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Abstract

In this letter, we report the first observation of fast response of electron-scale turbulence to auxil-
iary heating cessation in National Spherical Torus eXperient (NSTX) [M. Ono et al., Nucl. Fusion
40 557, 2000]. The observation was made in a set of RF-heated L-mode plasmas with toroidal
magnetic field of 0.55 T and plasma current of 300 kA. It is observed that electron-scale turbulence
spectral power (measured with a high-k collective microwave scattering system) decreases signifi-
cantly following fast cessation of RF heating that occurs in less than 200 ps. The large drop in the
turbulence spectral power has a short time delay of about 1-2 ms relative to the RF cessation and
happens on a time scale of 0.5-1 ms, much smaller than the energy confinement time of abut 10 ms.
Power balance analysis shows a factor of about 2 decrease in electron thermal diffusivity after the
sudden drop of turbulence spectral power. Measured small changes in equilibrium profiles across
the RF cessation are unlikely able to explain this sudden reduction in the measured turbulence and
decrease in electron thermal transport, supported by local linear stability analysis and both local
and global nonlinear gyrokinetic simulations. The observations imply that nonlocal flux-driven

mechanism may be important for the observed turbulence and electron thermal transport.

PACS numbers: Valid PACS appear here



Understanding electron thermal transport is crucial for improving and predicting the con-
finement performance of future fusion devices, e.g. ITER and Fusion Nuclear Science Facility
(FNSF) [1]. Microturbulence is considered to be a major candidate in driving electron ther-
mal transport in fusion plasmas [2]. One important way to study the relation between
electron thermal transport and turbulence is to measure dynamic responses of plasma to a
sudden external perturbation. For example, injecting impurity into tokamak edge plasmas
was used to induce a sudden edge cooling in some early experiments [3, 4], where an almost
simultaneous rise in core electron temperature was observed with respect to edge cooling.
However, the measured core density fluctuation amplitude showed no obvious change re-
sponding to the improved electron thermal confinement in the core. Modulated Electron
Cyclotron Heating (ECH) on Large Helical Device (LHD) was used to induce sudden change
in electron heating in the core [5, 6], the much faster response of low-k turbulence to ECH
modulation than the local Electron Temperature Gradient (ETG). These observations are
used to show that the local turbulence may not be solely determined by local thermody-
namic quantities and their gradients and that the observed electron thermal transport may
be nonlocal. However, to the authors’ knowledge, no observation of the response of electron-
scale turbulence and electron thermal transport to a sudden change in auxiliary heating has
been reported for spherical tokamaks (ST) operating in very different parameter regime than
conventional tokamaks [7]. We believe that such an observation in a ST is important for
developing and validating theories and models for electron thermal transport. Furthermore,
there is accumulated evidence that electron-scale (high-k) turbulence, i.e. ETG turbulence,
can be important for driving anomalous electron thermal transport in tokamaks [8-10]. Thus
how electron-scale (high-k) turbulence behave when subjected to external perturbations is
of great interest to study.

Here, we present the first experimental observation of fast response of electron-scale
turbulence to auxiliary heating cessation in National Spherical Torus Experiment (NSTX)
[11]. The observations were made at the times of RF cessation in a set of NSTX RF-
heated L-mode plasma with By = 0.55 T and I, = 300 kA. Local electron-scale turbulence
was measured with a 280 GHz collective microwave scattering system (the high-k scattering
system) with a fine radial localization of £2 c¢m [12], and the scattering system was configured
to measure turbulence for a k, ps (k, is the perpendicular wavenumber and p; is the ion

gyroradius at electron temperature) range of about 2 to 10 at the radial region of R ~133



FIG. 1: The time traces of (a) injected RF power and (b) maximum 7¢; (c) The spectrogram of
the scattering channel 3 (measuring to a normalized wavenumber of about k| ps ~ 4—5); (d) Time
trace of the peak spectral power of the scattering signal. The insert in (d) shows the RF power
(upper panel) and Time trace of the peak spectral power of the scattering signal (lower panel) from
t=470 to 490 ms, where the large drop in the scattering signal following the RF cessation can be
easily seen (RF heating is turned off in less than 200 ps). Black vertical dashed lines in (b) and
(c) denotes the time point at which the RF heating is terminated, i.e. t=479.6 ms. Note that time
trace in (d) is only shown from ¢ = 300 to 520 ms when the scattering signal, the spectral peaks

at f < 0, can be clearly separated from the stray radiation, i.e. the central peak at f = 0.

