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Abstract

Microturbulence is considered to be a major candidate in driving anomalous transport in fusion

plasmas, and the equilibrium E×B shear generated by externally driven flow can be a powerful tool

to control microturbulence in future fusion devices such as FNSF and ITER. Here we present the

first observation of the change in electron-scale turbulence wavenumber spectrum (measured by a

high-k scattering system) and thermal transport responding to continuous E×B shear ramping-up

in an NSTX center-stack limited and NBI-heated L-mode plasma. It is found that while linear

stability analysis shows that the maximum ETG mode linear growth rate far exceeds the observed

E×B shearing rate in the measurement region of the high-k scattering system, the unstable ITG

modes are susceptible to E×B shear stabilization. We observed that as the E×B shearing rate is

continuously ramped up in the high-k measurement region, the ratio between the E×B shearing

rate and maximum ITG mode growth rate continuously increases (from about 0.2 to 0.7) and the

maximum power of the measured electron-scale turbulence wavenumber spectra decreases. Mean-

while, electron and ion thermal transport is also reduced in the outer half of the plasmas as long

as MHD activities are not important and the L-mode plasmas eventually reach H-mode-like con-

finement. Linear and nonlinear gyrokinetic simulations are presented to address the experimental

observations.
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I. INTRODUCTION

Microturbulence is considered to be a major candidate in driving anomalous transport

in fusion plasmas [1] and the Ion Temperature Gradient (ITG) mode [2], Trapped Elec-

tron Mode (TEM) [3], Electron Temperature Gradient (ETG) mode [4] and micro-tearing

mode [5, 6] are well-known instabilities which could drive micro-turbulence there. One

important aspect of controlled magnetic fusion research is to understand the operational

micro-instabilities in fusion plasma and their operational regimes and thus to control them

in future fusion devices, e.g. Fusion Nuclear Science Facility (FNSF)[7] and ITER. An im-

portant tool for controlling microturbulence in these devices is the equilibrium E×B shear

generated by externally driven (or intrinsically generated) plasma flow [8]. It was pointed

out that E×B shear affects microturbulence and associated turbulent transport both linearly

and nonlinearly: change mode stability, e.g. enhance damping by coupling to stable modes;

change the relative phase between fluctuation quantities, e.g. density fluctuation and radial

velocity fluctuations; reduce fluctuation amplitude. The most physical way to determine

the effect of E×B shear on turbulence is to compare E×B shearing rate, ωE×B , with tur-

bulence decorrelation rate as pointed out in Ref. [9]. However, the turbulence decorrelation

rate is usually unknown, and a rule of thumb is that turbulence is significantly stabilized

by E×B shear when the Hahm-Burrell E×B shearing rate [9], ωE×B,HB , is larger than the

maximum linear growth rate of a particular instability, γmax [8]. A quantitative numerical

study of E×B shear effects on turbulence and transport was reported in Ref. [10], where

extensive linear and nonlinear gyrokinetic simulations were used to determine the amount of

ωE×B needed for quenching thermal transport driven by a specific kind of plasma turbulence.

In particular, the ion-scale turbulence (ITG/TEM) and the associated turbulent transport

is found to be quenched if ωE×B,WM/γmax ≈ 1.41(A/3)0.6/(κ/1.5), where ωE×B,WM is the

Waltz-Miller exb shearing rate [11], γmax is the maximum linear growth rate for a particular

instability, A is the aspect ratio and κ is the elongation. Indeed, experiments have shown

that increase in E×B shear is correlated with the formation of H-mode edge transport and

internal barriers and reduction in ion-scale turbulence [12, 13]. However, we note that in

these cases, the E×B shear mainly comes from pressure gradient rather than plasma rota-

tion. On the other hand, spherical tokamaks (STs) with tangential neutral beam heating

typically have strong toroidal flow with Mach number approaching 1, and E×B shear can be
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dominated by the contribution from plasma rotation. Thus ion-scale turbulence is expected

to be stabilized by E×B shear, which is supported by the observed neoclassical level of ion

thermal transport in STs [14, 15]. Furthermore, E×B shear was also shown to suppress

electron-scale turbulence when the E×B shearing rate is comparable to the maximum ETG

linear growth rate [16], where electron-scale turbulence was measured by a high-k scatter-

ing system [17] on the National Spherical Torus eXperiment (NSTX) [18]. However, the

change in spectral shape was not explored in Ref. [16] since only a single k measurement

was available due to limitations in the scattering scheme and most importantly correlation

with transport was not investigated.

In this paper, with much improved scattering schemes of this high-k scattering system,

we present the first experimental observation of a progressive change in electron-scale tur-

bulence wavenumber spectrum and thermal transport at the core-edge transition region of

a set of NSTX NBI-heated L-mode plasmas (r/a ∼ 0.66-0.78), as E×B shearing rate is con-

tinuously increased due to plasma toroidal velocity increase from Neutral Beam Injection

(NBI). We observed that as E×B shearing rate is continuously increased, the ratio between

the E×B shearing rate and maximum ITG mode growth rate continuously increases and the

maximum power of the measured electron-scale turbulence wavenumber spectra decreases.

Meanwhile, both the electron and ion thermal transports are also reduced as long as MHD

activities are not important and the L-mode plasmas eventually reach H-mode-like con-

finement. These observations are consistent with that some of the observed electron-scale

turbulence is nonlinearly driven by ITG turbulence through nonlinear cascade [19] and/or

ITG-driven background Te gradient fluctuations [20] and its power decreases as ITG tur-

bulence is progressively suppressed by E×B shear. We note that other mechanisms, e.g.

nonlocality of turbulence [21] may also contribute. Multi-scale/global gyrokinetic simu-

lations are needed to further investigated the mechanisms behind the observed reduction

in electron-scale turbulence. We found that heat fluxes predicted by local nonlinear ITG

simulations at different radial locations can be larger or significantly smaller than the cor-

responding local experimental heat fluxes depending on the local E×B shearing rate, which

indicates that global effects may have to be included in future simulations.

