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Abstract. This paper describes the use of nonlinear gyrokinetic simulations to assess
the feasibility of a new correlation electron cyclotron emission (CECE) diagnostic that
has been proposed for the Alcator C-Mod tokamak [E. Marmar et al 2009 Nucl. Fusion
49, 104014]. The present work is based on a series of simulations performed with the
GYRO code [J. Candy and R. E. Waltz, 2003 Journal of Computational Physics 186,
545]. The simulations are used to predict ranges of fluctuation level, peak poloidal
wavenumber and radial correlation length of electron temperature fluctuations in the
core of the plasma. The impact of antenna pattern and poloidal viewing location
on measurable turbulence characteristics is addressed using synthetic diagnostics. An
upper limit on the CECE sample volume size is determined. The modeling results
show that a CECE diagnostic capable of measuring transport-relevant, long-wavelength
(kgps < 0.5) electron temperature fluctuations is feasible at Alcator C-Mod.
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1. Introduction

The observed levels of transport in tokamak plasmas typically exceed neoclassical theory
predictions by an order of magnitude or more, and turbulence is believed to play a
large role in determining this transport [1]. Advanced fluctuation diagnostics used
to study core turbulence in tokamaks are important to the development of magnetic
confinement fusion. The best available physical model for turbulence and turbulent-
transport in tokamaks is gyrokinetic theory [2]. Nonlinear gyrokinetic simulations solve
the coupled gyrokinetic-Maxwell’s equations and can match the experimental levels of
transport observed in tokamaks [3, 4]. By using these gyrokinetic simulations as tools,
new experiments and new diagnostics can be designed explicitly to test gyrokinetics [5].

Tokamak diagnostic design and feasibility studies employing advanced simulations
as tools are common (e.g. assessment of Motional Stark Effect [6] and Charge Exchange
Recombination Spectroscopy [7] for ITER). Yet for turbulence diagnostics, detailed
modeling using nonlinear gyrokinetic simulations has not been previously performed as
part of a diagnostic design and feasibility study. This is for two reasons. First, a great
deal of fluctuation diagnostic design can be done qualitatively using simple estimates
of the fluctuation level and the underlying turbulent wavenumber spectrum. These
methods are often sufficient. Second, running nonlinear gyrokinetic simulations is a
nontrivial and time-consuming endeavor. In addition, only very recently have nonlinear
gyrokinetic simulations matured to a point where realistic predictions for turbulence
characteristics are possible [4].

Moving beyond an empirical feasibility study to a gyrokinetic code-based feasibility
study is motivated at Alcator C-Mod by past attempts to measure electron temperature
fluctuations. The multi-channel radiometer used in the past experimental study at
Alcator C-Mod had been designed with turbulence measurements in mind [8, 9], but
no turbulent fluctuations above the noise level were observed [10]. The turbulence
characteristics that were used to inform that diagnostic design were not motivated by
gyrokinetic theory, but instead were taken from past experiments. In this paper, we
use gyrokinetic codes to help understand the old result and to explore the feasibility of
a new turbulence diagnostic proposed for Alcator C-Mod. The methods described in
this paper may be applied to turbulence diagnostic design at other existing and future
tokamaks, such as ITER.

In the present work, nonlinear gyrokinetic simulations [4] and synthetic diagnostic
models [11, 12] are used to quantitatively predict electron temperature fluctuations
in the core plasma at Alcator C-Mod [13]. The simulations are performed with the
nonlinear gyrokinetic code GYRO [14]. GYRO simulations can predict transport due to
turbulence that is in good agreement with experimental levels to within experimental
uncertainties [3, 12, 15, 16, 17]. We note that there are still outstanding points of
disagreement between simulations and experiment [4, 12, 17, 18] and that the validation
of gyrokinetic codes remains an active area of research.

The purpose of this work is not to test or validate a gyrokinetic code. This work
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is performed to determine whether or not a proposed correlation electron cyclotron
emission (CECE) diagnostic is feasible at Alcator C-Mod. GYRO is used to predict the
turbulence fluctuation level, radial correlation length and wavenumber spectrum of the
fluctuations. These predicted turbulence characteristics are then used to constrain the
design of the diagnostic. The predicted turbulence characteristics will determine the
maximum allowable sample volume size, the acceptable upper limits on the sensitivity
of the diagnostic, as well the details of the receiver electronics. In order for the proposed
CECE diagnostic to be feasible, turbulence predicted by gyrokinetic simulations must
be measurable, given constraints imposed by principles of radiometer-based ECE
measurements.

This paper is organized as follows: Section 2 describes radiometer-based CECE
diagnostics and discusses how predicted turbulence characteristics will constrain their
design. Section 3 describes the general simulation approach. Section 4 describes local
nonlinear GYRO simulations and synthetic diagnostic modeling. Section 5 describes
global simulation results and the sensitivity of predicted turbulence characteristics.
Section 6 summarizes the modeling results and discusses future work.

2. Requirements for a CECE Turbulence Diagnostic

2.1. Sensitivity of ECE diagnostics to low-level temperature fluctuations

Detection of optically thick 2nd harmonic EC emission is a standard technique for
measurement of electron temperature in tokamaks [19]. The 2nd harmonic EC emission
at Alcator C-Mod is optically thick and accessible from the outboard mid-plane in
standard operating conditions, and there are three ECE diagnostics in place that are
routinely used: a Michelson interferometer [20], a Grating Polychromator (GPC) system
[21] and a 32 channel radiometer [8, 9]. The use of ECE radiometers as profile and
fluctuation diagnostics has been reviewed in the past [22, 23].

A single ECE radiometer channel has excellent spatial and temporal resolution,
but there is an inherent limitation on the lowest level amplitude change in electron
temperature that can be detected. The sensitivity limit for a single radiometer channel
is given as

(0T/T)? = 2Byia/ Big (1)

where B, is the video bandwidth and B;y is the intermediate frequency (IF) bandwidth
of the radiometer [24, 23]. This sensitivity limit given by Eqn. 1 is typically called the
thermal noise level. Since the radial resolution of an ECE radiometer is determined by
a combination of the ECE linewidth and the IF bandwidth, for profile ECE radiometers
it is best to use an IF bandwidth comparable to the ECE linewidth. To minimize the
thermal noise level, a narrow video bandwidth is chosen. In order to use a Correlation
ECE (CECE) radiometer as a turbulence diagnostic, there are other constraints on the
choice of IF and video bandwidths that must be considered.
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The proposed CECE diagnostic for turbulence measurements at Alcator C-Mod
will implement the spectral decorrelation technique first pioneered at the TEXT
tokamak [25, 23]. With this method, two ECE radiometer signals with intermediate
frequency filters that are disjoint in frequency space are correlated. If the filters are
separated by less than the correlation length of the turbulence, information about the
underlying electron temperature fluctuations can be recovered. When the bandwidth
of the fluctuations of interest, By;, is comparable to B4, the turbulence can only be
measured by averaging over time At and calculating the cross-correlation coefficient.
The sensitivity is then given by

(6T/T)* = \/1/N (2Byiy/Byy) (2)
where the number of independent samples used to calculate the cross-correlation is
N = 2B,,4At [25, 26]. In cases where the bandwidth of the turbulence, By, is small
compared to By;qg, it is possible to recover a limited time history of the fluctuations [17].
This is because the sensitivity to low amplitude fluctuations improves when B, < Byq

27].