to 137 cm (r/a ~0.57-0.63, named as the high-k measurement region). We note that due to
the tangential launching scheme employed [12], the scattering system measures mostly radial
wavenumber, k., and finite but smaller binormal wavenumber, ky, e.g. a range of k.ps ~
1.3-9 and a range of kyps ~ 2-3.5 for the experiments presented in this paper. The fine radial
resolution of AR ~ 4+ 2 cm is the unique feature of the high-k scattering system, which is
made possible by the tangential launching scheme together with the large toroidal curvature
of NSTX [13]. This fine radial resolution allows us to study the evolution of local fluctuation
with respect to local equilibrium quantities and local heat flux from power balance analysis.
In the rest of this letter, we will present results from a typical shot 140301 for which we
have carried out extensive analysis.

The correlation between the cessation of RF heating and the reduction in electron-scale
turbulence is demonstrated in Fig. 1. Figure 1(a) shows that the peak injected RF power
is about 1 MW and the RF heating terminates at ¢t = 479.6 ms (denoted by vertical dashed
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FIG. 2: (a): The spectrogram of scattering channel 3 around the time of RF cessation, ¢t = 479.6
ms; (b): The local k spectra at ¢t = 479 ms (green open square, before RF cessation), 484 (black
asterisk, after RF cessation) and 492 ms (magenta open circle, after RF cessation).The three colored
lines (a) denote time points used in (b) with the same color coding. Scattering channel numbers

are denoted in (b).

lines in Fig. 1). The maximum electron temperature, T, measured by a Thomson scattering
system [14] is shown in Fig. 1(b), and it is clearly seen that the maximum 7, drops after RF
heating terminates (the RF heating in NSTX provides core electron heating [15]). Figure
1(c) shows the spectrogram of the signal from channel 3 of the high-k scattering system,
measuring to a normalized wavenumber of k;p; ~ 4 — 5. The scattering signal, i.e. the
spectral peaks at f < 0 shown in Fig. 1(c), can be distinguished easily from the stray
radiation, i.e. the central peak at f = 0, from about ¢ = 300 ms to 550 ms, and we can see
that a sudden drop in scattered signal power at almost the same time as the RF cessation
at t = 479.6 ms. This sudden drop is more clearly shown in Fig. 1(d) where the time trace
of the peak spectral power of the scattering signal in Fig. 1(c) is shown (the large drop
in the scattering signal following the RF cessation can be easily seen). We note that the
RF cessation is fast and occurs in less than 200 ps, which can be seen in the insert in Fig.
1(d). To establish a causal relation between the RF heating cessation and the reduction in
measured turbulence, a careful examination of their temporal relation is as follows.

A closer examination of the temporal evolution of the measured high-k turbulence is
shown in Fig. 2. Spectrogram of scattering channel 3 is shown in Fig. 2(a), and the local
k spectra at ¢ = 479 ms (green open square, before RF cessation), 484 (black asterisk,
after RF cessation) and 492 ms (magenta open circle, after RF cessation) are shown in

Fig. 2(b) with channel numbers denoted. Now it is easy to determine the time of the



sudden drop in turbulence spectral power from Fig. 2 (a) to be about ¢ ~ 481 ms. We
also find that the drop in the spectral power happens approximately 1-2 ms after the RF
cessation. The spectrogram also show that the drop in turbulence occurs in about 0.5-1
ms, much smaller than the energy confinement time, about 10 ms, of these RF-heated L-
mode plasmas. Thus we would not expect the observed fast reduction of turbulence spectral
power is due to the change in equilibrium profiles, and we will further support this with
gyrokientic simulations shown in later in the paper. The propagation direction of measured
turbulence is determined to be in the electron diamagnetic drift direction (not shown and
see Ref. [16, 17] for the method used). Thus the observed turbulence has the propagation
direction consistent with ETG turbulence. We note that it is also possible that some of
the measured electron-scale turbulence is driven by ITG/TEM modes through nonlinear
coupling [18, 19]. Indeed, ITG/TEM modes are unstable in the high-k measurement region.
More quantitative evaluation of the drop in turbulence spectral power is shown in Fig.
2(b) which plots wavenumber spectra from four scattering channels (only four channels are
used in the analysis since channel 5 measuring the smallest wavenumber was dominated by
stray radiation and was partially blocked by the vacuum vessel). It can be seen that the
wavenumber spectra at t = 479 ms (at about the RF cessation and before the sudden drop
in spectral power seen in Fig. 2), 484 and 492 ms (after the RF cessation and the sudden
drop of turbulence) are shown (the wavenumber spectra was averaged over 3 ms around the
denoted time points). Note that although after the RF cessation the turbulence spectral
power varies little from t=484 to 492 ms, the drop in the spectral power is up to about a
factor of 7 from t = 479 ms (at the RF cessation) to 484/492 ms (after the RF cessation).
We note that the drop seems to happen only at lower wavenumbers, namely &, ps < 9, which
suggests that the longer wavelength modes, k, ps < 9, may be more responsible for driving
electron thermal transport.

