasma frequency was equal to the reflectometer launch fre-

quency. The time evolution of this cutoff location calculation after a pellet injection

is shown as the red trace in Figure E-3. The other traces on this plot are addressed

later in this section. Comparing the results of this simplified analysis with the ray

tracing results in the next section will show the importance of developing the new

technique in this work, based on scaling the cutoff density.

Figure E-3: The 9-O reflectometer measurement location after a pellet injection calcu-
lated with scaled cutoff densities and with ray tracing. The solid lines are calculated
with FIR profiles and a scaled cutoff density. The magenta squares are calculated
with Thomson Scattering data and a scaled cutoff density. The cyan circle are calcu-
lated with the Thomson Scattering data and ray tracing. A cutoff density scaling of
0.75 agrees most closely with the ray tracing results for both the FIR and Thomson
Scattering data. Figure originally from Reference [181].

Scaling of Cutoff Density to Match Ray Tracing and CXS Velocity Profiles

Using the fit density profiles from the FIR diagnostic, one can compare the results

of a scaled cutoff density to those of full ray tracing results in order to determine an
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appropriate scaling. The accuracy of the resulting scaling is checked by comparing

the rotation velocity profile measured in this manner to that measured with CXS.

Figure E-3 shows the reflectometer measurement location as calculated in a vari-

ety of ways. As discussed before, the red line is based on an unscaled cutoff density

from the plasma frequency. The other colored lines use instead a scaled cutoff density,

𝑛𝑐𝑢𝑡𝑜𝑓𝑓,𝑠 = 𝑠 · 𝑛𝑐,0, where 𝑛𝑐,0 = 𝑚𝑒𝜖0𝜔
2/𝑒2 and 𝑠 is the scaling factor. Ray tracing

is run using Thomson Scattering profiles every 33 ms, the results of which are repre-

sented by the cyan circles. As the figure shows, in this particular discharge, a cutoff

density scaling of 0.75 achieves the best agreement with the ray tracing results. More

generally, similar analysis on a number of other discharges showed that a scaling of

between 0.7 and 0.8 agreed well with ray tracing. In addition, Figure E-3 shows the

reflectometer measurement location calculated based on a scaled cutoff density and

the Thomson Scattering density profile, for which a scaling of 0.75 also works well.

By mapping the reflectometer signal at each time to the measurement location

at each time, one can therefore map out a spatial profile of density fluctuation and

velocity measurements using the two time series data. As confirmation of the accuracy

of the mapping of the reflectometer measurement location during the pellet induced

density scan, the velocity profile measured in this way is compared to the velocity

profile measured with CXS.

The velocity profiles mapped from a variety of cutoff scalings are shown in Figure

E-4 alongside the velocity profile measured with CXS. Note that the comparison of

reflectometer and CXS data is meant only to confirm the spatial mapping of the re-

flectometer data, and is not meant as a detailed comparison of velocity measurements

in general between these two different diagnostics. Reference [184] contains further

discussion of diagnostic comparison.

The comparison in Figure E-4 confirms that a scaling of 0.75 for the reflectometer

cutoff density produces the best agreement with CXS in the shape and peak location
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Figure E-4: Perpendicular velocity profiles measured with CXS and the 9-O reflec-
tometer after a pellet-induced density scan. The gray profile is the CXS data. Dif-
ferent colors represent different cutoff density scalings for the reflectometer mapping.
Diagnostic uncertainty is shown as the shaded regions. The closest agreement with
CXS for the peak of the velocity profile is achieved with a scaling of 0.75. Figure
originally from Reference [181].

of the velocity profile. The maximum velocity differs by approximately 30%, while the

width of the profile peak is similar. The peaks of the profiles measured with the two

diagnostics agree within uncertainty. The slight disagreement in the peak velocities

does not alter the assessment that a scaling of 0.75 best maps the reflectometer data.

Figure E-4 also shows that the smaller 𝑟𝑒𝑓𝑓 side of the profile seems to agree more

closely with the CXS data than the larger 𝑟𝑒𝑓𝑓 side. This is perhaps not surprising,

as the reflectometer measurements are expected to be less reliable right at the plasma

edge where density fluctuations are the largest.

Finally, it is of interest to estimate the uncertainty associated with the cutoff map-

ping procedure just described. This is done by varying the cutoff density scaling and

checking agreement with ray tracing results within the ray tracing uncertainties. One

then uses the different scalings to map the measured velocity profile, and compares

these results to CXS measurements. Both of these comparisons give an uncertainty
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of approximately ±0.05 in the cutoff scaling. This uncertainty will be used in the

calibration of the comb reflectometer later in this section and in the fluctuation profile

mapping in Section E.4.

The results of the comparison of the density cutoff scaling with ray tracing results,

and the mapped velocity profiles to velocity profiles measured with CXS, indicate that

this method of obtaining profile measurements with reflectometry during a pellet

induced density scan is suitable for use with density fluctuations.

Calibration of Comb Reflectometer

In addition to using the density scan to choose the appropriate cutoff density scaling

for the reflectometer measurement location mapping, the scan can also be used to

calibrate the channels of the comb reflectometer to one another and to the 9-O reflec-

tometer. This process is worthwhile since the 9-O velocity measurements are abso-

lutely calibrated to measure km/s, while the comb reflectometer measures in arbitrary

units that are different for each channel. For this reason, without cross-calibration

one cannot compare the channels to one another or to the 9-O reflectometer.

By calculating the mapped velocity profiles from each of the comb reflectometer

channels and the 9-O reflectometer, and plotting them over one another, one can cali-

brate the comb channels such that they also measure the velocity in km/s. Figure E-5

shows the profiles measured with the comb and 9-O reflectometers after calibration.

Three comb channels were not operated in this discharge, so are omitted from the

figure. All six profiles agree quite well within uncertainty.

Once this calibration has been completed, one can compare the different channels

of the comb reflectometer to each other during other times in the discharge. In this

manner, one can measure profiles even in time periods of constant density. More

importantly, a similar procedure can also be applied to density fluctuation profiles,

for which there are no other local measurement against which to check.
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Figure E-5: Perpendicular velocity profiles measured with calibrated data from five
channels of the comb reflectometer. A cutoff density scaling of 0.75 was used. The
peak of the velocity profile measured with each channel was calibrated to the 9-O
reflectometer. Representative velocity (shaded region) and mapping (black error bars)
uncertainties are shown for the 32.0 GHz channel. Figure originally from Reference
[181].

E.4 Density Fluctuation Profile Measurements

Using the cutoff scaling procedure from the previous section, one can use the pellet-

induced density scan to measure the density fluctuation profile in the same manner as

the velocity profiles. After addressing a possible complication in the analysis method,

this procedure is applied to LHD discharge 116119, the temperature and density

profiles of which are shown in Figure E-6.

Separation of Fluctuation Changes Due to Pellet and Due to Density Scan

Before showing the measured density fluctuation profiles, one possible complication

must first be addressed. Since the procedure outlined in this work takes advantage

of a pellet-induced density scan to scan the reflectometer measurement location and

measure the fluctuation profile, one must ensure that the pellet injection itself is not

responsible for the change in fluctuations. In other words, one must make sure that
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Figure E-6: Temperature and density profiles near the edge of LHD discharge 116119.
Raw data is shown as symbols and fits are shown as lines. Figure originally from
Reference [181].

the observed change in fluctuations is indeed a spatial variation, and not a temporal

variation caused by the pellet injection.

This check is performed using PCI measurements of density fluctuations. Unlike

the reflectometer, the PCI chords are fixed in place, and do not change their measure-

ment location as the plasma density changes. The PCI therefore directly measures

temporal changes in fluctuations caused by the pellet injection. By comparing the

time histories of the PCI and reflectometer fluctuation measurements, one is therefore

able to check whether or not the reflectometer fluctuation measurement changes are

caused by the pellet itself, or by the scan in measurement location.

Again, as with the CXS velocity measurements, this comparison is not intended as

a direct comparison of the two diagnostics, especially since the PCI and reflectometer

diagnostics on LHD measure different wavenumber spectra, and is only intended as

evidence that the fluctuation changes caused by the pellet injection are temporally

separated from the reflectometer measurement location scan.

Figure E-7 shows time histories of fluctuations measured with one PCI channel

298



Figure E-7: Time history of density fluctuations measured with one line-integrated
PCI chord (50-150 kHz) and the 9-O reflectometer (30-150 kHz) just after a pellet
injection. The region highlighted in red shows changes in the fluctuation levels as-
sociated with the pellet injection itself. The region highlighted in blue shows the
fluctuation changes in the reflectometer signal associated with the change in mea-
surement location caused by the density scan. These features are clearly separated
temporally, indicating that the second feature is not influenced by the pellet injection
itself. Figure originally from Reference [181].

(line integrated, so measuring both edge and core, 50-150 kHz fluctuations) and the

9-O reflectometer (30-150 kHz). The pellet is injected at approximately 4.56 seconds,

and causes a sharp increase in fluctuation levels measured by both PCI and reflectom-

etry, which quickly decays as the pellet-induced fluctuations dissipate. Then, starting

at approximately 4.58 seconds, the reflectometer begins to measure increased fluctu-

ation levels while the PCI sees no change in fluctuation level. Since this feature is

absent on the PCI, there is strong evidence that the feature is due to a change in the

reflectometer measurement location, and not due to a temporal change in fluctuation

levels.

With this comparison as evidence that the pellet injection itself is not responsible

for the observed increase in fluctuation level, this work proceeds to map out density

fluctuation profiles with the scanned reflectometer measurements.
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Fluctuation Profile from 9-O Reflectometer

Figure E-8 shows density fluctuation profiles measured with mapped data from the

9-O reflectometer after a pellet injection. Three frequency ranges are shown, 3-

30 kHz, 30-150 kHz, and 150-490 kHz. These frequency ranges are not adjusted

for the Doppler shift, and are calculated as in Reference [204]. This figure shows

that the density fluctuations are strongly peaked near the edge of the plasma in all

three frequency ranges. Note that the lowest frequency range may contain some

contributions from MHD activity, which is not the primary focus of this work.

Figure E-8: Density fluctuation profiles in three frequency ranges measured with the
9-0 reflectometer during a pellet-induced density scan and a cutoff density scaling of
0.75. The lowest frequency range may contain some contributions from MHD activity.
The vertical dotted line is 𝑎99, which is defined as the effective minor radius within
which 99% of the total plasma stored energy is confined. Fluctuations are stronly
peaked near the plasma edge. Fluctuation level uncertainty is shown as the shaded
regions, and radial mapping uncertainty as the error bars. Figure originally from
Reference [181].

