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This paper presents new measurements of the cross-phase angle, «, 7, between long-wavelength

(kgp,<0.5) density, i7,, and electron temperature, 71, fluctuations in the core of DIII-D [J. L. Luxon,
Nucl. Fusion 42, 614 (2002)] tokamak plasmas. The coherency and cross-phase angle between 7,

and fe are measured using coupled reflectometer and correlation electron cyclotron emission
diagnostics that view the same plasma volume. In addition to the experimental results, two sets of
local, nonlinear gyrokinetic turbulence simulations that are performed with the GYRO code [J. Candy
and R. E. Waltz, J. Comput. Phys. 186, 545 (2003)] are described. One set, called the
pre-experiment simulations, was performed prior to the experiment in order to predict a change in
@, T, given experimentally realizable increases in the electron temperature, 7,. In the experiment the
cross-phase angle was measured at three radial locations (p=0.55, 0.65, and 0.75) in both a “Base”
case and a “High 7,” case. The measured cross-phase angle is in good qualitative agreement with

the pre-experiment simulations, which predicted that 7, and 71 would be out of phase. The
pre-experiment simulations also predicted a decrease in cross-phase angle as 7, is increased.
Experimentally, this trend is observed at the inner two radial locations only. The second set of
simulations, the postexperiment simulations, is carried out using local parameters taken from
measured experimental profiles as input to GYRO. These postexperiment simulation results are in
good quantitative agreement with the measured cross-phase angle, despite disagreements with
transport fluxes. Directions for future modeling and experimental work are discussed. © 2010
American Institute of Physics. [doi:10.1063/1.3323084]

I. INTRODUCTION T, density fluctuations, 7, potential fluctuations, ¢, as well as

the cross-phase angles, ary and Qs and the coherencies,

The i t f long- length turbulent fluctua- .
¢ importance ot fong-waveiengih tirbulent vuctua Yre and v, 4. Here ny and T are the density and temperature,

tions in determining cross-field transport in the core of toka-

mak plasmas is of considerable interest to the field of mag-
netically confined fusion. Measurements of the cross-phase
angles between different fluctuating fields, in addition to tur-
bulence fluctuation levels, are essential for diagnosing turbu-
lence driven transport.l’2 The expression for cross-field en-
ergy flux, Q, due to electrostatic turbulence can be written
(without species indices) as Q=(j0,), in terms of fluctuations
in pressure, p, and the radial component of the £ X B veloc-
ity, 0,, where ( ) indicates an ensemble average. This can be
expanded as

3kg
0= _[noT¢7T¢ sin(ary) + Tofidy, ¢ sin(a,g)], (1)

which illustrates that the electrostatic turbulent cross-field
energy flux depends on several turbulence parameters that
can be measured: the rms levels of temperature fluctuations,

a)Paper KI3 1, Bull. Am. Phys. Soc. 54, 137 (2009).
nvited speaker.
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B, is the background magnetic field in the toroidal direction,

kg is the wave number of fluctuations, and d~-E o/ kg Mea-
suring all these quantities simultaneously allows for direct
evaluation of turbulent electrostatic energy flux. In the edge
plasma of tokamak experiments these measurements are
made using Langmuir probes.1 In the core of tokamak
plasmas, simultaneous measurement of multiple fluctuating
fields and cross-phase angles is difficult and has rarely
been performed.}5 At the DIII-D tokamak,6 a correlation
electron cyclotron emission (CECE) diagnostic allows for
local measurement of long-wavelength electron temperature
fluctuations.” The availability of a beam emission spectros-
copy (BES) diagnostic8 allows for simultaneous measure-
ment of local density fluctuations, but at a location toroidally
and poloidally displaced from CECE measurement location.’
Recently two new multichannel reflectometer sys.temsm’11
used for density fluctuation measurements have become
available. One of the reflectometer systems has been coupled

with the CECE system in order to measure 77, and Te, respec-
tively, at the same toroidal, poloidal, and radial position in
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the core plasma at DIII-D. The cross-phase angle between 7,

and 7, can be measured using this new coupled
reflectometer-CECE system. While the cross-phase angle
a, 7 does not enter directly into the turbulence-driven flux
equations, comparisons of this measurement with theory and
simulation provide valuable new information about the phys-
ics of turbulence driven transport associated with ion tem-
perature gradient (ITG) and trapped electron mode (TEM)
instabilities.'? For example, the sign of @, T, could be used to
identify an instability as an ion branch or electron branch
mode, " similar to measurements of the propagation direction
of turbulence in the plasma frame."” Quasilinear transport
approximations include a model for the dominant mode’s
linear cross-phase angle that is the same as the nonlinear
cross-phase angle,14 which means that measurements of 1,
can be compared against reduced, theory-based transport
models such as TGLF."> Measurements of the cross-phase
angle also provide a new constraint on nonlinear, gyrokinetic
turbulence-transport codes, such as GYRO.'® Simultaneous
measurements of the cross-phase angle, T, and two-field
fluctuation levels, combined with experimentally inferred
power flows and thermal diffusivities, will allow for com-
parisons at multiple levels of a “primacy hierarchy,””’18
which is important for rigorous testing and validation of
turbulence-transport models.

The main goals of the experiments described here were
to study the cross-phase angle between long-wavelength
density and electron temperature fluctuations and to produce
a new, comprehensive turbulence data set for future valida-
tion efforts. In this paper, we present new measurements of
the cross-phase angle, @, 75 between long-wavelength

(kgpy<0.5) density, 7,, and electron temperature, T, fluctua-
tions in the core of DIII-D tokamak plasmas. Here k, is
the wave number of the fluctuations and p; is the ion sound
gyroradius defined as p,=c,/),, where c¢,= \r’m and
QO,=eB/mc. In addition to the experimental results, we de-
scribe two sets of nonlinear gyrokinetic turbulence simula-
tions that are performed with the GYRO code.'® One set,
called the pre-experiment simulations, was performed prior
to the experiment in order to predict a change in @, 1, given
experimentally realizable modifications to the electron tem-
perature profile. The second set of simulations, the postex-
periment simulations, is carried out in a traditional
manner' 2 using local parameters taken from measured ex-
perimental profiles as input in order to quantitatively com-
pare with turbulence measurements. Both pre-experiment
and postexperiment gyrokinetic simulations have been used
for comparisons with experiment. The pre-experiment simu-
lations predicted that 7, and 7"6 would be out of phase,
anercx—llO", in ITG dominant L-mode plasmas. The pre-
experiment simulations also predicted that @, T, would de-
crease to aneTe%—70° when electron temperature increased
by 50% (1/ LTey constant). The inverse gradient scale length is
defined, for temperature for example, as 1/L;=|(1/T)
X (dT/dr)|. In the nonlinear simulations, the change in cross-
phase angle is accompanied by a change from ITG turbu-
lence to TEM turbulence as 7, increases. Neutral beam
heated L-mode tokamak plasmas were used to test the new
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prediction for changes in cross-phase angle. Experimentally,
T, is increased using local electron cyclotron heating (ECH).
The response of the cross-phase angle, @, T, is monitored at
three radial locations, p=0.55,0.65, and 0.75. At all radii,
density and electron temperature fluctuations are measured to
be out of phase, and the values of the cross-phase angle is
qualitatively consistent with the pre-experiment simulation
results. The measured cross-phase angle decreased signifi-
cantly by approximately 45° at p=0.55 and p=0.65 in the
“High T,” discharges that had neutral beam heating in addi-
tion to ECH. This experimentally observed change in the
cross-phase angle is qualitatively consistent with the trend
predicted by the pre-experiment simulations. However, at
p=0.75 the measured change in @, 7 is within the experi-
mental uncertainty. A goal for this work is to compare the
two experimental cases quantitatively against postexperiment
simulations at all radial locations, but at this stage only simu-
lations for the “High 7,” case at one radius have been com-
pleted. These postexperiment simulation results are in good
quantitative agreement with the measured cross-phase angle,
despite disagreements with transport fluxes. Directions for
future modeling and experimental work are discussed.

The remainder of this paper is organized as follows. Sec-
tion II describes the pre-experiment GYRO simulations used
to predict changes in «, 7, Sec. III describes the coupled
reflectometer and CECE diagnostics used to measure @, T
Sec. IV describes the experimental results and measured
changes in @, 75 Sec. V presents initial quantitative compari-
sons between postexperiment GYRO simulations and experi-
mental results, and Sec. VI presents a summary of results and
a discussion of ongoing and future work.