2.2. Constraints on diagnostic design imposed by turbulence characteristics

To determine whether or not a turbulence diagnostic is feasible, it is necessary to know
expected ranges for at least three turbulence parameters: fluctuation level, T, /T., peak
poloidal wavenumber, kyp,, and the radial correlation length, L,. We discuss below how
predicted turbulence parameters translate into CECE diagnostic design considerations.

2.2.1. Wavenumber spectrum For turbulence measurements, it is essential that the
spatial resolution of the diagnostic be fine enough to resolve the small spatial scales
associated with the fluctuations. For the proposed CECE diagnostic, the spatial
resolution in the poloidal and toroidal directions is determined by the antenna pattern
of the Gaussian beam used to couple the emission from the plasma to the radiometer
receiver [23]. The sample volume is roughly in the shape of a pill-box with a larger
vertical extent compared to the radial extent. The spatial resolution in the radial
direction is determined a combination of the intermediate frequency filter bandwidth and
the line-width of the EC emission [23]. The vertical extent of the sample volume, called
the spot-size, d, determines the poloidal wavenumber sensitivity of the CECE diagnostic.
If the spot-size is too large, a CECE diagnostic will not be able to resolve the turbulence
because the diagnostic will only be sensitive to fluctuations with wavenumbers

ko < 2m/d (3)

The deleterious effects of finite sample volume size on the measurements can be
modeled quantitatively with synthetic diagnostics using a point spread function (PSF)
once the wavenumber spectrum of the turbulence is known [28, 12]. The wavenumber
spectrum of the fluctuation power, T, /T, as a function of the normalized wavenumber
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kops, and the peak value, kgpP®*, can be obtained from GYRO simulations [12]. Here,
kgps < 1.0 indicates that the turbulence is long wavelength, with scale size larger than
an ion sound gyroradius, ps = ¢/, with sound speed ¢s = +/T./m; and Q.; = eB/m;c.

The spot-size can be quantified as twice the beam waist, d = 2wy, where the beam
waist is defined as the radius (wp) at which the electric field falls to 1/e relative to
the on-axis value [29]. A practical limit on the minimum achievable spot-size beam
waist of the Gaussian antenna pattern is set by the wavelength of the emission of
interest. On Alcator C-Mod the standard operating magnetic field of 5.4 T on axis
gives a frequency range of 240 < 2f. < 290 GHz for 2nd harmonic ECE in the core
region of interest, 0.4 < p < 0.8. The vacuum wavelength is therefore in the range
1.0 < A\¢ < 1.2 millimeters. As long as wg/\ > 1.6, variations in the beam radius along
the axis (i.e. the beam divergence) will not occur over distances comparable to the
vacuum wavelength of the beam [29] and standard Gaussian optical arrangements can
be used [23]. This sets a practical lower limit of d = 2w, < 3.84 millimeters for the
spot-size of the diagnostic at Alcator C-Mod. If GYRO simulations predict that the
wavenumber spectrum of electron temperature fluctuations peaks at wavenumbers so
high that a spot-size smaller than the practical minimum spot-size is needed, then the
measurement is not feasible. In addition to the spot-size requirements, the correlation
analysis used with a CECE diagnostic to measure turbulence must also be considered,
as we now discuss.

2.2.2.  Radial correlation length A radiometer-based CECE measurement of Te/Te
requires two radially separated sample volumes in order to measure the fluctuation
amplitude and frequency power spectrum via cross-correlation analysis [25]. Because of
the two sample volumes are separated radially, the spatial decorrelation of the turbulence
is also important. The spatial decorrelation of the turbulence is quantified by the radial
correlation length, L., which is expected to scale as 5 — 10ps based on past experiments
[30]. Note from Eqn. 2 that the sensitivity of the CECE diagnostic can be improved
somewhat by changing the ratio of B;y and B,;4 in the radiometer receiver, but for
turbulence measurements, there is limited flexibility in these choices. This is because
two neighboring intermediate frequency filters need to be disjoint in frequency space
to decorrelate the thermal noise, but they must also be separated by less than the
correlation length of the turbulence. This means the IF bandwidth, B;¢, cannot be
made so large that this constraint is violated. If the predicted correlation length of the
turbulence is so small that in order to resolve the fluctuations with a CECE receiver one
is forced to choose an IF bandwidth that increases the sensitivity limit (Eqn. 2) above
the predicted fluctuation level, then the measurement is not feasible.

For a CECE radiometer to be used at a turbulence diagnostic, it is desirable to
use a narrow intermediate frequency filter bandwidth, B;y, so that two channels can be
separated by less than a turbulence correlation length. It is also desirable to use a wide
video bandwidth,B,;4, to resolve broad turbulence spectra, which can extend up to a
MHz in the laboratory frame due to Doppler shifts. Because of this, the thermal noise
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level cannot be significantly reduced by adjustment of B,;4/B;s without compromising
spatial and spectral resolution. The sensitivity to low amplitude, broadband fluctuations
can only be significantly improved by cross correlating two radiometer channels that have
uncorrelated thermal noise [31, 25].

2.2.3. Fluctuation Level For a CECE diagnostic, it is critical that the diagnostic be
sensitive to broadband, low-amplitude fluctuations of electron temperature fluctuations
T.. As an example of the sensitivity possible, consider the following parameters: a 400
ms time average and values of By, = 400 kHz, B;y = 90 MHz, and B,;; = 1 MHz. The
sensitivity of a CECE measurement for these parameters is = 0.3%, according to Eqn. 2.
The normalized fluctuation level, 7, /T, for core plasmas is expected to be on the order
of 0.1 — 1.0% based on past experiments [23, 17], but note the fluctuation level has not
yet been measured in Alcator C-Mod. In this study, the fluctuation level is predicted
for Alcator C-Mod using the GYRO code. If the predicted fluctuation level is below a
practical minimum achievable sensitivity limit of 0.3% — 0.4%, then the measurement
is not feasible.