Returning to one of the motivations for this mapping procedure, the profiles shown

in Figure E-8 agree roughly with some of the PCI inversions in Reference [203] (for

example the maximum entropy inversion method), which show a strong peak near the

edge of the plasma, but disagree with other inversions (such as the auto-regressive

300



Discharge

Fluctuation FWHM

30-150 kHz (cm)

± 0.25 cm

Fluctuation FWHM

150-490 kHz (cm)

± 0.25 cm

116119 1.81 1.52

119128 2.32 1.41

119129 2.02 1.55

119130 2.09 1.25

119131 2.04 1.09

119132 2.37 1.53

119133 1.07 1.38

Table E.1: The full width at half-maximum of the edge density fluctuation peak
measured in a series of discharges in LHD with the 9-O reflectometer after a pellet
injection. Table originally from Reference [181].

method). The profile shapes also generally agree with what is seen on tokamaks.

While PCI inversions have not yet been completed on this discharge, the reflectometer

data presented here will inform future inversions of PCI data.

Note that these two diagnostics measure different turbulent wavenumbers (reflec-

tometery measures a specific k up to 15 𝑐𝑚−1 [186], and PCI measures an integrated

k spectrum from 1 to 9 𝑐𝑚−1 [203]). For this reason, and as discussed earlier in

this appendix, a quantitative comparison of turbulence measurements from these two

diagnostics is inappropriate, but qualitative comparisons of profile shapes are still

worthwhile.

In the discharge discussed here, and in others analyzed as part of this work, the

radial width of the density fluctuation feature seems to be the largest in the 30 -150

kHz (with a full width at half-maximum of approximately 1.5 - 3 cm), and decreases at

higher frequencies. A summary of the radial widths of the density fluctuation profile

from a series of discharges is given in Table E.1. These discharges varied only slightly

301



in plasma parameters, and their analysis was intnded primarily to verify that the

procedure developed in this work could be applied to a number of other discharges.

Parametric dependencies of the fluctuation profile width may be the subject of future

work.

Fluctuation Profile from Comb Reflectometer

Finally, in addition to using data from the 9-O reflectometer, the edge density fluctu-

ation profile was also measured with the various channels of the comb reflectometer.

As was performed for velocity measurements, the fluctuation measurements from the

comb reflectometer must be calibrated using the peak of the fluctuation profile from

the 9-O reflectometer. Though the final data still has arbitrary units, the channels

will at least all be measuring in the same arbitrary units.

Figure E-9: Density fluctuation profiles measured with five channels of the comb
reflectometer. A cutoff density scaling of 0.75 was used, and the amplitude of each
channel was calibrated to the 9-O measurement. The vertical dotted line is 𝑎99.
Representative uncertainties are shown for the 32.0 GHz channel, with fluctuation
level uncertainty as the shaded region and radial mapping uncertainty as the error
bars. Figure originally from Reference [181].

Figure E-9 shows the calibrated comb reflectometer fluctuation measurements.
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While the agreement across channels is not as clean as that for the velocity profile,

shown in Figure E-5, the channels show a very similar fluctuation profile shape and

peak location. There is some discrepancy, especially in the inner radii, but this is

likely related to the noise floor of the comb reflectometer channels, which is larger

than for the 9-O reflectometer.

Conclusions

This appendix has described a new method of measuring density fluctuation pro-

files on LHD using Doppler reflectometry during a pellet-induced density scan. The

quickly changing density profile after a pellet injection is measured with 1ms time

resolution using the FIR diagnostic. The reflectometer measurement location is calcu-

lated using a scaled cutoff density, matched to ray tracing results from the LHDGauss

code. By mapping the reflectometer measurement to a radial location at each time,

one is able to measure radial profiles of rotation velocity and density fluctuations.

The measured velocity profiles agree qualitatively with those measured with CXS.

The density fluctuation profiles measured in this manner peak strongly near the

edge of the plasma, which is consistent with past work on both tokamaks [187, 188,

189, 190, 191, 192] and other helical devices [195, 196, 197]. The full width at half

maximum of this fluctuation peak is approximately 1.5 - 3 cm for the LHD discharges

analyzed here, less than 5% of the normalized minor radius. These results agree with

the results of some PCI inversion methods, but disagree with others, providing further

evidence as to which methods are accurately capturing the fluctuation profile in LHD.

In addition to informing which inversion methods are appropriate for PCI data,

the density fluctuation profiles measured with this analysis technique may in the

future be used as a validation constraint for turbulent transport models, in the same

way that the electron temperature fluctuations from CECE were used in Chapters 5

and 6 in this thesis. While the specific measurements made in this appendix were
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very near the edge of the plasma, in theory the same technique could be used deeper

in the core of the plasma, adding another constraint to the set already used in this

thesis.
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Appendix F

MQ1 Tokamak Design using the

Tokamak Simulation Code (TSC)

One of the original motivations of the work in this thesis was the prediction of future

machine performance. Ideally, one would like to be able input a machine design

(including magnetic coil locations and currents, heating systems, fueling, etc.) and

then simulate an entire plasma discharge, from breakdown to peak performance to

ramp down. The work in this thesis primarily focused on validating the models

for turbulent heat transport in the core of the tokamak plasma, but to simulate

the entire tokamak, one requires models for every other aspect of the machine and

plasma as well, including the macroscopic magnetohydrodynamic evolution, the edge

and pedestal transport, heating systems and others.

While performing such simulations with high physics fidelity is beyond the capa-

bilities of the fusion community at the moment (both due to limited computational

power and limited fundamental understanding of the physics behind, for example,

pedestal formation in H-mode), it is possible to perform such machine simulations

using highly simplified models. In fact, this is how most machines are designed. At

the most basic level, one wants to design a set of magnetic coils that will successfully
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generate and confine a plasma. Since the plasma itself has a strong impact on the

dynamics of the full system (especially on the ability to drive plasma current), it is

essential to include at least some model for plasma transport in such a simulation.

One example of such a design code is the Tokamak Simulation Code (TSC) [213].

The primary use of this code is to design the magnetic coils for tokamaks. To calculate

the macroscopic stability and evolution of the plasma, and therefore whether or not

a given set of coils and heating will properly confine a plasma, TSC solves the Grad-

Shafranov equation, which describes time-dependent MHD in a toroidal geometry [6].

Doing so requires information about the plasma temperature, density, and current

profiles. Since TSC was developed before the advent of modern turbulent transport

models and modern supercomputers, and really only aims to have accurate enough

plasma profiles to inform coil design, it uses highly simplified analytic models of heat

and particle transport. Specifically, it uses the Coppi-Tang model [214, 215] to model

core transport, a simplified model of the sawtooth crash, and approximates the H-

mode profile by artificially reducing transport in a narrow region near the plasma

edge.

While these approximations are overly simplistic, and clearly far from the physics

fidelity required to accurately predict the performance of the plasma in a future

machine, they are sufficient to design the machine coils. In addition, one can imagine

that future design codes could substitute more accurate transport models into TSC

in a fairly straightforward manner. For example, one could replace the Coppi-Tang

transport model with the multi-scale TGLF model used in Chapter 6 of this thesis.

Similarly, one could replace the simplified H-mode pedestal model in TSC with EPED

[160]. In this sense, TSC resembles exactly the full tokamak simulation code that is

one of the goals of modeling work throughout the fusion community, but requires

many of its component models, and their interconnections, to be replaced with more

accurate (and likely more computationally demanding) versions.
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TSC takes as input information about the coil and vacuum vessel geometry and

materials, as well as any other components in the machine which might affect the

changing electromagnetic fields. It also requires coil current time traces, feedback

control for coil currents based on synthetic magnetic measurements, and heating

sources and their time traces, among many other things. One must also specify

many other inputs, such as how to model the sawtooth crash, how to model the

H-mode and the L-H transition, and others. The code outputs the plasma cross

section, temperature and density profiles, fusion power and many other parameters

as functions of time. The first question that one must ask is whether or not the plasma

evolved stably in the machine and did not experience a vertical displacement event or

some other macroscopic instability. After this, one can assess the predicted plasma

performance, though, as discussed above, these predictions are far less accurate than

the macroscopic stability information.

F.1 The MQ1 Tokamak

As part of this thesis work, TSC was used to design a high-field, compact, net-energy

tokamak, which was named ‘MQ1,’ which stands for ‘Mission Q > 1.’ This tokamak

was designed in a similar parameter space as the proposed SPARC device [216], which,

at the time of the writing of this thesis, is still in the early design phase. Alternatively,

MQ1 can be thought of as a necessary step toward the construction of a power plant

like ARC [217, 218], which is based on using high temperature superconductors to

increase the toroidal magnetic field in the tokamak and correspondingly reduce the

machine size. The general parameters of MQ1 are also motivated by a scoping study

in Reference [219].

The motivation for designing a high-field, compact tokamak like MQ1 is clear.

An economically viable fusion power plant will want to maximize its fusion power
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density, 𝑃𝑓/𝑉𝑝, which is governed by the following relationship [220]:

𝑃𝑓

𝑉𝑝

∝ ⟨𝑝⟩2 ∝ 𝛽2
𝑇𝐵

4
0 (F.1)

where 𝑃𝑓 is the total fusion power, 𝑉𝑝 is the plasma volume, ⟨𝑝⟩ is the volume-

averaged plasma pressure, 𝐵0 is the toroidal magnetic field, and 𝛽𝑇 ≡ 2𝜇0 ⟨𝑝⟩ /𝐵2
0 is

the toroidal plasma beta.

In this relationship, 𝛽𝑇 is limited essentially by plasma physics (in particular MHD

stability [221]), while 𝐵0 is limited by engineering constraints. Thus, one can improve

the fusion power density either by pursuing advanced plasma physics and attempting

to increase 𝛽𝑇 , or by pursuing advanced engineering solutions and increasing 𝐵0.

Until recently, the maximum on-axis toroidal magnetic field in a superconducting

tokamak was limited to roughly 6 T by the properties of the Niobium-Tin supercon-

ducting material [219]. This limitation is one of the driving factors behind ITER’s

toroidal field of 𝐵0 = 5.3 T [222]. In recent years, however, advances in the perfor-

mance and production of Rare-Earth Barium Copper Oxide superconductors, such

as Yttrium Barium Copper Oxide (YBCO), have opened up the possibility of much

larger on-axis magnetic fields [216]. This new material is one of the motivations for the

SPARC and ARC designs, and also for the MQ1 design presented in this appendix.