Il. PRE-EXPERIMENT GYRO SIMULATIONS

One difficulty encountered in testing turbulence-
transport models via direct comparison with experiment is
that transport levels and fluctuation levels predicted by non-
linear gyrokinetic simulations are highly sensitive to density
and temperature gradients used as input to the codes.'®1819
When comparisons between experiment and simulation are
performed, it is usually possible to improve quantitative
agreement in a single quantity at a single radial location by
varying the input gradients within experimental error bars.
This is attributed to the so-called “stiffness” of the transport
models observed close to marginal stability.16 Because of this
sensitivity to input parameters, to critically test the codes it is
important to make multilevel comparisons at several radial
locations and plasma conditions. Predictions from simula-
tions for changes in turbulence-driven transport fluxes for
multiple plasma conditions are obtained using parameter
scans, which typically include scans of one drive or damping
term (all other parameters held fixed). As an example, the
effects of safety factor and magnetic shear are considered by
Ref. 21 using a large number of nonlinear GYRO simulations.
These types of extensive scans usually track changes in
transport fluxes, but not fluctuations. Therefore, in this
project we have used fully nonlinear, pre-experiment simu-
lations with all turbulence information included to aid in the
design of dedicated validation experiments. Because these
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TABLE I. Local parameters at midradius used in two pre-experiment GYRO
simulations. The “Base” case parameters are from DIII-D discharge
128 913, p=0.5, t=1500 ms. For the “High T,” case the input electron
temperature to GYRO has been increased 50%.

Base High 7, Change
Parameter 128913 128913 (%)
p 0.5 0.5
a (m) 0.62 0.62
¢,/a (kHz) 215 263 +22
n, (10" m™) 2.083 2.083
T; (keV) 0.805 0.805
T, (keV) 0.964 1.446 +50
a/Lnﬂ 1.070 1.070
alLy, 1.807 1.807
alLy, 2.646 2.646
Yeep (cola) 0.040 0.040
vy (/@) 0.117 0.053 -55
TIT, 0.835 0.557 -33
p* 0.0026 0.0032 +23
Zus 1.325 1.325
q 1.827 1.827
K 0.626 0.626

pre-experiment simulations, like traditional postexperiment
simulations,'é’lg_20 are difficult, time consuming, and compu-
tationally expensive to carry out, we do use linear stability
calculations to select target conditions and potential param-
eter scans in preparation for the pre-experiment nonlinear
turbulence simulations. The final set of nonlinear pre-
experiment scans are used to track the responses of measur-
able turbulence characteristics to realistic changes in plasma
parameters. While this does allow for qualitative testing of
predictions from basic drift wave instability models in ex-
periments, the parameters used as input to the simulations
will not be identical to the parameters actually achieved. It is
important to also carry out traditional postexperiment simu-
lations and to employ synthetic dialgnosticsl&22 so that mea-
surements of the turbulence can be directly compared with
nonlinear gyrokinetic turbulence simulations.

In this work, simulations are performed using the non-
linear gyrokinetic turbulence and transport code GYRO,
which is an advanced and physically comprehensive Eulerian
Sf code that can be run in the local limit (flux-tube) or in
global mode.'** The equilibrium E X B shear is included
using the Waltz—Miller formulation and a Miller equilibrium
model is used to account for magnetic geometry effects. For
the pre-experiment parameter scans, baseline experimental
L-mode parameters taken from p=0.5 in DII-D discharge
128 913,9 and a series of local, nonlinear GYRO runs were
performed. These quasistationary, sawtooth-free L-mode
plasma conditions provide good conditions for performing
turbulence-transport simulations. Simulations done in the lo-
cal limit, p*=0, are in good agreement with global results in
these cases.'® Details of past simulations of 128 913 are de-
scribed in detail by Ref. 18 but the local input parameters at
p=0.5 are summarized here in Table I for reference, labeled
as a “Base” case. The GYRO runs for the “Base” case showed
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FIG. 1. (Color online) The wave number spectrum of @, T, at p=0.5 calcu-
lated from nonlinear GYRO simulations shows the decrease in cross phase as
T, is increased by 50%. Values of @, 7, at kops=0.2 plotted vs percent
change in T,. Linear GYRO runs (blue c1rc]es) and nonlinear GYRO runs (red
diamonds) show good agreement both for the magnitude of the cross-phase
angle and the trend with increasing 7.

that density and electron temperature fluctuations are out of
phase, angTe~—1 10°.° Building on this result, a 7, scan was
studied with GYRO to assess whether or not e, r will change
given an experimentally realizable change in plasma param-
eters. An experimental 7, scan is motivated by the availabil-
ity of a high-power ECH system at DIII-D, which can be
used to increase T, in beam-heated L-mode plasmas by as
much as 50% with little to no change in 1/ Lr. In these
pre-experiment simulations, 7, and VT, were increased up to
50% (1 /Ly, is constant). All other input parameters (such as

T, and E ) were held constant, but parameters directly
dependent on 7,, e.g., collisionality and temperature ratio,
were allowed to vary in the simulations as 7, is scanned.
Table I compares the input parameters used for two pre-
experiment GYRO simulations, corresponding to a “Base”
case and a “High T,” case.

The pre-experiment simulations show a significant de-
crease in a, 7, at long wavelengths (kgp,<0.5) in the “High
T,” case. The predicted trend for @, r, at p=0.5 at the out-
board midplane is shown as a function of normalized wave
number in Fig. 1(a). The pre-experiment simulations pre-

dicted that 71, and Te are out of phase, aneTez—IIOO, in ITG
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TABLE II. Results from the pre-experiment set of local, nonlinear GYRO
simulations comparing transport and turbulence at p=0.5 for the “Base” and
“High T,” cases. Statistical errors are 1% for turbulence levels and 2%—3%
for transport levels.

Base High 7, Change

Parameter 128913 128913 (%)
Xcg (m?/s) 0.866 1.590 +84
X.! XcB 2.67 3.62 +36
0, (MW) 0.96 3.60 +275
X/ Xcs 5.15 5.71 +11
0; (MW) 1.06 2.16 +104
e@IT (%) 2.30 251 +8
,/n, (%) 1.08 1.00 -7
T,IT, (%) 1.56 2.49 +60
T/ T; (%) 1.56 1.30 —-20
T,/T,I7,/n, 1.4 25 +128
a, 4kop;=0.2) —23° —46° +100
ar y(kop,~0.2) —138° —138°

a, 1 (kop,=0.2) —-109° —69° -36

dominant L-mode plasmas. The pre-experiment simulations
also showed that @, T, decreased to a, v =~=70° when the
electron temperature is increased by 50% (I/LT(, constant).
In the nonlinear simulations, the change in cross-phase angle
is accompanied by a change from ITG turbulence to TEM
turbulence as T, increases. For the “Base” and “High 7,”
cases in the pre-experiment simulations, the linear cross-
phase angle calculated with GYRO is in agreement with the
nonlinear cross-phase angle, Fig. 1(b). Using this observa-
tion, a larger 7, scan is performed using linear GYRO simu-
lations. The same trend in @, T, is observed. The agreement
between the linear and nonlinear theory for the cross-phase
angle in these cases is consistent with past results showing
that for ITG and TEM turbulence with low turbulence drive
(e.g., a/Ly=3) there is good agreement between nonlinear
and linear cross-phase angles.14

Changes in turbulence characteristics (amplitudes and
cross-phase angles) and thermal transport are output from the
two nonlinear pre-experiment simulations and are summa-
rized in Table II. The rms fluctuation levels from the pre-
experiment simulations are taken at the midplane and aver-
aged over the simulation box. These values do not include
synthetic diagnostic modeling, which reduces the midplane
fluctuation levels typically by a factor of 2 or more and also
affects the shape of the frequency power spectra\.18 All fluc-
tuation levels have standard deviations for the rms fluctua-
tion level of approximately 1%. Note that in both the pre-
experiment “Base” and “High T,” cases the electrons do not
follow a Boltzmann (adiabatic) response, the cross-phase
angle between density and potential fluctuations is finite,
@, 4#0, and ed/T+ii,/n,. This is expected because the fi-
nite electron transport in the simulations results from the
nonadiabatic part of the distribution function. Interestingly,
the change in @, predicted by the simulations is accompa-
nied by a large factor of 2 change in cross-phase angle [
but there is no change in cross-phase angle between electron
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temperature and potential fluctuations, ar ¢ The large in-
creases in electron heat transport in the simulation result both
from the change in cross-phase angle @, ¢ and from the in-
crease in electron temperature fluctuation amplitude. The in-
crease in the cross-phase angle a, 4 also contributes to the
increase in particle transport even though a decrease in 71,/n,
is predicted. The ion temperature fluctuation level, T,/ T, is
predicted to decrease by 20%, although the ion thermal
transport increases by 11% in the simulations.