3. General Simulation Approach

For this diagnostic feasibility study we define a realistic simulation as one that uses
experimentally accessible ranges of plasma parameters as input and predicts transport
levels that are consistent with experimentally inferred transport levels. This second
requirement is important because an overestimate of transport levels will translate
into an overestimate of the measurable turbulence amplitude, which would provide
too optimistic a prediction for the capabilities of a new turbulence diagnostic. It is
also necessary to ensure that the predicted wavenumber spectrum of the turbulence
does not peak at an unrealistically low (high) wavenumber, which will also lead to too
optimistic (pessimistic) a feasibility assessment, via Eqn. 3. This is difficult to track,
because predicting how much transport is driven by long and short wavelengths, and
the interplay between different regions of k-space, is an active area of research requiring
extremely expensive simulations that we do not employ here [32, 33].

For this study, a database of nonlinear GYRO simulations of Alcator C-Mod
plasmas was compiled. A large set of nonlinear global GYRO simulations was available
from a separate study of impurity transport [34], and a series of local simulations
for the synthetic diagnostic modeling were run specifically for the CECE feasibility
study. The plasmas simulated represent typical Alcator C-Mod L-mode plasmas, heated
with 1-2 MW of Ton Cyclotron Resonance Heating (ICRH). Figure 1 shows smoothed
curve-fits (combination of spline for the core and polynomial for the edge) to the
experimentally measured electron density and temperature profiles from four example
discharges that are part of a plasma current scan, with I, = 0.6,0.8,1.0 and 1.2 MA.
In the figure, (a) electron density, n., and (b) electron temperature, T,, are shown over
the region 0.0 < p < 1.0. The radial profiles normalized gradient scale lengths, (c)
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a/L, = —(a/n)(dn/dr) and (d) a/Lr. = —(a/T,)(dT./dr), (e) safety factor, q, and (f)
magnetic shear, §, are shown over a smaller radial region relevant for the turbulence
simulations, 0.2 < p < 0.6.
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Figure 1. (Colour online) Experimental profiles from typical Alcator C-Mod L-mode
plasmas. (a) The electron density, n., and (b) electron temperature, T., are shown
over the region 0.0 < p < 1.0. The radial profiles normalized gradient scale lengths, (c)
a/L, = —(a/n)(dn/dr) and (d) a/Ly. = —(a/T.)(dT./dr), (e) safety factor, q, and (f)
magnetic shear, 3, are shown over a smaller radial region relevant for the turbulence
simulations, 0.2 < p < 0.6

The electron density and electron temperature radial profiles are measured with
a Thomson Scattering (TS) system [35]. Typical error bars on these measurements
are 15%. Electron temperature profiles are also measured with a 32 channel ECE
radiometer [8, 9] and a Grating Polychromator (GPC) ECE system [21]. Typical
error bars on these measurements are 10%. Ion temperature profile and velocity
profiles, from which E, and the E x B shearing rate can be calculated, are usually
available from a high resolution x-ray spectrometer [36]. However, these data were not
available for this study. The experimental g-profile and shear profile, § = r(d1ng/dr),
are calculated from a EFIT [37] equilibrium reconstruction constrained using external
magnetic measurements. Uncertainty in ¢ and § is roughly 20%. In Table 1 the L-mode
experimental parameter ranges covered in the simulation database are summarized.

The preparation of an input file for GYRO using experimental parameters is
performed using standard methods implemented previously at Alcator C-Mod [16]: the
output of TRANSP [38, 39] is used with the data translator (trgk) developed at PPPL
to produce the input files used by GYRO for both local and global simulations.

In this study, TRANSP is used to calculate the ion temperature profile, constrained
by neutron measurements [16]. The value of E x B shear (when used in the local
simulations) is taken from a similar L-mode plasma where E, information was available.

TRANSP is also used to calculate the experimental transport levels that are used
to determine whether or not GYRO calculated transport levels are realistic. Output
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Table 1. Experimental parameters for the typical L-mode Alcator C-Mod plasmas
heated with 1-2 MW of ICRH that are considered in this feasibility study.

L-mode
By 54T
I, 0.6-1.2 MA
Prorr 1-2 MW
(ne) 0.7—1.0 x10%° m=3
n(0) 1.0 — 1.5 x10*° m~—3
T.(0) 3.0 — 3.2 keV
T;(0) 1.6 — 3.0 keV
q95 3.2-5.8
K 1.6
8 0.4

from TRANSP from long steady periods of the discharge are time-averaged in order to
estimate uncertainties in calculated heat fluxes. These uncertainties in the TRANSP
outputs are due to variations in the experimental profiles in time, and provide a
reasonable estimate of the experimental uncertainties in the reported heat flux. For
the plasmas here, we find uncertainties for TRANSP ion and electron heat fluxes in the
range 10 — 15%. Other methods of estimated the uncertainties in TRANSP outputs
have been discussed elsewhere [40].

4. Results from Local GYRO Simulations

In order to determine whether or not a CECE diagnostic is feasible, the nonlinear
GYRO simulations are used to obtain predicted ranges for three turbulence parameters:
fluctuation level, 7. /T., peak poloidal wavenumber, kgpps, and the radial correlation
length, L,. More than thirty GYRO simulations were used in this study, including
local and global simulations. Local simulation results are used with synthetic diagnostic
models in order to generate quantitive predictions for the required CECE spot-size and
the effect of an off mid-plane view. One local simulation is discussed here in detail.
Global simulations are discussed later in Section 6.

The local simulation of interest was prepared using data from C-Mod discharge
1100308003 (Br = 5.46 T, I, = 0.8 MA) at t = 1.0 sec during the current flattop. This
is a typical sawtoothing L-mode plasma (qo = 1, o5 = 4.5) with Prp = 1.2 MW of
Ton Cyclotron Resonance Heating. The central density is n.(0) = 1.4 x 10* m™2, line
averaged density (n.) = 0.95x 10** m~3. The central electron temperature is T,(0) = 3.1
keV. Input parameters for this particular local L-mode simulation are listed in Table 2.

In the local GYRO simulation, the Miller equilibrium model is used [41] and £ x B
shear is included using the Waltz-Miller formula. The simulations are electrostatic, but
GYRO can include electromagnetic effects. Gyrokinetic ions and drift-kinetic electrons
are used, with realistic mass ratio (/m;/m. = 60). No dynamic impurity ions are
included in this particular simulation, and quasineutrality forces ion and electron density
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Table 2. Inputs for a local L-mode simulation that was used for synthetic diagnostic
analysis. The simulation is run for parameters corresponding to an experimental
position of p = 0.5. GYRO definitions and normalizations are used.