In addition to acting as an example of how one might use a full machine design

code, once more accurate predictive models are developed, the design of MQ1 is used

in Appendix G to evaluate the use of interferometry and polarimetry in high field

machines.

Table F.1 summarizes the major machine parameters for MQ1, as well as some of

the outputs of the TSC simulations. In particular, MQ1 is approximately the same

size as ASDEX Upgrade, which was described in detail in Chapter 2, with a major

radius of 1.65 m and a minor radius of 0.5 m, but with a magnetic field almost five

times larger, 12 T on the magnetic axis. The elongation is 1.8 and the triangularity
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Discharge Value
𝑅 1.65 m
𝑎 0.5 m
𝐵0 12 T
𝐼𝑝 7.5 MA
𝜅 1.8
𝛿 0.4
𝑞95 3.0
𝑃𝑎𝑢𝑥 30 MW
𝑛𝑒,0 4.0 ×1020𝑚−3

𝑇𝑒,0 22 keV
𝑃𝑓𝑢𝑠𝑖𝑜𝑛 100 MW

𝑄 3.3

Table F.1: General MQ1 machine and plasma parameters, including profile and fusion
power predictions from TSC.

is 0.4. The plasma current, driven entirely by the central solenoid, is approximately

7.5 MA, leading to a 𝑞95 of approximately 3.0. The plasma is heated with 30 MW of

ICRH.

As a preview of the TSC results, the plasma is predicted to operate with a central

density of 4.0 ×1020m−3 and a central electron temperature of 22 keV. This results

in approximately 100 MW of fusion power and a fusion gain of 3.3.

F.2 Machine and Coil Geometry

The first input to TSC is the geometry of the machine. The toroidal field (TF)

coils are not explicitly included in the simulation, since they are assumed to create

a specified toroidal field that varies as 1/𝑅 where R is the major radius. The rest

of the machine design must of course leave space for the TF coils. One must specify

the locations of the central solenoid, all of the other equilibrium poloidal field coils,

stability coils, a limiter, and the vacuum vessel. All of these components have an

impact on what the final steady state plasma will look like, in terms of position, shape,

and stability. In addition, the machine must be designed such that it is possible to get
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Figure F-1: Design for the central solenoid, poloidal field coils, vacuum vessel, and
limiter of MQ1. All coils are up-down symmetric and assumed to be toroidally sym-
metric. The toroidal field coils fit in the gap between the equilibrium poloidal field
coils and the vacuum vessel.

from breakdown to the final plasma state, as this is what a real machine must do. The

coils must therefore be able to shape a plasma from an initial limited configuration

to a final diverted configuration. The central solenoid must also be able to drive the

desired amount of current in the plasma, while maintaining the desired shape.

The central solenoid, poloidal field coils, vacuum vessel, and limiter for MQ1

are shown in Figure F-1. All of the components in this design are assumed to be

toroidally symmetric. Note also that all of the components are up-down symmetric.

While this configuration is not common in most present day tokamaks, a high-power

compact device such as MQ1 will generate tremendous heat fluxes in the divertor. A

double-null magnetic geometry partially mitigates this problem by evenly splitting the

heat flux between the upper and lower divertors. While the divertor is not explicitly

shown in Figure F-1, it is assumed that the divertor is toroidally continuous, which
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is relevant to diagnostic design for such a machine. The limiter is only used in the

ramp up portion of the discharge, before the plasma is fully developed.

The vacuum vessel is relevant to the magnetic design of the machine, as any

conducting material separating magnetic coils from the plasma will cause a delay in

the field propagation between the coils and plasma and vice versa. On the other

hand, conducting surfaces also aid in passive plasma stability, as conducting walls

resist penetration of magnetic field and thus of macroscopic plasma motion. In order

to realistically simulate plasma control and stability, therefore, one must include at

least an approximation of the vacuum vessel in the TSC design. In this simulation,

the vacuum vessel is modeled as 1cm thick stainless steel.

The central solenoid is comprised of the OH1 and OH2 coils. OH1 is primarily

used to inductively drive plasma current. OH2 is primarily used for shaping. The

equilibrium field coils consist of EF1, EF2, and EF3, all used for radial force balance

and plasma shaping. While these coils are called ‘equilibrium’ coils, they do have

currents that vary in time, especially during the plasma ramp up in order to evolve

the plasma shape, and also during the flattop in order to compensate for the current

change in OH1 to drive the plasma current. The two trim coils, Trim1 and Trim2, are

used for fast vertical stability control. They are located inside of the vacuum vessel in

order to ensure faster field propagation to the plasma. All of the coils in the model,

with the exception of the trim coils, are subdivided into multiple sections. This allows

for more accurate simulation of the effect that a spatially varying magnetic field will

have on the coils themselves.

Finally, the figure shows the last closed flux surface of the plasma during the

discharge flattop (constant plasma current). The plasma itself is described in greater

detail later, including a more detailed equilibrium in Figure F-3.
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F.3 Discharge Evolution

In order to simulate the entire plasma discharge, and not just one time slice, one

must specify how the coil currents evolve in time to achieve the desired discharge

trajectory. One must also specify how the plasma heating is applied throughout the

discharge time.

Since TSC does not simulate the breakdown event itself, the simulation starts at

0.25 s into the discharge. At this time, one specifies an initial plasma current and

initial currents for each of the poloidal field coils. For the simulation in this study, the

plasma begins in an inboard limited configuration with a plasma current of 250 kA.

From this initial condition, one must specify the coil currents to evolve the discharge.

In particular, one inputs a desired plasma current time trace, and then assigns the

task of driving the plasma current fractionally to some subset of the central solenoid

and equilibrium coils. This will result in a strong swing in the coil currents in order

to inductive drive the plasma current. One can also specify a PID (proportional-

integral-derivative) controller to feedback control the plasma current, balancing lag

between the requested and actual current, overshoot after slope changes in the time

trace, and fluctuations in the current. For the simulations here, OH1 is assigned 70%

of the current drive task, OH2 (upper and lower together) is assigned 22.8%, EF1 is

assigned 6.3%, EF2 is assigned 0.8%, and EF3 is assigned 0.1%.

Next, one specifies time traces for the desired vertical and radial position of the

plasma magnetic axis, and assigns coil groups to these tasks. The radial position of

the plasma is controlled by EF3. The slow time evolution of the vertical position is

controlled by EF2, and the fast feedback control of the vertical position is assigned to

Trim1 and Trim2. Since the plasma in this discharge is centered at Z=0 (symmetric

about the midplane) at all times during the simulated discharge, essentially only the

trim coils are used for vertical control. This feedback is also accomplished with a PID
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controller. Ensuring that a specified set of coils can achieve vertical stability is a key

mission of running TSC simulations.

Finally, one controls the plasma shape throughout the discharge by specifying

time traces for each of the coil sets throughout the discharge. These specified currents

are added to the currents generated by the various feedback systems just described.

Since these currents must be specified manually, control of the plasma shape during

the course of the discharge can be rather difficult.

(a) 1 s. (b) 3 s. (c) 5 s. (d) 8 s.

Figure F-2: Time evolution of the cross section of the plasma magnetic equilibrium.
The plasma is inboard limited in the first three panels and double null diverted in
the fourth panel. Contours are of 𝜌𝑝𝑜𝑙, which is defined as the square root of the
normalized poloidal magnetic flux. The black line is the last closed flux surface.

Overall, the MQ1 discharge is designed as follows. The plasma begins in an

inboard limited configuration with a plasma current of 250 kA at 0.25 s. The plasma

then approximately linearly ramps in current to achieve a current of 7.5 MA at 7.75 s.

During this time the plasma is slowly enlarged in cross-sectional area and shifted from

an inboard limited to a double null diverted configuration. This process is illustrated

in Figure F-2. There is then a current flattop of 12.25 s, until discharge time 20 s,

which is discussed further in the next section about peak plasma performance. The

plasma is then ramped down in current before ending the discharge.

During this time the plasma heating also evolves. The discharge begins with no
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auxiliary heating (it is heated ohmically). At 1s, the 2.5 MW of ICRH heating power

is applied. At 3 s, this is increased to 5 MW, and then to 7.5 MW at 5s. At 7.75 s,

at the end of the current ramp, the heating power is increased to 30 MW. This final

increase in heating power is also assumed to trigger the transition of the plasma to

H-mode, inducing an edge pedestal in the temperature and density profiles.

F.4 Predicted Peak Plasma Performance

After the current ramp, the plasma reaches peak performance and remains relatively

steady throughout the flattop portion of the discharge. This is the portion of the

discharge that is of interest for fusion power production.

Figure F-3: A cross section of the magnetic equilibrium of MQ1 during flattop oper-
ation. Contours are of 𝜌𝑝𝑜𝑙. The black line is the last closed flux surface.

In terms of plasma shape and geometry, Figure F-3 shows the magnetic equilib-

rium during the flattop portion of the discharge at 12 s. This is very similar to the
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equilibrium from Figure F-2 (d) at 8 s, differing only due to a slight relaxation of the

plasma to an equilibrium current profile. In this flattop configuration, the plasma has

a total current of 7.5 MA and an edge safety factor 𝑞95 of 3.0. The safety factor is

below 1.0 on the magnetic axis, so the plasma is sawtoothing. With the caveat that

the TSC sawtooth model is only very basic, the code predicts a sawtooth period of

approximately 2.5 seconds and an inversion radius of approximately 𝜌𝑝𝑜𝑙 = 0.15.

Figure F-4: Predicted ion (blue) and electron (red) temperature (a) and electron
density (b) profiles for MQ1 during flattop operation.

During the flattop portion of the discharge, TSC predicts the temperature and

density profiles shown in Figure F-4. As stated above, these profiles are predicted

using the Coppi-Tang transport model. The model includes the effect of alpha particle

heating from fusion, and assume a 50-50 mix of deuterium and tritium to calculate the

total fusion power. The plasma effective charge 𝑍𝑒𝑓𝑓 is calculated to be approximately

1.2, once one includes the presence of helium ash and other impurities.