These pre-experiment nonlinear GYRO simulations of
beam-heated L-mode plasma conditions show that long-
wavelength turbulence is changed from ITG-driven to TEM-
driven in the cases with higher electron temperature. Exten-
sive parameter scans for linear stability calculations using
TGLF (Ref. 24) indicate that for typical beam-heated
L-mode plasma parameters, these changes in turbulence
drive are a result of decreases in collisionality and increases
in T,/T,. The correlation between changes in @, T, and
changes in ITG/TEM drive is of interest because theory sug-
gest that the sign of @, T, could be used to identify the domi-
nant instability driving the observed turbulence'? in a manner
similar to using measurements of the propagation direction
of turbulence in the plasma frame to identify ion or electron
drift wave type modes."

lll. COUPLED REFLECTOMETRY AND CECE
DIAGNOSTICS

Experimentally the cross-phase angle between long
wavelength density and electron temperature fluctuations,
@, 1, is measured locally in the core plasma using a V-band
multichannel X-mode quadrature reflectometer and a W-band
multichannel X-mode CECE diagnostic. The two fluctuation
diagnostics are coupled together using a multiplexer so that
the same antenna and plasma viewing optics can be used.
The data from the CECE and reflectometer diagnostics are
recorded on the same digitizer so that time bases for the 7,

and 71 signals are identical. The CECE diagnostic (similar to
that described in Ref. 7) is used to measure local,
long-wavelength (kgp,<<0.3) electron temperature fluctua-
tions. The CECE system has two tunable, narrow-band
(Af3%#=~110-118 MHz, with tunable central frequency
range 6-17.6 GHz) channels which measure second har-
monic electron cyclotron emission (ECE) in the range
88 <frce<95 GHz (B;y=2 T) and two fixed frequency,
narrow-band (Af3%~100 MHz) channels viewing frcg
=91.6 GHz and frcg=93.6 GHz. The multichannel quadra-
ture reflectometer diagnostic is used to measure local, long-
wavelength (kgp,<0.5) density fluctuations. Full capabilities
of this system are described in Ref. 11. For this experiment,
the diagnostic is specifically configured so that the system
operates as a quadrature reflectometer rather than as a
Doppler backscattering system. For this experiment there
were five launched frequencies, which were tunable on a
shot-by-shot basis and scanned over the range 66 <fi,unch
<73 GHz, with a 250 MHz spacing between frequencies.
A diagram of the coupled CECE radiometer and reflec-
tometer diagnostics at DIII-D is shown in Fig. 2. The shared
plasma viewing optics localize the sample volumes toroi-
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FIG. 2. (Color online) Diagram of coupled CECE and reflectometer diag-
nostics at DIII-D. The inset shows profiles of plasma frequencies with ex-
ample values of 2f,, and fzy where CECE and reflectometer radial measure-
ment locations will overlap.

dally and poloidally. Radial overlap is obtained because the
X-mode correlation ECE radiometer measurement volume is
radially localized to a narrow resonance layer for second
harmonic ECE at 2f., in optically thick plasmas. The
X-mode quadrature reflectometer measurement volume is lo-
calized to the region where the right-hand cutoff frequency,
fru» matches the launch frequency, fi,uncn- The sample vol-
umes for the CECE and reflectometer diagnostics are ap-
proximated by Gaussian profiles defined by the e*-folding
lengths in the vertical and radial directions. For the CECE
measurement, the sample volume dimensions are approxi-
mately Az=3.2 and Ar=1 cm, determined by the measured
antenna pattern and the width of the last emission layer, re-
spectively. The sample volume dimensions of the reflectome-
ter measurement are determined by a combination of antenna
pattern, flux surface curvature, and refractive effects and are
estimated to be Az=3 and Ar=1 cm. The inset in Fig. 2
shows profiles of plasma frequencies with example values of
2f.. and fry where CECE and reflectometer radial measure-
ment locations will overlap. To measure correlation between
the two fluctuating fields, the reflectometer and CECE mea-
surement volumes need to be separated by less than the cor-
relation length of the turbulence, which is measured to be
2-3 cm in the L-mode plasmas of interest described later in
Sec. IV.

The correlation between a reflectometer signal and an
ECE signal is calculated using standard Fourier transform
analysis techniques.25 The data series for the density fluctua-
tions (reflectometer signal) and electron temperature fluctua-
tions (ECE signal) from some long, stationary time period of
interest are broken up into a reasonably large number,
ng> 1000, of statistically independent records. Each record
is Fourier transformed and the autospectrum function esti-
mate, [(S7)|* and [(S7)[’, and cross-spectrum estimate,
<S ST> are calculated as an ensemble average; the * indi-
cates a complex conjugate. From these, the coherency, Y, T,
as a function of frequency between the density fluctuations
and electron temperature fluctuations can be calculated as

Phys. Plasmas 17, 056103 (2010)

(87 S7)]

Vo1, (f) = KSoPISTE 2)

The cross-phase angle as a function of frequency between
density and electron temperature fluctuations is defined as

Im((S; S7.))
tanla, 1 (f)]= Re((S, 57)) (3)

From Ref. 25, the normalized random error in the coherency
is defined as

\’E(l - 7,%@1")

el
| Va1 N1

6[’YnETL)(f)] = > (4)

and the standard deviation in the cross-phase angle is defined
as

(1-% )"
sdfa, r (f]= ——F=. (5)
|7’nere|\“2”d

The expressions above are used to evaluate both experimen-
tal data and the output of nonlinear GYRO simulations.
We also report frequency averaged phase angles with a
variance and a standard deviation calculated using regular
definitions.”

The reflectometer signals are detected in quadrature,
which allows for both amplitude and phase information to be
retained. From the quadrature system there are several reflec-
tometer signals available: homodyne, A(f)cos ¢(t), complex
amplitude, A(r)e'??, phase, ¢(z), and amplitude, A(z). The
reflectometer phase signal, ¢(¢), should not be confused with
the cross-phase angle of the turbulence, @, r . Measurements
of density fluctuations with reflectometry are often difficult
to interpret, and most theories of reflectometry consider only
the reflectometer phase signal in order to extract information
about the turbulent density fluctuations.® However, there is
evidence that information about local, turbulent density fluc-
tuations can be obtained from the reflectometer amplitude
signal as well. Experimentally, it has been observed that the
spectrum and fluctuation level of density fluctuations mea-
sured with the reflectometer amplitude and complex ampli-
tude signals in tokamaks are in good agreement with mea-
surements from Langmuir probes27 and BES.*® On the
modeling side, recently a 2D full wave code was used to
show that the amplitude signal, A(z), reproduces most closely
the true correlation length of density fluctuations in a
regime characterized by low density fluctuation levels,” that
is, when fluctuation levels are similar to those measured in
the core plasma, on/n~ 1%, rather than the edge plasma,
on/n~10%.

