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The spherical torus edge region is among the most challenging regimes for plasma turbulence
simulations. Here, we measure the spatial and temporal properties of ion-scale turbulence in the steep
gradient region of H-mode pedestals during edge localized mode-free, MHD quiescent periods in the
National Spherical Torus Experiment. Poloidal correlation lengths are about 10 p;, and decorrelation
times are about 5a/c;. Next, we introduce a model aggregation technique to identify parametric
dependencies among turbulence quantities and transport-relevant plasma parameters. The parametric
dependencies show the most agreement with transport driven by trapped-electron mode, kinetic
ballooning mode, and microtearing mode turbulence, and the least agreement with ion temperature
gradient turbulence. In addition, the parametric dependencies are consistent with turbulence
regulation by flow shear and the empirical relationship between wider pedestals and larger turbulent
structures. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803913]

. INTRODUCTION

Global confinement and first-wall heat load predictions
in ITER and next-step devices depend on accurate models of
the steep pedestal region. The spherical torus (ST)' edge
region is among the most challenging regimes for plasma
turbulence simulations due to the inherent challenges of
edge simulations and the distinct ST parameter regime with
high B QQuyp/B?), large px (p,/a), strong beam-driven
flow, and strong shaping. Past results from the National
Spherical Torus Experiment (NSTX)? highlight novel turbu-
lence and transport properties in ST plasmas. For instance,
power balance analysis indicates electron thermal transport
is the dominant loss mechanism, and ion thermal transport is
at or near neoclassical values in NSTX beam-heated H-mode
disc:harges.3’4 Stabilization or suppression of low-
wavenumber (low-k) turbulence by strong equilibrium £ x B
flow shear’ and field line curvature® are leading explanations
for near neoclassical ion thermal transport in NSTX beam-
heated plasmas. Particle, momentum, and electron thermal
transport remain anomalous and point to a turbulent transport
mechanism. Also, power balance analysis indicates ion ther-
mal transport decreases at higher plasma current, but the
confinement time increase with plasma current in non-
lithiated plasmas is weaker than that observed in conven-
tional tokamaks.>*’ The high f regime makes ST plasmas
more susceptible to low-k microtearing modes,”'* and the
scaling of NSTX confinement time with collisionality is con-
sistent with collisional microtearing modes.'" Finally, recent
turbulence measurements at the top of the H-mode pedestal
during the ELM (edge localized mode) cycle were found to be
consistent with ion-scale turbulence, such as ion temperature
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gradient (ITG), trapped electron mode (TEM), or kinetic bal-
looning mode (KBM) turbulence.'?

Edge and pedestal model validation motivates efforts to
characterize low-k pedestal turbulence in the challenging ST
parameter regime. Here, we characterize low-k pedestal tur-
bulence quantities (kgp; =<1.5,0.8 <r/a <0.95) from
beam emission spectroscopy (BES) measurements during
ELM-free, MHD quiescent periods in NSTX H-mode dis-
charges. In addition, we identify parametric dependencies
among turbulence quantities and transport-relevant plasma
parameters using a new model aggregation technique.
Coherence spectra for poloidally adjacent channels exhibit
broadband turbulence up to about 50 kHz. The turbulence pa-
rameters under investigation include poloidal correlation
length, decorrelation time, and poloidal wavenumber.
Poloidal correlation lengths in the pedestal are typically
L, ~ 15cm and L,/p; = 10, and poloidal wavenumbers are
typically kgp; = 0.2. Also, decorrelation times are
14/(a/cg) ~ 5. The dimensionless quantities are similar to
those observed in the core regions of L-mode tokamak dis-
charges'? and consistent with drift-wave turbulence parame-
ters. Next, a model aggregation algorithm identifies
parametric dependencies among turbulence quantities and
transport-relevant plasma parameters. Model aggregation is
an analysis technique that identifies patterns in multi-
dimensional datasets with complex interdependencies.
Model aggregation can (1) identify more scalings than a sin-
gle regression model and (2) produce a distribution of scal-
ing coefficients covering a variety of model constraints.
Observed scalings from model aggregation indicate L,
increases at higher Vn,, higher collisionality, and lower VT;.
Using heuristic transport models and turbulence theory, the
observed scalings show the most agreement with transport
driven by trapped-electron mode, kinetic ballooning mode,
and microtearing mode turbulence, and the least agreement
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with ion temperature gradient turbulence. In addition, the
parametric dependencies are consistent with turbulence regu-
lation by flow shear. The measurements and analysis pre-
sented here broadly characterize pedestal turbulence in high-
performance spherical torus plasmas and establish validation
benchmarks for pedestal and edge simulations. Section II
provides an overview of BES measurements including deri-
vation of turbulence quantities from BES measurements and
point spread function (PSF) calculations that model the
physics of BES measurements. Section III presents measure-
ments of pedestal turbulence in ELM-free, MHD quiescent
regimes. Section IV describes the regression and model
aggregation techniques that identify parametric scalings
among turbulence quantities and plasma parameters, and
Sec. V presents the parametric scalings and interpretation.
Finally, Sec. VI gives a summary.

Il. BEAM EMISSION SPECTROSCOPY OVERVIEW

The BES system on NSTX'*'> measures D, emission
(n=3 — 2, Jp =656.1nm) from deuterium heating
beams'® to study ion gyroscale fluctuations associated with
low-k turbulence and instabilities. The beam velocity indu-
ces a Doppler shift in beam emission, and optical filters iso-
late beam D, emission from thermal D, emission. The
intersection of optical sightlines and the neutral beam vol-
ume provides spatial localization, but a rigorous assessment
of spatial and k-space properties requires point spread func-
tion calculations."” BES measurements are sensitive to
plasma density fluctuations with 61p, /Ip, = C (6n/n) where
C = C(Exg,n,To, Zett) = 1/2, Ip, is the beam D, emission
intensity, and 7 is the plasma density.'®

The NSTX BES system includes two optical assemblies
centered at R=130 and 140cm (r/a ~ 0.45 and 0.85). The
channel layout provides core-to-scrape-off layer radial cover-
age and four discrete poloidal arrays.'*'> Figure 1 shows fiber
bundle images for the R=140cm optical assembly. BES
measurements on NSTX are sensitive to fluctuations with
kipy=1.5 where p; = 0.5 — 1.5cm is the ion sound gyrora-
dius (T,,T; ~ 0.3 — 1.0). The optical views are aligned to typ-
ical NSTX pitch angles to optimize cross-field spatial
resolution. New generation photodetectors and frequency-
compensating, wideband preamplifiers provide photon-noise
limited measurements at frequencies up to 400 kHz with re-
frigerant (non-cryogenic) cooling at —20°C.'"*'>'® The data
acquisition system samples at 2 MHz, and digital anti-alias fil-
ters suppress high frequency thermal noise. The wideband, low
noise detection system can also measure high frequency
Alfvén and energetic particle modes up to about 800 kHz."