We organize this paper as following. In Section II, experimental apparatus is presented.

Experimental observations are described in Section III, followed by comparisons with linear

and nonlinear gyrokinetic simulations in Section IV. Finally, we summarize and discuss the
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FIG. 1. Schematic of the scattering configuration of the high-k scattering system used in the study

presented in this paper. The probe beam and scattered beam trajectories are calculated using a

ray-tracing code. Scattered light is reflected and focused by a spherical mirror onto five collection

windows.

results in Section V.

II. EXPERIMENTAL APPARATUS

Figure 1 plots the scattering configuration of the high-k scattering system [17] used in

the study presented in this paper, including the probe beam and scattered beam trajectories

calculated using a ray tracing code. The five receiving channels cover a wavenumber range

of 5 cm−1 . k⊥ . 30 cm−1 with a resolution of about 1 cm−1, and five heterodyne receivers

allow us to distinguish the wave propagation direction for each different wavenumber. The

power response of each receiving channel was calibrated with a solid-state microwave source

with known output power. We note that although the scattering signals are not absolutely

calibrated to obtain actual density fluctuations, they are relatively calibrated across channels

and are known to be proportional to density fluctuations (see Ref. [22, 23] for more details).

Thus it is possible for us to compare relative wavenumber spectral power across different

scattering channels and at different experimental time points. The frequency response of

the scattering system is about 5 MHz. A radial resolution of △R ≈ ± 2 cm, determined
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by the 1/e half width of the microwave beam power, is the unique feature of the scattering

system. This is made possible by the tangential launching scheme along with the large

toroidal curvature of NSTX due to its low aspect ratio which lead to a scattering volume

much smaller than that from a simple overlapping of the probe and scattering beams [24].

This fine radial resolution allowed us to study the dependence of locally measured turbulence

on local equilibrium quantities, e.g. LTe [25] (electron temperature scale length), Lne [26, 27]

(electron density scale length), collisionality [27], q (safety factor), and ŝ (magnetic shear)

[28]. Recent improvements in scattering scheme have significantly reduced stray radiation,

which made it possible to obtain scattering signals from all five channels simultaneously,

compared to at most three channels previously [23]. Newly implemented remote control

capability allows between-shot adjustment of launching and receiving optics, which made it

possible to optimize scattering configuration according to realized plasma equilibria. We note

that due to the tangential launching scheme employed (see Fig. 1), the scattering system

measures mostly radial wavenumber, kr, and finite but smaller binormal wavenumber, kθ,

e.g. a range of krρs ∼ 5-13 and a range of kθρs ∼ 2-4 for the experiments presented in this

paper, where ρs is the ion gyroradius with sound speed (the ρs is calculated with locally

measured Te and local magnetic field strength from equilibrium reconstruction). We note

that as shown in Figure 1, the scattered beam to channel 5 are partially blocked by the

vacuum vessel and thus is not used in the following analysis. Furthermore, we would like

to point out that since the scattering system measures mostly kr, it does not capture the

dominant kθ spectral power predicted for ETG turbulence, e.g. see Ref. [29]. Here in

this paper, the observed decrease in the measured kr spectral power is used to evaluate the

overall decrease in electron-scale turbulence intensity.

III. EXPERIMENTAL RESULTS

Observations on continuous E×B shear ramping-up were made in a set of center-stack

limited and NBI-heated L-mode plasmas. These plasmas have a toroidal field of 5.5 KG, a

plasma current of 900 kA and a two-phase NBI with the first 2 MWNBI pulse from about 100

ms to 200 ms and the second 2 MW NBI pulse from about 350 ms to the end of discharges.

During the second phase of NBI, plasma continuously spins up, which leads to a simultaneous

increase in the E×B shearing rate in the outer half of the plasma (r/a > 0.5). Here in this
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FIG. 2. An overview of shot 141716 with time traces of plasma current, linear integrated elec-

tron density, neutral beam power (PNB), low-f magnetic fluctuation, stored energy and maximum

plasma toroidal flow velocity.

paper, we present the observations from shot 141716 for which we have done extensive

analysis. In this shot, the second 2 MW NBI pulse is re-injected from 335 ms after a first

injection from 90 ms to 230 ms. With the presence of the 2 MW NBI pulses, ion temperature

and plasma toroidal velocity are measured with charge exchange recombination spectroscopy

(CHERS) measurements [30] and magnetic field pitch angle is measured by a Motional Stark

Effect (MSE) diagnostic [31]. Electron temperature and density are measured with Multi-

point Thomson Scattering (MPTS) [32]. Plasma equilibrium is obtained using LRDFIT (LR

circuit model with Data FITting capabilities) equilibrium reconstructions constrained by

magnetic pitch angle measurements from the MSE diagnostic [33] and electron temperature

iso-surfaces.

Figure 2 plots times traces of some relevant quantities for shot 141716. A two-phase NBI

can be immediately seen in the figure. While the first phase of NBI is during the current

ramp-up, the second phase of NBI is well into the flattop of plasma current. Line integrated

electron density shows continuous but slow increase through the shown time window. The

low frequency Mirnov signal shows that no large MHD activity is present at beginning of

the second NBI pulse (from 330 ms to 450 ms) and that an n=1 mode starts to grow at

about t=450 ms and saturates at about t=470 ms. The stored energy (calculated using

a time dependent tokamak transport and data analysis code (TRANSP) [34]) is found to
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FIG. 3. (a) Radial profiles of electron temperature at t = 364 and 448 ms; (b) Radial profiles of

ion temperature at t = 364 and 448 ms. The shaded regions in both panels denote the measuring

of the high-k scattering system. Note that the insert in (a) shows the time trace of HITER98 and

the two vertical lines denotes the time points used for (a) and (b).

increase continuously from the beginning of the second NBI pulse and saturates at about

the same time the the n=1 MHD mode, which may not be coincident. It is also clear that

the maximum plasma toroidal velocity, VT,max, also increases steadily after the second NBI

pulse is initiated, indicating a continuous increase in E×B shear. We note that since we will

be concentrating on the second phase of NBI and CHERS measurements are not available

the period between the two NBI pulses, stored energy and VT,max are only shown for the

time period of the second NBI pulse.