In this work, we have examined the correlation between
an ECE radiometer signal and all available reflectometer sig-

nals. The highest coherency between 77, and Te is found when
using the reflectometer amplitude signal, A(¢). Figure 3 pre-
sents an example of correlated density and electron tempera-
ture fluctuations measured at DIII-D at p=~0.6 in an Ohmic
plasma heated with ECH (no beams). The power spectrum of
density fluctuations from the reflectometer amplitude signal
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FIG. 3. Example of measured correlated long wavelength 7, and Te in a
plasma with only Ohmic heating and ECH (no beams) at DIII-D (133 626,
t=1600-1900 ms, p=0.6). (a) The power spectrum of density fluctuations
measured with the scattered power signal from the reflectometer, (b) the
power spectrum of electron temperature fluctuations measured with CECE
using a two-channel correlation technique, (c) the coherency spectrum of
density and electron temperature fluctuations, and (d) the cross-phase angle
spectrum between density and electron temperature fluctuations.

is shown in Fig. 3(a), the power spectrum of electron tem-
perature fluctuations measured with CECE in Fig. 3(b), the
measured coherency spectrum in Fig. 3(c), and cross-phase
angle spectrum in Fig. 3(d). The power spectra are plotted
versus frequency in kilohertz and normalized to the peak
power in the frequency range f>10 kHz in order to com-
pare the spectral shapes. In this plasma with only Ohmic

heating and ECH, the turbulent 77, and Te spectra are narrow
in frequency due to small Doppler shifts of the turbulent
spectrum in these low-rotation plasmas. Where strong coher-
ency between the density and electron temperature fluctua-
tions is observed, between 10 and 70 kHz, it is possible to
clearly resolve the cross-phase angle, Fig. 3(d). Here the
fields are roughly 60° out of phase. At higher frequencies
where the fluctuations are no longer coherent, for example,
above 70 kHz, 1, is not resolved. The horizontal dashed
lines in Figs. 3(a)-3(c) represent the statistical noise limit of
the spectral estimates and are taken to be the standard devia-
tion. In Fig. 3(d) the horizontal dashed line is drawn at
a, v =0 for reference. Error bars plotted on the cross-phase
angle represent the standard deviation calculated based on
the coherency values and the number of records used in
the ensemble average for the coherency and cross-power
estimates.

When using the CECE system to measure electron tem-
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perature fluctuations, two channels that are incoherent with
respect to intrinsic radiometer thermal noise, but coherent
with respect to the turbulence fluctuations, need to be
correlated using a two-channel correlation technique,

(ST EceS2.EcE)» to extract the spectrum and rms fluctuation

level.”?*3? To correlate density and electron temperature

fluctuations, we correlated a reflectometer signal with a
single ECE signal. Sources of spurious correlations (e.g., due
to electronic noise pick-up) between the two signals can be
identified by correlating the signals in the absence of a
plasma signal and can be eliminated. Since the reflectometer
and CECE radiometer operate in different frequency ranges,
any thermal noise present in the two systems will be uncor-
related and the thermal noise is expected to be small or zero
for the reflectometer. Other unwanted but physically real cor-
relations between the reflectometer and CECE signals can be
present if the radiometer signal responds to density fluctua-
tions. This can occur in two different cases. First, at high
densities refractive effects become important as 2f., ~ fru
and the ECE radiometer signal becomes sensitive to % Sec-
ond, because the optical depth for second harmonic EC emis-
sion scales as 7*n,T, and the emission intensity scales as
Ioc(1-¢7"), density fluctuations can contribute to the mea-
sured fluctuating intensity at low densities when the optical
depth is low, 7< 3.32% In all the experimental results shown
here the density is low enough that refractive effects are
negligible and the density is high enough that 7> 3. Because
of this, no contribution from density fluctuations to the ECE
temperature fluctuation signal is expected.

IV. EXPERIMENTAL RESULTS

Experimentally we attempted to qualitatively test the
pre-experiment predictions from GYRO, described in Sec. II,
using quasistationary, sawtooth-free, beam-heated L-mode
plasmas. The L-mode discharges have magnetic field
By=2.0 T and plasma current /,=1 MA. An upper single-
null divertor plasma configuration is used with major radius,
R=1.63 m, minor radius ¢=0.62 m, and elongation k=1.6.
This plasma configuration is chosen to avoid an L-H transi-
tion when strong auxiliary heating is applied. The experi-
ments use deuterium neutral beam injection (NBI) in the
cocurrent direction and ECH, with Pyprpcy>5 MW. The
beam heating began at r=300 ms to delay the onset of saw-
teeth beyond r=1700 ms by heating the electrons and in-
creasing current diffusion time. A first discharge (reference
shot 138 040) was heated with 2.5 MW of coinjected neutral
beam power; no ECH was used. In the second discharge
(reference shot 138 038), an additional 2.4 MW of ECH
power (X-mode polarization) was launched from the low
field side and deposited at the second harmonic ECE reso-
nance layer at p=0.4. The time period of interest in both
cases is the 250 ms quasisteady, sawtooth-free L-mode
plasma between t=1400—1650 ms. During the time period
of interest there is no evidence on magnetic signals or ECE
signals of any large amplitude magnetohydrodynamic activ-
ity such as tearing modes. However, there is low level Alfvén
eigenmode (AE) activity detected by the BES system inside
of p=0.4. This is outside the measurement region for the
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FIG. 4. (Color online) Measured plasma profiles comparing reference shots
with NBI only (black) and a shot with NBI and ECH (red-grey), correspond-
ing to a “Base” case and “High T,” case, respectively. Data from 138 038
(red-grey) and 138 040 (black), =1525 ms are shown.

fluctuation diagnostics, and variations in density and tem-
perature associated with these modes do not directly impact
the turbulence measurements.

The time chosen for profile analysis and comparisons
with GYRO simulations is #=1525 ms in the reference shots
138 038 and 138 040. Radial profiles of n, were measured in
the experiments using Thomson scattering34 and CO,
interferometers.” Electron temperature, 7,, profiles are mea-
sured by Thomson scattering and a 40 channel ECE
radiometer®® (this radiometer is independent of the CECE
system). The profiles of ion temperature, 7;, and radial elec-
tric field, E,, were measured by charge exchange recombina-
tion spectroscopy.37 The measured experimental profiles at
t=1525 ms for reference shots 138 038 (red-grey) and
138 040 (black) are shown in Fig. 4. With ECH, the electron
temperature 7, and VT, increased factors of 1.4 in the core
and factors of 1.5-1.6 in the fluctuation measurement region
near p=0.55, 0.65, and 0.75 [Figs. 4(a) and 4(b)]. The ion
temperature, T; [Fig. 4(c)], increased in the measurement re-
gion due to increased collisional energy transfer between
electrons and ions. The density profile [Fig. 4(e)] was
matched in the two discharges using feedback control on the
line averaged density and edge gas puff fueling. In Fig. 4,
yellow shading indicates the radial region of interest for the
turbulence measurements. Dashed lines indicate a one-sigma
standard deviation due to random errors on the measure-
ments. Dashed lines for statistical error bars are also shown
on the gradient scale lengths and E X B shear derived from
the spline fits to the measured profiles.

Overall, there was a decrease in collisionality, an in-
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FIG. 5. (Color online) Changes in linear stability of the ITG mode and TEM
calculated using TGLF comparing reference shots 138 040 and 138 038 cor-
responding to a “Base” case (black) and “High 7,” case (red-grey), respec-
tively. Results at p=0.65 in 138 038 (red-grey) and 138 040 (black) at
t=1525 ms are shown.

crease in 7,/T;, and an increase in the ratio of the gradient
scale lengths, Ly /Ly , in the experiment. These changes will
favor TEM drive relative to the ITG mode drive.** There is
little to no change in the ion temperature gradient, VT, or the
density gradient, Vn, in the measurement region. During
ECH there was very little change in 1/Ly [Fig. 4(b)] and
VL, [Fig. 4(f)] across the radial region of interest. How-
ever, there was a decrease in 1/ Ly [Fig. 4(d)] at all radial
locations due mainly to the increase in 7; of 30%. The effec-
tive charge state Z.; increased across the radial range of
interest from 1.9 to 2.5. Linear stability analysis of drift
wave type instabilities was performed using the TGLF
code® using local parameters taken from the measured pro-
files as input. TGLF does not evolve the linear gyrokinetic
equation in time (initial value). Instead, TGLF solves a sys-
tem of moment equations for the eigenvalues, which allows
the calculated growth rate and real frequency wave number
spectra for the ITG and TEM to be tracked independently.
Linear stability analysis for the two reference shots shows
that the increase in electron temperature resulted in an in-
crease in the TEM growth rate at low-k and a decrease in the
ITG-mode growth rate, consistent with expectations from the
pre-experiment simulations. The results for p=0.65 are
shown in Fig. 5 and are similar to results at p=0.55 and 0.75.
In Fig. 5, yellow shading indicates the radial range of interest
for the turbulence measurements.