Figure 2 shows example BES measurements at two ra-
dial locations. BES signals show a sharp response at neutral
beam injection (NBI) steps as expected, and BES auto-
power spectra can exceed photodetector dark noise power
spectra by 2-3 orders of magnitude. Notably, the emission
d.c. amplitude in the core (R =129 cm) exceeds edge emis-
sion (R=142cm) in Figure 2(f), but the edge emission
shows higher amplitude turbulence at frequencies up to
100 kHz (Figure 2(g)). The larger signal-to-noise ratio at
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FIG. 1. NSTX cross section showing BES channels in the R = 140 cm poloi-
dal array. Contour labels are normalized poloidal flux.

R=142cm and partially obscured signal changes at NBI
steps is consistent with (67, /1 )egge > (016 /M) core-

The BES channel layout provides multi-point measure-
ments for assessing the spatial and temporal properties of
turbulence. Poloidally separated channels in the poloidal
array at R = 140 cm (Figure 1) provide measurements of the
poloidal correlation length L,, decorrelation time 74, and
poloidal wavenumber kp in the edge/pedestal region
(r/a ~ 0.80 — 0.95). Figure 3 shows an example of turbu-
lence quantities derived from poloidally separated measure-
ments. Up to about 40kHz, coherence decreases with
poloidal separation and cross-phase increases with poloidal
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FIG. 2. BES auto-power spectrograms for measurements at (a) R =129 cm
and (b) 142 cm; (c) low frequency odd-n magnetic fluctuations; (d) thermal
D, emission measurements; (e) neutron measurements; (f) BES time-series
data with NBI power (green line); and (g) BES auto-power spectra at 534 ms
with photodetector dark noise spectrum.
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FIG. 3. (a) Coherence and (b) cross-phase spectra among four channels in the BES R = 140 cm poloidal array during an ELM-free, MHD quiescent period; (c)
auto-power spectra and photon and dark noise for reference channel; (d) filtered data (8—50kHz) used for calculations in ((e)-(h)) with reference channel in
black; (e) time lag auto- and cross-correlation functions and envelopes; (f) correlation (envelope) at zero time lag vs channel separation; (g) peak correlation vs

time lag; (h) time lag at peak correlation vs channel separation.

separation as expected in Figures 3(a) and 3(b). The coher-
ence exceeds the statistical noise floor and cross-phases are
well-resolved. Similarly, auto-power spectra show BES sig-
nals exceed dark noise and photon noise levels up to about
40kHz in Figure 3(c). Filtered data (8-50kHz) in Figure
3(d) show the poloidal motion of turbulence structures from
the reference channel to the maximum poloidal separation,
Az = 6 cm. Turbulence quantities such as correlation length
are calculated from time-lag auto- and cross-correlation
functions in Figure 3(e). 15-40ms data windows are seg-
mented into 30—150 bins with 512-2048 time points per bin.
Coherence, cross-phase, and power spectra and time-lag cor-
relation functions in Figure 3 are bin-averaged quantities.
The cross-correlation envelope (calculated using the Hilbert
transform) at zero time-lag decreases with channel separa-
tion, and the poloidal correlation length L, is the correspond-
ing 1/e length as shown in Figure 3(f). The time-lag of the
peak cross-correlation envelope increases with channel sepa-
ration as expected, and the linear relationship gives the eddy
poloidal group velocity v, as shown in Figure 3(h). The peak
cross-correlation envelope decreases with time-lag, and the
decorrelation time t, is the corresponding 1/e time-lag as
shown in Figure 3(g). Note that the decorrelation time calcu-
lation does not require transforming to the plasma frame;
transforming to a frame moving in the plasma direction
would slide data points in Figure 3(g) down the curve in a
manner that preserves the decorrelation time. In essence, the
poloidally separated measurements function as a fixed mea-
surement in the plasma rest frame. The poloidal wavenumber
kg is derived from the eddy size inferred from the eddy ve-
locity and time-lag between auto-correlation anti-nodes as
shown in Figure 3(e).

Measured backlit fiber images are about 3 cm at the cen-
ter of the neutral beam, and optical modeling indicates fiber
images are 3.75cm across at full-width half-max (FWHM,
50% of peak intensity). Accurate spatial and k-space charac-
terization of BES measurements require PSF calculations'’
that convolve optical system properties with image distortion
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from neutral beam profiles, magnetic field geometry, and
atomic excited state lifetimes.” Recent full-physics PSF cal-
culations indicate image distortion at all locations is gener-
ally mild with FWHM image sizes in the range 3.6-3.9 cm.'
In the low density edge region at R ~ 140 — 143 cm, atomic
excited state lifetimes are the dominant contribution to radial
image distortion. In the core at R ~ 133 cm, magnetic field
misalignment is the dominant contribution to image distor-
tion (radial and poloidal). Accordingly, the measurements
are sensitive to fluctuations with k <2.5cm~! and kp, < 1.5.
PSF corrections are not applied to measurements below
because the mild image distortion in the edge region is ra-
dial, not poloidal.15

lll. PEDESTAL TURBULENCE MEASUREMENTS IN
ELM-FREE, MHD QUIESCENT H-MODE PLASMAS

ELM-free and MHD quiescent periods in NSTX
H-mode discharges were identified and data from four or five
poloidally separated BES channels at R = 140 cm (Figure 1)
were analyzed to study low-k pedestal turbulence with
kop; ~ 0.2 and 0.8 < r/a < 0.95. Characteristic discharges
and times of interest are listed in Table I. BES measurements
provided poloidal correlation length, poloidal wavenumber,
and decorrelation time (Figures 3(e)-3(g) in the pedestal
region. BES signals were frequency filtered to isolate
8-50kHz components, the typical frequency range for
observed broadband turbulence. The 8kHz lower limit
ensures low frequency beam oscillations (f < 5kHz) do not

TABLE I. Characteristic discharges and times of interest for analysis.

