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ABSTRACT

Microwave heat pulse propagation experiments have demonstrated a correlation between millimeter-scale turbulence and deposition profile
broadening of electron cyclotron (EC) waves on the DIII-D tokamak. In a set of discharges in DIII-D, a variation in edge density fluctuations
on the mm-scale is associated with 40%-150% broader deposition profiles, expressed in terms of normalized minor radius, as compared with
equilibrium ray tracing. The 1D power profile is determined from transport analysis of the electron temperature response to EC power mod-
ulation using perturbative analysis with a square wave power modulation at 20-70 Hz, producing a series of Fourier harmonics that are fit
collectively to resolve transport. Fitting an integrated heat flux expressed in the Fourier basis of the modulation to diffusive, convective, and
coupled transport terms in a linear model can resolve the broadened EC deposition width from the power perturbation to resolve a broaden-
ing in each case. The best fit degree of beam broadening observed scales approximately linearly with the Doppler backscattering measured
fluctuation level in the steep gradient region. Quantifying the effect of edge fluctuation broadening on EC current drive power needs of future
devices will require 3D full-wave codes that can be validated on the current generation of machines. These DIII-D experiments provide a
quantitative measure of fluctuation effects and a dataset to benchmark full-wave simulations that can model and eventually predict nonlinear
effects neglected by 1D equilibrium beam and ray tracing.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5140992

I. INTRODUCTION

Electron cyclotron current drive (ECCD) is used to drive current

suppression. Prompt response to applied power, characterized by a
rapid change in transport over the perturbation cycle,” obscures the

in tokamak plasma and is the key means of stabilizing tearing modes,
magnetohydrodyanmic structures that limit plasma confinement and
drive disruptions." An increased width of the microwave current drive
profile, projected to be similar to the width of the island chain in some
cases, can cause the loss of significant amounts of power when the
deposition falls outside of the island O-point. The width of the deposi-
tion profile is thus highly significant to its efficiency in tearing mode

base deposition width. Past efforts have found agreement in deposition
radius of the injected microwave beam between experiment’ and ray-
tracing code TORAY-GA," but resolving the radial extent of the depo-
sition (the deposition width), requires a self-consistent treatment of
the prompt transport changes generated by power modulation.”® This
work presents an effort to resolve the microwave deposition profile
width in a set of experiments through a self-consistency of the RF
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heating, measured temperature, and transport modeling during a
modulated RF pulse.

Simulations” and experimental efforts”'"'* have found that
density fluctuations of a similar scale to the microwave vacuum wave-
length produce a scattering of the well-columnated microwave beam.
Propegation through the plasma edge, where mm-scale fluctuations
are strongest due to the steep gradient, results in multiple 1nteract10ns,
increasing divergence, and wider deposition at the same power.’
Magnetic fluctuations can theoretically also cause microwave scatter-
ing, but the predicted effect is much weaker and thus is not considered
in this study."” For EC waves, parametric studies’ with full-wave simu-
lations suggest mm-scale structures with a correlation length of
approximately half the RF vacuum wavelength, 4,,. = 2.7 mm for the
110 GHz power used on DIII-D. This study quantifies the deposition
width of EC heating across a range of edge conditions over which the
Doppler Backscattering measured millimeter-scale fluctuations vary
by a factor of 4, sufficient to produce a first experimental scaling of
beam broadening with fluctuation level.

Transport fitting can resolve deposition broadening from modu-
lated transport coefficients by evaluating a set of trial deposition func-
tions for consistency with a three-term linear electron heat flux model.
A scaling in scattering-relevant fluctuations is achieved through analy-
sis of multiple confinement modes with matched aiming, where the
beam waist is aligned across flux surfaces at deposition, emphasizing
scattering effects in the 1D profile. This study finds a substantial degree
of deposition broadening, from 1.4-2.8x wider than equilibrium ray
tracing and form a dataset that can be used to benchmark simulations.
With modulation techniques that have already been explored on
ASDEX'® and DIII-D'” and benchmarked by simulation,'® this cost
can be limited, with the substantial degree of broadening observed in
this study suggesting such techniques will provide significant power
savings.

Section II discusses a series of experiments with modulated
microwave power performed with different edge conditions to study
the impact of fluctuations. Section III introduces a method of fitting
heat transport to resolve deposition broadening in experimental data.
Section [V discusses the results of the confinement mode study and
validation of this method against past transport studies. An order of
magnitude variation of the scattering fluctuations allows for a scaling
of deposition broadening.

Il. CONNECTING MICROWAVE BROADENING
TO FLUCTUATIONS

A. Defining and assessing beam broadening

The behavior of microwaves used for electron cyclotron heating
(ECH) in a tokamak plasma equilibrium is frequently simuluated with
quasi-optical propagation. Ray tracing is used to establish the equilib-
rium propagation and deposition absent scattering effects. The
TORAY-GA ray-tracing code accounts for the effects of geometry and
1D temperature and density profiles, but it does not treat density
fluctuations.”