The target conditions for this experiment were chosen in
an attempt to minimize changes in EX B shear as 7, was
increased. However, in the experiment we observed that the
addition of ECH did change the radial electric field profile,
resulting in a slight reduction in E, [Fig. 4(g)]. There are also
slight changes (just outside the statistical error bars) in the
Hahm-Burrell shearing rate, wgyp, in the high T, shot [Fig.
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FIG. 6. (Color online) Changes in transport as calculated using ONETWO
comparing a “Base” case (black) and a “High T,” case (red-grey). Experi-
mental profiles from reference shots 138 038 and 138 040 at r=1525 ms
were used as input to ONETWO. Dashed lines indicate a one-sigma standard
deviation resulting from random uncertainties in the input profiles.

4(h)], at p=0.55 and 0.65, but there is a significant reduction
in EX B shear at p=0.75 when T, was increased. Langmuir
probe measurements in the edge of tokamak plasmas39 and in
basic plasma experiments40 show that the EX B shear can
strongly affect the cross-phase angle between fluctuating
fields, and theory has shown that changes in the cross-phase
angles due to E X B shear can impact transport more than
changes in turbulence amplitudes.41

Power balance analysis is performed with the ONETWO
code® using as input the experimentally measured profiles of
density, n,, from Thomson scattering34 and CO, inter-
ferometers,” T, from ECE radiometry36 and Thomson scat-
tering, ion temperature, 7;, and toroidal rotation, v, from
charge exchange recombination spectroscopy37 and radiated
power from bolometer arrays.43 There were increases in ther-
mal transport in the experimental “High T,” case (138 038)
compared to the “Base” case (138 040). Figure 6 shows the
experimentally inferred electron and ion diffusivities, y, and
Xi» respectively, from the reference shots. To estimate uncer-
tainties for the transport results, the n,, T,, T;, and v, data
from experimental profiles for the two reference shots are
varied in a Monte Carlo analysis to produce a set of 100
spline fits to each profile. These 100 spline fits are used as
input to ONETWO, which is run 100 times to produce an en-
semble of transport results. The mean from this set of 100
ONETWO runs and the standard deviation of the mean are
calculated. The mean thermal diffusivities are shown in Fig.
6 as solid lines and the standard deviation is shown as dashed
lines. This is an estimate of the experimental uncertainty in
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the reported transport levels based on random errors in the
measured density, temperature, and rotation profiles. Any ef-
fects due to potential systematic errors are not addressed by
this estimate of the power balance uncertainties. In Fig. 6,
yellow shading indicates the radial range of interest for the
turbulence measurements.

The cross-phase angle between density and electron tem-
perature fluctuations was measured using the coupled
reflectometer-CECE system described in Sec. III. At the in-
ner two core radial locations, p=0.55 and 0.65, we observed
a decrease in @, T, consistent with the predicted trend. How-
ever, at p=0.75, there was no change in the cross-phase
angle outside the error bars. Fluctuation data were averaged
over the 250 ms quasisteady, sawtooth-free L-mode plasma
between r=1400—1650 ms to improve the signal to noise
ratio. The reference shots were repeated and the fluctuation
diagnostics scanned on a shot by shot basis to measure tur-
bulence at three different radial locations. On each shot,
there are twenty reflectometer-CECE channel pairs from the
multichannel diagnostics that are used to calculate the coher-

ency and cross-phase angle between 71, and Te. In these
L-mode plasmas with coinjected neutral beams, the turbulent

i, and T, spectra and the cross-spectrum are broad in fre-
quency due to large Doppler shifts caused by the EX B ro-
tation, in contrast to the narrow spectra seen in Ohmic plas-
mas (e.g., Fig. 3). To compare changes in cross-phase angle
between shots we selected only data with mean cross-phase
angle in the frequency range f=150-300 kHz that had a
variance of 20° or less. This is done to minimize changes in
the cross-phase angle that may be due to shot-by-shot varia-
tions in sample volume separation. These effects are dis-
cussed in more detail in Sec. V. In Fig. 7 the measured co-
herency and cross-phase angle between density and electron
temperature fluctuations is shown at p=0.55, 0.65, and 0.75.
In all cases the cross-phase angle is found to be negative
when taking the 77, signal as the reference. In Fig. 7, results
from discharges corresponding to the “Base” case with beam
heating only are shown in black and the “High 7,” case with
beam heating in addition to ECH is shown in red. Dashed
lines in the coherency plots indicate the statistical noise floor
and error bars on the cross-phase angle are calculated at
each frequency based on the coherency level and the number
of records in the ensemble average. The measured cross-
phase angle at p=0.55 shows a decrease as T, is increased.
Shown in Figs. 7(a) and 7(b) the coherency at p=0.55 is
nearly equal and the cross-phase angle has decreased from
aneT€=—127° *17° to a,,eTe=—87° +8° The measured
cross-phase angle at p=0.65 shows the clearest decrease with
higher 7,. Shown in Figs. 7(c) and 7(d) the coherency at
p=0.65 is nearly equal in both cases, but the measured
cross-phase angle has decreased from a,,eTe=—110° +£11°
to aneTE=—61° *11°. The measured cross-phase angle at
p=0.75, in contrast to the two inner radii, showed no change
in the cross-phase angle (outside error bars) in the shot
with higher T,. Here, shown in Figs. 7(e) and 7(f), the
coherency is larger in the high T, case and the measured
cross-phase angle decreased from aneTg:—lOl °*x8° to
a, 7 =—89° *8° at p=0.75. We note that at this outermost
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FIG. 7. (Color online) The measured coherency, VT, and cross-phase angle, @, 1,5 comparing “Base” cases (black) and “High T,” cases (red-grey) are shown
at three radial locations. At p=0.55 and 0.65 smaller cross- phase angles are measured in the High T, Case. At p=0.75 there is no change in cross-phase angle
outside experimental error bars. Horizontal dashed lines on the coherency plot indicates a statistical noise limit, error bars on the cross-phase angle are the

one-sigma standard deviations, and a horizontal line at a,,A:O is plotted for reference.

measurement location, p=0.75, the plasma is optically thick
with optical depth, 7>3. The radial profile of the @, T, is
shown in Fig. 8. The plotted values are the average cross- Base Case (NBI Only) High T, Case (NBI + ECH)
phase angle in the frequency range 150-300 kHz, the errors or T T T T T
bars are the standard deviation. In the “Base™ case (black), 3
the experimental results show that @, r, decreases as radius
increases, but in the “High-7,” case (red grey), the smallest
cross-phase angle between the two fields is measured at
p=0.65.

Experimentally we observed that when two radially
separated CECE signals are cross correlated, the cross-phase
angle between them is zero and the coherency decays as the L +
channel separation is increased. This is also true for radially r -127° £ 17° 1
separated reflectometer signals. The decay in coherency be- -150 i ]
tween radially separated turbulence measurements is used for r . . .
measurements of the radial correlation length of the 050 055 060 0.65
turbulence.® This analysis method is general and can be done 0
using signals from CECE, reflectometry, BES, or Langmuir
probe diagnostics. Changes in coherency between the 77, and
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FIG. 8. (Color online) The “Base” case (black) and the “High-T,” case
(red-grey) cross-phase angles measured at three radial locations. The plotted

Te on a shot-by-shot basis was observed and is believed to be
dominated by variations in the spatial separation of the re-
flectometer and CECE sample volumes. In general, the
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FIG. 9. (Color online) The measured changes in long wavelength electron
temperature and density fluctuation levels measured with CECE and BES,
respectively. The electron temperature fluctuation level is obtained by inte-
grating the CECE cross-power spectrum between f=30-240 kHz and long-
wavelength density fluctuation level is obtained by integrating the BES
cross-power spectrum between f=70-500 kHz. Error bars represent the
experimental uncertainty in the measurements.

sample volumes can be separated both radially and poloi-
dally and the correlation between the two fields will be lim-
ited by the smallest correlation length, since it is not neces-
sary that the correlation lengths of the electron and density
fluctuations be the same or that radial and poloidal correla-
tion lengths of one field be the same. Measurements of the
radial correlation length of long wavelength density fluctua-
tions are made in these plasmas using BES and the measured
radial correlation length of long wavelength density fluctua-
tions was L,q=2.9 cm in this case. Experimentally we ob-
served that when the reflectometer and CECE signals are
separated radially by dr>2 cm, the cross-phase angle can
no longer be resolved.