Discharge Time of interest
141125 925-950 ms
141131 700-725 ms
141147 730-750 ms
141255 740-760 ms
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FIG. 4. ((a)-(d)) Profile measurements from the database and BES measurement location (grey box), (e) inferred E, profiles from charge exchange measure-
ments (neglecting poloidal rotation), (f) distributions of poloidal correlation lengths, (g) decorrelation times, and (h) poloidal wavenumbers in the database.

contaminate turbulence signals, though power spectra
(Figure 3(c)) show no evidence of beam oscillations.
Discharges with Brg = 4.5kG, I, = 700—900kA, and lower
single-null geometry were screened for ELM-free, MHD
quiescent periods that persisted at least 200 ms. Plasma pa-
rameters slowly evolved during ELM-free, MHD quiescent
periods, so long time windows were partitioned into shorter
windows. In total, 129 times of interest with 15—45 ms dura-
tion were identified from 29 discharges. Turbulence quanti-
ties and plasma parameters were averaged over each time
window. Figure 4 shows plasma profiles and distributions of
turbulence quantities in the database. Mutli-point Thomson
scattering provides electron density and temperature (1, and
T,) measurements,”’ and charge exchange spectroscopy pro-
vides ion temperature and toroidal velocity measurements (7;
and V,).?? Radial electric field (E,) profiles are inferred from
carbon density, temperature, and toroidal velocity. The poloi-
dal velocity contribution to E, is neglected because past
results suggest the poloidal velocity contribution is small even
in the pedestal.”> BES measurements in the steep gradient
region show poloidal correlation lengths are L, ~ 10—20cm,
poloidal wavenumbers are kg ~ 0.1—0.2 cm~!, and decorre-
lation times are 7; ~ 10—20 us.

Table II lists 10th and 90th percentile ranges for turbu-
lence quantities and plasma parameters in the database.
Dimensionless turbulence quantities satisfy L,/p; ~ 10,
kop; ~ 0.2, and t4/(a/cs) ~ 5. Poloidal correlation lengths
in Table II for low-field NSTX plasmas are generally longer
than previously reported correlation lengths in high-field
tokamak plasmas,'® but dimensionless parameters like L,/p;
and t4/(a/cs) are similar. The quantity kgL, ~2 can be
understood in terms of Gaussian distributions in real-space
and k-space. For example, a spatial distribution
exp(—(x —x0)*/Ax?) produces a k-space distribution
exp(—(k — ko)?/AK?) with AxAk =2. With koL, ~2 and
Ax = L,, it is easy to show kg/Ak ~ 1, which represents a
Gaussian distribution with similar width and shift. Also, in
Table II, the equilibrium toroidal flow shear generally
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exceeds the turbulence decorrelation rate (VV, > 7:;'), a
puzzling result. However, FE X B shear rates are
wpxp ~ 50—200kHz, so wgxp ~ ‘ccjl as expected. wgyp val-
ues are not tabulated in Table II because inferred values are
susceptible to large errors associated with second derivatives
of pressure profiles. Plasma parameters in Table II generally
show 50%—300% variation except for inverse aspect ratio e,
elongation «, lower triangularity J;, p, and p;. The lack of
variation in ¢, k, and ¢, is likely due to screening for ELM-
free, MHD-quiescent H-mode discharges. In the following
sections, we untangle parametric dependencies among ped-
estal turbulence quantities and plasma parameters in Table
II, but €, k, 6;, p;, and p; are omitted from analysis due to
lack of variation. Note that the nonlocal edge parameters
such as pedestal width, height, and separatrix separation
(ARped, Npeq, and 0,7, respectively) are included in the data-
base due to their possible impact on pedestal turbulence.
Finally, radial correlation lengths (L,) from the BES radial
array (Figure 1) are not tabulated in Table II because prelim-
inary analysis indicates L, in the steep gradient region is less
than the BES image spot size, so the analysis only provides
an upper bound with L, <3 cm. However, the upper bound
on L, provides a lower bound for eddy anisotropy,
L,/L,=3. For comparison, pedestal turbulence measure-
ments in DIII-D tokamak plasmas showed smaller anisotropy
with L, /L, ~ 1.2—1.5.%

IV. REGRESSION ANALYSIS AND MODEL
AGGREGATION

With a database of measured turbulence quantities and
plasma parameters in hand, we now identify parametric
dependencies using a stepwise multivariate linear regression
(SMLR) algorithm and model aggregation. Let y; denote tur-
bulence quantities such as correlation length, and let x;;
denote plasma parameters such as density gradient (i indexes
database entry and & indexes plasma parameter). The SMLR
algorithm finds models in the form
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TABLE II. Database quantities.

Parameter Range® Parameter Range®
Turbulence quantities
L, (cm) 9.5-19 koL, 1.2-2.8
L,/p; 7.6-18 74 (11s) 8.6-28
L,/p, 9.0-21 Ta @) 4.6-37
ko (cm™1) 0.07-0.25 Ta @7, 2.8-22
kg p; 0.07-0.31 14 0, 1.1-8.6
ko pg 0.06-0.25 Tq/(a/cs) 2.6-7.6
Plasma parameters
n, (10" /em?) 1.7-2.6 p: (p/1) 0.017-0.021
Vn, (10" /cm*) 0.56-0.90 0 (pi/r) 0.021-0.026
1/Lye (cm™=")° 0.28-0.44 35 (cm) —0.78-—-0.52
T, (keV) 0.11-0.19 q 5.9-9.7
VT, (keV/cm) 0.061-0.094 § 25-5.5
1/Ly, (cm™1)° 0.47-0.64 € 0.56-0.63
T; (keV) 0.33-0.50 K 2425
VT; (keV/cm) 0.03-0.15 5 0.61-0.73
1/Lyi (em™1)® 0.07-0.34 Vee (10%/s) 0.43-0.80
V, (km/s) 37-68 U (Voo GR Vine) 0.51-1.5
YV, (10%s) 0.33-1.7 vii (10%/s) 1.5-3.5
E, (V/cm) 9.7-100 v (Vi qR v 0.070-0.21
Npea (1013 /em?)°® 5.9-8.1 I's 3.0%—5.3%
AR g (cm)® 15-22 8.° 0.69%-1.6%
B, 7.6%-14%

#10th-90th percentile range.