Parameter Value
r/a 0.601
R/r 3.013
a (m) 0.218
ne (1029) m=3 1.067
T, (keV) 1.596
T; (keV) 1.399
a/Lpe = a(dlnn,/dr) 0.600
a/Lpe = a(dInT,/dr) 2.665
a/Lyp; = a(dInT;/dr) 1.794
T,/T. 0.877
cs/a (kHz) 1265
VExB (Cs/a) 0.059
Vei (cs/a) 0.078
o 0.00364
Zeyy 4.364
q 1.599
$=r(dlng/dr) 1.241

fluctuations to be the same. In some of the global simulations used in the study
(Section 6), dynamic impurity ions are included in trace amounts, but these do not
impact the predicted main ion energy flux. The number of toroidal modes used in
the local simulations is 16 with toroidal separation of An = 8, so that toroidal mode
numbers range from 0 to 120. GYRO uses the binormal wavenumber, k,, which is
approximately the poloidal wavenumber, ky, and the range of toroidal mode numbers
simulated corresponds to a binormal wavenumber range of k,ps = [0,1.16], where
k, = ng/r and q = rB,/RBy is the safety factor and r is the mid-plane minor radius of
the flux surface and R is the midplane major radius of the flux surface. The integration
time step used is At = 0.007 a/c,, and time-integration errors are less than 1 x 1073
for electrons and less than 1 x 10~ for ions. The numerical quality of the simulations
is assessed by standard methods used in verification and modeling studies [42, 43].

4.1. Predicted Transport levels

The total energy flow, @), for a species predicted by GYRO is defined in terms of the
moment of the perturbed distribution function of the species, d f,

Q= / do(mv? /2)6 f6v,|Vr)dV (1) /dr, (4)

where the angular brackets () indicate a flux surface average. Here r is the midplane
minor radius of the flux surface, V(r) is the volume enclosed within the flux surface,
and (|Vr|)dV (r)/dr is the surface area of the flux surface. The simulations must be run
out to long times (¢ > 700 a/cs) to help ensure that the transport and the turbulence
have reached statistical steady states that are insensitive to initial conditions [42].
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The total normalized ion (blue-dashed) and electron (red-solid) energy fluxes for
the L-mode simulation (inputs given in Table 2) are shown versus simulation time step,
t, in Fig. 2 (a). The simulation data after t > 350 a/c, are used to calculate turbulence
quantities quoted in this paper.
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Figure 2. (Colour online) (a) The total ion (blue-dashed) and electron (red-solid)
energy fluxes for the L-mode simulation (inputs given in Table 2) are shown versus
simulation time step, ¢t. The ion (b) and electron (c) energy fluxes in normalized units

are plotted versus kgp, < 1.2.

Examining the spectral densities of the ion and electron energy fluxes, ); and Q.,
as a function of mode number, allows for a second check on the quality of the simulations
- that the simulation parameters chosen are sufficient to capture transport driven by
long-wavelength turbulence. An unrealistic simulation can run to completion but have
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energy condensed at the largest wavenumber included in the simulation. A realistic
simulation (for these cases where long wavelength ITG and trapped electron modes
are unstable), in this study has very little contribution from high-k modes. The ion
and electron heat fluxes in normalized units are plotted versus kgps in Fig. 2 (b) and
(c), respectively. The ion and electron energy flows are well resolved with respect to
wavenumber: the spectrum peaks at kgps = 0.3 and there is little (< 5%) contribution
from high-k turbulence kgps > 1.0.

For this local simulation, run at p = 0.5, the electron energy flux is in good
agreement with experiment, Q¢YFC/QFXP =~ 142, but the ion energy flow is a
factor of 10 above the experimental range, Q¥Y1C/QFXP ~ 12.5. We note again
that the experimental values for the ion temperature in this study are not based on
measurements, but on TRANSP modeled ion temperature profiles. Scans of the local
ion temperature gradient can be used to bring the simulation into better agreement
in the ion channel [3, 12, 16]. We find that there is very little change in the electron
energy flow and very little change in the electron temperature fluctuations when the ion
temperature gradient is scanned, and this is discussed further in Section 6.

4.2. Turbulence Characteristics

For these L-mode parameters we find that the nonlinear turbulence is predominantly
composed of ion modes, which can be seen by examining the frequency spectrum of
the electron temperature fluctuations as a function of mode number, Fig. 3 (a) [43].
The midplane fluctuations are dominated by ITG modes (w < 0), with a peak at low
frequency.

Linear stability analysis also indicates that the dominant instability is ITG for the
plasmas considered here. Figure 3 (b) shows the linear growth rate (a/cs) contours of
the most unstable mode at kyps = 0.5 at the radial location of p = 0.5. The solid white
line indicates the boundary between modes rotating in the electron and ion diamagnetic
drift direction. The unstable mode at kyps; = 0.5 is commonly found to be the peak
in the low frequency linear growth rate spectrum and is chosen to be representative
of characteristic, low-k plasma turbulence. For the simulation parameters considered
in this study, the most unstable mode is found to rotate in the ion diamagnetic drift
direction. For a fixed value of a/L7,, the linear growth rate of the dominant ion mode
will increase (decrease) with an increase (decrease) in the value of the drive term, a/Lr,,
and the mode is identified as an ITG driven mode.

The linear stability analysis summarized in Fig. 3 (b) is performed for a wide range
of normalized gradient scale lengths, only some of which correspond to experimental
values. Values of a/Ly, and a/Lz, which are relevant for the plasmas considered in this
paper are denoted by the white shaded oval region in Fig. 3 (b). The values of a/Lr,
and a/Ly; that correspond to the experimentally relevant nonlinear simulation result
shown in 3 (a) are marked by the yellow cross.
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Electron temperature frequency response
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Figure 3. (Colour online) (a) The midplane electron temperature fluctuation
frequency spectrum from local GYRO simulation at p = 0.5. (b) The growth rate
(a/cs) contours of the most unstable mode, evaluated at kgps = 0.5, from the local
simulation at p = 0.5. The values of a/ L. and a/L; that correspond to the simulation
results in (a) is shown by the yellow cross. The white shaded region indicates the
simulation ranges of gradient scale lengths.