Using the BES and CECE diagnostics in this experi-
ment, we measured the relative density, 77/n and electron

temperature fluctuation, Te/ T, levels in the core plasma. The
measured changes in the electron temperature fluctuation
level (obtained by integrating the CECE cross-power spec-
trum between 30-240 kHz) and long-wavelength density
fluctuation level (obtained by integrating the BES cross-
power spectrum between 70-500 kHz) for the two experi-
mental conditions are shown in Fig. 9. Long wavelength

T,/T, increases during ECH, with larger increases at larger
values of p. The measured long wavelength 77/n stays nearly
the same at all radial locations measured. The ratio of the

two-field fluctuation level, (TE/TE)/(ﬁ/ n) increases roughly
20% at p=0.65 and p=0.75, with little to no increase at

p=0.55. Similar to the predictions, long wavelength TE/TE
increases, but the largest increase is at p=0.75, with little to
no increase observed at p=0.55. In disagreement with pre-
dictions, the measured long wavelength 7/n, stays roughly
the same and does not decrease. However, due to increases in

T,/T,, there is an increase in the ratio (7,/T,)/(i/n) similar
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TABLE III. Local parameters at p=0.65 from reference discharges 138 040
and 138 038 at r=1525 ms, corresponding to an experimental “Base” case
and “High 7,” case, respectively. These are used as inputs for the postex-
periment GYRO simulations.

138040 138038

“Base” “High Change
Parameter case T, (%)
p 0.65 0.65
a (m) 0.62 0.62
¢,/a (kHz) 260 330 +27
n, (10" m™) 1.96 1.94
T; (keV) 0.736 0.967 +31
T, (keV) 0.538 0.871 +62
alL,, 1.34 1.50
alLy, 2.31 1.85 -20
allLy, 5.04 4.60
Ve (c5/a) 0.117 0.071 —40
v,; (¢ /a) 0.349 0.138 —60
TJT, 1.367 1.110 -19
o 0.0018 0.0022 +22
Zegi 1.928 2.646 +37
q 2.479 2.459
§ 1.506 1.508

to predictions. High-k (k,~35 cm™') density fluctuations are
monitored in the experiment using a backscattering
diagnostic.44 The high-k density fluctuations exhibited in-
creases in measured 77 of 6% in the High 7, Case. No mea-

surements of f“,-/T,- are available, nor of cross-phase angles
@, 4 OF ar4. The pre-experiment simulations did not include
high enough wave numbers to furnish predictions that could
be compared with experimentally measured intermediate-k
and high-k turbulence.

V. INITIAL POSTEXPERIMENT GYRO SIMULATIONS

Nonlinear postexperiment GYRO runs for both experi-
mental conditions (“Base” and “High T,” cases) and at all
three radial locations are in progress. Here we report only on
results at p=0.65. The inputs for postexperimental GYRO
simulations taken from the measured profiles for the two
reference discharges are summarized in Table III.

The simulations for 138 038, the “High 7,” case, were
run with a radial box size of 108p, and radial grid resolution
of Ax/p,<<0.35 in all cases. The simulations used 20 toroidal
modes with separation An=8, which gives toroidal mode
numbers n ranging from 0 to 152. This corresponds to a
simulated wave number range of kyp,=[0,1.2]. The integra-
tion time step was 7=0.0la/c,. Time traces of the box-
averaged ion and electron diffusivities for discharge 138 038
show that the transport has reached a steady, saturated state
by 7=50a/c; and time averaged simulation data over the
range 7=[140-280]a/c, are used for comparisons with ex-
perimental data. The statistical uncertainty in the GYRO cal-
culated flows is estimated as the standard deviation over the
simulation time interval of interest. Spectral densities for the
ion and energy diffusion show that the ion energy diffusivity
is well resolved by this simulation at long wavelengths, but
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TABLE 1V. Postexperiment GYRO simulations from 138 038, p=0.65,
t=1525 ms. Turbulence amplitudes and cross phase are compared with syn-
thetic diagnostic results.

Parameter GYRO Experiment
0., (MW) 3.77+0.06 2.43£0.02
0; (MW) 0.34*0.01 1.3220.02
T,IT, (%) 1.07+0.10 0.95+0.05
aln (%) 0.25%0.01 0.57=0.06
a, . (degrees) 71+1 6112

the electron energy diffusion is less so, showing that contri-
butions from kgp,>1.0 amount to 12% of the total flux.
Simulations run with higher wave numbers included (kgp, up
to 2.0) show little change in the net energy flow for these
parameters; however, more detailed box-size scans will be
performed in the future to evaluate the effects of resolving
higher-k modes in detail. For this case at p=0.65 from
138 038, the frequency-mode number spectra from the non-
linear GYRO simulations show that the potential fluctuations,
electron density fluctuations, and electron temperature fluc-
tuations all exhibit frequency responses consistent with pre-
dominantly TEM driven turbulence.

The experimental power flows taken from the ONETWO
power balance analysis are compared with GYRO results for
138038 in Table IV. Comparisons between the flows
calculated by GYRO and the experimental flows show that
the ion power flow is underestimated by nearly a factor of
3 and the electron power flows are overestimated by
50%. The experimental electron and ion power flow values
are (0,=243*+0.02 MW and Q;=1.32%0.02 MW,
respectively. The GYRO calculated electron and ion
power flow values are Q,=3.77x0.06 MW and Q;
=0.34*=0.01 MW, respectively. Error bars on the experi-
mental power flows are estimated using a Monte Carlo
analysis (as described in Sec. III) and error bars on the GYRO
results are estimated from the statistical uncertainty in the
simulations."® There are also disagreements between
ONETWO results and the GYRO calculated particle transport:
however, particle sources due to wall recycling are not well
known and a detailed comparison with particle transport is
not performed at this time. Power flows instead of diffusivi-
ties are compared to minimize the effect of uncertainties in
the measured profile gradients.]8

Along with the power flow comparisons, Table IV lists
comparisons between GYRO synthetic diagnostic turbulence
results and the experimental measurements. Synthetic BES
and CECE diagnostics are applied to the GYRO results fol-
lowing the methods of Ref. 18. Using the synthetic diagnos-
tics we find that the density fluctuation level predicted by
GYRO underestimates BES measurements at this location by
an amount outside the experimental error bars, but the pre-
dicted electron temperature fluctuation level is in agreement
to within error bars with the CECE measurements. The ex-
perimental density and electron temperature fluctuation lev-

els are 7/n=0.57*0.06% and T,/ T,=0.95 + 0.05%, respec-
tively. The GYRO calculated (with synthetic diagnostics)
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density and electron temperature fluctuation levels are

1n/n=0.25%0.01% and 71/ T,=1.07*=0.10%, respectively.
Similar to past simulations when electron heat flux did not
match the experiment [Fig. 10 of Ref. 9] we find that the
shape of the power spectra calculated from the GYRO syn-
thetic BES and CECE signals does not agree with the mea-
sured power spectral shapes at low frequencies.

Using the GYRO results from the postexperiment simula-
tion of shot 138 038 at p=0.65 to model the cross-phase
angle measurements, we produced synthetic density and
electron temperature fluctuation signals and analyzed them
the same way as the experimental data. The sample volumes
for the CECE and reflectometer diagnostics are approxi-
mated by Gaussian profiles defined by the ¢’>-folding lengths
in the vertical and radial directions. For the CECE measure-
ment, the sample volume dimensions are approximately
Az=3.2 cmand Ar=1 cm, determined by the measured an-
tenna pattern and the width of the last emission layer. The
sample volume dimensions of the reflectometer measurement
are determined by a combination of antenna pattern, flux
surface curvature, and refractive effects. They are estimated
to be Az=3 cm and Ar=1 cm. For this particular radial
location, p=0.65, the centers of the sample volumes for the
CECE and reflectometer are radially and poloidally displaced
by dr=R ece—Ren=0.5 cm and dz=2z..cc—Zen=0.3 cm, re-
spectively. This sample volume separation is calculated using
the GENRAY ray tracing code™® taking experimental profiles
and equilibrium reconstruction into account. The experimen-
tal cross-power spectrum (normalized to compare spectral
shape) and the cross-phase angle are compared with unfil-
tered GYRO results as well as the synthetic diagnostic results.
Shown in Fig. 10(a) are the GYRO unfiltered (black-solid),
synthetic diagnostic (blue-dashed), and experimental (red-
grey) cross-power spectra. The use of the synthetic diagnos-
tic spatial filter modifies the shape of the cross-power spec-

