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Introduction

Earlier, density fluctuations measured with beam-emission spectroscopy (BES) and energy
transport in the DIII-D tokamak were compared to gyrofluid simulations by the nonlinear
GRYFFIN code [1]. Here we extend this work to plasma perturbations by modulated off-axis
electron-cyclotron heating (ECH), to predictions of the nonlinear gyrokinetic code GS2 [2], and
to inclusion of fluctuation measurements by FIR scattering and reflectometry.

Experimental results

To avoid edge-localized modes (ELMs) and sawteeth, an inner-wall-limited L-mode plasma
with early neutral-beam heating was utilized [3]. The ECH antenna orientation considered here
produced second-harmonic (110 GHz) X-mode heating at a flux-surface radius p =7/a = 0.815
(FWHM = 0.057). The ECH waveform was approximately square-wave with a 40-ms period
and ~50% duty cycle. The BES system [4] consisted of 30 sight-lines (“channels”) of ~1 cm
focal diameter distributed in a 6 (horizontal) X 5 (vertical) array spaced by ~1 cm. These were
located just below the plasma midplane and interior to the ECH-resonance flux surface.

To improve the statistics, 1-MHz fluctuation data from twelve 8-ms bins separated by the
ECH modulation period were grouped into individual data sets representing a particular phase
of the modulation. To further enhance the signal-to-noise, the fluctuation levels were derived
from the cross powers between vertically adjacent channels since electronics and photon noise
decorrelate. The cross-power spectra peak at f, = 150 kHz at the inner vertical array and at
~100 kHz at the outer vertical array and are broad (FWHM = f;)) above ~50 kHz.

The fluctuation levels from the six vertical arrays, obtained from the square roots of the
cross powers integrated between 50 and 300 kHz and suitably normalized, are shown in Fig. 1
at 4-ms steps through an “average” ECH cycle. Data for each array (labeled by their »/a loca-
tion) are represented by an average over adjacent pairs of channels. The corresponding density
fluctuation levels (77/n) are obtained by correcting for the saturation of the n=3 state with density
[5] and finite collection area and correlation lengths [6]. The time-averaged 7i/n at the inner and
outer arrays are ~0.9 % and ~1.35 %, respectively.

The fluctuations are slightly (~3%) but clearly modulated by the ECH and are approxi-
mately out of phase (drop at ECH turn-on, rise at ECH turn-off). Both a reflectometer channel
near p = 0.9 and FIR scattering at kg ~1 cm’ observe a modulation of fluctuation level ap-

proximately in phase with the ECH. This apparent discrepancy will be addressed later.
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The poloidal velocity of the fluctuations vg 1s computed at each vertical array from time-
delay correlation between the top and bottom channels. Unlike the fluctuation levels, no modu-

lation of the velocities is evident. The poloidal velocities at the inner and outer arrays (corrected
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Correlations between modulations of fluctuations and plasma profiles

Time-dependent profile data was obtained only for the electron temperature 7, from elec-
tron-cyclotron emission (ECE). Shown in Fig. 2 are 7,(¢) and d7,(¢)/dr for an average ECH
period. As expected, 7, rises and equilibrates [3] quickly during the ECH pulse for p = 0.7,
whereas the gradient slightly flattens interior to the ECH resonance (r/a = 0.815), remains
roughly constant (except for transients) at the resonance location, and steepens outside. (The
scale length Ly, = T,/|dT,/dr| increases everywhere during the ECH pulse.) The phase of the
fluctuation modulation shown in Fig. 1 is consistent with d7,/dr acting as a drive of the turbu-
lence. The opposite phase of d7,/dr outside the ECH resonance could explain the phases ob-
served by the edge reflectometry channel and scattering. (7 peaks near the plasma edge and

scattering at low wave numbers is effectively a chord-averaged measurement.)
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Fig. 2. (a) Electron temperature and (b) radial gradient boxcar-averaged over 17 ECH
periods. The ECH resonance is centered at r/a = 0.815.
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Gyrofluid and gyrokinetic simulations of the time-averaged discharge