°1/Ly = VX/X.

wy, = koT.|Vne|/en.B and ), = ko|Vp|/en.B.

B =24 (pe +pi)/B?, B = 21 pe/B?, and B, = 2u1q (pe + pi) /B2
“Pedestal height 1n,,., and width AR, from electron density profile piece-
wise fits to linear and tanh functions with continuous first derivative.
fOutboard radial distance to second separatrix; 3% < 0 for lower single null
configuration.

iy Xiei — Xk
VoY N (n
k

where ¢ are standard deviations for y; and xy;, and y; are tur-
bulence quantities predicted by the model. The «; coeffi-
cients are the linear scaling coefficients when other plasma
parameters in the model are fixed; parameters absent from
the model are unconstrained. Also, the oy coefficients are
dimensionless and directly comparable due to the normaliza-
tion in Eq. (1). The SMLR algorithm minimizes the model’s
squared sum of errors, SSE =3, (y; — y;)?, by adding or
removing x; parameters such that the inferred significance of
each oy value exceeds 95%.%* More technically, the inferred
significance of each o; value exceeds 95% when the proba-
bility of the null hypothesis (Hy : o = 0) is less than 5%
according to the r-statistic associated with o.>*

The SMLR algorithm searches the high dimensional
x;-space for regression models at SSE local minima. Many
SSE local minima can exist, so the SMLR algorithm can
identify numerous regression models by starting from differ-
ent initial states. A single regression model provides a lim-
ited set of oy scaling coefficients that are applicable only
when other parameters in the model are fixed. In addition,
selecting the “best” regression model from candidate models

Phys. Plasmas 20, 055903 (2013)

can be highly subjective due to numerous statistical metrics
and problematic due to potential parameter preferences.
Previous turbulence scaling results scanned a single dimen-
sionless parameter, such as p*, while holding other transport-
relevant parameters fixed.'>* Here, we introduce and imple-
ment a model aggregation technique to identify parametric
dependencies among turbulence quantities and transport-
relevant plasma parameters. The combination of SMLR and
model aggregation is an exploratory technique to identify
patterns in multi-dimensional datasets with complex interde-
pendencies. Other exploratory data techniques include maxi-
mal information-based nonparametric exploration,*® distance
correlation,”” and hierarchical clustering.”® Model aggrega-
tion can be considered a “model of models” or a type of
meta-analysis. Model aggregation produces oy distributions
from models identified by the SMLR algorithm. To illustrate
the advantage of model aggregation, consider the six regres-
sion models for L, /p, in Table III. The individual models in
Table III provide parametric scalings for three or four plasma
parameters with other parameters unconstrained. In aggre-
gate, the models provide multiple values of «; coefficients
for all plasma parameters under a variety of constraints. The
emergence of consistent scalings from multiple models with
a variety of constraints boosts confidence in the scalings. In
summary, model aggregation provides (1) oy scaling coeffi-
cients for more plasma parameters than a single model and
(2) a distribution of o coefficients covering a variety of
constraints.

Models identified by the SMLR algorithm are screened
for multicollinearity and residual normality to ensure statisti-
cal properties indicative of valid regression models.
Multicollinearity is the linear dependence among regression
variables (x;), and excessive multicollinearity inflates the
uncertainty of oy coefficients.”* Non-normal residual distri-
butions violate the mathematical framework of regression
analysis. Table IV summarizes the models identified by the

TABLE III. o and cross-correlation (Cj) coefficients for a subset of L,/ p;
models. Parentheses around Cj. values indicate the x;- x; parameter pair is
prohibited in models due to large cross-correlation.

o coefficients

Model R*  Vn, T, T, 1Ly VYV, Ve Nped

0.63 0.28 -0.20 —-0.29 0.31

0.63 0.34 -0.37 0.30

0.61 046  —0.21 —-0.38

0.60 —0.47 0.38 0.24

0.60 -022 -0.35 0.40 0.15

0.55 —0.24 —0.55 0.36
Cj values

Parameter  Vn, T, T; /Ly  VV; Ve Nped

e 0.74) —0.12 —-0.04 -0.14 0.07 038 (1.0

Ve 059 (-0.83) —-048 —020 -0.35 (1.0

vV, -033 027  (0.62) (0.63) (1.0)

1/Lg; -0.38  0.08 028  (1.0)

T; -0.32 044 (1.0)

T, -026  (1.0)

Vn, (1.0)
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TABLE IV. 10th — 90th percentiles for statistical characteristics of regression models.

Correlation length Wavenumber Decorrelation time
Figure of merit Quantity L, L,/p; L,/ps ko kop; kop, T4 Tq/(ajcs)
# models 46 28 40 50 50 46 44 12
R? 0.51-0.58 0.59-0.67 0.57-0.67 0.55-0.64 0.59-0.68 0.59-0.67 0.31-0.47 0.33-0.42
max(|Cy]) 0.32-0.56 0.41-0.58 0.39-0.58 0.34-0.48 0.35-0.49 0.39-0.50 0.42-0.59 0.41-0.59
max(VIFy) 1.1-2.7 1.4-3.6 1.3-33 1.2-2.2 1.2-3.1 1.3-34 1424 1.5-6.9
max(|rf]/tos) 0.80-0.97 0.76-0.96 0.78-0.95 0.72-0.85 0.70-0.91 0.70-0.85 0.79-0.94 0.78-0.90
|Sk|/osk 0.07-1.0 0.07-0.89 0.09-1.1 0.77-1.9 0.69-2.0 0.58-1.8 1.2-2.0 1.2-1.9
[Kt|/ok: 0.83-1.9 1.0-2.0 1.2-2.0 0.10-1.0 0.08-1.5 0.10-1.1 1.1-2.0 0.7-1.8

SMLR algorithm and lists several statistical quantities that
characterize multicollinearity and residual normality. The
SMLR algorithm was initialized with about 6000 parameter
combinations, and the algorithm returned 12-50 unique
models for each turbulence quantity. An example SMLR cal-
culation for kypp, starts with V, and v, in the initial state.
Next, the algorithm adds T, /Tj;, then Vn,, then VV,, then f,,
and then removes T,/T; and Vn,. As the algorithm con-
verges on a final model, R? values (coefficient of determina-
tion, or goodness of fit; R2="(5,— )/ (yi —¥)")
increases from 0.59 to 0.67. R? values in Table IV indicate
the models generally captured 30%—70% of the variation in
the turbulence quantities. Also, about 100150 initial states
converged on redundant final models for each turbulence
quantity. For example, the initial states {T;, VT;}, {Vn,, T;},
and {n,, T;} converged on the same final model {n,., Vn,, T,
VT;} for L,, but the initial state {n,, VI;} converged on a
different final model. Finally, the quantities 7, w’,, t4 w;e,

ne’

and 74 w),; are absent from Table IV because the SMLR algo-
rithm failed to identify models for those quantities. The re-
mainder of this section describes the statistical tests for
multicollinearity and residual normality, and Sec. V
describes the parametric scalings that emerge from model
aggregation.