trum between 77, and Te, as seen in Fig. 10(a). The spatial
filtering results in a reduction of power at higher frequencies.
This effect is also observed when applying synthetic BES or
CECE diagnostics to GYRO output: higher frequencies are
filtered out and the fluctuation amplitude decreases.'® The
sensitivity of the cross-power spectrum to details of the
sample volume size is to be contrasted with the robustness of
the cross-phase angle, which is largely unaffected by the
sample volume size. As shown in Fig. 10(b) the sign and
magnitude of the cross-phase angle are not affected by the
spatial filtering, except at higher frequencies where the signal
levels are significantly attenuated by the spatial filtering.
Both with and without the spatial filtering applied there is
good quantitative agreement between the experiment and the
simulation for the average cross phase between 150-300
kHz, with GYRO cross-phase angle aneT€=—71° *1°, and
experimental cross-phase angle aneTe=—6l ° *= 12°. Note that
the experimental phase angle is meaningfully compared with
simulations only where it is resolved (frequencies where the
coherency is high). Outside the frequency range 90<f
<350 kHz the measured @, T, is in the noise. The error bars
on the experimental and the GYRO calculated cross-phase
angles are from statistical considerations only, where the
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FIG. 10. (Color online) Comparison of experimental results at p=0.65 to
postexperimental simulation results using the local parameters from
138 038, r=1525 ms as input. (a) The GYRO unfiltered (black-solid), syn-
thetic diagnostic (blue-dashed), and experimental (red-grey) cross-power
spectra have been normalized to compare the spectral shape. (b) The GYRO
unfiltered (black-solid), synthetic diagnostic (blue-dashed), and experimen-
tal cross-phase angles (red-grey) are compared. The one-sigma standard
deviations are plotted as error bars at each frequency in (a) and (b). Note
that the experimental phase angle is meaningfully compared with the simu-
lations only where it is resolved (frequencies where the coherency is high),
between 90 <f <350 kHz. Outside this frequency range the measured «,, 1
is in the noise. o

standard deviation of the cross-phase angle depends on the
coherency and the number of records used in the ensemble
average, Eq. (5). At fixed sample volume separation we var-
ied the size of the sample volume (the 1/e? power diameter
of the Gaussian), to examine the resulting changes in coher-
ency and the variance of the cross-phase angle. We found
that 50% changes in the sample volume size led to 20%
changes in the mean cross-phase angle.

In plasma turbulence measurements, poloidal separation
of sample volumes leads to dispersion in the measured cross-
phase angle spectrum due to poloidal propagation of the tur-
bulence eddies in the background E X B flow. This effect has
been observed at DIII-D with the coupled reflectometer and
CECE measurements and is similar to dispersion seen in
Langmuir probe measurements and BES measurements of
plasma turbulence. In comparing shots with and without
ECH to determine what, if any, changes in @, 7, OCCUI, Cross-
phase spectra with similar levels of dispersion are compared
so that a change in reported cross-phase angle is not attrib-
uted to variations due to sample volume and channel separa-
tion effects. Radial separation of the reflectometer and CECE
signals leads to reductions in the coherency and an increase
in the variance of the average cross-phase angle. Due to
these effects, there are experimental uncertainties associated
with the mapping of the separation between reflectometer
and ECE radiometer measurements in real space due to un-
certainties in the experimentally measured density profile

Phys. Plasmas 17, 056103 (2010)
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FIG. 11. (Color online) The sample volumes for the synthetic CECE and
reflectometer signals are separated by AZ=z ...~ Z.n=0.3 cm and the radial
separation, dr, is scanned. The cross-phase angle is shown in (a) and the
coherency is shown (b).

that is used in the ray-tracing analysis. To estimate the effects
of sample volume separation, we varied the radial and poloi-
dal separation of the sample volumes in the GYRO simula-
tions about the experimentally estimated values. Examples of
the sample volume separation sensitivity scans are shown in
Figs. 11 and 12. In Fig. 11, the sample volumes for the syn-
thetic CECE and reflectometer signals are separated by
AZ=7¢cce—72en=0.3 cm and the radial separation, dr, is
scanned. The changes in the cross-phase angle and the co-
herency due to the dr scan are shown in Figs. 11(a) and
11(b), respectively. Radial separation reduced the coherency,
but left the cross-phase angle unchanged; although it did
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FIG. 12. (Color online) The sample volumes for the synthetic CECE and
reflectometer signals are separated by AR=r q..—ren=0.5 cm and the ver-
tical separation, dz, is scanned. The cross-phase angle is shown in (a) and
the coherency is shown in (b).
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increase the variance of the cross-phase as the coherency is
reduced. In Fig. 12, the sample volumes for the synthetic
CECE and reflectometer signals are separated by AR=r .
—re=0.5 cm and the vertical separation, dz, is scanned.
The changes in the cross-phase angle and the coherency due
to the dz scan are shown in Figs. 12(a) and 12(b), respec-
tively. Changes in vertical separation leave the coherency
unchanged but significantly alter the reported frequency av-
eraged cross-phase angle. These sensitivity scans with the
synthetic diagnostics show poloidal separation that produces
dispersion in the cross-phase angle which will lead to an
overestimate of the phase difference (frequency averaged). In
contrast, radial separation does not change the average cross-
phase angle, but it does significantly increase the variance.

The goal for this work was to compare the experimental
“High 7,” and “Base” cases, but at this point in time no
simulations for the base case reference discharge (138 040)
have been completed with satisfactory results. Using the lo-
cal experimental parameters from the reference discharge
138 040 at r=1525 ms as input to the codes, a saturated
steady-state flux is obtained; however, the fluxes saturate at
unrealistically low levels (e.g., @,~0.1 MW) and the fluc-
tuation intensity is condensed always in the highest wave
number resolved in the simulation for both ion and electron
energy diffusion. This issue has not been resolved by scan-
ning the box size, radial resolution, range of mode numbers
resolved, or by increasing the highest wave number simu-
lated up to kyp,=3.0. It is also not resolved by using an
electrostatic simulation instead of an electromagnetic simu-
lation, by removing the dynamic carbon, or by otherwise
simplifying the simulation parameters. A “two-step” process
to include the E X B shear was used."® When the simulation
is run with the £ X B shear off and with an increased turbu-
lence drive (VT; increased by 10%) the result is a well-
converged case where the turbulence is predominantly ITG
and there is one primary mode driven strongly in the simu-
lation, at kyp,=0.3. However, at the second step in the “two-
step” process with £ X B shear turned back on, the simula-
tion encounters the same issues as before and the fluctuation
intensity is condensed at the highest wave number resolved
in the simulation. This type of response in the simulations
may indicate that a fully coupled ITG-TEM-ETG
simulation® is needed to properly resolve the turbulence in
this experimental case (138 040).

VI. SUMMARY OF RESULTS AND DIRECTIONS
FOR FUTURE WORK

We have presented new measurements of the cross-phase
angle, @, 75 between long-wavelength (kgp,<0.5) density,

n,, and electron temperature, 71, fluctuations in the core
(0.5<p<0.8) of the DIII-D tokamak.® The coherency and
cross-phase angle between density and electron temperature
fluctuations are measured by correlating a reflectometer am-
plitude signal and an ECE radiometer signal. The gyrokinetic
turbulence simulation code GYRO is used to perform 7, scans
prior to the experiment to predict a trend in @, T, that is
qualitatively tested against experiment. The simulations pre-

dict that 71, and Te are out of phase, [ 110°, in ITG

Phys. Plasmas 17, 056103 (2010)

dominant L-mode plasmas. The pre-experiment simulations
showed that the cross-phase angle between 7, and Te is ex-

pected to decrease to aneTe%70° (as 71, and Te become more
in phase with each other) when the electron temperature is
increased by 50%, with a/ LTg held constant. The nonlinear
simulation results and linear stability analysis show that
TEM turbulence dynamics become increasingly important as
T, is increased. Neutral beam-heated L-mode tokamak plas-
mas were used to qualitatively test the predicted trend in
@, T Experimentally, the electron temperature, 7,, was in-
creased 50% using local ECH in coinjected beam-heated
L-mode plasmas. At all radii, the measurements show that in
beam-heated plasmas (no ECH) density and electron tem-
perature fluctuations are out of phase, with measured cross-
phase angles qualitatively consistent with GYRO pre-
experiment predictions. The measured magnitude of the
cross-phase angle decreases significantly by approximately
45° at p=0.55 and p=0.65 in the High T, discharges with
NBI and ECH, consistent with expectations base on the pre-
experiment simulations, but at p=0.75 there is no change
outside experimental uncertainty.