These profiles predict a total fusion power of approximately 100 MW. Given the

ICRH heating power of 30 MW (and the fact that ohmic heating is nearly negligible,

less than 1MW, during the flattop), this means that MQ1’s predicted fusion gain is

𝑄 ≈ 3.3.
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Conclusions

This appendix described TSC, a fully integrated simulation code used primarily to

design the poloidal field coils for tokamaks. While many aspects of tokamak physics

have been considerably simplified in TSC, the code serve as an example of what an

integrated tokamak simulation code might eventually look like. By replacing the

turbulent transport model in TSC with TGLF (or even a full gyrokinetic code), and

replacing each of the other models used in TSC with higher fidelity versions, one would

eventually be able to fully simulate an entire tokamak discharge, from breakdown to

ramp down, and predict the performance of the machine before building it. Validation,

which has been the main focus of this thesis, ensures that each of the models used in

a code like TSC are simulating the plasma accurately.
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Appendix G

InterPol Interferometer Polarimeter

This appendix presents a conceptual design for a combined interferometer and po-

larimeter, called InterPol, which will measure both line-integrated density and poloidal

magnetic field in a compact, high-field, high-density, net energy tokamak. InterPol

is designed to work on the MQ1 tokamak, modeled with TSC in Appendix F. The

high field and high density of MQ1 offer unique opportunities for interferometry and

polarimetry diagnostics, allowing one to measure both density and poloidal magnetic

field (which is related to the plasma current profile) with a single set of 𝐶𝑂2 and

𝐻𝑒𝑁𝑒 lasers. Unlike other diagnostics described in this thesis, InterPol is intended

primarily as an equilibrium diagnostic, measuring the steady state and slow time evo-

lution of the density and poloidal magnetic field, though this appendix will show that

it will likely be able to resolve some fluctuations as well, for example from toroidal

Alfvén Eigenmodes. The remainder of this appendix introduces interferometry and

polarimetry in greater detail (Section G.1), outlines the InterPol design (Section G.2),

and presents predicted signals from synthetic diagnostic calculations on the TSC out-

puts (Section G.3). The work of this appendix is pending publication as Reference

[223].

317



G.1 Interferometry and Polarimetry

This thesis has already discussed a few diagnostics in detail, such as electron cy-

clotron emission and reflectometry, and has mentioned many others, such as Thom-

son Scattering, CXRS, etc. This appendix is concerned with two other diagnostics,

interferometry and polarimetry.

Interferometry is used to measure line-integrated electron density in a tokamak,

and polarimetry is used to measure the line-integrated product of density and mag-

netic field parallel to the beam direction [66]. This section describes the governing

principles of these two diagnostics in order to then explain why the diagnostics are

different on a high-field, high-density tokamak and to make predictions of signal levels.

The physical principle behind interferometry is based on the phase delay of a beam

of light traveling through a plasma compared to a beam of light traveling through a

vacuum. To first order in electron temperature, the phase delay is given by [66, 224]:

∆𝜑 =
−𝑒2𝜆

4𝜋𝑐2𝑚𝑒𝜖0

∫︁
𝑛𝑒

[︂
1 − 3

2

𝑇𝑒

𝑚𝑒𝑐2

]︂
𝑑𝑙 (G.1)

where ∆𝜑 is the phase delay in the beam, 𝑒 is the fundamental charge, 𝜆 is the

wavelength of the beam, 𝑐 is the speed of light, 𝑚𝑒 is the electron mass, 𝜖0 is the

permittivity of free space, 𝑛𝑒 is the local electron density, 𝑇𝑒 is the local electron

temperature, and 𝑑𝑙 is the path length of the beam.

In present day tokamaks, the temperature term in Equation G.1 is often negligible,

in which case the phase delay can be used directly to calculate the line-integrated

density. Generally, in order to account for the temperature term, one would have to

have independent knowledge of the electron temperature profile. As will be discussed

later, however, it is possible to use data from a combined interferometer-polarimeter,

such as the diagnostic discussed in this appendix, to account for finite temperature

effects without input from a separate diagnostic.
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Interferometry has a long history of tokamak measurements, and has become an

incredibly robust diagnostic. It is able to measure line-integrated density quickly

and without complicated analysis, allowing for active feedback control of the plasma

density [35]. In addition, one can use multiple chord measurements in order to invert

an approximate density profile. Interferometer measurements are vital to machine

operation and optimization of plasma performance.

Polarimetry operates on a similar physical principle, utilizing the rotation in the

polarization of a linearly polarized wave as it propagates through a plasma parallel

to a magnetic field. This effect is known as Faraday Rotation [66]. Including again a

finite temperature correction, the Faraday Rotation angle is given as [66, 224]:

𝛼 =
𝑒3𝜆2

8𝜋2𝑚2
𝑒𝑐

3𝜖0

∫︁
𝑛𝑒

[︂
1 − 2

𝑇𝑒

𝑚𝑒𝑐2

]︂
�⃗� · 𝑑𝑙 (G.2)

where 𝛼 is the Faraday Rotation angle (half of the angle by which the linear

polarization rotates), �⃗� is the background magnetic field, 𝑑𝑙 is the beam path, and

all other quantities are defined as above.

As for interferometry, the temperature term is often negligible in present day

tokamaks, but will not be in a net-energy machine such as MQ1. One can use the

results of interferometry to calculate the plasma density, and thus relate the Faraday

Rotation to the line-integral of the magnetic field parallel to the beam propagation.

Specifically, a radially viewing polarimeter measures the poloidal magnetic field, which

can be related to the safety factor and current profiles. Knowledge and manipulation

of these profiles is important to both plasma stability and optimization of future

steady state machines [225].

In addition to slowly evolving equilibrium profiles, both diagnostics are also able

to measure plasma fluctuations (in density and magnetic field respectively). These

measurements may be useful for turbulent transport validation, like the CECE mea-

surements form Chapter 4, as well as studying other plasma fluctuations, such as
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Alfvén Eigenmodes [226, 227].

As mentioned above, while the temperature terms in Equations G.1 and G.2 are

typically negligible in present day tokamaks, the significantly higher temperatures

in any net-energy machine, such as MQ1 or ITER, mean that these terms will be

important. Fortunately, by using a combined interferometer and polarimeter, it is

possible to correct for finite temperature effects to first order without using data

from a separate electron temperature diagnostic. Details of these calculations can be

found in References [224, 228]. This technique does not correct second order effects,

but these are typically of 0.1% or less, which is significantly less than the instrumental

uncertainty for polarimetry measurements, and is similar to the instrumental uncer-

tainty for interferometry measurements. If desired, these second order effects can be

corrected using independent temperature profile measurements.

Since part of the motivation for designing InterPol on MQ1 was the higher mag-

netic field and correspondingly higher plasma current and density, consider the effect

that this has on interferometry and polarimetry. As shown in Equation G.1, the sig-

nal level in interferometry is proportional to density, and as shown in Equation G.2,

the signal level in polarimetry is proportional to both density and poloidal magnetic

field (which depends on plasma current density). For this reason, a high-field, high-

density device like MQ1 should expect larger signal levels for both diagnostics than

a similarly sized low-field device. This enables the use of shorter wavelength beams

for both diagnostics, for which more reliable sources exits. In particular, InterPol will

use a single set of 𝐶𝑂2 and 𝐻𝑒𝑁𝑒 for both interferometry (two color interferometry)

and polarimetry. This design choice is discussed further in Section G.2.

On the other hand, a compact size also leads to challenges for these diagnostics.

In particular, producing a large amount of fusion power in a compact device leads to

large neutron fluxes, requiring more careful shielding of neutron-sensitive components.

In addition, as discussed in Appendix F, high divertor heat fluxes will likely require a

320



double null configuration with toroidally continuous divertors. This precludes vertical

lines of sight that are common on other machines.

Using the fundamental principles behind interferometry and polarimetry described

in this section, a conceptual design for InterPol is now described.

G.2 Proposed InterPol Diagnostic

This section outlines the design of InterPol on MQ1, using the equilibrium from

Appendix F and addressing the challenges and opportunities associated with a high-

field compact device discussed in Section G.1.

Starting with the lines of sight for InterPol, many existing tokamaks, including

Alcator C-Mod [35] and EAST [229], use a series of parallel beams. Using a series of

parallel beams typically simplifies engineering of the diagnostic, and also makes the

inversion of line-integrated data to obtain radial profiles more straightforward. In a

device running pure deuterium plasmas, this geometry is acceptable, but in a device

producing a considerable neutron flux, one would like to minimize penetrations in

the first wall. A series of parallel beams requires many penetrations in the first wall

of the machine, but it is possible to instead use a single penetration and arrange the

beams in a fan.

It is for this reason that InterPol proposes using a single penetration at the low-

field side midplane for all of the beam chords, similar to the poloidal polarimeter

design on ITER [230]. Figure G-1 shows this chord geometry overlaid on the MQ1

plasma density cross section from TSC. Density is given in units of 1020 m−3, and the

red lines are the proposed beam chords.

As shown in Figure G-1, the system consists of 11 chords, originating from a single

penetration in the outboard midplane and propagating inward at angles of 0∘, 7∘, 14∘,

21∘, ±27∘, 32∘, 37∘, 41∘, and ±45∘. Each beam reflects off of a retroreflector on the

high-field side of the machine, before passing through the plasma again and exiting
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Figure G-1: InterPol chord geometry overlaid on a density cross section of MQ1. Red
lines indicate the InterPol laser chords. Density contours are in units of 1020 m−3.
An asymmetric chord arrangement gives greater maximum spatial resolution without
an excessive number of chords, and works best if the plasma is up-down symmetric.

through the same penetration in the first wall. These retroreflectors will be sunk

in to the first wall in order to minimize direct neutron exposure. The chord angles

were chosen to cover as much of the plasma volume as possible while still using only

a single first wall penetration and without requiring retroreflectors in the divertor

region. The up-down asymmetric arrangement was chosen to minimize the number

of interferometer chords, while still offering high radial resolution in some regions of

the plasma.

After selecting the diagnostic geometry, one must choose the laser wavelength for

the measurements, carefully balancing several competing effects. Increasing the laser

wavelength increases signal levels for both interferometry and polarimetry. Equation
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G.1 reveals that the interferometer phase shift is proportional to 𝜆, and Equation G.2

shows that the polarimeter Faraday Rotation is proportional to 𝜆2. In addition, us-

ing longer wavelengths decreases the effect of mechanical vibrations, which are more

detrimental at short wavelengths since the resulting noise depends on the ratio of the

path length change to the laser wavelength. On the other hand, the Cotton-Mouton

effect, which results in an initially linearly polarized wave becoming elliptically polar-

ized as it propagates through the plasma and complicates polarimetry measurements,

depends on 𝜆3 [66], and so longer wavelengths are more problematic. In addition,

refraction of the laser beam through the plasma also increases with increasing wave-

length, which can be problematic. Finally, one must consider the availability of

reliable laser sources at a given wavelength, since reliability is one of the reasons that

interferometry in particular is key to tokamak operation.