Two strategies are employed to screen for excessive
multicollinearity in regression models. First, plasma parame-
ter pairs with large cross-correlation are prohibited from
models. The cross-correlation for parameters x; and x; is
Cit = ;(xi — %) (x; — X;)/oraj. Cp, is specified in the
SMLR algorithm, and parameter pairs with |Cj| > Cy, are
prohibited from models. The example in Table III lists Cj
values for all parameter pairs, and parameter pairs with
|Cjx| > 0.6 are denoted by parentheses and prohibited from
models. The SMLR algorithm was run with C;, = 0.5 — 0.8
to verify results are consistent across a range of correlation
thresholds. Table IV summarizes all models identified by the
SMLR algorithm. The Cy;, limits in Table IV correspond to
0.6 for correlation length and wavenumber models and 0.8
for decorrelation time models, and the associated scalings
and models are consistent with other C,;, values. Next, multi-
collinearity among three or more x, parameters is assessed
using the variance inflation factor VIF, for each x; parameter
in a model (VIF; = 1/(1 — R}) where R7 is the squared mul-
tiple correlation that quantifies the variation in x; captured
by variation in other x;4;). Models with VIF; > 10 can be
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susceptible to large uncertainties in o; parameters.”* Table
IV lists the range of max(VIF;) values for models identified
by the SMLR algorithm. Correlation length and wavenumber
models exhibited max(VIF;) < 4, and decorrelation time
models exhibited max(VIF;) < 7. Accordingly, max(|Cj|
and max(VIF;) values in Table IV are sufficiently low and
indicate multicollinearity is not excessive.

Residual normality includes the independent and normal
distribution of residuals (r; = ¥, — y;) and the absence of re-
sidual outliers. Non-normal residual distributions violate the
mathematical framework of regression analysis. To assess
residual normality, residuals are screened for outliers and the
skewness and kurtosis of residual distributions are calcu-
lated. Studentized residuals, r¥ = r;/+/var(r;), follow a t-
distribution, and models with max(|r|/795) > 1, where fos is
the 95% significance level for the t-distribution, may contain
outliers that distort the regression model. Correlation length,
wavenumber, and decorrelation time models in Table IV ex-
hibit max(|rf[/f9s) < 1, so model distortion by outliers is
unlikely. Skewness Sk = E(r; — 7)’ /o> and excess kurtosis
Kt = E(r; — 7)* /o* — 3 were calculated to assess the shape
of the residual distribution. Table IV lists |Sk|/ggs: and
[Kt|/ok; where g is the standard deviation of skewness for
a random sample from a normal distribution and ok, is the
standard deviation of kurtosis for a similar sample.
|Sk|/osx <2 and |Kt|/ok, <2 are consistent with normal
distributions within the 95% significance level, but values
exceeding 2 are not consistent within the 95% significance
level. Table IV indicates all models exhibit normal residual
distributions within 2¢ limits.

V. PARAMETRIC SCALINGS OF PEDESTAL
TURBULENCE

In Sec. IV, a search algorithm identified empirical
regression models among turbulence quantities and
transport-relevant plasma parameters, and the models were
screened for proper statistical characteristics. Now, we iden-
tify parametric scalings that emerge from model aggregation.
Figure 5 shows examples of o distributions for parametric
dependencies from model aggregation. o > 0 (« < 0) indi-
cates the turbulence quantity increases (decreases) at higher
parameter values. For example, Figure 5(a) shows Vn, scal-
ings that appear in 24 L, /p, models. The o coefficients clus-
ter around o~ 0.3 despite different constraints and
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parameter combinations in each model. Collectively, the o
coefficients indicate L,/ p, increases at higher Vn, for a vari-
ety of model scenarios. Note that it would be feasible to
weigh o distributions according to each model’s goodness of
fit, R>. However, Table IV shows narrow R? ranges for each
turbulence quantity, so no weighting scheme is applied in
this analysis.

Heuristic turbulent transport models provide general
relationships between transport quantities (like diffusivity D
and thermal conductivity y) and turbulence quantities (like
L,, kg, and 74). In addition, turbulence theories specify rela-
tionships between plasma parameters and turbulent parame-
ters like linear growth rate y, D, and y. When combined,
transport and turbulence models can specify relationships
between turbulence quantities and plasma parameters. For
example, the random walk model for isotropic turbulence
gives D x Lz. If L, regression models indicate
L, o< Vn, (o> 0), then the observed scaling is consistent
with turbulent transport driven by TEM turbulence because
Vn, is a drive mechanism for TEM turbulence.?**°

The random walk model for turbulent transport gives
Dy~ Lf /ta where L, is the radial correlation length.31’32
Turbulent eddies are anisotropic with L, < L,, but we gener-
ally expect eddy dimensions to scale proportionately with
L, < L,. Therefore, the random walk model indicates turbu-
lent transport increases at larger L, and smaller 7.
The quasi-linear model gives D, y ~ ()l/ki)maxy where k|
is the characteristic perpendicular wavenumber and y is
the linear growth rate®” For stationary turbulence
(k| ~ L;l and y ~ ‘c;l), the quasi-linear model is consist-
ent with the random walk model with D,y ~ L>/1,.
Finally, nonlinear turbulent transport expressions take the
form D, y oc 37, kol (kg)|> where ¢ is the potential pertur-
bation and fluctuation cross-phases are ignored. Turbulent
spectra typically follow power laws like |¢ (kg)|* ~ ky® with
0 &~ 2 — 4, so nonlinear turbulent transport models are con-
sistent with random walk and quasi-linear models that give
D,y ~ 1]k} ~ L,z). Collectively, heuristic models indicate
turbulent transport increases at larger L,, smaller ky, and
smaller 7 .