For these discharges, geometry is selected to maximize the effects
of beam waist on deposition width, with the beam waist aligned across
flux surfaces by setting B; ~ 2.0T. This places the X2 electron cyclo-
tron resonance near the magnetic axis. As the beam trajectory is nearly
tangent to flux surfaces near the resonant location, a wider beam will
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FIG. 1. Modulation in the applied gyrotron (top right) produces an electron tempera-
ture response. An equilibrium reconstruction of inner wall limited L-mode 165 078
(left), one discharge and beam aiming used in this study. An illustration of the
effects of beam broadening driving broader deposition is shown for an equilibrium
deposition in green with a broadened beam in blue. The location of the electron
channels which measure the microwave-driven temperature perturbation are shown
in red, and their response (below right) will be used to assess the deposition
profile.

produce a correspondingly wider deposition width across flux surfaces
as illustrated in Fig. 1.

In the subsequent sections, a transport fitting is used to differenti-
ate beam broadening from the transport response to ECH power mod-
ulation. To do this, a series of broadened profiles are generated and
evaluated against the experimental measurements. A Gaussian

1 2 === Unbroadened, b=x1.0
! === Overbroadened, b=x3.5
- = Best Fit, b= x2.7 .

Normalized ECH Power

0.0 0.2 0.4 0.6 0.8 1.0

P (norm. sqrt torroidal flux)

FIG. 2. Power deposition functions for three different degrees of broadening in are
shown. The selected diverted L-mode discharge used to evaluate these profiles
shows the greatest degree of broadening of any considered for this study will be
demonstrated to be b =2.75.
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describes well the initial deposition profile predicted by ray tracing,
which can be described by its Gaussian width ororay expressed in p
or by its FWHM, approximately 2.4x larger—a Gaussian also well
describes the time-average scattered profiles seen in simulations of
microwave beam scattering.” For a deposition profile broadened by a
power-conserving Gaussian filter of width o5 a broader, yet still
Gaussian profile is produced. The ratio of the best fit experimental
width to the default TORAY-GA width is taken as the observed broad-
ening factor, b, defined by Eq. (1),

b— VG%"ORAY+O-12:' 1)
OTORAY

For this work, a set of broadening Gaussians with a o ranging
from 0.005 to 0.01 were convolved radially with a set power deposition
profiles generated for each discharge. This produces a set of candidate
profiles with a broadening value from 1 to 4, depending on the inher-
ent deposition width. A comparison of base TORAY-GA deposition
for the L-mode 165078 and two broadened profiles is shown in Fig. 2.
Use of a range of profiles allows for a set of fits to evaluate the optimal
degree of broadening, as will be demonstrated in Sec. I'V, showing the

black curve to best represent the power deposition.

B. Measuring fluctuations

Measurements of density fluctuations on the millimeter scale are
fundamental to quantifying the interaction of radio frequency power
and turbulence structure. From the perspective of a fixed measurement
frame, turbulence varies rapidly—on a rotation timescale. Edge struc-
tures move past the position of the launcher much faster timescale
than the plasma responds to heating, altering the deflection of the
microwave beam, to which the turbulence appears frozen, about its
equilibrium path. Variation in the turbulence observed by an injected
beam is much faster than the thermal confinement timescale
T, &~ 100 ms which governs heating, and current relaxation timescale
7, & 1s which governs current drive.”’ In these experiments, scatter-
ing is considered in terms of its time-average effect on the deposition
profile, justified given turbulence profiles see no coherent perturbation
with the RF power modulation, expected as the cycle of modulation
for the applied ECH power is shorter than the turbulence evolution
timescales in DITI-D.”*

Average edge fluctuations in these discharges, tabulated in Sec.
[V, are measured by a combination of 2D beam emission spectroscopy
(BES)”' and Doppler backscattering (DBS).”” BES measures larger

ARTICLE scitation.org/journal/php

scale density fluctuations through beam ion spectroscopy, and is sensi-
tive to a larger scale, low poloidal wavenumber turbulence (corre-
sponding to cm-scale density fluctuations), with k < 3cm™!. These
measurements are not directly used in this paper, but provide a vital
benchmark for turbulence simulations is associated works.’

Doppler backscattering measures smaller scale density turbulence
with correlation lengths of few millimeters to a centimeter through the
scattering of a probe beam, sensitive specificially to interaction with
structures with a poloidal wavenumber 1cm™" < kpp, < 8 cm~1.”?
DBS fluctuation amplitudes were cross-calibrated for this experimental
campaign, such that a x2 increase in signal represents a doubling of
fluctuation amplitude, but is not absolutely calibrated to a fluctuation
level 71,/ n,.