4.2.1. Predicted fluctuation levels The predicted fluctuations are obtained from the
density and energy moments of the distribution function. A kinetic pressure relation
between density, temperature and pressure p. = T.n. is used to obtain the relation
between internal energy fluctuations and pressure fluctuations, € = 3/2p, = 3/ Q(neTe +
n.T.) [44]. We define the normalized electron temperature fluctuations, 67, = T, /T, as

Te/Te = (2/3)€e/pe - ’ﬁe/ne- (5)

The GYRO predicted fluctuation level at p = 0.5 is Te/T6 = 1.52%, and is obtained
from a box-average of the local simulation result. Global simulation results (not shown)
are in agreement with this fluctuation level and also indicate that the fluctuation level
increases with radius.
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4.2.2.  Predicted wavenumber spectrum The GYRO predicted poloidal wavenumber
spectrum of electron temperature fluctuations in the core plasma at p = 0.5, from the
local L-mode simulation (inputs in Table 2), is shown in Figure 4. This turbulence
wavenumber spectrum peaks at kgp, ~ 0.3 or kg ~ 3.8 cm ™!, which is in the same range
where the peak in energy flux occurs, Figure 2. This indicates that electron temperature
fluctuations are relevant for determining electron thermal transport in typical L-mode
plasmas. This is also supported by the results of a large number of simulations, as
discussed in Section 6, showing that the electron temperature fluctuation amplitude

scales with the electron heat flux.
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Figure 4. GYRO predicted poloidal wavenumber spectrum of electron temperature
fluctuations in the core plasma p = 0.5, from the local L-mode simulation (Table 2).

4.2.3.  Predicted radial correlation length From the simulation outputs, the time-
averaged radial correlation coefficient function at the center of the simulation box is
calculated. The radial correlation length, L, is defined as the 1/e folding width of the
correlation coefficient function. The normalized radial correlation length is L,/ps = 9
in this simulation (L-mode, p = 0.5). For the value of p, = 7.5 x 10™* m, this gives a
predicted correlation length of L, ~0.7 cm.

4.2.4.  Synthetic Diagnostic Model The predicted fluctuation level and correlation
length discussed in the previous section are what would be measured if the diagnostic
had perfect spatial resolution. In reality, the CECE diagnostic must average over
the finite sample volume size. Taking these effects into account will produce more
realistic predictions for the turbulence characteristics, and here we predict using
synthetic diagnostics what would actually be measured in the experiment. The synthetic
diagnostic model has been described in detail by Holland [12]. Here we briefly summarize
the implementation steps.
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First, in order to reconstruct synthetic T, /T, fluctuations from the local GYRO
results, fine radial and poloidal resolution are needed to model the effects of the finite
sample volume size. The radial grid spacing of the simulation is dx/ps = 0.37, with
radial box size 110p,, such that radial resolution needed for the synthetic diagnostic
reconstruction is always achieved. But to achieve the poloidal needed to reconstruct
the synthetic diagnostic, the output from GYRO at 1024 theta points is saved (the
default is 1). The vertical resolution of the simulation is defined as 6z = k,rdy, where
kappa is the elongation of the flux surface [12]. If we use 1024 theta points, we have
dg = 27/1024 ~ 0.006 radians, which corresponds to dz/ps ~ 0.13, giving the needed
resolution.

Second, the GYRO output at each reference point (r,6) in the plasma reference
frame must be transformed to the laboratory frame using a transform that depends on
toroidal mode number, n,

Jian(r,0,1,8) = foim(r,0,n, )™, (6)
where w, = —qcE, /rB is the E x B rotation rate of the reference point [12]. The time
resolution of the plasma frame spectrum is increased by a factor of four using linear
interpolation before transformation to avoid aliasing.

Third, the spatial sensitivity of a single ECE signal is taken into account by

modeling the sample volume in the radial and vertical directions as Gaussians using
the Point Spread Function (PSF) of the form [12]

bonen(R = Ry, 2 — 2,) = e (=R ARE/2 = [(z=20) /022 (7)

Here AR is the 1/e* power diameter on the radial direction, determined by the natural
linewidth of the EC emission and Az is the 1/e? power diameter on the vertical direction,
determined by the antenna pattern. A second PSF with same Gaussian form is used to
model the second ECE signal. The centers of the two PSFs can be positioned anywhere
in the simulation domain, offset vertically, at an angle, or as shown in Figure 5 radially
separated at the midplane.

Finally, to model the correlation analysis that is performed with the real CECE
data, we produce synthetic arrays of pairs of closely spaced sample volumes and cross-
correlate two spatially separated sample volumes to calculate the cross-power spectrum
and rms fluctuation amplitude of the temperature fluctuations.

The contours of temperature fluctuations from GYRO are shown in Figure 5. The
10%, 50% and 90% contours of the PSFs are shown in white for two synthetic CECE
signals separated by dg = 0.5 cm. The sample volume sizes are in this case AR = 0.5
in radial direction and Az = 1 cm in the vertical direction.The radial spacing shown
here would correspond to two IF filters with center frequencies separated by roughly
500 MHz. To ensure decorrelation of the thermal noise, B;; < 250 MHz.

4.2.5.  Predicted cross-power spectrum of electron temperature fluctuations Using
the PSF to spatially filter the raw GYRO output, we generate synthetic electron
temperature fluctuation signals. The cross-power spectrum of the two radially separated
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Figure 5. (Colour online) Nonlinear GYRO simulation results (local simulation, run
at p = 0.5, inputs in Table 2) for a typical 1 MW RF-heated L-mode plasma in
Alcator C-mod. Contours of predicted electron temperature fluctuations in the radial
and vertical plane. Positions of the centers of synthetic diagnostic spatial transfer
functions are shown as blue asterisks. The 90%, 50% and 10% power contours of
the sample volumes (white) are shown for two CECE signals that are correlated to
measure T, /T.. The CECE views the plasma from the outboard midplane, with an on
axis view.

synthetic signals is calculated. This synthetic spectrum is the prediction for the Doppler-
shifted laboratory frequency spectrum that would be measured using a CECE diagnostic.

In Figure 6 (a) the synthetic cross-power spectrum shown is from the local
simulation (inputs in Table 2), which included F x B flows and shear. In this case,
the predicted spectrum peaks at the frequency, f = 100 kHz, and is 150 kHz wide.
The results of applying the PSF can be seen by comparing the unfiltered spectra to the
spatially filtered spectra. When the signals are unfiltered, Az = 0. When the vertical
sample volume size is increased, the effects of the spatial filtering lead to a reduction in
the amplitude of the cross-power spectrum. In Figure 6 (a) the vertical sample volume
size, Az, is increased from 0 cm (solid- black) to 1 cm (dashed-green), 2 cm (dashed-
red), and 3 cm (dashed-blue). It has been described in detail previously how higher
frequency information is filtered out more quickly than low frequency information; an
effect that is due to the dominant vertical extent of the CECE sample volumes [12, 17].
Here we recover the same effect. The power spectrum is calculated with rather coarse
frequency resolution 11 kHz in this case in order to maximize the number of realizations
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Figure 6. (Colour online) Synthetic diagnostic results from L-mode simulation at
p = 0.5 (Inputs in Table 2). (a) Laboratory frame power spectrum from L-mode
simulation with no E x B shear (b) Laboratory frame power spectrum from L-mode
simulation with F x B shear included. The black solid curve is the result from GYRO
with no sample volume model applied. When the vertical sample volume size, Az is
increased from 1 cm ( large dashed-green) to 2 cm (small dashed-red) to 3 cm (dashed
dot-blue), we find significant reductions in predictions for the measurable fluctuation

level.

used in the ensemble average. We also performed the cross-power spectrum calculation
with 5 kHz resolution and find no change in the overall shape of the spectrum or in the
integrated fluctuation amplitude.