The electron and ion temperature, Te and Ti, radial profiles are plotted in Fig. 3(a) and

(b) at t=364 ms and at t=448 ms (corresponding to two exact MPTS time points). The

high-k measurement region, the overall radial region covered by all channels with the center

of scattering location separated by . 1 cm, is denoted by the shaded region in the figure

from about R = 139 to 144 cm (r/a ≈ 0.66 − 0.78). The HITER98 [35] time trace shown

in an insert in Fig. 3(a) shows about a factor of 2 increase in HITER98 from t=350 ms to

500 and we note that this increase is coincident with the increase of plasma toroidal flow

velocity shown in Fig. 2. We can see that both maximum Te and Ti increase by about

50-100% as HITER98 (and toroidal flow velocity) increases, and both Te and Ti gradients

also increase in the high-k measurement region. On the other hand, as we will show later,

the gradient scale lengths remain relatively constant. We note that although the energy

confinement of this L-mode plasma reaches that of the H-mode plasmas in conventional
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FIG. 4. Upper panels: The spectrograms of four high-k channels during the second NBI pulse;

Lower panels: The frequency spectra at the two exact MPTS time points (the same as in Fig.

3) for four high-k channels. The two colored lines in the upper panels denote time points used

for plotting the lower panels with the same color coding and the vertical lines in the lower panels

denote Doppler frequency shift, fDoppler = kTVT /2π, for different channels at t=364 ms (Note that

for clarity, only fDoppler at t=448 ms is not shown). The electron direction is on the right hand

side of the vertical lines in the lower panels as indicated in the lower panel for channel 2.

tokamaks, no formation of an energy transport barrier has been observed, and as we will

show later, thermal transport is reduced significantly in the outer half of the plasmas which

is consistent with the increased E×B shear there.

The next we would like to show how measured electron-scale turbulence change in the time

range of interest (t ∼ 360 ms to 480 ms). The upper panels Fig. 4 show the spectrograms

of the scattered signals from t=350 ms to 500 ms (during which the plasma is spinning

up), where the two exact MPTS time points, i.e. t = 364 and 448 ms, are denoted by

two colored lines in each panel. The lower panels show the frequency spectra at the above

two time points for each of the four high-k channels. The wavenumbers measured by the

four channels correspond to k⊥ρs of 8 − 10, 6 − 8, 4 − 6 and 2 − 4 from channel 1 to 4

at t=364 ms. At t=448 ms, because of the increase in Te and density gradient, ρsand the

wavenumber measured by each channel become larger, corresponding to k⊥ρs of 13 − 15,

10 − 12, 7 − 9 and 4 − 6 from channel 1 to 4, respectively. For each channel, the signal
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from collective scattering of microwave by electron density fluctuations manifests as spectral

peaks at negative frequencies, which corresponds to wave propagation in the ion diamagnetic

drift direction in the laboratory frame (Lab frame). However, each channel has a Doppler

frequency shift [fDoppler = kTVT/2π, kT is the toroidal wavenumber from ray tracing (see

Fig. 1 for example) and VT is the plasma toroidal flow velocity from CHERS measurement]

denoted by vertical lines in the lower panels of Fig. 4. We note that the toroidal flow in

the high-k measurement region is dominated by E×B flow and diamagnetic flow is small

due to small pressure gradient. After subtracting the Doppler frequency shift, channels

1 to 4 show that the wave propagating direction is in the electron diamagnetic direction

which is on the right hand side of the vertical lines (only fDoppler at t=364 ms is shown

but conclusion is the same for t=448 ms), and thus the propagation direction is in the

electron direction. We also note that the large symmetric central peaks at f = 0 are due

to the spurious reflections of the probing microwave beam. Large frequency separation of

the scattering signals from the central peaks ensures accurate measurements of scattered

microwave power. From Fig. 4, it can be immediately seen that the measured fluctuations

in all channels show continuous increase in Lab-frame fluctuation frequency, consistent with

a Doppler frequency shift resulting from plasma spinning-up. Furthermore, it is also clear

that the fluctuation intensity denoted by color in the spectrograms shows gradual decrease

as the Lab-frame mode frequency increases (a quantitative evaluation of the decrease can

by seen in the lower panels). Having shown the frequency spectra, we show the change

in wavenumber spectra in Fig. 5, where the perpendicular wavenumber (k⊥) spectra of

normalized density fluctuation in arbitrary unit are plotted for the two MPTS time points.

The figure clearly shows that fluctuation power at lowest measured wavenumber, kρs ∼ 4,

decreases by about a factor of 2 and there is about a factor of 5 decrease in fluctuation

power at kρs ∼ 6. It is interesting to note that the k⊥ spectrum of kρs & 10 at t=448 ms

has a spectral slope similar to that of the k⊥ spectrum of kρs > 6 at t=364 ms. We note

that channel 4 is not used for t=364 ms, since its scattering location is separated more than

2 cm from those of channels 1-3.