Despite the lack of an absolute value, the DBS fluctuation ampli-
tude is the best available proxy in these discharges for the density of
edge structures on the millimeter scale, which have been shown® to
couple most strongly with 110 GHz beam. Full profiles were not avail-
able for all discharges due to issues with some channels. For compari-
son, cross-calibrated amplitude values were instead generated for
each discharge, and the value of the 1D mapped profile averaged about
p = 0.95* 0.05 is taken as a parameter of cross-comparison. It is in
this region where scattering-significant fluctuations are expected to be
the strongest."”

To perform the DBS cross-channel calibrations, a moving metal
target mirror is inserted between the launch-receive antenna and the
vacuum window. The moving mirror (3-5cm movement generally)
generates a returned DBS signal phasor signal and it is the amplitude
of this phasor that is used to normalize the signals with respect to each
other. The movement of the mirror is large enough to generate several
2 pi fringes but small enough that the radial range power variation is
negligible. Pending simulation work will also show that the mm-scale
turbulence measured is consistent with the fractional 7, /n, perturba-
tion recovered from turbulence modeling."’

C. Generating a scaling in fluctuation amplitude

A range of discharge conditions with significantly different edge
character can be achieved on DIII-D. Experiments in a series of condi-
tions were used as a means to provide a larger variation in fluctuation
amplitude than could readily be achieved in a single discharge. This
subsection very briefly describes the edge conditions explored to pro-
duce the amplitude scan, represented by the reference discharges in
Table 1. Parameters of DIII-D reference shot number toroidal field B,,
plasma current I, core density 7,9, mean neutral beam power Pygy,

TABLE I. Reference discharges for the set of conditions used to generate the scaling relation in Sec. |V D. Each reference shape was used for 2-6 discharges with varied aim-
ing, and in some cases modulation rate. The tabulated density is the line averaged value and the total NBI power is held constant. Power is modulated down to 10% of the peak
value. For analysis, the calibrated forward power signals are directly analyzed. Also given are the full width half maximum in p for the TORAY-GA deposition simulation and the

FWHM in p of the measured temperature perturbation.

Condition Ref. Shot B,(T) I,(MA) 1.0(10¥m™3) Prcy(MW) Wroray Werr #1.DBS

Limited L-mode 154 532 2.0 1.2 42 3 0.055 0.15 12.

Diverted L-mode 165 078 2.0 1 29 1.2 0.067 0.15 10.

QH-mode 157 131 1.9 1.1 1.7 1.2 0.045 0.09 8.

ELMy H-mode 165 146 2.0 1.0 32 6 0.072 0.12 5.

—4 L-mode 166 192 2.0 0.9 3.0 0.8 0.046 0.06 3%,
Phys. Plasmas 28, 042507 (2021): doi: 10.1063/1.5140992 28, 042507-3

© Author(s) 2021


https://scitation.org/journal/php

Physics of Plasmas

available ECH power Pgcp, as well as the full width half maximum in
radial coordinate normalized root of toroidal flux, referred to by DIII-
D convention as p, of the approximately Gaussian simulated and best-
fit depositions described in subsequent sections.

L-mode is the basic mode of operation for a tokamak, a simple
Ohmic plasma with auxiliary heating at a level below the H-mode
transition threshold, producing an extended edge region with a sub-
stantial amount of turbulence.”” A substantial level of fluctuations
associated with the extended density gradient at the edge of the
machine drives significant turbulent transport."” Discharges were con-
sidered both before during period of stable sawtoothing, which was
treated by blanking the interval around the crash, then fitting and sub-
tracting the background sawtooth perturbation to produce results con-
sistent at the deposition radius.

The formation of a high confinement H-mode is known to be
related to E x B flow suppression of turbulence in the tokamak edge.”*
Consistent with this, the time-integrated edge fluctuation level mea-
sured in H-modes between edge localized mode crashes is substantially
lower. Averaging over crashes, a narrower, lower amplitude mm-scale
turbulence layer is measured.

QH-mode is a modification to H-mode wherein the pedestal is
stabilized by a series of oscillations which have been found to lead to
increased short-wavelength turbulence.”” H-mode turbulence data
were averaged across the ELM cycle, and in the ELM-perturbed region
outside of p = 0.6, the H-mode data becomes less reliable as the
coherent ELM perturbation adds substantial background signal. The
coherent effect on RF and the core perturbation profile was observed
to be small."'

Negative triangularity (—J) L-mode discharges, a novel concept
run on DIII-D, generated the lowest levels of edge fluctuations. These
discharges also have relatively good transport for an L-mode plasma,
represented by an Hog ~ 1.'* Similar discharges on TCV found sub-
stantially reduced turbulence was driven by changes in the shape-
dependent trapped electron mode drive.”

By considering the variation of scattering-relevant fluctuations
across discharge conditions, an experimental scaling covering a sub-
stantial range in amplitude is produced. In a shape-matched discharge
the transition between L- and H-mode is associated with a factor of
four drop in fluctuation amplitude measured by Doppler backscatter-
ing. Further descriptions, profiles, and equilibrium reconstructions of
the matched H- and L-mode discharges can be found in a prior
work."!