In Figure 6 (b) the synthetic cross-power spectrum shown is from the same local
simulation (inputs in Table 2), but now with £x B shear turned off. With no background
E x B flows, the power spectrum is much narrower because there is no Doppler shift in
the laboratory frame, compared to the spectrum shown in Figure 6 (a). The cross-power
spectrum is very narrow, peaking near f = 20 kHz with a width of 40 kHz. Again, as
the spot-size is increased, the amplitude of the cross-power spectrum is reduced.

The fluctuation level, T, /T, is calculated by integrating the synthetic cross-power
spectrum between f = 0 — 500 kHz. The changes in measurable fluctuation level
predicted by varying the vertical size of the PSF, Az, are summarized in Table 3.
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Table 3. Reduction in measurable fluctuation level predicted by increasing the vertical
size of the point spread function. The vertical spot-size, Az, is varied from 0 cm to 3
cm. The predicted fluctuation level is calculated by integrating the simulated cross-
power spectrum between 0 and 500 kHz.

spot-size T./Te(%) level T./Te(%) level
with E x B shear without E x B shear
Az =0 cm 1.29 1.26
Az=1cm 0.93 0.87
Az =2 cm 0.57 0.50
Az =3 cm 0.40 0.34

When the the spot-size is Az = 3 cm, GYRO predicts that the measured fluctuation
level will be T, /T, ~ 0.4%, which is at or near the practical sensitivity limit of a CECE
diagnostic. When the spot-size is 1 cm, GYRO predicts that the measured fluctuation
level will be T, /T, ~ 0.93%, which is adequate to resolve the fluctuations above the
sensitivity limit.

When the simulations include F x B shear, the main effect is a Doppler shift of the
peak frequency and Doppler broadening of the frequency width of the laboratory frame
power spectrum, e.g. comparing Figure 6 (a) and (b). Sensitivity scans for the cases
considered here show that transport and fluctuation amplitude are not strongly affected
by changes in E, or E x B shear. As Table 3 shows, there is only a slight reduction in
the fluctuation amplitude where ' x B shear is included in the simulations.

4.2.6.  Diagnostic Design Constraints from Synthetic Diagnostic Modeling The
synthetic diagnostic results of the previous section can be used to (1) place an upper
limit on the size of the antenna pattern needed at C-Mod and (2) motivate the need for
a large video bandwidth in the CECE receiver.

The results shown in Figure 6 and Table 3 indicate that the past attempts at Alcator
C-Mod did not detect any temperature fluctuations above the noise level because the
sample volume of the diagnostic was too large. The 1/e? power diameter for that past
work was reported as 3 < Az < 4 cm [8, 9. The GYRO modeling here shows that
in order to detect fluctuation levels between 1.0 — 1.5% at experimental p = 0.5, in a
typical L-mode plasma, a spot-size with Az = 1 c¢m is needed. The broad frequency
spectrum due to Doppler shifts when F x B flow is included also suggests the CECE
diagnostic should have a video bandwidth larger than B,;; = 400 — 500 kHz to resolve
the turbulent fluctuations.

A check on these detailed modeling results can be done by making a simple empirical
estimate for the required spot-size at C-Mod based on recent experimental results from
DIII-D [17]. For typical L-mode plasmas at both C-Mod and DIII-D, px = 0.003—0.004.
At DIII-D, the CECE system has Az ~ 3 cm and can observe fluctuations that peak near
kgpPe* = 0.3. Because the standard operating magnetic field at C-Mod (B = 5.4 T) is
2.7 times larger than at DIII-D (Br = 2.0 T), it means that at C-mod the CECE sample
volume size should be 2.7 times smaller than at DIII-D in order to detect fluctuations
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with the same value of kypP®* = 0.3. Since the DIII-D CECE spot-size is roughly 3 cm,
this means the C-Mod CECE spot-size needs to be roughly 1 cm, which is consistent
with the GYRO modeling.
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Figure 7. (Colour online) Synthetic diagnostic results from L-mode simulation at
p = 0.5 (Inputs from Table 2). Lab frame spectra with F x B shear included for
the fluctuations (a) above and (b) below the midplane. The sample volume size of
Ar =0.5 cm and Az = 1.0 cm, with radial spacing of 0.5 cm was used here.

4.2.7. Effects of an off-midplane view The modeling so far has assumed that the
diagnostic is viewing the plasma horizontally at the midplane along the major radius.
This puts the sample volume that is probed by the diagnostic on the midplane. This
viewing geometry may not be available given tight space limitations at Alcator C-
Mod. For this reason, the new diagnostic may need to view the plasma at an angle
with respect to the midplane. This would displace the sample volume above or below
the midplane, which might affect the measured spectrum and fluctuation level level
because past observations have shown poloidal asymmetries in the electron temperature
fluctuation levels [45].

To model this effect, the synthetic signals are generated at several vertical positions
in the simulation box. Using two CECE PSFs with AR = 0.5 cm and Az = 1.0 cm,
separated radially by 0.5 cm, the synthetic cross-power spectra are calculated above and
below the midplane. The results, shown in Figure 7, indicate that there is no significant
variation in the measured fluctuation amplitude in the range £6 cm above or below
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the midplane. This means that a CECE diagnostic with an off-midplane is expected to
perform as well as one with an on-midplane view at C-Mod.

5. Sensitivity of Predicted Turbulence Characteristics

It is useful to understand how sensitive the predicted turbulence characteristics are to
slight changes in the code input parameters. It has been shown that the outputs from
simulations (e.g. heat fluxes, @, and diffusivities, y) are very sensitive to the input
parameters when the input gradients are close to marginal stability [3]. Where the
turbulence is predominantly I'TG type, the ion heat flux specifically will be very sensitive
to the input ion temperature gradient. To examine how sensitive the fluctuations are to
changes in the ITG drive, a scan of input ion temperature gradient scale length, a/Ly;
was performed on the local simulation discussed in Section 4 (inputs in Table 2). The
base value (Table 2) is a/Ly; = 1.794 and is changed to 2,3 and 4 for the scan. It was
not possible to obtain well-converged simulations for smaller values of input a/Ly;.
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Figure 8. (Colour online) GYRO predicted fluctuation levels at p = 0.5 at the
midplane as a function of input ion temperature gradient scale length, a/Lz;.