Taking all of these considerations into account, InterPol proposes using 10.6 𝜇m

wavelength 𝐶𝑂2 lasers for the primary interferometry and polarimetry measurements

and 0.633 𝜇m 𝐻𝑒𝑁𝑒 for vibration correction, in what is known as two-color interfer-

ometry (TCI) [35]. The phase change in the 𝐶𝑂2 laser is primarily sensitive to the

plasma, but will also have some contribution from vibration. On the other hand, due

to the very short wavelength of the 𝐻𝑒𝑁𝑒 laser, the change in phase is completely

dominated by mechanical vibration, with the plasma contribution almost negligi-

ble. For this reason, one can use the 𝐻𝑒𝑁𝑒 signal to correct the 𝐶𝑂2 phase delay

for mechanical vibration, resulting in a measurement purely of the plasma density.

Mathematically, one can write [35]:

∫︁
𝑛𝑒

[︂
1 − 3

2

𝑇𝑒

𝑚𝑒𝑐2

]︂
𝑑𝑙 =

4𝜋𝑐2𝑚𝑒𝜖0
𝑒2

∆𝜑𝐻𝑒𝑁𝑒𝜆𝐻𝑒𝑁𝑒 − ∆𝜑𝐶𝑂2𝜆𝐶𝑂2

𝜆2
𝐶𝑂2

− 𝜆2
𝐻𝑒𝑁𝑒

(G.3)

This is the same combination of lasers used for TCI on Alcator C-Mod [35]. Most

machines, however, have considerably lower density than Alcator C-Mod, and so must

use longer wavelengths to achieve reasonable signal levels, such as 𝜆 = 119 𝜇m far
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infrared (FIR) 𝐶𝐻3𝑂𝐻 lasers on the Large Helical Device [210] (also described in

Appendix E) and 𝜆 = 195 𝜇m deuterium cyanide (DCN) lasers on ASDEX Upgrade

[44, 231] and JET [232]. Section G.3 will show that the signal level from 𝐶𝑂2 lasers

will be sufficient in the high density in MQ1. One of the main advantages of using 𝐶𝑂2

lasers is that they are incredibly reliable compared to other sources. For example, the

𝐶𝑂2 lasers in the ITER tangential interferometer-polarimeter (which is discussed in

further detail below) are expected to fail in less than one discharge per year [233].

The consideration of reliability is one of the primary reasons that 𝐶𝑂2 lasers are

preferred to an intermediate wavelength system with 𝜆 ≈ 50 𝜇m, which might allow

more accurate measurements while keeping the Cotton-Mouton effect and refraction

at acceptable levels (these are discussed below for the 𝐶𝑂2 lasers). While there has

been some development of a two-color interferometer-polarimeter based on 57.2 𝜇m

and 47.7 𝜇m 𝐶𝐻3𝑂𝐷 sources [234, 235], this technology is still immature compared

to 𝐶𝑂2 lasers.

Turning now to polarimetry, the choice of wavelength is more constrained than

for interferometry due to the 𝜆2 dependence of the Faraday Rotation angle. This

dependence means that the signal levels from short wavelength lasers are generally

far too small on present day machines, and that most current system use wavelengths

longer than 100 𝜇m for poloidal polarimetry. For example, the same 𝜆 = 195 𝜇m

DCN lasers are used for both interferometry and polarimetry on ASDEX Upgrade

[44, 231], and the combined polarimeter-interferometers on both EAST (POINT [229])

and J-TEXT (POLARIS [236]) use 𝜆 = 432.5 𝜇m formic acid (𝐻𝐶𝑂𝑂𝐻) FIR lasers.

All of the discussion of polarimeter wavelengths up to this point has been con-

cerned with poloidally viewing geometries, which measure the poloidal magnetic field.

Tangentially viewing polarimeters, on the other hand, have different constraints.

Since polarimetry is sensitive to the magnetic field parallel to the beam propaga-

tion direction, tangentially viewing polarimeters are sensitive to toroidal field, which
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is generally much stronger than the poloidal field. This, often combined with a longer

path length, means that tangential polarimeters can use shorter wavelengths even

in low density and low field devices, such as the 10.6 𝜇m wavelength 𝐶𝑂2 lasers

on the DIII-D interferometer-polarimeter [237]. Similarly, the proposed tangential

interferometer-polarimeter (TIP) on ITER will also use 𝐶𝑂2 lasers [228, 238]. These

systems have a fundamentally different purpose than poloidal polarimeters, however,

since they do not measure the poloidal magnetic field. The Faraday Rotation measure-

ment is instead used as a second, independent measure of the line-averaged density,

since the toroidal magnetic field is generally well known.

In contrast, MQ1’s high density and high poloidal magnetic field allow for the novel

use of 10.6 𝜇m 𝐶𝑂2 lasers for both interferometry and poloidal polarimetry. Section

G.3 calculates the anticipated signal levels using a synthetic diagnostic, showing them

to be clearly measurable.

Finally, while polarimetry cannot account for the effects of mechanical vibration

in the same way that two-color interferometry does, various methods have been devel-

oped to minimize these effects. Most simply, one can minimize the vibrations them-

selves by carefully designing and placing optical components in a vibration damped

environment [229]. One can also use more clever detection techniques, such as using

the signal from a detector that measures the beam phase before it passes through

the plasma as the local oscillator in the final detector, as opposed to using a separate

local oscillator. This has been shown to considerably reduce the vibration-induced

error in polarimetry [228, 238].

G.3 Predicted Signals and Measurement Capabili-
ties

In order to determine whether or not the proposed InterPol design will be able to

make useful measurements on MQ1, one must estimate the expected signal levels
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Chord Angle
(Degrees)

Interferometer
Phase Shift

∆𝜑 (Degrees)

Polarimeter
Faraday Rotation

𝛼 (Degrees)
Center (0) 1166 0.00

7 1162 0.39
14 1150 0.75
21 1128 1.06
27 1091 1.29
32 1038 1.42
37 972 1.46
41 900 1.43
45 824 1.36

Table G.1: InterPol signal levels during flattop operation of MQ1, as calculated using
the proposed lines of sight and the 2D MQ1 density and poloidal magnetic field data.
Two pass signal levels are shown for all of the upper chords of InterPol.

using a synthetic diagnostic and the MQ1 profiles from Appendix F. In particular,

this analysis uses the 2D density profiles and diagnostic lines of sight from Figure

G-1, as well as the 2D poloidal magnetic field cross section from the MQ1 magnetic

equilibrium.

Equilibrium Measurements with MQ1

The predicted interferometry and polarimetry signal levels are evaluated as follows.

For interferometry, the phase shift was calculated by line-integrating the density along

the chosen lines of sight in the 2D MQ1 geometry. This line-integrated density was

then inserted into equation G.1 in order to get the total phase shift. Similarly for

polarimetry, the predicted Faraday Rotation was calculated by integrating the density

times the poloidal magnetic field dotted with the beam path, and then inserting this

into Equation G.2. The predicted signal levels calculated in this manner for two-

pass operation (after the beam has passed through the plasma, reflected off of a

retroreflector, and passed back through the plasma) during the flattop portion of the
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MQ1 discharge (at 12 seconds into the discharge) are shown in Table G.1 for all of

the upper chords.

Figure G-2: MQ1 density profile and synthetic measurement with InterPol. The
InterPol profile was calculated from the upper chord line integrated measurements
using standard inversion techniques.

To put these signal levels into context, existing systems have been able to obtain

instrumental resolution as small as ∆(∆𝜑) = 1.5∘ for the interferometer phase shift

and as small as ∆𝛼 = 0.06∘ for the polarimetry Faraday Rotation [228]. For the MQ1

flattop signal levels shown in Table G.1, this resolution corresponds to an accuracy

of between 0.1% and 0.2% for the density measurement and between 4% and 8% for

the poloidal magnetic field measurement. This suggests that the diagnostic will be

able to make high quality measurements of both density and poloidal magnetic field

during peak plasma performance. To illustrate this point, Figure G-2 shows the MQ1

density profile from TSC, as well as a profile that has been inverted from the synthetic

InterPol measurements. As this figure shows, InterPol’s chord geometry enables high

resolution density profile measurements using standard inversion techniques.

While the signal levels shown in Table G.1 were for the flattop portion of the MQ1

discharge, earlier in the discharge both the density and poloidal field will be lower,

and the plasma will be smaller in cross-sectional area (as shown in Figure F-2). For
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this reason the expected signal levels will be smaller, and the relative errors will be

larger. Very early in the current ramp (at 1 s into the discharge), the relative error

on some chords may be as much as 10% for interferometry and 100% for polarimetry.

Finally, three possible issues are briefly addressed. First, the issue of fringe jumps

in the interferometer signal, which may complicate interpretation of the data at large

phase angles [66], can be resolved by using the polarimeter measurement as a ref-

erence. Since the Faraday Rotation angle will always be much greater than 𝜋 (as

shown in Table G.1), the signal can be used to determine the direction of change in

the interferometer phase angle when fringe jumps occur near multiples of 𝜋.

Second, the short wavelength of the 𝐶𝑂2 lasers in InterPol mean that the Cotton-

Mouton effect will be negligible in this system. Specifically, the ellipticity introduced

by the Cotton-Mouton effect will be less than 10−3.

Finally, the short wavelength also means that refraction will be negligible. Ray

tracing calculations reveal that refraction will cause the beam path to deviate from a

straight line by less than 0.1∘, which is comparable to or less than the feasible beam

alignment accuracy and the effects of vibrations.

InterPol Fluctuation Measurements

While most of this appendix has been devoted to discussing the use of InterPol as

an equilibrium diagnostic, functioning to feedback control the plasma density and

measure the current profile, InterPol will also function as a fluctuation diagnostic.

Fluctuation measurements depend quite strongly on the precision and spatial and

temporal resolution of the diagnostic, and so some additional attention is merited.