Here we would like to demonstrate that E×B shearing rate has the largest change in the

high-k measurement region. Figure 6 plots 10 relevant equilibrium quantities for four MPTS

time points, t = 364, 398, 448 and 482 ms. Two more time points are added in addition

to those used in previous figures in order show the temporal evolution of the equilibrium
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quantities. The error bars in the figure represent profile variations in the high-k measurement

regions. It can immediately seen that E×B shearing rate has the largest increase, about

a factor of 5, from t = 364 to 482 ms. The E×B shearing rate shown is calculated with

the Waltz-Miller definition [11]. Note the Waltz-Miller E×B shearing rate is about 5 times

smaller than that calculated using Hahm-Burrell definition [9] and this will be shown in

Fig. 7. Both Ti and Te have substantial increase in correlation with the E×B shearing rate,
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at the same time points and with the same color coding as in (a) and radial profile of neoclassical

ion thermal diffusivity at t = 448 ms (magenta); (d) Radial profiles of electron thermal diffusivity,

χe, at the same time points with the same color coding as in (a). Note that the vertical width of

the colored bands denotes the experimental uncertainty. The width of rectangular shaded region

denotes the high-k measurement region.

consistent with the the change in Ti and Te profiles and the confinement improvement shown

in Fig. 3. It is also clear that the electron density, ne, and effective ion charge, Zeff , show

small temporal variation. Other dimensionless quantities also show much smaller changes

than E×B shearing rate. All normalized inverse gradient scale length for electron density

(a/Lne), electron temperature (a/LTe) and ion temperature (a/LTi
) have . 40% variation.

Furthermore, ŝ and q change less than 30% through the time. It is no doubt that although

small, the change in these dimensionless quantities may quantitatively change the growth

of underlying instability, especially for a/LTe and a/LTi
since they represents the amount

of free energy to drive instabilities. Nevertheless, these effects are taken into account in the

next section where we explore instabilities operating in this parametric regime.

We have shown in Fig. 6 that E×B shearing rate increases substantially through time

in the high-k measurement region. Of course, this increase is not limited to the high-k
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measurement region. Figure 7(a) and (b) plot the radial profiles of E×B shearing rate using

both the Waltz-Miller definition [11] and the Hahm-Burrell definition [9] [radial electric field

from TRANSP analysis (Ref. [34])]. It is clear that E×B shearing rate increases are at

outer half of the plasma, r & 130 cm (r/a & 0.5), from t = 364 to 448 ms. We note that the

E×B shearing rate increase in this time period is correlated with the increase in VT,max as

shown in Fig. 2. From t = 448 to 482 ms, the region of E×B shearing rate increase moves

further out to r & 139 cm (r/a & 0.7). It can been seen from Fig. 2 that VT,max saturates

and starts to decrease in this time period, and the increase in E×B shearing rate is due to

change in the toroidal flow profile, most likely due to momentum transport from the n=1

MHD mode. We also note that E×B shearing rate has large radial variation especially at

t = 448 and 482 ms, e.g. & a factor of 2 variation in the high-k measurement region, which

indicates that global effects may be important in modeling plasma thermal transport with

gyrokinetic simulations. However, as a first step in interpreting experimental observations,

we will focus on local gyrokinetic simulations in this paper (see next section).

The changes in plasma thermal transport from the TRANSP analysis are plotted in Fig.

7(c) and (d) . Figure 7(c) and (d) plot the radial profiles of ion thermal diffusivity, χi, and

electron thermal diffusivity, χe,at t = 364, 398, 448 and 482 ms respectively. (We note that

the uncertainty in χi and χe in Fig. 7(c) and (d) is mainly due to uncertainties in ohmic

heating and measured kinetic profiles). Note that for comparison, in Fig. 7(c) the radial

profile of neoclassical ion thermal diffusivity, χi,NC , at t = 448 ms is also shown. Figure

7(c) and (d) clearly show about a factor of 5 drop in χi and a factor of 3 drop in χe in the

high-k measurement region from t = 364 ms to 448 ms. In more detail, from t = 364 to 398

ms, χi decreases by about 50% and χe decreases by about 35% in the high-k measurement

region, and a decrease in χi and χe by about 50% occurs from t = 398 to 0.448 ms. Overall,

reductions in χi and χe are seen at r & 130 cm (r/a & 0.5), coincident with where E×B

shearing rate increases most as shown in Fig. 7(a) and (b). It is also clear that χi,NC at

t = 448 ms is & 0.5 m2/s and is about 4 times smaller than χi at the same time in the

high-k measurement region. Examining χi,NC and χi across the radius, we found that χi

approaches 2-3 times of χi,NC , which shows that even at its smallest value in this discharge

χi is still anomalous. We note that χe remains strongly anomalous and electron channel is

always the dominant channel for heat loss from the plasma. We would like point out that

χi becomes about twice larger at t = 482 ms than that at t = 448 ms and at the same time
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χe has slight increase for r > 140 cm. As we have pointed out in Fig. 2, an n=1 MHD

mode starts to grow at about t = 450 ms and saturates at t = 470 ms. Thus it is likely that

this MHD mode could enhance both ion and electron thermal transport at t = 482 ms in

addition to microturbulence. However, in this paper, our analysis will be concentrating on

the MHD-free time period.

Finally, to learn further experimental characteristics of the observed turbulence and to

determine whether the characteristics would change as equilibrium quantities change, here

we explore the turbulence dispersion relation using our high-k scattering measurements. As

we have shown in Fig. 4, the measured fluctuation frequency is Doppler-shifted due to

plasma toroidal flow. Thus the plasma-frame angular fluctuation frequency, ω, is calculated

by subtracting Doppler frequency shift from the fluctuation frequency measured in the Lab

frame, ωLab, as ω = |ωLab − kTVT |, where ωLab = 2π
∫
fS(f)df/

∫
S(f)df [S(f) is the

frequency spectral power shown in Fig. 4]. Figure 8(a) plots calculated ω as a function of

k⊥. We note that the uncertainties in ω come from uncertainties in kT and VT . It is clear

that ω is larger for the same k⊥ at t = 448 ms than at t = 364 ms, i.e. the phase velocity

at t = 448 ms is larger. However, noticing that Te has also increased from t = 364 ms

to 448 ms (see Fig. 6), we are motivated to normalize ω to Cs/a, where Cs is the sound

speed, and k⊥ to ρ−1
s . The resulting normalized dispersion relation is plotted in Fig. 8(b),

where the dispersion relations at t = 364 and 448 ms can be seen to overlap nicely with each

other. This result shows that in dimensionless unit the observed turbulence at the two time
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points is similar and is likely driven by the same microinstability. This observation is also

supported by the previously-mentioned similarity between the slope of the k⊥ spectrum at

kρs & 10 at t=448 ms and that of the k⊥ spectrum at kρs > 6 at t=364 ms (see Fig. 5).