We have carried out linear and nonlinear gyrofluid [7] and gyrokinetic [2] flux-tube simu-
lations with plasma parameters corresponding to »/a = 0.7. From linear simulations, the turbu-
lence is dominated by ion-temperature-gradient (ITG) modes at kgp; < 1 and electron-
temperature-gradient (ETG) modes for kgp; = 1. Since the fluctuation diagnostics cannot ob-
serve them and the codes do not include them, we ignore ETG modes in the following. (If pre-
sent, they would manifest themselves in the measured power fluxes, however.) The growth rate
is positive for 0 < kgp; < 1, peaking at lggp,- ~ 0.6 with a value of ¥,,,, ~ 60 krad/s, about the
same as the real frequency. The poloidal phase velocity is w/kg ~ 0.3v,* ~ 0.18 km/sec, where
v;* 1s the 1on diamagnetic velocity. Currently not included in the codes is the background EXB
flow shear. As a rule of thumb [8], 7, fluxes, and (ﬁ/n)2 are reduced by roughly the factor (1
— Opp Vinax)> Where Op,p = (RBG)Z/B d(E,/RBg)/0y (y being the flux function) [9]. We ne-
glect this factor since the estimated wgp = 7.9 £ 13 krad/s (outboard side, less inboard) is
smaller than y,,,. ~ 60 krad/s (although the uncertainties are large).

The measured input profiles were adjusted within their error bars to seek agreement with the
measured ion and electron power fluxes P, and P;, and 7i/n.  The error bars were especially
large for s = plq (dq/dp), E,, and wg, g since they weren’t measured for the specific discharge
considered here. Since E, and wg, 5 do not appear explicitly in the codes, we varied sand Ly, =
T/|dT/dr|. As expected, P,, P;, and 7i/n increase as R/Ly; increases or s decreases. P, and P,
are most sensitive to s and R/Ly;, respectively, while 7i/n 1s generally less sensitive.

These and other parameters for our best simulations of the time-averaged discharge are
listed in Table I in the top row for each code. Although we did not exactly match the experi-
mental values of P,, P, and 7i/n, it may be possible with enough computer time and by exploit-
ing the experimental uncertainties in so many relevant parameters. We see that GRYFFIN un-
derestimates P, while overestimating 7i/n: a combination that may be hard to rectify. Both
codes give marginally larger values of ];9 p; than measured. The serious discrepancies in Vg are
most likely due to additional uncertainties in the poloidal EXB velocity E,/Br estimated from
charge-exchange recombination spectroscopy as 2.0 £ 0.5 km/s at /a = 0.7 (3.4 = 0.7 km/sec
at v/a = 0.8), which was subtracted from the measured velocity.

Gyrofluid and gyrokinetic simulations of the ECH modulations

We simulate the ECH modulation by changing 7, and L7,, guided by Fig. 2. The nonlinear
runs saturate in much less than an ECH period, so the turbulence should respond almost in-
stantaneously to profile changes induced by the modulated ECH. To investigate the effects of
T, and Ly, alone, we increase each by 10-20% in separate runs. The results for each code are
listed in Table I. For GS2 each perturbation alone slightly reduces 7/n (although within the er-
ror bars), in agreement with the BES data (assuming the combination does likewise). For
GRYFFIN, the perturbations either have no effect or increase 7i/n.

Conclusions

These results are by no means definitive, since the time-averaged simulations did not exactly
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match the experiment, nor did we establish uniqueness, i.e., if some other combination of input
profiles could produce the same simulation results. Future work will aim to vary other profiles
such as n,(r), Z,(r), etc. and to include ExB flow shear. We will also consider the possible
modulation of plasma profiles other than 7,(r) and compare simulated and measured modula-

tions of the power fluxes.

R/Ly;| R/Ly, | T,T; s | P;(MW) | P,(MW) |ii/n(%)| kep; | Vg (km/s)
Exp. |4.3+1.3| 7.240.2 | 0.95+0.05 | 1.3+0.5| 1.54 1.67 091 | 029 | 7.6 £0.6
5.0 7.18 0.95 1.50 1.42 2.10 1.08 | 033 [ <0.19
% 5.70 «“ «“ 1.42 1.47 1.0p~0.33
7.18 1.14 «“ 1.52 2.61 1.02| ~0.33
= 6.1 7.18 0.95 1.87 1.48 0.76 1.55 | 040 | <0.17
% 6.46 «“ «“ 1.50 0.70 L5¢ 0.5
© 7.18 1.05 «“ 1.52 0.87 1.75]  0.3p

Table I. Measured and simulated time-averaged electron and ion power fluxes, density
fluctuation level, mean normalized poloidal wave number, and poloidal group velocity (in
frame with E_ = 0) at r/a = 0.7.
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