Here we present the equilibrium profile changes across the RF cessation. Figure 3(a)
shows the electron temperature, T, profiles at t = 465, 482 and 498 ms measured the
Thomson scattering system [14], and Fig. 3(b) shows the ion temperature, T}, profiles at
t = 436 and 496 ms measured by charge exchange recombination spectroscopy (CHERS)
measurements [20] with neutral beam blips (one blip from t=430 to 445 ms and the second
blip from t=490 to 555 ms). It can be seen that the T, profiles before (t=465 ms) and right

after the RF cessation (t=482 ms) show small changes in the high-k measurement region
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FIG. 3: (a): Radial profiles of electron temperature at t = 465, 482 and 498 ms; (b): radial profiles
of ion temperature at t = 436 and 496 ms. The shaded regions in (a) and (b) denote the measuring
region of the high-k scattering system. (c), (d) and (e): three equilibrium quantities averaged
in the high-k measuring region at three exact Thomson measurement time points (¢ = 465, 482
and 498 ms). The errorbars denote the spatial variation of these equilibrium quantities in the
high-k measurement region. The error in a/7., from the Thomson measurement is about 15%. The
vertical solid line in (¢), (d) and (e) denotes the time of the RF cessation. Note that all gradients
are normalized to a, the half width of last closed flux surface at mid-plane. Note the ion gradients
in (e) at the Thomson times point are calculated from the nearest CHERS measurement time

points.

(the shaded region) and T; profiles only show small variation from ¢ = 436 and 496 ms
(although T; measurements are noisier than the 7, measurements). Figure 3(c), (d) and
(e) show the time evolution of some relevant equilibrium gradients averaged in the high-k
measuring region at three exact time points of Thomson scattering measurements (¢t = 465,
482 and 498 ms) across the RF cessation. In particular, only small temporal variations (<
15%) from ¢t = 465 ms to 498 ms are seen for the normalized density, T, and T; gradients
la/L,, (c), a/Ly, (d) and a/Ly, (e)] (variation in other equilibrium quantities is similar).
We note that the second Thomson time point, ¢ =482 ms, is after the RF cessation and
also right after the sudden drop in measured turbulence at ¢ =~ 481 ms. We emphasize that
although the first Thomson time point, ¢ = 465 ms, is separated by 17 ms from the second
Thomson time point, ¢ =482 ms, the gradient variation between the two time points seen

in 3 is still small. This strongly suggests that the equilibrium profiles at ¢ =465 ms may be
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FIG. 4: Electron thermal diffusivity, x., at t=465 ms (about 14 ms before RF cessation) and 482
ms (after RF cessation) plotted as colored bands with vertical width denoting standard deviation.

The rectangular shaded region denotes the measurement region of the high-k scattering system.

able to represent the profiles right before the RF cessation. Furthermore, the 15% variation
in the equilibrium gradients over 17 ms (from 465 to 482 ms) also strongly suggests that the
variation in gradients on the 0.5-1 ms time scale should be <15%. We also note that taken
into account of the confinement time of about 10 ms, the variation in gradients on the 0.5-1
ms time scale could be much less than 15%.

Electron thermal transport was evaluated with TRANSP transport analysis code [21]
coupled with TORIC calculation for the RF heating profile [22]. The amount of RF power
coupled into the plasma is estimated by evaluating the peak increasing rate of total stored
energy at the RF turn-on phase (from t=265 to 300 ms) and it shows that an approximate
30 percent of the total RF power is coupled into the plasma. This estimation assumes that
thermal transport does not change significantly in the RF turn-on phase and this assumption
is partly supported by the fact that no significant scattering signal is seen from t=265 to
300 ms [see Fig. 1(c)]. The electron thermal diffusivity, x., profiles at two exact Thomson
measurement time points (¢ = 465 and 482 ms) as used in Fig. 3 are shown in Fig. 4 where
a factor of 2 decrease in Y. can be seen after the RF cessation at ¢ = 482 ms. We note that
such a drop in x. is correlated with the sudden drop in electron-scale turbulence spectral
power shown in Fig. 2(b) but not correlated with the variations in the local equilibrium
gradients as we has shown in Fig. 3.