IV. COMPARISONS WITH GYRO-KINETIC SIMULATIONS

Linear gyrokinetic simulations was carried out using the experimental profiles for t = 364,

398, 448 and 482 ms. The linear stability analysis was performed with the GS2 gyrokinetic

code [36]. GS2 is an initial value gyrokinetic code which, in its linear mode, finds the fastest

growing mode for a given pair of poloidal and radial wavenumbers (radial wavenumber was

set to zero to find the most unstable modes). Nonlinear simulations were performed with the

Eulerian gyrokinetic code GYRO [37, 38]. Since nonlinear simulations are more expensive,

we focus on the time point of t = 448 ms when the plasma reaches the highest confinement.

A scans of E×B shearing rate based on experimental profiles at this time point was carried

out. Here we present linear stability analysis in Section IVA and nonlinear simulation results

in Section IVB. We note that the linear simulations use local Miller equilibria [39], and the

nonlinear simulations use the general equilibrium from a TRANSP analysis.

A. Linear Stability Analysis

The linear analysis was carried out from the ion scale (kyρs . 1) to the electron scale

(kyρe ∼ 0.5). Figure 9(a) shows that a wide kθ range of linear modes is seen to be unstable

with linear growth rate, γ, ranging from about 1 (Cs/a) at ion scale to & 10 (Cs/a) at both

time points shown. The wave propagation direction seen in Fig. 9(b) gives the information on

the nature of the modes. The ion-scale modes propagate in the ion diamagnetic direction and

are identified as ITG modes. The electron-scale modes propagate in the electron direction

and are identified as ETG modes. Comparing the linear growth rates with E×B shearing

rates, we found that E×B shearing rates (in the unit of Cs) are comparable to ITG growth

rates but are much smaller than those of ETG modes. Thus we expect E×B shear to affect

ITG turbulence rather than ETG turbulence in this discharge. Furthermore, although the

maximum growth rate of ITG modes at t = 448 ms is about 30% higher than t = 364 ms,

the E×B shearing rate at t = 448 ms is about 3 times higher than that at t = 364 ms. Thus
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E×B shear could play a more important role in stabilizing ITG turbulence at t = 448 ms.

To model E×B shear effect on microturbulence, nonlinear gyrokinetic simulations are

needed. However, here we use linear stability analysis to provide some initial assessment of

the E×B shear effect in the experiment, motivated by studies on ωE×B and linear growth
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rate reported in Refs [8, 10]. In Fig. 10(a), ωE×B/γmax averaged in the high-k measurement

region is plotted as a function of time, where both ωE×B,HB and ωE×B,WM are used, and

γmax is the maximum linear growth rate for ITG modes calculated with the GS2 code. We

note that the gradual increase of ωE×B/γmax from t = 364 to 448 ms is due to the increase of

ωE×B , while the faster increase of ωE×B/γmax after t = 448 ms is due to both the increase of

ωE×B and decrease of γmax. Figure 10(b) shows the measured k⊥ spectra at the time points

used in Fig. 10(a). From t = 364 to 398 ms, the measured maximum spectral power (at

k⊥ρs ≈ 5) decreases by about 40% while ωE×B,WM/γmax increases from about 0.17 to 0.24.

Meanwhile, the spectral power at larger wavenumbers (k⊥ρs & 8) has about a factor of 2

increase, and it appears that the slope of the spectra (at k⊥ρs & 7 for t = 364 ms and at

k⊥ρs & 8 for t = 398 ms) is preserved. Larger decreases, about 60-80%, in spectral power at

k⊥ρs & 10 occur while ωE×B,WM/γmax approaches 0.4 at t = 448 ms and 0.7 at t = 482 ms.

We note that from t = 398 to 448 ms the k spectra seem to preserve the shape and power at

k⊥ρs & 10, but at t=482 ms the spectral power at k⊥ρs & 10 also starts to drop. This overall

decrease in spectral power with the large ωE×B,WM/γmax (∼ 0.7) at t = 482 ms is consistent

with being close to the quenching threshold ωE×B,WM ≈ 1.1 − 1.2γmax calculated using a

quenching rule, ωE×B,WM/γmax ≈ 1.41(A/3)0.6/(κ/1.5) [10], with the local A ≈ 1.9−2.1 and

κ ≈ 1.5 at R = 141 cm (r/a = 0.71). However, we note that this quenching rule was derived

in the local, electrostatic, collisionless limit using systematic scans around the GA standard

case parameters with Miller local equilibrium model, and thus the needed E×B shear for

quenching thermal transport for this NSTX L-mode plasmas has to be investigated with

nonlinear gyrokinetic simulations which will be presented in Section IVB. Furthermore, we

would like to point out that the changes in ωE×B,WM/γmax shown in Fig. 10(a), i.e. about

40% increase from t = 364 to 398 ms and about 50% from t = 0.398 to 0.448 ms, correlates

well with the change in χi and χe in the high-k measurement region shown in Fig. 7(c) and

(d), i.e. decrease in χi by about 50% and χe by about 35% from t = 364 to 398 ms and

another decrease in χi and χe by about 50% occurs from t = 398 to 448 ms. On the other

hand, since the maximum ETG growth rate in the high-k measurement region (see Fig. 9)

is much larger than the experimental E×B shearing rate [(0.1-0.4)Cs/a], ETG turbulence

is unlikely to be affected by the experimental E×B shear. However, as we have shown in

Fig. 10 (b), electron-scale turbulence indeed decreases as E×B shear is increased. On the

other hand, it is still possible that the change in equilibrium quantities as seen in Fig. 6
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may lead to smaller ETG mode growth rate that could explain the observed reduction in

electron-scale turbulence. On the contrary, it is shown next that ETG mode is actually more

unstable at t = 482 ms than at t = 364 ms, and the mechanism behind this trend is also

presented below.