Figure 6 shows parametric scalings for L,, kg, and 74
quantities that emerge from model aggregation. Each data
point shows the median value and 10th and 90th percentile
values for the o distribution like the distributions in Figure 5.
The numbers below the plasma parameters indicate the num-
ber of models that include the parameter. Notably, plasma
parameters that appear for both L, and kg are opposite in

8 8
® 24 of 40 ® 22 of 46
5 6 Ly/ps models 56 L, models
T 4 contain T 4 contain
% n scalings % T; scalings
o9 Q2
@] o

0 @) 0 (b)

-1 0 1 -1 0 1
O n i

FIG. 5. Example parametric scalings and o distributions from model aggre-
gation: (a) Vn, scalings for L, /p; and (b) VT; scalings for L,,.
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FIG. 6. Parametric scalings from model aggregation for (a) poloidal correla-
tion length, (b) poloidal wave number, and (c) decorrelation time in the
H-mode pedestal during ELM-free, MHD quiescent periods. Numbers below
plasma parameters indicate the number of models that include the plasma
parameter.

sign as expected because L ~ k~! for broadband turbulence.
Also, note that scalings are consistent for different normal-
izations (e.g., L,, L,/p;, and L,/p,). Finally, the analysis
excludes ¢, k, d;, p;, and p; scalings due to small variation
in Table II, as previously mentioned, but the analysis
includes other plasma parameters in Table II. Note that not
all plasma parameters emerge as good predictor variables.
For example, Vn, and VT; appear in many L, models, but ¢
and § do not appear. The absence of a particular plasma pa-
rameter in Figure 6 suggests the parameter is a poor predictor
for the turbulence quantity.

We first consider ITG turbulence. ITG turbulence is
driven by VT;, and ITG-driven transport is enhanced at
smaller v, T;, and Vn, according to nonlinear gyrofluid simu-
lations.>® In Figure 6, the VT;, Vn,, and v; scalings for L,
and ky are inconsistent with ITG-driven transport. However,
T; scalings for L, and ko are consistent with ITG-driven
transport. Disagreement between VT;, Vn,, and v scalings
and ITG turbulence theories suggests the observed scalings
are inconsistent with ITG-driven transport.

Trapped-electron mode (TEM) turbulence is driven by
Vn, and VT, (or 1/Lg,), and TEM-driven transport is
enhanced at larger T, and smaller v and T according to linear
and nonlinear gyrokinetic simulations.?’*° However, colli-
sions can destabilize dissipative TEM (DTEM) turbulence.
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In Figure 6, the Vn, scalings for L, and ky are consistent
with TEM-driven transport, as are the T, and T; scalings for
ko. However, the 1/Ly, scalings for 7, are inconsistent with
TEM-driven transport. v, scalings appeared in few regres-
sion models and exhibited the same sign as v scalings.
Collectively, the v scalings are consistent with DTEM turbu-
lence, not collisionless TEM turbulence. Agreement between
Vn,, T,, and T; scalings and TEM theories suggests the
observed scalings are partially consistent with TEM-driven
transport.

KBM turbulence is driven by pressure gradients and
exhibits a critical f§, value for onset according to linear gyro-
fluid and gyrokinetic simulations.>**> The B, scalings for L,
and kg in Figure 6 are consistent with enhanced KBM-driven
transport at higher f,, but the gradients Vn,, VT;, and 1/Lz,
scalings give mixed agreement with regard to KBM-driven
transport. The partial agreement indicates KBM turbulence
can be considered a candidate mechanism for the observed
pedestal turbulence.

Microtearing (MT) mode turbulence is driven by VT,,
and MT-driven transport is enhanced at higher v, and f,
according to linear and nonlinear gyrokinetics.*>¢ p, scal-
ings for L, and k¢ in Figure 6 are consistent with enhanced
MT-driven transport at higher f,. Again, v, scalings
appeared in a few regression models and exhibited the same
sign as v} scalings. Collectively, the v scalings are consistent
with enhanced MT-driven transport at higher v. Finally, the
1/Lr, scalings for 7, are inconsistent with enhanced MT-
driven transport at higher 1/Lz,. Like KBM, MT turbulence
can be considered a candidate mechanism for the observed
turbulence based upon v, and f§, scalings despite inconsis-
tency with 1/Lr, scalings. Note that MT simulations for the
NSTX core region indicate BES measurements would be
insensitive to MT turbule:nce,35’36 but pedestal simulations
give a more complex picture. For instance, pedestal simula-
tions point to turbulence with mixed parity or hybrid mode
structures,37 and MT turbulence in the pedestal exhibits less
sensitivity to collisions.

Next, we consider flow shear regulation of turbu-
lence.*®3° The VV; scalings for L, and ky are consistent with
turbulence reduction by equilibrium flow shear. £ x B flow
shear scalings are not available due to challenges with sec-
ond derivatives of profile quantities, but the scalings do indi-
cate 1, decreases at higher E,. The observed E, scaling is
consistent with £ x B flow shear decorrelation of turbulence
because higher E, will increase the E, gradient throughout
the pedestal, as shown in Figure 4. Therefore, the observed
E, scalings for 7, are consistent with turbulence decorrela-
tion by E x B flow shear. Also, the v scalings in Figure 6
point to enhanced turbulent transport at higher v, consistent
with reduced zonal flow activity at higher v.

Finally, the observed scalings in Figure 6 show L,
increases at larger pedestal height (71,.4) and kg decreases at
larger n,,, and pedestal width (AR).4). The scalings are con-
sistent with the link between wider, taller pedestals and
larger turbulent structures recently reported for tokamak
edge turbulence measurements.*’

To recap, heuristic transport models, turbulence theo-
ries, and the observed scalings in Figure 6 can provide
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insight into pedestal turbulence mechanisms. The observed
scalings show the most consistency with TEM, KBM, and
MT-driven transport, but the scalings are least consistent
with ITG-driven transport. The VV; and E, scalings are con-
sistent with turbulence reduction by flow shear, and the v
scalings are consistent with zonal flow regulation of turbu-
lence. Also, the scalings are consistent with the link between
wider, taller pedestals and larger turbulent structures. The
scalings in Figure 6 do not implicate a single turbulence
mechanism, but rather suggest that multiple instabilities may
be active in the strongly sheared, high pressure gradient ped-
estal region. The scalings are akin to parameter scans in tur-
bulence simulations, so future comparisons to pedestal
turbulence simulations and corresponding scans will help
unravel the various instabilities and interactions that impact
pedestal structure.