I1l. USING HEAT PULSES TO RESOLVE MICROWAVE
DEPOSITION

A. Perturbation measurements

In a simplified 1D heat conservation representation, the change
in electron stored energy driven by power modulation can be calcu-
lated as a function of density #,, and the prompt change in tempera-
ture T, at the switch-on of ECH power Pgcy. The no-transport limit
(setting the electron heat flux g.=0) of Eq. (2) is referred to as the
instantaneous break in slope, but past measurements of tokamak
transport have found this heat flux is always significant on measurable
timescales.” Transport of heat quickly obscures the deposition profile
in this simple limit, producing substantial deviations between high
time resolution temperature measurements both between pulses and
at turn-on and turn-off,"*

ARTICLE scitation.org/journal/php

3/2n T i (0,6) — 0o, ) @

The plasma response to modulated electron cyclotron heating is
dominated by the 1D temperature perturbation. Coherent variations
in electron density, plasma rotation, and density and temperature tur-
bulence on mm and cm scales for modulation frequencies above
20 Hz are an order of magnitude smaller fractionally than the thermal
perturbation. Resolving the heat flux as primarily electron temperature
response across harmonics of the perturbation frequency can distin-
guish between beam broadening in the turbulence (which does not
vary substantially in time along with the modulation) and heat trans-
port (which evolves in response to applied power).

A 48 channel, absolutely calibrated radiometer provides a 1D T,
profile on the midplane digitized at 500 kHz.”” Second harmonic X-
mode ECE coverage at B; = 2T in DIII-D extends from the high field
side to the optically thin scrape-off layer on the low field side outside
the last closed flux surface at p = 1, where p is defined as the DIII-D
radius normalized to square root of toroidal flux. Individual channels
have a radial width of approximately 1 cm or 0.05 in p.

The square wave modulation produces a regular heat pulse on
ECE. A time-domain perturbation response is observed in steady state
for 10 or more pulses, allowing a steady state and perturbed tempera-
ture to be calculated (with background subtraction of a low order poly-
nomial), such that T,(r,t) = T,,0(r) + T,(r, t), where T, represents
the time-varying portion perturbation. This perturbation is Fourier
analyzed in a set of harmonics of the base modulation frequency fyop.
An example perturbation from this work is compared with the ray-
tracing-derived power deposition profile in Fig. 3.

Fourier analysis has been found to produce significantly reduced
uncertainties compared with fitting at the on and off times of the
power modulation cycle used in earlier work."* As shown in Fig. 3 and
widely seen in past studies,”'® the temperature profiles are wider than

Power & Perturbation in H-Mode $165146
Ray-Traced Deposition
Square Wave Modulation at 70 Hz

0.20

[0} 4 1st Harmonic of FFT(Te)
'g 3rd Harmonic of FFT(Te)
= 0.15 @ 5th Harmonic of FFT(Te)
oy 4 13th Harmonic of FFT(Te)
e *
<
3 0.10 7]
N 4l
£
£0.05 .‘\ %o )
P ¢ *e .
*
(4 t JVPNIN : e %
0.00 = —— =
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FIG. 3. The Fourier analyzed temperature perturbation generated by a square
wave modulation of ECH power with a frequency of 70 Hz. Heating produces a har-
monic set of perturbations in electron temperature measured by electron cyclotron
emission, with higher harmonics reflecting faster timescale behavior. A subset of
the odd harmonics used in fitting are shown, from the base 70 Hz to the highest fre-
quency used up to the 13th harmonic, the highest used.
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FIG. 4. In an H-mode discharge, a Gaussian fit is made to temperature perturba-
tions produce by ECH and to a base and broadened TORAY-GA deposition profile.
A simple fit to the perturbation widths, FWHM = A/f + FWHM, frequency
response is the simple fit to the data, and produces a limit FWHM, = 1.07, which
will subsequently be demonstrated to be comparable to the transport fit
FWHM, = 1.07, both much wider than the TORAY-GA deposition width o
FWHM, = 0.67.

TORAY-GA calculated deposition and expand with decreasing modu-
lation frequency or increasing time. This is in part due to transport
effects and as argued in subsequent sections, due to a beam broadening
effect driven by scattering from density fluctuations.

A basic fit to the perturbation widths and the ECH profile width
calculated by TORAY GA, shown in Fig. 4, suggests that a broadened
deposition is consistent with the measured temperatures, as the profile
width does not asymptote to the no perturbation limit. The transport
fitting value for this discharge better describes this limit and will be cal-
culated in Sec. IV tobe b=1.7.