Figure 11(a) plots the normalized measured inverse Te scale length, a/LTe,exp and the

normalized critical inverse Te scale length for ETG modes, a/LTe,crit, at R=141 cm (the

center of the high-k measurement region) in the time period of interest (calculated with

GS2 code) . It can be seen in the figure that although the a/LTe,exp only varies between

6.1-6.4 from t = 364 to 482 ms, the a/LTe,crit decreases from about 3 to 2 during the same

time period. Thus ETG modes is expected to be more unstable at t = 482 ms than at 364

ms, and this trend can be clearly seen in Fig. 11(b) where the maximum ETG linear growth

rate, γmax, increases from about 12.5 Cs/a at t=364 ms to about 23 Cs/a at t=482 ms.

In Fig. 12 we explore the mechanism behind this larger increase of ETG linear growth

rates by varying different dimensionless quantities with others fixed. In particular, the

effects of magnetic shear, q and Ti/Te on linear growth rate are evaluated since they vary

most during the time period of interest as shown in Fig. 6. In Fig. 12(a), magnetic shear,

ŝ, and q are varied individually and also together (to match the values at t = 364 ms) with
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other equilibrium quantities fixed to the values at t = 482 ms. It can be seen that magnetic

shear has only small effects on linear growth rate, and on the other hand, increasing q by

0.77 (either with or without increasing ŝ) significantly increases the linear growth rate, γ,

over the whole range of evaluated kθρs. However, the increase in γ due to the variation in

q is not consistent with the decrease in γ from t = 482 to 364 ms, and other equilibrium

quantities must be responsible. In Fig. 12(b), Ti/Te is varied to match the value at t=364

ms with other equilibrium quantities fixed to the corresponding values t = 482 ms and this

variation in Ti/Te leads to a significant reduction in γ, which is now even smaller than the

γ calculated for t=364 ms. It is also seen in Fig. 12(b) that increasing q by 0.77 together

with the above change in Ti/Te leads to linear growth rates similar to those calculated for

t=364 ms. Note that this increase in γ with variations in both q and Ti/Te compared to

the γ from varying Ti/Te alone is consistent with the observation in Fig. 12(a) that larger

q leads to larger γ. From the above observations, we would like to conclude that it is the

changes in q and Ti/Te which lead to the large increase in the maximum γ shown in Fig.

11(b).

In summary, it is found that the change in linear growth rates of ETG modes due to
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the variation in equilibrium quantities alone does not likely explain the observed reduc-

tion in electron-scale turbulence seen in Fig. 10(b). Thus we expect additional nonlinear

mechanism, i.e. E×B shear, should be considered to explain the observed reduction in

electron-scale turbulence. One speculation is that some of the observed electron-scale tur-

bulence is the result of a nonlinear cascade from ion-scale turbulence and the power of the

electron-scale turbulence decreases as ion-scale turbulence is progressively suppressed by

E×B shear. We note that other mechanisms may also be able to produce the observed

reduction in electron-scale turbulence, e.g. reduced background Te gradient fluctuations due

to the E×B shear stabilization of ITG turbulence (therefore smaller drive for ETG modes)

[20], and nonlocality of turbulence, e.g. strong E×B shear reducing ITG turbulence spread-

ing [21]. We note that invoking E×B shear stabilization is important here since the trend in

linear growth rates of ITG modes [i.e. linear growth rates of ITG modes at t=448 ms larger

than that at t=364 ms and see Fig. 9(a)] is not consistent with the observed decrease in

electron-scale turbulence [Fig. 10(b)]. In order to fully investigate the above mechanisms,

multi-scale and/or global gyrokinetic simulations are required. In particular, the nonlinear

interactions between ITG and ETG turbulence, i.e. nonlinear cascade [19] and nonlinear Te

gradient drive [20], can be addressed by local multi-scale simulations which are planned in

future work, and the nonlocality of turbulence should be investigated with global gyrokinetic

simulations. However, we note that a global multi-scale simulation with NSTX geometry is

unlikely to be feasible in the near future due to its need of enormous amount of computation

power.

B. Comparison with Nonlinear Gyrokinetic Simulations

Here we present the results from local nonlinear ITG gyrokinetic simulations based on

experimental profiles at t = 448 ms. These local nonlinear simulations use general MHD

equilibrium from LRDFIT equilibrium reconstructions and measured experimental profiles,

kinetic electrons and ions with real mass ratio (M/me = 3600), collisions, shear and compres-

sional magnetic perturbations (although we found that calculated transport is dominantly

electrostatic), and toroidal flow and flow shear. All nonlinear simulations used a perpen-

dicular box of Lx × Ly ≈ 110 × 110ρs, 24 complex toroidal modes, 140 radial grid points,

8 energies, 12 pitch angles and 14 parallel mesh points (× 2 signs of parallel velocity). We
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note that the nonlinear simulations presented here only resolve the ion-scale turbulence and

the associated plasma transport. These simulations address the interesting observation pre-

sented in the paper that the observed L-mode plasmas developed H-mode-like confinement.

With a E×B shearing rate scan (Fig. 13) and multiple local nonlinear simulations (Fig. 14),

it is shown that the larger ExB shear can significantly affect both electron and ion thermal

transport and is likely the mechanism underlying the confinement improvement. However,

these ion-scale simulations do not address the electron- and ion-scale coupling which we

think is needed for explaining the observed reduction in electron-scale turbulence. Further

multi-scale and/or global gyrokinetic simulations will be carried out to address this issue

and will be presented in a future paper.