One of the major concerns for any fluctuation diagnostic is the noise level. These

noise levels are typically different than the instrumental resolution that was discussed

earlier in this section. In particular, below 5 kHz, vibration and other effects often

limit the ability to perform fluctuation measurements. For 𝑓 > 20 kHz, however,
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an existing 𝐶𝑂2 interferometer-polarimeter found that the noise levels for both in-

terferometry and polarimetry were approximately [10−6 − 10−5](∘)2kHz−1 [238]. This

would enable fluctuation measurements down to approximately ̃̄︀𝑛/�̄� ∼ 10−5 − 10−6

for density and ̃︀𝐵𝑝/�̄�𝑝 ∼ 10−2 − 10−3 for magnetic field on MQ1 (where the bars

represent a line average and the tildes represent the fluctuating quantity). Based on

what has been observed on current machines, these noise levels should allow for pre-

cise measurements of density fluctuations from MHD, turbulence, and other sources,

and marginal measurement of magnetic field fluctuations from similar sources [238].

In addition to noise levels, temporal resolution is important to the capability of

fluctuation diagnostics, as some fluctuations in tokamaks exist at quite high frequen-

cies. Existing interferometer-polarimeter systems have achieved time resolutions of up

to 500 kHz [238] and a pure polarimeter system has operated at up to 1 MHz [226].

This level of time resolution has been sufficient to measure a wide range of toka-

mak phenomena, including Alfvén Eigenmodes [228, 238], the quasi-coherent modes

(QCMs) typical of enhanced 𝐷𝛼 (EDA) H-modes on Alcator C-Mod [226, 227, 239],

and broadband turbulent fluctuations [239].

To choose just one example of a fluctuating mode that may be of interest on MQ1,

one can estimate the frequency of toroidal Alfvén Eigenmodes (TAEs) for the MQ1

parameters. The typical TAE frequency is given by [240]:

𝑓𝐴 ≈ 𝑣𝐴
4𝜋𝑞𝑅

≈ 𝐵0

4𝜋𝑞𝑅
√︀
𝜇0

∑︀
𝑛𝑖𝑚𝑖

(G.4)

where 𝑣𝐴 is the Alfvén speed, 𝑞 is the local safety factor, 𝑅 is major radius, and∑︀
𝑛𝑖𝑚𝑖 is the mass density of the plasma. For MQ1, one estimates a TAE frequency

of approximately 650 kHz. Assuming that one can digitize at a rate of 1 MHz as in

Reference [226], it should be possible to resolve this mode. In addition, it may also

be possible to tailor specific discharges to have lower frequency modes that would be

more easily measurable.
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Finally, spatial resolution is important for fluctuation diagnostics, especially those

concerned with turbulence measurements. In particular, for fluctuation measurements

one is concerned with both the width of each beam and the spacing between beams.

First, the beam diameter 𝑤0 of the laser in the plasma determines the minimum

measurable fluctuation wavelength, as any fluctuation smaller than the beam width

will be averaged out in the measurement. For this reason, the maximum measurable

wavenumber for a given beam width is 𝑘𝑚𝑎𝑥 = 2/𝑤0 [238]. An existing diagnostic

using 𝐶𝑂2 lasers on DIII-D has achieved a beam radius of approximately 9 mm,

allowing measurements up to wavenumbers of approximately 1 cm−1 [228]. A similar

system on Alcator C-Mod has been able to measure wavenumbers up to 3.2 cm−1 [239].

With this maximum resolvable wavenumber it is possible to conduct comprehensive

studies of both density and magnetic field fluctuations from a variety of sources [238,

239].

The spacing between beams is also important for fluctuation measurements, as it

sets the spatial wavenumber resolution. In particular, a beam separation of ∆𝐿 gives

a wavenumber resolution of ∆𝑘 = 2𝜋/𝑁∆𝐿 where N is the total number of chords

[239]. Thus a larger number of chords spaced more closely together gives a finer

wavenumber resolution, motivating the asymmetric chord geometry in Figure G-1. On

the other hand, it is certainly possible to make non-wavenumber resolved fluctuation

measurements, which has been the case in most past studies [226, 227, 238].

These spatial constraints are typically much more stringent than for equilibrium

measurements, as density feedback control really only requires one chord, and profile

reconstruction requires more chords, but places few restrictions on beam width.

Conclusion

This appendix has presented the proposed InterPol diagnostic, a combined interferometer-

polarimeter for the MQ1 tokamak described in Appendix F. This diagnostic takes
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advantage of the high density and high poloidal magnetic field on MQ1 in order to

perform both interferometry and poloidal polarimetry measurements with a single

set of 𝐶𝑂2 and 𝐻𝑒𝑁𝑒 lasers. The design also conforms to the constraints of a high

neutron and heat flux environment, launching all of its chords through a single first

wall penetration at the outboard midplane and avoiding any impediment to toroidally

continuous upper and lower divertors. These measurements will be important for den-

sity feedback control on MQ1, as well as enabling density and poloidal magnetic field

profile measurements. In addition to equilibrium measurements, InterPol will also be

able to measure fluctuations due to turbulence and Alfvén Eigenmodes, among other

things. Synthetic diagnostic testing using MQ1’s profiles suggests that InterPol will

be capable of all of these measurements, in terms of signal level, noise level, temporal

resolution, and spatial resolution. These measurements would both ensure successful

machine operation and contribute another constraint for future turbulent transport

model validation studies such as those performed in this thesis.
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Appendix H

Specifics of Data Analysis and

Simulation Workflows

This appendix contains information about the specific workflows and codes used for

some of the data analysis in this thesis. It is primarily of interest to the reader that

will be working with Alcator C-Mod and ASDEX Upgrade data. Some references are

made to particular figures in the main body of the thesis, describing how these figures

are made.

H.1 Perturbative Diffusivity Analysis

This section describes how to perform the partial sawtooth heat pulse analysis to

measure the perturbative thermal diffusivity on Alcator C-Mod and ASDEX Upgrade.

The theory and results of this analysis are shown in Chapter 3 and are used in

Chapters 5 and 6.

1. Identify Partial Sawtooth Crash Times

Identification of partial sawtooth crashes must be performed manually on both

Alcator C-Mod and ASDEX Upgrade at the moment. Automating this process

would be a potential future project related to this work.

333



Identification of partial sawtooth crash times is done using time series electron

temperature data. On Alcator C-Mod, access GPC data stored in MDSplus,

using the ‘scopes’ code, or whichever data reader the user prefers. On ASDEX

Upgrade, access the 1D ECE radiometer (the diagnostic name is ‘CEC’ in the

shotfile system) using ‘cview’ or whichever data reader the user prefers. Load

the desired discharge’s data.

As described in Chapter 3, partial sawteeth are characterized by a drop in

temperature slightly off axis in an annular region in the tokamak, without a

drop in core temperature. One should therefore look through the time traces

to find a time a time where the temperature drops sharply on a slightly off-axis

channel, but does not change on axis. Record this time for use in the code. Go

through the entire discharge (or time period of interest), identifying all of the

partial sawtooth crashes.

2. Insert Times into Perturbative Diffusivity Analysis Code

Open the analysis code for the tokamak of interest.

For Alcator C-Mod, open the MATLAB script ‘/home/creely/matlab/ Ana-

lyzeShotAux2.m’ in the MIT PSFC server. Enter the desired discharge number.

Enter all of the partial sawtooth times in either the ‘tStartL’ or ‘tStartI’ arrays.

Ignore the other array if only one time period is of interest. Enter the GPC

channel of the inner limit of the analysis as ‘inChannel’ and the outer limit

channel as ‘outChannel.’ The innermost channel should be first GPC channel

outside of the sawtooth mixing radius, and the outermost channel should be the

last channel on which the heat pulse is still distinguishable from noise. These

are typically channels 5 and 7 or channels 6 and 8, depending on the location

of the mixing radius.

For ASDEX Upgrade, use the Python script ‘/afs/ipp-garching.mpg.de/home/a/
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acreely/python/shotChiPertpy6.py’ from the command line, using the follow-

ing syntax: python shotChiPertpy6.py shot ‘pulseTimes’ inChannel outChannel

timeRange smooth backgroundAvg. Pulse times are entered as space separated

values in a string. The ‘inChannel’ and ‘outChannel’ inputs may have to be

adjusted based on the discharge, as the ECE radiometer channel locations are

occasionally changed on ASDEX Upgrade. The numbers represent the order

from the center of the plasma, not the recorded channel number, as the recorded

channel numbers are not necessarily in order in the plasma. A typical channel

range is 11 to 14.

3. Adjust Code Parameters if Necessary

Run the code. This will output the average perturbative diffusivity, an uncer-

tainty, the perturbative diffusivity for each individual heat pulse, and a number

of other plasma parameters, such as density, current, etc. These are not yet the

final results. This will plot all of the channels for each sawtooth pulse in a dif-

ferent figure. For Alcator C-Mod, adjust the ‘LRange’ or ‘IRange’ parameters,

which set the length of the time window that is analyzed around each pulse,

such that the window is long enough to capture the peak of the heat pulse on the

outermost channel but short enough that the time window does not include the

next sawtooth crash. Adjust ‘LSmooth’ and ‘ISmooth’ to sufficiently smooth

noise but to still resolve the fast rise in the innermost channel.

For ASDEX Upgrade, adjust the ‘timeRange’ and ‘smooth’ parameters in the

same way as the ‘LRange’ and ‘LSmooth’ parameters on Alcator C-Mod.

4. Check Analysis for Each Heat Pulse

Rerun the code once parameters have been adjusted. This is still not the final

result. Go through each heat pulse figure and check to make sure that the data

is clean enough for inclusion in the analysis. This process is essentially the
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same on both machines. You may have to adjust slightly the crash time for

each individual pulse so that the window includes the peak on the outermost

channel but excludes the next heat pulse. Remove heat pulses (by deleting

their time from the list in the code) that have noise levels significantly higher

than others, or which appear to have double sawtooth crashes or other odd

events that are not clean partial sawteeth. Also remove pulses for which the

smoothing algorithm has over- or under-smoothed the data. It is also possible,

at the user’s discretion, to remove pulses that have a perturbative diffusivity

which is a significant outlier (as shown in the code output).

5. Run Analysis Code with Final Parameters and Pulse Times

Once the analysis parameters have been adjusted and bad heat pulses have been

removed, run the code a final time to obtain the final perturbative diffusivity

and uncertainty. These will print in the command line. Note that the ASDEX

Upgrade code will also output the perturbative diffusivity calculated for a com-

posite heat pulse, as described in Chapter 3. These final code results were used

to generate, for example, Figure 3-3.