Figure 8 shows the density fluctuation levels, electron temperature fluctuation
levels, and electrostatic potential fluctuation levels at p = 0.5 at the midplane as
a/Lr; is increased. As the ITG drive term increases by a factor of 2, the electron
temperature fluctuation amplitude increases by only 30%, from 1.5% up to 2%, but
the density and potential fluctuations increase a factor of 2 with the increases in Q);.
For a/Lp; = 1.794 and 2.0 the predicted ion energy fluxes remain in a reasonable
range, 1.0 < Q¥YEO /QEXF < 1(0. The input gradients for the higher drive simulations,
a/Lr; = 3.0 and 4.0, are unrealistic (outside experimental uncertainties). And in these
two cases the predicted ion energy fluxes are not surprisingly large and unrealistic:
QFYEO JQEXP ~ 50 and 100, respectively.

In the remainder of this section, we present results from both local and global
GYRO simulations that were used to track how the predicted turbulence characteristics
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Table 4. Ranges of simulation inputs for local and global L-mode simulations, at the
center of the simulation box. GYRO definitions and normalizations are used.

Parameter Range used in global simulations
ne (1029) m=3 0.963 - 1.869
T, (keV) 1.106 - 2.064
T; (keV) 1.117 - 1.663
a/Lne = a(dlnne/dr) 0.600 - 1.506
a/Lre = a(dInTe/dr) 1.216 - 3.258
a/Lr; = a(dInT;/dr) 1.445 - 4.000
T;/Te 0.740 - 1.046
cs/a (kHz) 1034 - 1442

Vei (€s/a) 0.053 - 0.078
p* 0.0034 - 0.0044
Zetf 1.878 - 4.364

q 1.491 - 1.840

8§ =r(dIng/dr) 0.780 - 1.415

varied across many simulations. We find here that overestimates in ion energy flow do
not change interpretation of the results of Section 4 , since in these plasmas the electron
temperature fluctuations do not scale strongly with ion energy flow.

5.1. Global Simulations Parameters

The database of GYRO simulations used for the diagnostic design first included only
local simulations, but was expanded significantly by including global simulations. The
input files for the runs were prepared using experimental profiles as input as discussed
in Section 3, i.e. using the output of TRANSP and the data translator (trgk) developed
at PPPL.

The global, nonlinear GYRO simulations considered in this paper were performed
using the real ion/electron mass ratio and kinetic electrons. The simulations were
performed with N,, = 8 toroidal modes, separation An = 10, box size 130p,, covering
roughly the experimental radial range 0.35 < p < 0.75, with the center at p =~ 0.5; or
with N,, = 16 toroidal modes, separation of An = 7, box size 80p,, covering roughly the
experimental radial range 0.3 < p < 0.5, with center at p = 0.4. Due to lack of available
rotation data, parallel velocity and E'x B effects were not included. Low levels of rotation
are typically observed in similar L-mode plasmas but based on results from the local
simulations discussed in Section 4 and summarized in Table 3, the effects of including
equilibrium rotation and E x B shear in the global simulations are expected to be
negligible. Given the the I'TG dominated nature of these plasmas, high-k contributions
were ignored and these simulations included maximum values of kyps between .85 and
1.2. Ranges of input parameters for all the global simulations are given in Table 4.
The values listed in Table 4 are taken at the center of the simulation box, which varies,
but corresponds to the core experimental radial region of interest, 0.4 < p < 0.5. The
predicted values of heat transport and electron temperature fluctuation characteristics
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are taken from the global simulation at the center of the box.

Figure 9 summarizes the results from over thirty local and global L-mode
simulations with ranges of input parameters given in Table 4. These results show that
predicted electron energy flux remains realistic, within a factor of two of the experimental
values, 0.5 < QYYEO /QEXF < 2.0 for all cases. In contrast, the ion energy flux varies
by two orders of magnitude.
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Figure 9. (Colour online) Ratio of predicted electron energy flux to experimental
value is compared to the ratio of predicted ion energy flux to experimental value for
more than thirty local and global L-mode simulations. The local simulation discussed
in Section 4 is shown with the red circle.

5.2. Scaling of turbulence characteristics with predicted heat fluxes

The predicted values for the fluctuation level, T, /T, peak poloidal wavenumber, kqp;,
and the radial correlation length, L, are collected from many global GYRO simulations
of L-mode plasmas in order to determine how sensitive the parameters are to slight
changes in simulation parameters.

Shown in Fig. 10 (a) the predicted electron temperature fluctuations fall in the
range 7T, /T. = 0.9 —2.0% when the predicted electron energy flux is in a realistic range,
0.5 < QEYEO JQEXP < 2.0. There is also a very clear scaling of the fluctuation level with
electron energy flux, which is not surprising given that electron temperature fluctuations
can contribute significantly to electron thermal transport [17]. It can be seen in Fig.
10 (b) that the ion energy flux ratio, QY29 /QFXP varies by of an order of magnitude
when the electron temperature fluctuations vary only a factor of two. There is no strong
scaling of electron temperature fluctuation level with ion energy flux.

Shown in Fig. 11 (a), the predicted peak value of kgps falls in the range
0.2 < kgps < 0.5 when the predicted electron energy flux is in a realistic range,
0.5 < QEYRO/QEXP < 20, and there is no clear scaling as in the case of fluctuation
amplitude. The peak value is taken from the wavenumber spectrum from each simulation
(e.g. Fig. 4).

Shown in Fig. 12 (a), the predicted radial correlation length of electron temperature
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Figure 10. (Colour online) Fluctuation level plotted against (a) Q¢Y O /QFXP and
(b) QFYEO JQEXPE from series of L-mode simulations. The open red circle corresponds
to the local simulation from Section 4 (b)

fluctuations falls in the range 3 < L,/ps < 10 when 0.5 < Q¥R /QFXF < 2.0. Like
the peak wavenumber, there is no clear scaling with electron energy flux. Similarly,
as Figure 12 (b) shows, large order of magnitude changes in the ion energy flux ratio,
QEYRO JQEXP results in no clear scaling of the radial correlation length.

The results from the global simulations show that as heat flux increases, so does the
fluctuation amplitude. Electron temperature fluctuation level does scale strongly with
electron heat flux, but scales weakly with ion heat flux. The radial correlation length
and the peak wavenumber of the fluctuations do not exhibit any scaling with heat flux
in either channel, even when the heat flux changes by an order of magnitude.