Predicted electron and ion heat flux, Qe and Qi, from a numerical E×B shear scan (based

on plasma equilibrium parameters at r/a = 0.71) are shown in Fig. 13, where Qe and Qi

are plotted as a function of ωE×B/γmax. It is seen from Fig. 13 that large Qe (∼ 6 MW)

and Qi (∼ 15 MW) are predicted with no E×B shear and thermal transport is reduced to

Qe ∼ 2 MW and Qi ∼ 6 MW with experimental E×B shearing rate. Further increase of

E×B shearing rate to the double of the experimental level leads to complete quenching of

ion thermal transport and nonphysical electron thermal transport (transport from highest
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wavenumbers used in the simulation and thus not shown). We note that the nonphysical

electron thermal transport only happens with the highest E×B shearing rate used in the

scan (double of the experimental level) and is not present with experimental parameters

with which the nonlinear simulations show well-behaved electron thermal transport spec-

trum, i.e. no electron thermal transport piling-up at the highest simulated wavenumbers.

Thus, this E×B shear scan shown in Fig. 13 clearly demonstrates that increasing E×B

shear can significantly reduce Qe and Qi driven by ITG turbulence and the critical E×B

shearing rate for quenching of ITG-driven thermal transport is between 1 and 2 times of

experimental E×B shearing rate, which corresponds to a critical ωE×B/γmax between 0.44

and 0.9. We note that this value is clearly lower than the quenching threshold of 1.1-1.2

estimated in Section IVA, and this is not surprising as we have discussed in Section IVA.

We also compare predicted heat fluxes with experimental Qe,exp and Qi,exp in Fig. 13. It

can be seen that with experimental E×B shearing rate, the numerical simulation clearly

over-predicts electron and ion heat flux comparing to experiments, and furthermore, the

simulation shows ion as the dominant channel of heat loss while in experiment, electron

channel remains dominant. Of course, the predicted heat fluxes may be sensitive to elec-

tron/ion temperature gradient, which may reduce these discrepancies when we consider the

measurement error in temperature gradients. As part of our future work, we will test this

sensitivity by varying electron/ion temperature gradient. Furthermore, the lack of global

effects (large ion gyroradius in NSTX and profile variation) in local gyrokinetic simulations

may also lead to the above discrepancies. Indeed, in Fig. 7, about a factor of 2 variation of

E×B shearing rate in the high-k measurement region (about 6ρi in width) can be seen.

Given the strong radial variation of E×B shearing rate seen in Fig. 7, we are motivated

to carry out multiple local gyroinetic simulations to assess the effects of E×B shear at

difference radial locations around the high-k measurement region. We note that although

this approach does not include the global effects, a large radial variation in predicted heat

flux, if seen, would indicate the need to include global effects. In Fig. 14(a), we plot

ωE×B/γmax as a function of r/a, and it can be immediately seen that ωE×B/γmax has a

large radial variation about a factor of 5 from r/a = 0.6 to 0.81 which mostly comes from

the radial variation of E×B shearing rate. In particular, ωE×B/γmax reaches about 1.5 at

r/a = 0.6, and from what is observed in Fig. 13, we expect predicted heat flux is totally

quenched at r/a = 0.6. It is also seen that ωE×B/γmax starts to saturate at r/a > 0.7
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where we would expect predicted heat flux to saturate as well. Indeed, what is shown in

Fig. 14(b) agrees with both our expectations. Both normalized electron and ion heat fluxes,

Qe/QGB and Qi/QGB (QGB = ρ2s/a
2neCsTe is the gyro-Bohm unit, where Cs is sound speed

and ne is electron density), are at minimal at r/a = 0.6 in agreement with strong E×B

shear stabilization and are saturated at ∼100 level at r/a > 0.7 in agreement with reduced

E×B shear effect and saturated ωE×B/γmax. Figure 14(b) also plots the profile of QGB

which demonstrates the strong QGB ∼ T
5/2
e dependence that decreases by about 2 orders of

magnitude from r/a = 0.6 to 0.81. To compare with experimental results, the normalized

electron and ion heat fluxes are multiplied with QGB and the resulting Qi and Qe profiles

are shown in Fig. 14(c) and (d), respectively, together with their experimental counterparts

(shown as the colored bands). It is obvious from Fig. 14(c) and (d) that the predicted Qi

and Qe profiles have large radial variations in contrast to the experimental profiles which

are fairly flat. It is also seen that the simulation significantly under-predicts Qi and Qe
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at r/a = 0.6 comparing to experiment, which is consistent with the strong E×B shear

present there as shown in Fig. 14(a). From r/a = 0.6 to 0.71, both predicted Qi and Qe

increase by about 2 orders of magnitude, which is consistent with a reduction in E×B shear

stabilization evident from the decrease in ωE×B/γmax in Fig. 14(a). Predicted Qi and Qe

peak at r/a = 0.71 and are significant larger than experimental values as already shown in

Fig. 13. Furthermore, from Fig. 14(b), it can be seen that the order of magnitude decrease

in predicted Qi and Qe from r/a = 0.71 to 0.81 is mostly due to the significant decrease in

QGB, and the agreement with experimental Qi and Qe are within a factor of 2 at r/a = 0.81.

Overall, we can conclude that the predicted Qi and Qe from local nonlinear ITG gyrokinetic

simulations are consistent with the radial variation of E×B shearing rate, but we have both

significant over- and under-prediction of heat fluxes in the evaluated region. As we have

pointed out, this is the indication that global effects may be needed for explanation of the

observation and we are actively pursuing global gyrokinetic simulations. Furthermore, in the

strongly sheared region, e.g. around r/a = 0.6, high-k modes, i.e. ETG, may be important

for electron thermal transport and nonlinear ETG simulation will be carried out to assess

this. However, the inclusion of ETG modes does not help explaining the above observed

discrepancy in ion heat flux.