6. Save Output if Desired

If desired, save the results for larger data set studies. On Alcator C-Mod, just

save the MATLAB workspace. On ASDEX Upgrade, call the chiCalc.writeOutputs()

function within the Python script to save the outputs to a text file.

H.2 CECE Data Analysis

This section describes the analysis routines used for CECE data. The theoretical

basis for this analysis is given in Chapter 4 and Appendix C. These data analysis

procedures were used for all of the results in Chapters 4, 5, and 6.

1. Select Analysis Time Range
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The first step in analyzing CECE data is to select an appropriate discharge with

a long steady phase of plasma operation, as longer time averaging significantly

reduces the uncertainty and sensitivity limit. Typically one should aim for an

absolute minimum of 150 ms of steady operation, and preferably up to a few

seconds. One must also ensure that the toroidal magnetic field is chosen such

that the ECE resonance location of the CECE frequencies will be at the desired

location in the plasma. This can be estimated analytically, and is calculated

more precisely within the analysis code.

2. Run CECE Analysis Code to See Spectra

Once the raw data has been collected, one runs the data analysis code a first

time to see the fluctuation spectra and determine the frequencies over which

to integrate the turbulent feature and the frequency range to use for the back-

ground subtraction.

On Alcator C-Mod, use the Python script ‘/home/creely/python/ fftcece15cmod.py’

from the command line with the following syntax: python fftcece15cmod.py shot

‘channels’ time1 time2 fftBin lowpassFreq fluctFreqLow fluctFreqHigh backFre-

qLow backFreqHigh. In this call, ‘shot’ is the plasma discharge for analysis,

‘channels’ is a space separated string of the channels to be analyzed (typically

‘01 02 03 04’ or ‘01 02 03 04 15 16’ depending on which system was installed

when the discharge was taken), ‘time1’ and ‘time2’ are the start and end times

for the analysis, ‘fftbin’ is the number of points to use in the ensemble average

Fourier transform (typically 512 or 1024), ‘lowpassFreq’ is the frequency of the

digital low pass filter in MHz (typically 1MHz), ‘fluctFreqLow’ and ‘fluctFre-

qHigh’ set the lower and upper frequency bounds (in kHz) for integration of

the total temperature fluctuation level, and ‘backFreqLow’ and ‘backFreqHigh’

set the lower and upper frequency bounds (in kHz) for the background level
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assessment.

The command line call on ASDEX Upgrade is identical, using the code located

at ‘/afs/ipp-garching.mpg.de/home/a/acreely/jupyter/fftcece15aug.py.’ One can

also use the interactive Jupyter Notebook version, for example at ‘/afs/ipp-

garching.mpg.de/home/a/acreely/jupyter/Multi_Machine_CECE.ipynb.’

This initial call of the code will generate fluctuation spectra as well as radial

profiles, but at this point only the spectra are of interest.

3. Determine Frequency Range for Fluctuation Integration and Background Sub-

traction

Once the initial spectra have been generated, one can determine the frequency

ranges for the total fluctuation level integration and for the background sub-

traction. At this point, one should also identify whether there are any coher-

ent features in the spectrum that are non-turbulent phenomena, such as MHD

modes or other features. These can be notch filtered out if necessary.

Look at the spectrum, and if there is a clear turbulent feature, note the lower

and upper frequency bounds of the feature. These will be ‘fluctFreqLow’ and

‘fluctFreqHigh’ in the next run of the analysis code. Next, identify a frequency

range that is clearly above the turbulent feature, such that the complex coher-

ence function is essentially flat with frequency, except for the contributions from

noise. The bounds of this region will be used as ‘backFreqLow’ and ‘backFre-

qHigh’ in the next run of the code.

4. Run CECE Analysis Code for Final Results

Once the frequency ranges of the turbulent feature and the background have

been set, rerun the code for the final analysis results. This run of the code

should produce spectra and a radial profile, as well as printing the total tem-

perature fluctuation level, uncertainty, sensitivity level, and radial location for
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each channel pair. The code itself can be modified to plot different combinations

of spectra.

The Alcator C-Mod code was used to generate, for example, Figures 4-8 and

4-9, and the ASDEX Upgrade code was used to generate Figure 4-11.

H.3 TRANSP

There are numerous descriptions on how to run TRANSP, so this section will not

attempt to describe this whole process. Instead, this section focuses on how to run a

few post-processing routines that were written as part of and used in this thesis.

On Alcator C-Mod, the code is located at ‘/home/creely/python/transpRead.py’

and on ASDEX Upgrade it is located at ‘/afs/ipp-garching.mpg.de/home/a/acreely/

python/transpReadAUG2.py’.

1. Run TRANSP and Download Data from TRANSP Server

After running TRANSP on the servers at PPPL, one must download the data

to the local server at either Alcator C-Mod or ASDEX Upgrade. At Alcator

C-Mod, this is done automatically, and one can then access the data through

the MDSplus data storage system. At ASDEX Upgrade, this must be done

manually. One must fetch the data from the PPPL servers, unpack it, and then

write a shotfile to store it in the user’s personal directory. For this thesis, this

was done using the TRGUI program. Note that on ASDEX Upgrade TRANSP

runs are not publicly available to other users, and that one must either repeat

a run or be granted access to another user’s directory in order to access the

TRANSP data.

2. Run TRANSP Plotting Script

Once the data is either stored in MDSplus (at Alcator C-Mod) or as a shotfile
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Number String Input Quantity to Plot
1 profiles Temperature and Density Profiles
2 gradients Normalized Gradient Scale Lengths
3 q 𝑞 Profile
4 Er Radial Electric Field
5 diffusivities Power Balance Thermal Diffusivities
6 powerbale Volumetric Electron Power Balance
7 powerbali Volumetric Ion Power Balance
8 powerbaletot Total Electron Power Balance
9 powerbalitot Total Ion Power Balance
10 heatflux Electron and Ion Heat Fluxes
11 heatfluxe Electron Heat Flux
12 heatfluxi Ion Heat Flux
13 neutrons Neutron Count (against time)
14 energy TRANSP Stored Energy (against time)
15 current Plasma Current (against time)
16 voltage loop voltage
17 energyMHD TRANSP and Measured Stored Energy (against time)

Table H.1: Inputs to the ‘transpRead.py’ program in order to plot a variety of
TRANSP inputs and outputs.

in the user’s directory (at ASDEX Upgrade), one can run the TRANSP post-

processing routines to plot the TRANSP inputs and outputs.

First, call ‘python transpRead.py’ or ‘python transpReadAUG2.py.’ The code

will ask for a run number. On Alcator C-Mod, this is the TRANSP run number,

not the discharge number. On ASDEX Upgrade, this is the discharge number,

followed by ‘AXX’, where XX indicates the TRANSP run for that discharge.

For example, one would enter ‘33585A04’ for the 04 TRANSP run for discharge

33585. If no run is entered, the code will use the most recent TRANSP run for

that discharge.

The code will then ask what the user wants to plot. Enter either a number or
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string to select which output to plot. Table H.1 gives the number and string

inputs to plot a variety of inputs to and outputs from TRANSP. For quantities

that are plotted against radius, the code will also ask for a time or time range

over which to average the data.

The most relevant quantities for the validation studies in this thesis are the

electron and ion heat fluxes, which are item 10 in Table H.1. Digging into the

code itself will also give the reader a sense of how to extract the actual data

from the TRANSP run for direct comparison to simulation data.

H.4 GENE

This section does not attempt to explain how to run GENE, as this is a complicated

process, and is described in much greater detail in Reference [26]. This section instead

focuses on a few post-processing routines that were written as part of this thesis in

order to analyze GENE outputs and produce figures for the thesis.

All of these codes are found in the ‘/global/homes/a/acreely/genecode/ python-

Routines/’ directory on the NERSC server.

1. Linear Growth Rate Plotter

The Python script ‘plotLinear.py’ requires a .log file, which is the output of

GENE run linearly in the initial value configuration. It is essentially a text file

containing run numbers, wavenumbers, linear growth rates, and real frequen-

cies. Run the code with the following command line call: python plotLinear.py

run_name. The code will append ‘scan’ to the beginning of ‘run_name’ and

‘.log’ to the end before looking for the file. Entering more than one ‘run_name’

will overplot the growth rate spectra for up to three linear scans.

The code plots the linear growth rate against the wavenumber on a log-log plot

and a the real frequency agains the wavenumber on a linear-log plot.
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2. Dominant and Sub-Dominant Linear Growth Rates

In addition to just plotting the dominant linear growth rates, one can also

plot both dominant and subdominant modes using ‘plotEV.py.’ One must run

GENE in the eigenvalue configuration in order to calculate both dominant and

subdominant mode growth rates. Call: python plotEV.py IVrun EVrun, where

‘IVrun’ is the .log file for the initial value run and ‘EVrun’ is the .log file for the

eigenvalue run.

The code plots just the dominant linear growth rate against wavenumber,

the real frequency of the dominant mode, and then both dominant and sub-

dominant mode linear growth rates against wavenumber on the same plot.

This code was used to generate Figure 5-8.

3. Nonlinear Heat Flux Averaging

GENE generates a huge set of outputs with information about many different

aspects of the plasma behavior. In particular, this thesis has been interested

in the turbulent heat flux flowing through the ion and electron channels, and a

post processing routine was written to calculate this information based on the

outputs of GENE, the Python script nrgReader.py, run with the following call:

python nrgReader.py nrg_file tStart.

This code reads an nrg.dat file, which should contain the concatenated data

from all of the GENE code restarts. The code plots the sum of the electrostatic

and electromagnetic heat fluxes for both ions and electrons (in units of the Gyro-

Bohm hat flux) against simulation time (in units of 𝑎/𝑐𝑠). One must enter the

time at which to start averaging of the data as ‘tStart.’ Generally this time

should be chosen such that it is after the linear growth period of the turbulence

and some significant time after the effects of 𝐸 ×𝐵 shear have been turned on

in the code (if they were not active from the beginning of the simulation). The
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code averages the heat flux data from this time until the end of the simulation

output.

On the plot, the horizontal dashed lines represent the average heat fluxes. The

average value is printed in the terminal, along with an uncertainty, calculated

as in Reference [147]. Some additional information about the uncertainty cal-

culation is also printed in the terminal. This procedure was used to calculate

all of the turbulent heat fluxes from GENE outputs in this thesis.