B. Heat flux calculations

Adding heat to the plasma leads to a prompt change in the flow
of energy, such that 9T, /0t # dT,/dt. Modulation produces a pertur-
bation to the electron heat flux Qe which obscures the base deposition
profile in the temperature perturbation. The relationship between that
flux, stored energy, and the power sources is described by the 1D
energy conservation equation, Eq. (3). This formulation includes the
heat transport neglected above in Eq. (2),

d (3 - ~ - N
g (E ”eTe) +V Q. = Prcy + Porurr- 3)

This work uses the flux formulation of the heat equation calcu-
lated by the integration of the measured temperature perturbation and
a trial prcpr. The term p rppg groups together small terms which con-
tribute more strongly in the slow modulation limit- Ohmic, electron-
ion exchange, and other small-amplitude terms are treated as part of
the heat flux response in the coupled transport discussed in the subse-
quent sections.

Using separation of variables in r and t, the time-dependent por-
tions can be Fourier transformed with the kernel ¢>™# into a harmonic

scitation.org/journal/php

series in modulation frequency, f = f,oq * 1. The perturbed electron
heat flux is calculated by integration of Eq. (3) to produce Eq. (4).
When treating the transport in cylindrical geometry, the heat flux con-
tains radial factor for geometric expansion which is included in these
calculations. A calculation of Qe is made for each value of the broaden-
ing factor to be fit according to the transport model,

Qe(i’,f :fmud * T’l)
= 1J0 (pECH(T/7f) — 3infoatte(r') T o (7', frnod * n))r/dr. @

r

C. Defining transport coefficients

The consistency between an energy conservation-derived 1D
heat flux perturbation and a 1D linear transport model which depends
on the perturbation is used as the metric to evaluate broadened power
deposition.” A fit simultaneously across harmonics distinguishes this
work from previous efforts, and allows for a clear %* minimization to
resolve the deposition broadening. Strictly diffusive models fail to cap-
ture the convective heat flux which flows against the gradient in some
microwave heated plasmas.” Diffusive (denoted by the coefficient D
here, although y is also often used in the literature) and convective (V)
components are necessary to capture the effects of microwave heat-
ing.”' Expressing this as an equation for heat flux, g, gives

Qc(p,t) = —=Dn, VT + Vn,T. (5)

The D and V coefficients are not expected to be constant. They
can vary both radially and over the power modulation cycle, but
depend on a set of tokamak parameters in a complex way which is not
known a priori.” Instead, the dominant temperature perturbation can
be used to linearize the plasma response, thereby D and V can be
expressed as a set of partial derivatives and dependencies on the tem-
perature perturbation T, and its gradient.”” Sorting terms by their
dependence on the temperature perturbation produces the following
equation:

Qe/ne:—VTe(D+VT B—D) +TE(V+T58—V—VT a—D>

‘OVT, oT, ¢ T,
N ov oD N vV oV
+Vie <Te ovn, VTe OVne> t e (Te (nj + on, >) ’
(6)

The resulting linearized equation is still too complicated to be fit
readily, but terms can be grouped based on the order of their depen-
dency on the perturbation T, and reduced to simple locally constant
or radial polynomial coefficients which are independent of frequency.
A term proportional to T, to VT, and one which depends on neither
can capture the full set of dependencies the fitting of the subsequent
sections. These terms, expressed as Vjp, Dyp, ¢ can be understood as
the modulated convective, diffusive, and coupled transport terms,
respectively. This 3-term transport model has been employed for over
a decade on DIII-D with good consistency generally found with exist-
ing transport codes.””**

The modulated diffusion term can be assembled from all terms
proportional to VT,.. This diffusivity is comparable to the TEM-
driven critical gradient response seen by Hillesheim™ and by deBoo
et al’* in transport studies on DIII-D - driving a heat flux response
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with diffusion coefficients greater than 15 times the gyro-Bohm level
in a prompt response to the temperature perturbation. This
perturbation-dependent response enters in the second term of Eq. (7),

oD
Dy=D+VTers—- 7
M e 8VTE ( )
Similarly, a rpodulated convection can be assembled from all
terms containing T, as Eq. (8), which can capture both positive and
negative transport coefficients like those seen in the studies of Mantica
etal,”’

ov oD

VM—V—i—TgaTe VTeaTe. 8)

Coupled transport, written as the complex, frequency-dependent

coefficient &, contains terms driven by the modulated density and its

gradient, and functionally captures other small corrections coherent

with the power modulation.”’ These are grouped together as &, Eq. (9)

for the fit as they are functionally independent of the temperature
perturbation,

¢ - ov oD - vV oV
g/ne = Vne<TeWne — VTe vﬂg) + ne<Te(}/Te+87}18))

+ CornEr- 9)

The ¢ term has an unknown frequency dependence following from
dependencies on V7, and 7., and potentially other effects such as flux
surface modulation or fast transport, expressed as &orper. The frequency
dependence and relative phase of the density evolution to the power
modulation is difficult to determine apriori. As used in past ballistic heat
pulse work by Fredrickson,” an exponential decay with a free phase can
capture the dominant time response of the coupled transport.