Linear stability analysis using the GS2 gyrokinetic code [23] has been performed to explore

instabilities operating in the high-k measurement region in these RF-heated L-mode plasmas



with local Miller equilibrium [24], electromagnetic effects, electron and ion collisions and
carbon impurity. While ITG/TEM and ETG modes are found to be unstable, the linear
growth rates of these modes do not change significantly enough before and after RF cessation
(not shown) to be able to explain observed the sudden drop in the turbulence spectral power
seen in Fig. 2, consistent with our expectation from the fact that equilibrium profiles do
not change significantly before and after the RF cessation (see Fig. 3). Local gyrokinetic
simulations have also been used to assess profile stiffness since turbulence can be sensitive
to small changes in gradients if it is close to marginal stability. The linear critical a/Ly,
and a/Lr, for the ITG/TEM and ETG modes are assessed using the GS2 code. It is
found that with a reduction in either a/Ls, or a/Lz, by a factor of 2, the linear growth
rates remain large (0.25-0.5 Cs/a). Thus the modes are far from marginal stability. As for
the ETG modes, we found the critical inverse electron temperature gradient scale length,
a/Lyg, crit, 18 2.1, about 40% lower than the experimental a/Lz, of 3.6. Compared with
the < 15% change in gradient before and after the RF cessation, these results show that
the ion-scale and electron-scale modes are all far from marginal stability and are robustly
unstable before and right after the RF cessation in these plasmas. Thus we conclude that
the linear stability framework is unlikely able to explain the observed reduction in electron-
scale turbulence at the RF cessation. We have carried out gradient-driven nonlinear local
gyrokinetic simulations using GYRO code [25] for both ion scale and electron scale [31], and
the results show that the electron temperature profile is far from stiff, i.e. a 25% increase
in electron temperature gradient only leads to 18% increase in electron heat flux and the
experimental electron temperature gradient is also far away from nonlinear threshold. We
note that the predicted electron thermal transport from these nonlinear simulations do
not match experimental value well, i.e. significantly under-predicted for the electron-scale
simulations and significantly over-predicted for the ion-scale simulations. However, this is
hardly surprising since the experimental observations indicate that local transport model
may not be sufficient.

Here we would like to emphasize that we have gone beyond local theory to explore global
effects which may be able to explain the experimental observation since the equilibrium
profile changes outside of the high-k measurement region may affect turbulence and thus
electron thermal transport in the high-k measurement region, e.g. from turbulence spreading

[26]. Ton-scale global nonlinear gyrokinetic simulations are carried out with the particle-
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FIG. 5: Red circles: electron energy flux, Qc.grs, at t = 465 ms (before the RF cessation) as a
function of major radius from nonlinear GTS simulation (averaged over a quasi-steady saturation
period); black asterisks: Qe cgrs at t = 482 ms (after the RF cessation) from nonlinear GT'S
simulation (averaged over a quasi-steady saturation period); magenta band: experimental Qe eqp,
radial profile at ¢ = 465 ms from experiment power balance analysis; green band: Q¢ csp radial
profile at t = 482 ms from experiment power balance analysis. Note that the vertical widths of
the magenta and green bands denote the experimental uncertainties. The errorbars of . from
nonlinear GTS simulations are the standard deviation of Q). in the quasi-steady saturation periods
of the simulations. The width of dashed rectangle denotes the high-k measurement region, i.e.
from R = 133 to 137 cm. We note that large difference between Q. grs and Qe crp at R > 140 cm

is probably due to a buffer region at R > 144.5 cm.