V. SUMMARY AND DISCUSSIONS

In this paper, we have presented the first observation of the change in electron-scale

turbulence wavenumber spectrum and thermal transport responding to continuous E×B

shear ramping-up in an NSTX center-stack limited and NBI-heated L-mode plasma, where

in a time period of plasma spin-up the global energy confinement continues to increase and

reaches the H-mode confinement of conventional tokamaks without formation of transport

barrier. During the same time period, the frequency spectra of electron-scale turbulence

measured by the microwave scattering system clearly shows an almost linear increase in

fluctuation frequency and a decrease in fluctuation power as the plasma toroidal flow speed

increases. The former is consistent with the increase in Doppler frequency due to plasma

spin-up, and the later indicates an interplay between shear flow and plasma turbulence. A

correlation between shear flow and reduction in electron-scale turbulence is further supported

by the observation of a factor 5 increase in E×B shearing rate in the high-k measurement
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region with much smaller change in ne, Zeff and other dimensionless quantities as shown

in Fig. 6. Furthermore, both the electron and ion thermal transports are found to decrease

in the outer half of the plasma coinciding with where E×B shear changes most, when

MHD activities are small. This observation indicates that the responsible instability for

thermal transport should be strongly affected by E×B shear. We have also investigated

the dispersion relation of the observed turbulence by subtracting Doppler frequency from

measured fluctuation frequency to obtain fluctuation frequency in the plasma frame. The

most interesting feature we identified is that the normalized dispersion relation [ω/(Cs/a) vs

k⊥ρs] is self-similar even with electron-scale turbulence spectral power significantly reduced,

which indicates that the nature of the turbulence remains the same. We would like to point

out that this self-similarity is consistent with the small change in dimensionless quantities

as shown in Fig. 6.

We took an initial approach by comparing E×B shearing rate and maximum growth

rates of unstable ITG and ETG modes (calculated by GS2 code [36]), and this approach

was shown to reasonably represent the nonlinear E×B shear stabilization effect on turbu-

lence [10]. We found that while linear stability analysis shows that the maximum ETG

mode linear growth rate far exceeds the observed E×B shearing rate in the measurement

region of the high-k scattering system, the unstable ITG modes are susceptible to E×B

shear stabilization. As E×B shearing rate is continuously ramped up in the high-k measure-

ment region, the ratio between the E×B shearing rate and maximum ITG mode growth rate

continuously increases (from about 0.2 to 0.7) but does not reach the quenching threshold

predicted by using the result from Ref. [10], and the fact that the measured ion thermal

diffusivity, at its minimum, is still 2-3 times the neoclassical value is consistent with that

ITG turbulence is stabilized but not completely suppressed by E×B shear. At the same time

the maximum power of measured electron-scale turbulence k⊥ spectra decreases. However,

we have pointed out that the observed E×B shearing rate is close to ITG growth rate but

is much smaller than ETG growth rate, and thus the E×B shear should not affect ETG

turbulence as much as it does to ITG turbulence. Further analysis of ETG linear stability

shows that ETG linear growth rates increase in the time period of interest, i.e. t = 364

to 482 ms, and the change in ETG linear growth rate is found to mainly result from the

equilibrium changes in q and Ti/Te with Ti/Te as the dominant factor leading to the increase

of ETG linear growth rates. This increase in ETG linear growth rate from t = 364 to 482
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ms excludes a simple explaining of the observed reduction in electron-scale turbulence based

on linear analysis. Thus other mechanisms are needed to explain the observation. Possible

mechanisms may involve nonlinear couplings between ion- and electron- scale turbulence:

some of the electron-scale turbulence is a result of nonlinear cascade from ITG turbulence

[19] or ETG turbulence is nonlinearly excited by ITG turbulence [20], and once ITG tur-

bulence is stabilized by E×B shear, the resulting electron-scale turbulence is also reduced.

Other mechanisms may also contribute, e.g. nonlocality of turbulence, e.g. strong E×B

shear reducing ITG turbulence spreading [21]. We have pointed out that multi-scale/global

nonlinear gyrokinetic simulations are needed to investigate the above mechanisms. Local

multi-scale nonlinear gyrokinetic simulations and global nonlinear simulations are planned

to be carried out in the future work to address proposed mechanisms.

Local nonlinear gyrokinetc simulations were performed to quantitatively characterize the

E×B shear effect on ITG turbulence. An E×B shear scan at a fixed radius of r/a = 0.71

shows that E×B shear can significantly reduce both electron and ion heat fluxes, although

the simulation still over-predicts heat fluxes with experimental E×B shearing rate. It is

also found that E×B shearing rate between 1 and 2 times of the experimental value is

needed to completely quench ion thermal transport. Multiple local simulations were carried

out around the high-k measurement region, motivated by the observation of large radial

variation of E×B shearing rate. It is found that the radial variation of predicted Qi/QGB and

Qe/QGB follow nicely what we have expected from the radial variation of E×B shearing rate:

strong quenching of thermal transport around r/a = 0.6 with strong E×B shear and much

increased and saturated thermal transport at r/a > 0.71 where E×B shearing rate is reduced

and levels off. Comparison with experimental values shows significant under-prediction of

thermal transport around r/a = 0.6, significant over-prediction around r/a = 0.71 and

within-a-factor-of-2 agreement with experiment around r/a = 0.81. We have pointed out

that this strong radial variation of predicted thermal transport level is associated with

the large radial variation of E×B shear and QGB and indicates the need to include global

effects in future numerical simulations. In addition, as we have pointed out, we will also

investigate the sensitivity of these results on electron/ion temperature gradient in our future

work. Furthermore, high-k turbulence, i.e. ETG, may also contribute to electron thermal

transport. This is reasonable since Qe,exp > Qi,exp seen in Fig. 13 shows that electrons

are the dominant transport channel. Thus, we are planning to carry out nonlinear ETG
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simulations at where E×B shear is strong enough to suppress ion-scale turbulence, e.g.

around r/a = 0.6. However, at other radial locations, e.g. around r/a = 0.71, multiple-

scale simulations will be needed to fully investigate the contribution to thermal transport

from both electron- and ion-scale turbulence. Multi-scale simulations, as we have discussed,

are also essential to assess the speculated nonlinear couplings [19, 20] between ion-scale

and electron-scale turbulence and to quantitatively compare turbulence characteristics, e.g.

dispersion relation and wavenumber spectra, with experiments.
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