This code was used to generate Figure 5-9.

4. Simulation Perturbative Diffusivity Calculation

The Python script ‘geneChiPertPlot33585in.py’ was used to generate Figure 5-

12. This script is less interactive than the others described here, but is used to

calculate the perturbative diffusivity from the outputs of GENE and compare

those to the experimentally measured value. The command line call is simply:

python geneChiPertPlot33585in.py . All modification must be done inside the

script itself. One should change the plasma density, temperature, minor radius,

flux surface area, and Gyro-Bohm heat flux unit, as well entering the list of

normalized electron temperature gradient scale lengths and corresponding heat

fluxes and uncertainties. Running the code then fits the set of points linearly,

quadratically, and exponentially, printing the perturbative diffusivity calculated

with each method. The code also generates a plot of the results.

H.5 TGLF and VITALS

This section describes the workflow of the novel multi-machine, multi-discharge,

multi-constraint validation study with TGLF and VITALS presented in Chapter 6.

This workflow will generate, for example, a single point in Figure 6-2 or a single

cell in Table 6.3. Details of the data analysis and how to run individual codes are
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found either earlier in this Appendix or in other sources. VITALS is an optimization

wrapper that iterates many instances of TGLF in order to find the inputs that give

the best agreement with the available validation constraints [156]. VITALS is run

through OMFIT, a Python wrapper used to perform a variety of transport analysis

tasks [157]. Running TGLF and OMFIT requires a number of computer accounts

and data access, which are not described in detail here.

1. Select Discharge

First, one must select the discharge (or discharges) and time range (or ranges)

that one would like to analyze. While this may seem trivial, one must en-

sure that each of the measurements required for the validation study are avail-

able. For power balance, one requires measurements of: electron density, elec-

tron temperature, ion temperature, plasma rotation, effective charge, radiated

power, magnetic equilibrium, and heating power (everything that is required to

run TRANSP). In practice, the ion temperature and plasma rotation measure-

ments tend to be the most constraining, as they are generally more difficult.

On ASDEX Upgrade, they require neutral beam injection to get CXRS mea-

surements, at least in blips for diagnostic purposes. On Alcator C-Mod, they

require trace impurity injection to get XICS measurements. More details can

be found in Chapter 2

In addition, one must ensure that there are electron temperature fluctuation

measurements from CECE in the discharge. This requires that the plasma

density be low enough to avoid ECE cutoff at the location of interest. In

addition, the fluctuation level must be large enough to be above the sensitivity

limit of the CECE diagnostic (this rules out many I- and H-mode plasmas).

The magnetic field of the discharge must also be such that the CECE channels

are measuring at an appropriate location to get core turbulence measurements.

More detail was given in Chapter 4
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The discharge must also have partial sawtooth crashes in order to measure the

perturbative diffusivity. This requires that the safety factor be below unity on

axis, and that the sawtooth period be long enough that partial sawteeth form,

instead of just full sawteeth. The discharge should also have a sufficient number

of partial sawtooth heat pulses taht one can find some reasonable average and

uncertainty in the perturbative diffusivity (at least three heat pulses, though

preferably more than ten). More detail was given in Chapter 3.

Ideally, one would be able to measure electron temperature fluctuations and

the perturbative diffusivity in the same location (as was done for the Alcator

C-Mod discharges in Chapter 6), but if not, one can perform validation at two

different radial locations (as was done for the ASDEX Upgrade discharges in

Chapter 6).

Finally, if one is interested in validation on a series of similar discharges, one

must find a series of discharges that all fulfill all of the requirements listed here.

2. Calculate Perturbative Diffusivity

Once one has selected the discharge for analysis, one must calculate the pertur-

bative diffusivity based on the methods presented in Chapter 3 and Section H.1.

Running VITALS requires a value of the perturbative diffusivity (in m2s−1), an

uncertainty on this value, and the radial location of the measurement (typically

taken as the center of the domain over which the heat pulse is tracked).

3. Process CECE Data

Next, one must analyze the CECE data to extract the electron temperature

fluctuation level. For comparisons with TGLF, only the total fluctuation level

is used, not the fluctuation spectrum. Details of this analysis are given in

Chapter 4 and Section H.2. VITALS requires the total fluctuation level, its

uncertainty, and the radial location of the measurement. One must also know
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the beam spot size (the 1/𝑒 electric field diameter) at the measurement location

to properly apply a synthetic diagnostic to the TGLF data.

In addition, as discussed in Chapter 6, if one is analyzing data from a low

density ASDEX Upgrade discharge, one must correct for the difference between

the total temperature fluctuation level (output by TGLF) and the perpendicular

temperature fluctuation level (measured by CECE). In practice, this is easiest

to correct for by multiplying the experimentally measured value by a correc-

tion factor (the fraction (̃︀𝑇𝑒,𝑡𝑜𝑡/𝑇𝑒,𝑡𝑜𝑡)/(̃︀𝑇𝑒,⊥/𝑇𝑒,⊥)) before entering the value into

VITALS. This correction factor can be estimated from GENE runs on similar

plasmas on ASDEX Upgrade.

4. Prepare Data and Run TRANSP

The final preparatory step to running VITALS is to run TRANSP on the dis-

charge and time range of interest in order to get the power balance results.

This also produces other inputs that are necessary to run TGLF. Again, details

of running TRANSP are found in numerous other publications, but in brief it

requires fitting plasma parameter profiles, writing magnetic geometry and other

parameter files, generating a TRANSP Namelist file, and then submitting all of

these files to the TRANSP servers at PPPL.

5. Import TRANSP Namelist and NetCDF Files into OMFIT

Once all of the experimental data analysis has been completed, one can begin

setting up the validation work within OMFIT. First, one should import the

TRXPL module into OMFIT. Within the TRXPL module, load the TRANSP

Namelist and the NetCDF file from the TRANSP run into OMFIT. For Alcator

C-Mod this can be done directly from the MDSplus server. For ASDEX Up-

grade, one must manually import the TRANSP Namelist file (typically named,

for example, ‘33585TR.DAT’) and NetCDF file (typically named, for example,
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‘33585.cdf’) from the user’s file directory on the ASDEX Upgrade computers.

One should delete the TRANSP run number if it is included in these file names

(i.e. the file name should be ‘33585TR.DAT’ and not ‘33585A04TR.DAT’).

6. Run TRXPL to generate a Statefile and g-File

Once the inputs from TRANSP have been loaded into TRXPL, one should run

TRXPL in order to generate a Statefile and a g-File. The Statefile contains the

plasma profiles and other information about the discharge. The g-File contain

information about the magnetic geometry of the discharge. These are required

inputs for VITALS and TGLF.

7. Import Statefile and g-File into VITALS and Begin Pre-Processing

Now, import the VITALS module into OMFIT. Open the VITALS module

and import the Statefile and g-File from TRXPL into VITALS. Once this is

complete, one can use the VITALS GUI to generate input profiles (using PRO-

FILES_GEN) and inputs to TGLF. It is at this point that one chooses whether

TGLF will run with the standard k-spectrum (multi-scale) or with a user-defined

k-spectrum extending only up to 𝑘𝑦𝜌𝑠 = 1.0 (ion-scale). One also chooses a ra-

dius at which to run the simulations. At this point, all of the data pre-processing

is complete, and one only has to input the settings and constraints into VITALS.

8. Input Validation Constraints and Select Code Inputs to Vary

One must now decide which validation constraints one will use to constrain the

TGLF simulations. By default, one should probably include the ion and elec-

tron heat fluxes. For these constraints, one must only input an uncertainty, as

VITALS will automatically read the outputs of TRANSP in order to retrieve

the experimental value of the heat fluxes. TRANSP uncertainty calculations are

described in Chapter 2. To use the perturbative diffusivity as a validation con-
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straint, one must input both the value of the measured perturbative diffusivity

and the uncertainty on this value.

Finally, to include the CECE electron temperature fluctuation measurements

as a constraint, one must include the total fluctuation level, an uncertainty on

this level, and the value of 𝑘𝑦𝜌𝑠 that corresponds to the beam spot size. To

calculate this, evaluate (2𝜋/𝑤0)𝜌𝑠 where 𝑤0is 1/𝑒 electric field diameter and

𝜌𝑠 is the ion Larmor radius evaluated at the electron temperature. If 𝜌𝑠 is

not known already, TGLF will calculate this during it’s first run. One can

therefore run VITALS once without CECE as a constraint, extract the value of

𝜌𝑠, calculate the expression above, input this into the CECE section, and then

rerun VITALS with CECE as a constraint.

Finally, one must choose which code inputs to vary within uncertainty, and

provide the experimental uncertainty for each of these parameters. Typically

this includes at least the electron and ion temperature gradients. For the study

in Chapter 6 this also included the effective charge 𝑍𝑒𝑓𝑓 and the electron density

gradient. Uncertainties were calculated using experimental and profile fitting

uncertainties.

9. Run VITALS

After all of the inputs are set, one is ready to run VITALS. The code will

iterate many runs of TGLF, varying the inputs within their uncertainty in order

to optimally match the set of validation constraints. The code will eventually

output a final run, giving the best set of input parameters and the corresponding

closest match of all of the validation constraints. Note that in some cases,

VITALS may optimize to have one constraint above one standard deviation

from the measurement and others lower, as opposed to having all of them just

below one standard deviation. One can look at earlier iterations of the code
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to search for these cases. If one is interested in the linear growth spectrum

of a particular run of TGLF, one can also find this output in the temporary

storage of the VITALS run. One can also download this spectrum to OMFIT.

In general, this thesis used the spectrum for the nominal experimental inputs to

calculate the criteria for the importance of multi-scale turbulent interactions.

10. Calculate Ricci Metric and Criteria

Using the output of the closest matches of all of the validation constraints for a

particular experimental case, one can then calculate the Ricci Validation Metric,

as described in Appendix D. One can then calculate the values of the two criteria

for the importance of multi-scale effects, using the linear growth spectra from

the output of TGLF.

Finally, if one returns to Step 7 and changes the code from multi-scale to ion-

scale, and then reruns VITALS, one can calculate the difference in the Ricci

metric between the ion- and multi-scale runs, thus calculating a single point on

Figure 6-2 or Figure 6-4. Other cells in a given row in Table 6.3 involve changing

which inputs are varied within uncertainty and which validation constraints are

applied to a particular plasma condition. One then repeats this entire process

for a different discharge in order to calculate another point in the figures or row

in the table.
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