Linear stability analysis of the experimental reference
shots shows that at all radii of interest the increase in elec-
tron temperature resulted in an increase in the TEM growth
rate at low-k and a decrease in the ITG-mode growth rate,
consistent with expectations from the pre-experiment simu-
lations. This linear result and the pre-experiment nonlinear
simulations suggest that changes in turbulence drive from
dominantly ITG-mode to TEM is a possible explanation for
the change in @, r, at p=0.55 and p=0.65. However, since
significant changes in the cross-phase angle were only ob-
served at two radii but linear stability analysis showed an
increase in the TEM growth rate at low-k and a decrease
in the ITG-mode growth rate at all radii, this explanation
does not describe the response of the cross-phase angle at
p=0.75. This might be resolved by nonlinear simulations at
this radius, to determine if the change in the ITG and TEM
linear growth rates carries over into the nonlinear turbulence
dynamics. Note that the pre-experiment simulations did not
include changes in local input parameters consistent with
experimentally observed increases in 77, Ly, and Z, or the
decreases in wgy . In the experiment, at all radii, the normal-
ized density and temperature gradient scale lengths are 30%-—
90% larger than those used in the pre-experiment simula-
tions. Another factor to consider at p=0.75 is that there was
a 60% reduction in the E X B shear at this radius. This pa-
rameter is expected to strongly affect the cross-phase angle.41
This motivates experiments to isolate the effects of EXB
shear on @, T

In order to better understand the reasons for the good
qualitative agreement with predictions at p=0.65, but not at
p=0.75, quantitative comparisons between the measured
@, 1, and postexperiment nonlinear turbulence simulations
are needed. The goal for this work was therefore to compare
the experimental “High 7,” and “Base” cases quantitatively
against traditional postexperiment simulations'® " at all ra-
dial locations, but at this point in time only simulations for
the “High T,” case reference discharge (138 038) at one ra-
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dius have been completed with satisfactory results. The re-
sults from nonlinear postexperiment GYRO runs for shot
138 038 at p=0.65, t=1525 ms, have been compared to ex-
perimental power flows and measured turbulence character-
istics. We found that for this case the GYRO predicted ion
power flow underestimated the experimental value by nearly
a factor of 3 and the electron power flows are overestimated
by 50%. To compare with the turbulence quantities, synthetic
diagnostics18 2 were used. Synthetic reflectometer and
CECE signals are generated from the GYRO output and are
analyzed the same way as the experimental data. The syn-
thetic diagnostic modeling shows that spectral shape of the
density-electron temperature fluctuation cross-power spec-
trum is sensitive to the details of the sample volume size,
consistent with expectations.18 In contrast, the cross-phase
angle is largely unaffected by the sample volume size. The
cross-phase angle from the postexperiment simulations is in
good quantitative agreement with the measured @, at
p=0.65 in the experimental “High 7,” case (138 038
t=1525 ms). Experimentally we found aneTe=61 °*+12°and
from GYRO aneTe=71 ° = 1°. We also found that the density
fluctuation level predicted by GYRO underestimates BES
measurements at p=0.65 by an amount outside the experi-
mental error bars, but the predicted electron temperature
fluctuation level is in agreement to within error bars with the
CECE measurements. Similar to past simulations when elec-
tron heat flux did not match the experiment18 we find that the
shape of the power spectra from calculated from the GYRO
synthetic BES and CECE signals does not agree with the
measured power spectral shapes at the lowest frequencies.
The different levels of agreement found between the
postexperiment GYRO results and experimentally measured
two-field fluctuation levels, a cross-phase angle and power
flows highlight the necessity of making multilevel compari-
sons at multiple radial locations and in multiple conditions. It
is not clear how the different levels of agreement and dis-
agreement between experiment and simulations among these
different parameters should be assigned importance. Taking
some guidance from an example of a “primacy hierarchy”17
for validation discussed by Ref. 18, one could argue that the
comparisons with the cross-phase angle and fluctuation lev-
els are more important than the comparison with the trans-
port fluxes because the turbulence quantities are more funda-
mental. However, uncertainties associated with application
of the synthetic diagnostic models need to be evaluated care-
fully and compared against uncertainties in the transport
analysis. Sensitivity scans for the synthetic diagnostics in
this work showed that the GYRO predicted cross-phase angle
is more sensitive to uncertainties in the spatial separation
between the synthetic sample volumes than uncertainties in
the sample volume size. The synthetic diagnostic sensitivity
scans indicate that quantifying the uncertainty on the spatial
separation used to reconstruct the synthetic reflectometer and
CECE diagnostics is essential for evaluating the quality of
the comparisons between GYRO results and experiments. Un-
certainties in the location of the reflectometer measurement
are due mostly to uncertainties in the measured density pro-
file used as input for ray-tracing analysis. The same set of
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Monte Carlo generated density profile fits used to estimate
errors on ONETWO results (Sec. III) will be used as input
to the GENRAY code in the future to aid in assessing these
uncertainties.

In these comparisons between experiment and GYRO
simulations we used local experimental parameters as input.
It is usually possible to improve the quantitative agreement
in a single quantity at a single radial location by varying the
input gradients within experimental error bars, and even to
achieve better agreement with multiple quantities via
this method."® For the quantitative comparisons between
experiment and simulation for shot 138 038 at p=0.65,
t=1525 ms, no such modifications (e.g., to ITG or back-
ground E X B shear) to the GYRO inputs have been made.
These types of detailed input sensitivity scans are valuable,
but may be bypassed in future work because the use of flux-
matched profiles for experiment-simulation comparisons has
recently emerged, e.g., through the use of a new transport
solver TGYRO.*” This method will allow for self-consistent
evaluation of the sensitivity to input gradients when the
transport is stiff and will be pursued for these discharges in
the future.

Linear and nonlinear simulation results for the cross-
phase angle are not in good agreement for the postexperi-
ment simulations, in contrast to the good agreement observed
in the pre-experiment simulations. This may be due to the
stronger turbulence drive from increased density and tem-
perature gradients in the experimental cases, as indicated by
results from Ref. 14. These plasmas will be studied in future
work comparing quasilinear and nonlinear estimates of the
cross-phase angle between density and electron temperature
fluctuations. The measurements of a, r can also be com-
pared against the quasilinear estimates contained in theory
based transport models such as TGLE."

Experimental paths forward should focus on exploiting
the new @, 7 measurement capability at DIII-D. For the tur-
bulence rneasurements although there is experlmental27 28
and modeling evidence29 that the reflectometer amplitude
signal contains local information about density fluctuations,
most models used to interpret reflectometer density fluctua-
tion data consider only the reflectometer phase signal.26 De-
tailed modeling of the reflectometer data from this experi-
ment using 2D full wave codes can be used to study the
reflectometer amplitude signal. Similar to work done by Ref.
28, the reflectometer data can be quantitatively compared
with BES measurements. It would be useful to use GYRO
calculated density fluctuations as the input to the reflectome-
ter full wave codes. In addition to turbulence, the cross-phase
angle for coherent and quasicoherent modes, such as re-
versed shear AEs,*”® neoclassical tearing modes or the edge
harmonic oscillation observed during quiescent H-mode
plasmas49 may be measured and compared with theory.

The simultaneous measurements of two-field fluctuation

levels, 7~“e/ T, and 71/n, and the cross-phase angle @, . pre-
sented here will allow for more rigorous testing of
turbulence-transport models contained in nonlinear, gyroki-
netic turbulence simulations. The new experimental data set
described here allows for detailed code comparisons at mul-
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tiple levels of a “primacy hierarchy.””’18 Toward this goal, a
first step will be to complete nonlinear simulations of the
experimental “Base” case discharge 138 040 at p=0.65 to
complement the simulations of the “High T7,” discharge,
138 038, that were described in Sec. IV. Followed by this, it
is essential to perform nonlinear simulations for both the
experimental “Base” case and “High 7,” case at p=0.75 be-
cause this is the radial location no change in the cross-phase
angle outside experimental error bars was observed experi-
mentally. Future work will focus on comparing the different
responses in the cross-phase angle across the radius with
turbulence simulations, which will critically test the codes.
Detailed assessments of uncertainties in the experiment and
simulations will also be explored as part of applying “vali-
dation metrics” to determine relative importance of agree-
ments and disagreements across multiple parameters.18
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