This term could also in principle capture the effects of fast elec-
tron transport modification to diffusion, or terms w. The exponential
decay of the form f(t) = A * exp(—|c|(t — ty)) has a Fourier trans-
form F(f) = 2A/(c + i2nf). Representing the complex number as a

phase term 0, and the amplitude as &, = A/ 4 (27f)* allows sim-

plification to the fitting form of ¢ which can reflect a 1/f or 1/f? fre-
quency dependence depending on the relative magnitude of the
characteristic response frequency, ¢, and the modulation harmonic fre-
quency, £,

4nc

- (10)
4nfriad + ¢

E(r.f) = &(r) x e x

Here &, is a constant with units of heat flux seconds, 0¢ is a phase
relative to the ECH power modulation, and c is a constant with units
of frequency. Writing a fit term with this freedom allows a ballistic
population without enforcing it--a scaling with bulk density occurs
for small values of ¢ producing a 1/f response, whereas fast transport
will generally scale-like frequency squared. Estimates for ITER
parameters suggest that the level of fast electron transport predicted
(D &~ 0.15m?s!) will not lead to a substantial broadening of the
ECCD profile.”

DIII-D ECCD studies which did not treat fluctuation broadening
capped the levels of diffusive transport for fast electrons at a modest
D, = 0.4m?s~!,”” while admitting that the actual level may be some-
what lower. While transport at this level can drive profile broadening,

scitation.org/journal/php

avalue of D,, = 1.0m? s~ ! is considered the minimum level for dele-
terious broadening’® comparable to the magnitude of broadening
observed in this work. The broadening for L-mode is consistent with
within uncertainties for both core and edge deposition in DIII-D,"
whereas the work of Harvey et al’® predicts two orders of magnitude
difference between edge and core current diffusion times. If diffusion
of hot particles confounded broadening estimates, b factors for core
and edge deposition would differ, which is not seen in these
experiments.

IV. TRANSPORT FITTING RECOVERS BROADENED
DEPOSITION

A. Methodology

In this section, we apply self-consistency of power conservation and
linear transport heat fluxes to evaluate broadening in a set of DIII-D dis-
charges. Writing the heat flux in this simplified form produces a three-
term Eq. (12) which will be evaluated against the power conservation
derived heat flux [Eq. (4)] to produce Eq. (11). This equation is fit across
the first 4-6 harmonics of the Fourier basis of the modulated ECH power
across the reference discharges of Table I. Harmonics are included in the
fit when a >2¢ temperature perturbation is seen, and discarded other-
wise, producing 3-6 fittable harmonics for the cases considered:

Qe(r ) /ne(r,1)
= —DMVTe + VMTQ + é

1 (/- ~
| (Prca 7 ot ) = SNE i 4T o))

T o
(11)

Based on a set of broadened deposition profiles, the agreement
between the transport model is evaluated. The best fit value is the one
that produces consistency between energy conservation and linear
transport expressions of the heat flux. In the formulation of the power
balance heat fluxes, a cylindrical geometry is used. A local fit equation
consists of five terms at least (D,;, Va5, amplitude, phase, and charac-
teristic time of &), with good agreement between locally constant and
radially varying polynomial forms of the coefficients in this and past
studies.'' This fit is made for a range of values of broadening factors,
b, with the goodness of fit parameter, y? used to compare values of b.

An example of the best fit case for an H-mode case is shown in
Fig. 5. Local constant coefficients fit inside or outside of the deposition
region generate reduced y? consistent with a quality minimization.
When considering radial variation, 6 term radial polynomial coeffi-
cients are sufficient to produce an overit, with P(y’ > 13,
= 0.3 — 0.05) but their values agree well with locally constant coeffi-
cients. Fits are performed in the x-+iy’ form of the complex equation—
with the real and complex value at each ECE channel in the deposition
region and each odd harmonic of the modulation frequency,

DMVTe(rvf) + VMTe(rvf) + f(f',f)

.
= ij (ren(r f) = 3infa ()Tl ) dr. (12)
Me Jy1=0

The fit values for 7 shows a clear minimum at a differing degree
of broadening across the range of discharge conditions. Figure 6 shows
an example of the broadening factors explored for an L-mode shot in
which power was deposited in matched conditions in either the core
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FIG. 5. Calculated and fit values of electron heat flux amplitude and phase for a 5 term radial polynomial fit to the three parameters, with a radially constant phase and characteristic
time for &. The fit is made to 22 radial locations and 9 frequency harmonics, which have been downselected in plotting for legibility. Good agreement is achieved between the transport
fit values (markers), and the power balance values (lines). Above the ninth harmonic, uncertainties are comparable to the calculated fluxes and these values are not fit.

or the edge. The perturbation profile widths (defined as the FWHM of
the perturbation profile, 3 n.dT,/dt) for the two cases differ substan-
tially, as does the transport in the deposition region, but a consistent
broadening is found, b ~ 2.75. All discharges studied have a similar
minimization, although broadening factors fit vary from
x1.4 — x2.9. Broadening to a degree that minimizes y* is also found
to produce consistently positive modulated diffusion coefficients.