VI. SUMMARY

Confinement projections for ITER and next-step devices
benefit from accurate pedestal models, and the ST parameter
regime provides an opportunity to enhance confidence in
pedestal models. Measurements of low-k turbulence in the
steep gradient region of the NSTX H-mode pedestal during
ELM-free, MHD quiescent periods reveal broadband turbu-
lence with frequencies up to about 50 kHz. Dimensionless
turbulence quantities are consistent with drift-wave turbu-
lence parameters with L,/p; ~ 10, kgp; ~ 0.2, and
tq/(a/cs) ~ 5. We introduced a model aggregation tech-
nique to identify parametric dependencies among turbulence
quantities and transport-relevant plasma parameters. Model
aggregation is an exploratory technique to identify patterns
in multi-dimensional datasets with complex interdependen-
cies. The observed scalings indicate L, increases and kg
decreases with higher Vn, and v and with smaller VT;. The
observed scalings show the most agreement with transport
driven by trapped-electron mode, kinetic ballooning mode,
and microtearing mode turbulence, and the least agreement
with ion temperature gradient turbulence. In addition, the
scalings are consistent with turbulence regulation by flow
shear and consistent with the observed link between wider,
taller pedestals and larger turbulent structures. The observed
scalings identified by model aggregation are like parameter
scans in turbulence simulations, so model validation and
comparison to simulations can be straightforward in future
work.

ACKNOWLEDGMENTS

The authors gratefully acknowledge helpful discussions
with D. R. Mikkelsen and S. J. Zweben. This work was sup-
ported by U.S. Department of Energy Grant Nos. DE-FG02-
89ERS53296, DE-SC0001288, and DE-AC02-09CH11466.

'Y.-K. M. Peng, Phys. Plasmas 7, 1681 (2000).

M. Ono, S. M. Kaye, Y.-K. M. Peng et al., Nucl. Fusion 40, 557 (2000).
3S. Kaye, F. Levinton, D. Stutman, K. Tritz, H. Yuh, M. Bell, R. Bell, C.
Domier, D. Gates, W. Horton, J. Kim, B. LeBlanc, R. M. N.C. Luhmann,
Jr., E. Mazzucato, J. Menard, D. Mikkelsen, D. Mueller, H. Park,


http://dx.doi.org/10.1063/1.874048
http://dx.doi.org/10.1088/0029-5515/40/3Y/316

055903-9 Smith et al.

G. Rewoldt, S. Sabbagh, D. Smith, and W. Wang, Nucl. Fusion 47, 499
(2007).

4S. M. Kaye, R. E. Bell, D. Gates, B. P. LeBlanc, F. M. Levinton, J. E.
Menard, D. Mueller, G. Rewoldt, S. A. Sabbagh, W. Wang, and H. Yuh,
Phys. Rev. Lett. 98, 175002 (2007).

SM. Kotschenreuther, W. Dorland, Q. P. Liu, M. C. Zarnstorff, R. L. Miller,
and Y. R. Lin-Liu, Nucl. Fusion 40, 677 (2000).

°G. Rewoldt, W. M. Tang, S. Kaye, and J. Menard, Phys. Plasmas 3, 1667
(1996).

’S. M. Kaye, W. Solomon, R. E. Bell, B. P. LeBlanc, F. M. Levinton, J. E.
Menard, G. Rewoldt, S. A. Sabbagh, W. Wang, and H. Yuh, Nucl. Fusion
49, 045010 (2009).

8D. J. Applegate, C. M. Roach, J. W. Connor, S. C. Cowley, W. Dorland, R.
J. Hastie, and N. Joiner, Plasma Phys. Controlled Fusion 49, 1113 (2007).

K. L. Wong, S. Kaye, D. Mikkelsen, J. Krommes, K. Hill, R. Bell, and B.
LeBlanc, Phys. Rev. Lett. 99, 135003 (2007).

0K L. Wong, S. Kaye, D. R. Mikkelsen, J. A. Krommes, K. Hill, R. Bell,
and B. LeBlanc, Phys. Plasmas 15, 056108 (2008).

"'W. Guttenfelder, J. Candy, S. M. Kaye, W. M. Nevins, E. Wang, R. E.
Bell, G. W. Hammett, B. P. LeBlanc, D. R. Mikkelsen, and H. Yuh, Phys.
Rev. Lett. 106, 155004 (2011).

27, Diallo, G. J. Kramer, D. R. Smith, R. Maingi, R. E. Bell, W.
Guttenfelder, B. P. LeBlanc, M. Podesta, G. R. McKee, and R. Fonck,
Phys. Plasmas 20, 012505 (2013).

3G. R. McKee, C. C. Petty, R. E. Waltz, C. Fenzi, R. J. Fonck ez al., Nucl.
Fusion 41, 1235 (2001).

YD, R. Smith, H. Feder, R. Feder, R. J. Fonck, G. Labik, G. R. McKee, N.
Schoenbeck, B. C. Stratton, I. Uzun-Kaymak, and G. Winz, Rev. Sci.
Instrum. 81, 10D717 (2010).

Sp. R. Smith, R. J. Fonck, G. R. McKee, and D. S. Thompson, Rev. Sci.
Instrum. 83, 10D502 (2012).

'6R. J. Fonck, P. A. Duperrex, and S. F. Paul, Rev. Sci. Instrum. 61, 3487
(1990).

M. W. Shafer, R. J. Fonck, G. R. McKee, and D. J. Schlossberg, Rev. Sci.
Instrum. 77, 10F110 (2006).

8N. L. Schoenbeck, S. D. Ellington, R. J. Fonck, K. Jachnig, G. R. McKee,
D. R. Smith, I. U. Uzun-Kaymak, and G. Winz, Rev. Sci. Instrum. 81,
10D718 (2010).