in-cell Gyrokinetic Tokamak Simulation (GTS) code [27] for ¢ = 465 ms (before the RF
cessation) and for ¢t = 482 (after the RF cessation) with experimental equilibrium profiles to
assess effects from profile variation on electron thermal transport in the high-k measurement
region. These global simulations cover a radial domain from ¥y = 0.25 to 0.8 (R ~ 120 cm
to 147 cm) with buffer regions at U < 0.35 and U > 0.7 (R < 127 cm and R > 144.5 cm),
where Uy is the square root of the normalized toroidal flux. The size of grids on poloidal
planes is about local p;, and 80 particles per cell-species are used (with kinetic electrons
and collisions; no impurity species included). The experimental equilibrium £ x B shear is
turned-on from the beginning of the simulations. Figure 5 compares electron energy flux,
Qc.crs, radial profiles at ¢ = 465 and 482 ms from GTS simulations with experimental

electron heat flux, Q¢ cqp at the same two time points. It can be clearly seen in Fig. 5 that



while Q. grs is essentially the same for both ¢ = 465 ms (before the RF cessation) and for
t = 482 ms (after the RF cessation) at R 2 136 cm, Q.qrs at R < 134 cm is larger at
t = 482 ms (after the RF cessation) than at ¢ = 465 ms (before the RF cessation). We
emphasize that the observed change in Q. crs before and after the RF cessation is opposite
to the change in electron heat flux, Q¢ c.p, before (¢t = 465 ms) and after (¢t = 482 ms) the
RF cessation from power balance analysis as shown in Fig. 5, i.e. Qceyp at ¢ = 465 ms
(before the RF cessation) is about a factor of 2 higher than Q. ., t = 482 ms (after the RF
cessation). On the other hand, the GTS simulation result is consistent with our expectation
from local linear stability analysis described above. Thus we conclude that global effects
from profile variation, e.g. turbulence spreading, are not likely able to explain the observed
reduction in electron thermal transport after the RF cessation and also the reduction in
electron-scale turbulence if we consider the possible nonlinear interaction between ion-scale
and electrons-scale turbulence as suggested in Ref. [18, 19]. We also note that Q. grs at
t = 465 and 482 ms are both in good agreement with Q. .., at t = 482 ms (after the RF
cessation) but not with Q. .., at t = 482 ms (before the RF cessation). This shows that even
global nonlinear gyrokinetic simulations taken into account not only the temporal variation
but also the spatial variation of the equilibrium profiles before and after the RF cessation
may not explain the observed drop in electron thermal transport and turbulence. Finally,
we would like to conclude that gradient-driven simulations either local or global seem not
be able to explain experimental observations.

In summary, we present the first experimental observation of fast response of electron-
scale turbulence to auxiliary heating cessation in a set of NSTX RF-heated L-mode plasmas.
The results clearly show that a time delay of about 1-2 ms between the RF cessation and the
drop in measured electron-scale turbulence, indicating a causal relation between the two.
The drop in turbulence spectral power happen on a 0.5-1 ms time scale, much smaller than
the energy confinement time of abut 10 ms. The measured equilibrium quantities before and
after the RF cessation are estimated to vary <15%, probably much less than 15% over the
0.5-1 ms time scale of the turbulence drop since the energy confinement time is much larger.
Power balance analysis shows a factor of about 2 decrease in electron thermal diffusivity
after the sudden drop of measured turbulence. Linear analysis using experimental profiles
show that the change in linear growth rates from equilibrium variations fails to provide

a consistent explanation of the experimental observations and local nonlinear gyrokinetic

10



simulations also fail to provide an explanation. More importantly, our global nonlinear
gyrokinetic simulations with actual experimental profiles before and after the RF' cessation
using GTS code [27] also failed to reproduce the reduction in turbulence and transport
after the RF cessation (this takes into account all the equilibrium changes occurred not just
the electron temperature gradient). Thus fixed-gradient models based on the changes in
local /global equilibrium profiles across the RF cessation seem to be insufficient to explain
the observed fast drop in turbulence and electron thermal transport after the RF cessation.
However, we would like to note that the observation may be intuitively consistent with a
picture of flux-driven turbulence: a decrease in heat flux leads to a decrease in turbulence
responsible for thermal transport. A recent theoretical work has provided a nice foundation
for the flux-driven turbulence [28]. We note that there are also other possible explanations
for the observed fast response in turbulence to the RF cessation, e.g. effects of possible
non-Maxwellian distributions due to RF heating [29], the profile variation effects from local
second derivatives of temperature and density on ion and electron-scale turbulence and the
cross-scale coupling between ion- and electron-scale turbulence.

This work was supported by the U.S. Department of Energy under Contracts No. DE-
AC02-76CH03073, No. DE-FG03-95ER54295, and No. DE-FG03-99ER54518.
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