B. Comparison of coefficients with the differential
heat transport formulation

Validation of the heat flux fitting method has been performed
against a set of discharges analyzed in a previous DIII-D study.” A

1.0[8
14 |
_ o8}
E |
o
£ o6f |
~NE i
> i i i
0.4+ — m -
'|® Core Heatin u ‘
|m Edge Heatin% u . |
020 |  — — — [ L
1.0 1.5 20 25 3.0 3.5

b (broadening over TORAY-GA)

FIG. 6. %> minimization is used as a means of comparing different degrees of broad-
ening, b, the x-axis, in a matched discharge with two different deposition locations.
When power is applied in L-mode discharge near the core (p = 0.25) or at the same
power near the edge (p = 0.6) in same plasma, inherent widths of deposition differ
sharply due to changes in plasma parameters and geometry, and transport coefficients
vary between the two regions. However, fitting finds the same broadening factor, x2.75
broader deposition in p, produces the best agreement in both cases.

scan of gyrotron aiming was used to alter the temperature gradient
at the plasma edge. Power was incrementally moved from edge to
mid-radius to steepen the gradient, producing the “critical gradient”
behavior, where transport coefficients are found to be a function of
temperature gradient above a certain value of scale length Ly,
= (0T, /0r)/T,. Results from this study, based on the differential
form of the heat equation, can be used as a benchmark for the integral
heat flux method presented here.

As with the integral method of thermal transport used in this
work, the second order ODE method uses a three term fit to a modu-
lated diffusion Dyp, convection Vyp, and an additional damping term
proportional to the temperature perturbation T, and written as 1/7.
In this form, a second derivative of T, appears instead of an integral,
as fitting a diffusive transport equation requires consideration of three
orders in differentiation,

~ ~ ~ 1 -
—DHPvae + VupVT,. + T, (37'Efl + ;) = pECH/nf' (13)

For a Monte Carlo integral as performed in the heat flux method,
error bars are directly calculated from the standard deviation of the
random draw. Minimizing intrinsic uncertainty in the fit equation
improves the method’s sensitivity to changes in power deposition. The
differential form uses an analytic solution fit to the measured perturba-
tion. However, the integral and differential form of the diffusion coetfi-
cients is directly comparable.

With a locally constant fit, fDHpVZTedx is directly comparable
to Dy VT,. In a set of discharges, a constant coefficient was fit from
p = 0.25 to p = 0.6 was made with both methods. The results for the
diffusion coefficient are given in Fig. 7. It is found that the integral
method reproduces the same critical gradient value and response found
by the differential method, despite differences in fit methodology.

C. Fit transport coefficients

Transport coefficients in tokamaks such as DIII-D” and TFTR*
were found to vary by an order of magnitude over the plasma radius.
While locally constant coefficients like those in the last Sec. are useful,
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FIG. 7. Heat flux transport fitting can reproduce the critical gradient results from
previous DIII-D heat transport studies.” The modulated diffusivity measured at
p = 0.6 increases sharply above the Gyro-Bohm level of 4 m?/s as the electron
temperature scale length, L7, approaches a critical value, here found to be
~2.5m~". The differential and flux integral method fits of diffusion coefficient are
evaluated in a slab geometry from p = 0.45 to p = 0.75. The integral method pro-
duces reduced scatter vs the previous method involving a second derivative of the
ECE data.

the simultaneously fitting of the full dataset requires the ability to treat
radial variation. This can be done by fitting a set of orthogonal polyno-
mials, with coefficients found applying both methods found to be con-
sistent with local polynomials."’

An example of a radial fit of D, in the diverted L-mode discharge
for various choices of b is shown in Fig. 8. Polynomial fit results for
the diffusion coefficients enforce consistency in heat flux in and out-
side of the deposition region but depend most strongly on the deposi-
tion region where relative amplitudes of the perturbation are large.

When a b-factor larger than the optimal is applied, diffusion
again goes negative, but in this case outside the deposition region at
p = 0.2—over-broadening has moved too much power into the core,
and a negative diffusion in this region is required to account for a
physically broadened deposition. It must be noted that ECE
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FIG. 8. In this L-mode case, Dy, is fit with polynomial as a function of p. Dy, is
strongly sensitive to the chosen broadening, as the gradient of the perturbation
VT, flips phase across the deposition region. Radially increasing, consistently pos-
itivezvalues of Dy for a significantly broadened L-mode coincide with minimization
of 4.

temperature measurements generally become optically thin outside of
p = 0.9, providing an outer bound on the validity of the analysis.

An example of all three coefficients fit with fourth-order polyno-
mial radial variation is shown in Fig. 9 for a QH-mode case. While the
modulated convection and coupled transport do not readily compare
to their non-modulated equivalents, they are provided for the reader.
These coefficients are for the best fit case, but the use of only one mod-
ulated gyrotron limits fitting to the first four harmonics of the base
perturbation frequency f,,,0 = 28 Hz.