6. Discussion and Conclusions

In the present work, nonlinear gyrokinetic simulations and synthetic diagnostics are
used to quantitatively predict electron temperature fluctuations in the core plasma at
Alcator C-Mod in order to guide the design of a new correlation electron cyclotron
emission (CECE) diagnostic. Results from nonlinear GYRO simulations of typical L-
mode Alcator C-Mod plasmas heated with 1-2 MW of RF power show that the core
turbulence is propagating in the ion diamagnetic drift direction. Linear stability analysis
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Figure 11. (Colour online)Peak values of kgps plotted against (a) QFY RO /QEXF and
(b) QFYEO JQEXPE from series of L-mode simulations. The open red circle corresponds
to the local simulation from Section 4.

identifies unstable I'TG modes and trapped electron modes in the plasma, where the
ITG mode is the dominant linear instability. When using the simulations to predict
turbulence characteristics, we only used realistic simulations: those that could match
experimental electron heat transport to within a factor of two.

In these cases, the electron temperature fluctuation amplitude is predicted to be
in the range 0.5% < T./T. < 2.0% at mid-radius, p = 0.5. The predicted fluctuation
wavenumber spectrum peaks in the range 0.2 < kgps < 0.4 and the radial correlation
length of electron temperature fluctuations is between 0.4 < L, < 0.8 cm, scaling as
(2 — 10)ps. Results from the simulations show that electron temperature fluctuations
are transport relevant, and are strongly correlated with electron energy transport.
The modeling results presented in this paper show that a CECE diagnostic capable
of measuring transport-relevant, long-wavelength (kgps < 0.5) electron temperature
fluctuations is feasible at Alcator C-Mod.

Here we summarize the design guidelines prescribed by the GYRO modeling.

First, the predicted radial correlation length is small, less than 1 ¢cm. This means
that narrow IF filters with bandwidth in the range 100 < B;y < 250 MHz (i.e. much
narrower than the natural linewidth 1 — 2.5 GHz) should be used in the new diagnostic
in order to ensure that the filters can be disjoint in frequency space, but still be within
a correlation length of the turbulence.
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Figure 12. (Colour online) Radial correlation length, L,, normalized to ps plotted
against (a) QFY RO /QEXP and (b) QFYEC /QEXP from series of L-mode simulations.

The open red circle corresponds to the local simulation from Section 4.

Second, synthetic diagnostics are used to model the frequency spectrum of the
turbulence in the laboratory frame. In order to resolve the turbulence, the video
bandwidth of the diagnostic but be wider than the predicted frequency spectrum of
the turbulence. A choice of B,;; > 500 kHz is suggested by the modeling results. Given
the possibility of larger £ x B flows in C-Mod plasmas (e.g. during H-mode plasmas
or during L-mode plasmas with mode conversion flow drive experiments, it is best to
select a wider video bandwidth, B,;; = 1 MHz.

Third, synthetic diagnostics are used to model effects of the finite sample volume
size of the proposed CECE diagnostic. The results show that if the sample volume has
a radial 90% power diameter of 0.5 cm and a vertical 90% power diameter of 1 cm, the
CECE diagnostic would be sensitive to 1% electron temperature fluctuations at p = 0.5.
However, once the vertical diameter is increased to 3 cm, the measurable fluctuation
level drops to 0.3 — 0.4%, which will be just at the sensitivity limit of the diagnostic if
the choices of B,;; = 1IMHz and 100 < B;y < 250 MHz are used. This result indicates
that the new CECE system must use Gaussian optics that provide a 1 cm spot-size in
the plasma. This modeling result also suggests that the large vertical sample volume
size (3 —4 cm) is the most likely explanation for why past CECE measurement attempts
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did not resolve turbulence at Alcator C-Mod [10].

Fourth, the GYRO results also show that within a 6 cm range above and below
the midplane there is no significant variation in the fluctuation level. This is important
because the proposed diagnostic may be forced to measure the turbulence at locations
several centimeters above or below the midplane given constraints on available port-
space.

For this study, we restricted ourselves to simulations of typical L-mode plasma
parameters, where a large number of realistic simulations (> 30) could be obtained. It
would also have been possible to use simulations of H-mode or Ohmic plasmas in an
extensive design study, but we did not do this because there were fewer extant GYRO
simulations that showed good agreement with experiment for these parameters [16, 18].

Once the CECE diagnostic is installed at C-Mod, it can be used to study
turbulence and turbulent transport in the core plasma. Electron temperature fluctuation
measurements provide information about electron energy transport directly, and when
combined with models, can provide indirect information about ion energy transport,
particle and momentum transport. The results from the present modeling work can be
tested in future experiments.

If temperature fluctuations above the sensitivity limit of the diagnostic are observed
in plasmas similar to those considered in this feasibility study, this will already provide a
test of the simulation predictions presented here. A more detailed test of the predictions
from this study could include examining the trend that electron temperature fluctuations
in typical L-mode plasmas are insensitive to the ion heat flux, but are very sensitive to
the electron heat flux. This prediction could be tested in future experiments by varying
the amount of ion and electron heating. The predicted radial correlation length from
the GYRO modeling is similar to the linewidth of the ECE in Alcator C-Mod, which
is an interesting result that is consistent with past experimental observations on other
tokamaks [23] and could be explored in future experiments on C-Mod. The data from
the CECE diagnostic could also be used to study low-density Ohmic plasmas in Alcator
C-Mod [18], where GYRO disagrees with experiment. The new CECE diagnostic could
be used to study core turbulence in plasmas with internal transport barriers where TEM
is the dominant instability [46].

One area for future modeling work is the development of an improved synthetic
CECE diagnostic, i.e. one which takes into account effects due to refraction and
emission/absorption of EC emission. We note that contamination of an ECE radiometer
signal with density fluctuations due to refractive effects can potentially pose problems
with an off-axis view. We have not considered these effects in the current work, but
they are to be included in future modeling efforts. With the synthetic diagnostic used in
this work, the radial width of the spot-size is modeled as a Gaussian. In reality, due to
relativistic broadening the linewidth is not actually a Gaussian in shape, but has a tail
extending in the region of smaller major radii (higher temperature) [19]. An improved
synthetic diagnostic model that takes the emission and reabsorption of EC radiation into
account (solving the radiation transport equation) is needed to fully model the shape
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of the linewidth. This updated model will be used in the future to explore planned
measurements of the radial correlation length, which may be limited by the natural
linewidth of the EC emission, rather than the turbulence [23].
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