K. Tritz, in Bulletin of the American Physical Society (American Physical
Society, 2010).

201, H. Hutchinson, Plasma Phys. Controlled Fusion 44, 71 (2002).

Downloaded 07 May 2013 to 198.125.232.176. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://pop.aip.org/about/rights_and_permissions

Phys. Plasmas 20, 055903 (2013)

*'B. P. LeBlanc, A. Diallo, G. Labik, and D. R. Stevens, Rev. Sci. Instrum.
83, 10D527 (2012).

22M. Bell, R. Bell, D. Gates, S. Kaye, H. Kugel, B. LeBlanc, F. Levinton, R.
Maingi, J. Menard, R. Raman, S. Sabbagh, D. Stutman, and T. N. R.
Team, Nucl. Fusion 46, S565 (2006).

R, E. Bell, R. Andre, S. M. Kaye, R. A. Kolesnikov, B. P. LeBlanc, G.
Rewoldt, W. X. Wang, and S. A. Sabbagh, Phys. Plasmas 17, 082507
(2010).

2*M. Kutner, C. Nachtsheim, J. Neter, and W. Li, Applied Linear Statistical
Models, 5th ed. (McGraw-Hill, 2005).

8. J. Zweben, J. A. Boedo, O. Grulke, C. Hildago, B. LaBombard, R. J.
Maqueda, P. Scarin, and J. L. Terry, Plasma Phys. Controlled Fusion 49,
S1(2007).

26D, N. Reshef, Y. A. Reshef, H. K. Finucane, S. R. Grossman, G. McVean,
P. J. Turnbaugh, E. S. Lander, M. Mitzenmacher, and P. C. Sabeti, Science
334, 1518 (2011).

?7G. J. Szekely and M. L. Rizzo, Ann. Appl. Stat. 3, 1236 (2009).

283, C. Johnson, Psychometrica 32, 241 (1967).

29, Lang, Y. Chen, and S. E. Parker, Phys. Plasmas 14, 082315 (2007).

A, G. Peeters, C. Angioni, M. Apostoliceanu, F. Jenko, and F. Ryter, Phys.
Plasmas 12, 022505 (2005).

3y, Krommes, Phys. Rep. 360, 1 (2002).

ITPA Transport Physics Topical Group, ITPA Confinement Database and
Modelling Group, and ITPA Pedestal and Edge Topical Group, Nucl.
Fusion 47, S18 (2007).

33M. Kotschenreuther, W. Dorland, M. A. Beer, and G. W. Hammett, Phys.
Plasmas 2, 2381 (1995).

34p. B. Snyder and G. W. Hammett, Phys. Plasmas 8, 744 (2001).

Bw. Guttenfelder, J. Candy, S. M. Kaye, W. M. Nevins, R. E. Bell,
G. W. Hammett, B. P. LeBlanc, and H. Yuh, Phys. Plasmas 19, 022506
(2012).

3W. Guttenfelder, J. Candy, S. M. Kaye, W. M. Nevins, E. Wang, J. Zhang,
R. E. Bell, N. A. Crocker, G. W. Hammett, B. P. LeBlanc, D. R.
Mikkelsen, Y. Ren, and H. Yuh, Phys. Plasmas 19, 056119 (2012).

¥D. R. Smith, in Bulletin of the American Physical Society (American
Physical Society, 2012).

*T. S. Hahm and K. H. Burrell, Phys. Plasmas 2, 1648 (1995).

*P. H. Diamond, S.-I. Itoh, K. Itoh, and T. S. Hahm, Plasma Phys.
Controlled Fusion 47, R35 (2005).

40Z. Yan, G. R. McKee, R. J. Groebner, P. B. Snyder, T. H. Osborne, M. N.
Beurskens, and K. H. Burrell, Phys. Plasmas 18, 056117 (2011).


http://dx.doi.org/10.1088/0029-5515/47/7/001
http://dx.doi.org/10.1103/PhysRevLett.98.175002
http://dx.doi.org/10.1088/0029-5515/40/3Y/331
http://dx.doi.org/10.1063/1.871686
http://dx.doi.org/10.1088/0029-5515/49/4/045010
http://dx.doi.org/10.1088/0741-3335/49/8/001
http://dx.doi.org/10.1103/PhysRevLett.99.135003
http://dx.doi.org/10.1063/1.2839295
http://dx.doi.org/10.1103/PhysRevLett.106.155004
http://dx.doi.org/10.1103/PhysRevLett.106.155004
http://dx.doi.org/10.1063/1.4773402
http://dx.doi.org/10.1088/0029-5515/41/9/312
http://dx.doi.org/10.1088/0029-5515/41/9/312
http://dx.doi.org/10.1063/1.3478660
http://dx.doi.org/10.1063/1.3478660
http://dx.doi.org/10.1063/1.4728094
http://dx.doi.org/10.1063/1.4728094
http://dx.doi.org/10.1063/1.1141556
http://dx.doi.org/10.1063/1.2221908
http://dx.doi.org/10.1063/1.2221908
http://dx.doi.org/10.1063/1.3483196
http://dx.doi.org/10.1088/0741-3335/44/1/307
http://dx.doi.org/10.1063/1.4738655
http://dx.doi.org/10.1088/0029-5515/46/8/S01
http://dx.doi.org/10.1063/1.3478571
http://dx.doi.org/10.1088/0741-3335/49/7/S01
http://dx.doi.org/10.1126/science.1205438
http://dx.doi.org/10.1214/09-AOAS312
http://dx.doi.org/10.1007/BF02289588
http://dx.doi.org/10.1063/1.2771141
http://dx.doi.org/10.1063/1.1848111
http://dx.doi.org/10.1063/1.1848111
http://dx.doi.org/10.1016/S0370-1573(01)00066-7
http://dx.doi.org/10.1088/0029-5515/47/6/S02
http://dx.doi.org/10.1088/0029-5515/47/6/S02
http://dx.doi.org/10.1063/1.871261
http://dx.doi.org/10.1063/1.871261
http://dx.doi.org/10.1063/1.1342029
http://dx.doi.org/10.1063/1.3685698
http://dx.doi.org/10.1063/1.3694104
http://dx.doi.org/10.1063/1.871313
http://dx.doi.org/10.1088/0741-3335/47/5/R01
http://dx.doi.org/10.1088/0741-3335/47/5/R01
http://dx.doi.org/10.1063/1.3590936