Negative triangularity shows the lowest degree of fluctuation
broadening along with a reduced level of global transport, as expressed
by an Hgs) which can exceed 1 in L-mode."” This is reflected in its
reduced Dy and V), compared with the standard L-mode case as shown
in Fig. 10. Also shown is the coupled transport term for negative trian-
gular, which constitutes about 30% of the modulated heat flux.

Additional fit results using locally constant coefficients are pre-
sented in Sec. IV B. Basic matched L- and H-mode cases can be found
in previous work.""
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6 DIII-D Discharge 157131 5 20 N
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4 . 0 R
+ -5 *. 4 ¥
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FIG. 9. This QH-mode modulated diffusion (a) and convection coefficients (b) show a substantially reduced levels of heat pulse transport vs the L-mode in Fig. 8, consistent
with the expectation of improved confinement in H-mode. Coupled transport (c) constitutes less than 20% of the total flux. The best fit trace is shown in this example.
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FIG. 10. Modulated diffusion (a), convection (b), as well as the frequency independent amplitude of the coupled transport coefficient(c) are plotted for the negative triangularity
case. Negative triangularity shows H-mode level confinement (Hog > 1.0) in L-mode.'” The diffusive coefficient has a negative value in the core, but this is far from the target
deposition region of p = 0.5, suggesting this excursion is independent of the chosen broadening.

D. Identifying a scaling with fluctuation level

A range of deposition powers and locations within five edge condi-
tions have been examined to produce a beam broadening scaling with a
cross-calibrated fluctuation amplitude in the edge (p ~ 0.95). Figure 11
shows broadening factors derived from these fits assembled by discharge
condition. Uncertainties in the experimental broadening value are derived
from the increment in y2, and are limited to the resolution of the grid
used to evaluate the %> minimization. Fit ranges are selected to avoid any
magnetic islands as well as the ELM-perturbed edge of H-mode plasmas,
which can extend in as far as p = 0.6.” A nominal * 1 amplitude uncer-
tainty in the DBS data are derived from the variation over time in the sim-
ulated turbulence found in the simulation of these discharges.*’

The experimental scaling of broadening with DBS-derived fluctu-
ations shown in Fig. 11 is roughly linear, but a quadratic scaling fits
the data nearly as well. A linear scaling was predicted by J. Decker
with the LUKE-C3PO code.” Work performed using full-wave codes
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FIG. 11. A collection of discharges in five conditions have both fluctuation data and
modulation needed to form a scaling. Broadening of the narrow RF beam used in
deposition calculated in TORAY-GA will lead to a corresponding increase in deposi-
tion width. The horizontal axis is the normalized density fluctuation amplitude from
the Doppler backscattering system at p = 0.95. The broadening factor is defined
as the ratio of the best fit deposition profile FWHM to the TORAY-GA value.

suggests a quadratic trend.” When considering the combination of
fluctuation layer thickness and local fluctuation amplitude A = 7, /n,,
the discharges are still approximately consistent with quadratic ampli-
tude dependence for the scattering parameter as found by past effort”
within the uncertainties.

In an accompanying paper in preparation now,”’ a 3D full-wave
cold plasma finite difference time domain code EMIT-3D*' has been
used to simulate the extent to which scattering broadens a microwave
beam in DIII-D, and it discusses the effects of turbulence layer thick-
ness in greater depth. A full-wave treatment is necessary when the
inhomogeneity scale length is comparable to the wavelength,” explain-
ing why these profiles are wider than those found by past simulation
efforts.”

V. CONCLUSIONS

In this work, a linear transport model was used to fit the electron
heat flux generated by electron cyclotron heating. The best fit to a
transport model accounting for RF beam broadening is assessed with a
three term model that includes diffusion, convection, and coupled
transport effects, finding a broadened deposition that scales linearly
with density fluctuation amplitude across a range of discharge condi-
tions. The simulation paper accompanying this work finds a consistent
degree of broadening in 3 DIII-D cases where a “full wave” propaga-
tion analysis solving Maxwell’s equations has been performed.’
Deposition width in normalized minor radius p was found to be
x14-2.75 wider than predicted by ray tracing through a no-
fluctuation equilibrium, increasing linearly with edge turbulence
amplitude in both cases.

The observed degree of broadening leads to an increase in power
requirements for mode control met readily on existing devices, but
which could increase power requirements and motivate different EC
launch strategies on future devices. Future work predicting this effect
and other non-equilibrium effects such as current condensation'”
appear necessary to make well-founded predictions for next-step devi-
ces. While scattering broadens the beam in the transverse direction,
condensation could reduce the radial extent of the absorption layer,
with the magnitude of the competing effects depending on the geome-
try of the beam.
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Direct measurement of the broadened RF beam in the DIII-D
edge may soon be possible.”” Results from these experiments highlight
the significance of fluctuation scattering to current drive localization
and are being used to validate a set of simulation tools to model this
effect in current and future devices.
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