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Abstract. The impact of sheared E x B flow on multiscale turbulence is studied
with nonlinear gyrokinetic simulations. Simulations are based on DIII-D-like,
high-confinement mode (H-mode) pedestal parameters in the regime of low
ion temperature gradient drive, where there is a broad spectrum of electron
temperature gradient (ETG)-driven turbulence. It is found that E x B shear can
have a significant effect on ETG-driven electron transport, with an unexpected
transition from a turbulence stabilization regime at moderate to large shearing
rates 7g to a novel turbulence destabilization regime at low levels of vg. In the
turbulence stabilization regime, the electron energy flux decreases monotonically
with vg, even when ~g is small compared to electron mode growth rates.
The stabilizing effect comes dominantly from the electron, not ion, gyrokinetic
equation. In the novel destabilization regime, reduction of zonal energy results
from the interaction of yg-modulated nonlinear drive in the zonal ion gyrokinetic
equation, increasing the electron transport over a broad range of shearing rates.
Neither of these effects have been observed in previous electron-scale simulations.
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1. Introduction

Sheared E x B flow in a tokamak, primarily driven by external torque from neutral
beam injection for plasma heating, has a profound stabilizing effect on drift-wave
turbulence [1]. It is thought to play an important role in the formation of transport
barriers [2] and in triggering the low-to-high (L-H) confinement mode of operation
[3] in tokamaks. The importance of including E xB flow in nonlinear simulations
of tokamak plasma turbulence has long been known [4, 5, 6, 7]. Despite this
wealth of prior literature, both the theory and simulation of flow shear have focused
on the long-wavelength regime where the effect is always associated with a strong
suppression of turbulence. It is generally held that E x B shear is more effective
for long-wavelength-dominated turbulence regimes (e.g., ion temperature gradient
(ITG)-driven turbulence), where the typical timescale for the instability scales as
the diamagnetic drift frequency and thus is comparable to the E x B shearing rate in
experiments. In contrast, for short-wavelength-dominated turbulence regimes where
electron temperature gradient (ETG)-driven modes dominate, the instability growth
rates are much larger than the E x B shearing rates, and the electron gyroradius-scale
modes are more radially localized. In the past, it has been assumed that ion-scale
E x B shear flows have a negligible effect on ETG modes and thus on the stabilization
of electron turbulence [8]. However, ETG-driven turbulence is not purely electron-
scale, and cross-coupling with ion scales can be important [9, 10, 11, 12]. Multiscale
simulations, which couple ion and electron spatio-temporal scales, are ultimately
needed to fully describe the transport.

In this work, we use gyrokinetic simulations to study the effect of E x B shear
on multiscale, ETG-dominated turbulence. In the multiscale regime, where there
is typically a weak long-wavelength turbulence spectrum, we observe a significant
association of shear flow with ETG turbulence suppression. In addition, a transition
to a novel regime of flow-shear generated turbulence destabilization is found at low
shearing rates, which unfavorably increases the electron transport due to finite ion
mass cross-coupling dynamics.

2. Choice of baseline parameters

The simulations are based on high-confinement mode (H-mode) pedestal-like
parameters from DIII-D ITER baseline discharge #164988 [13] at r/a = 0.92 . This
operating point was the subject of a previous study that demonstrated a spectral
transition from ion-scale turbulence to broad multiscale turbulence [14]. In the present
work, we use a slightly modified version of that case, focusing on the regime of low
ion temperature gradient drive, for which there is a broad ETG turbulence spectrum.
The E x B shearing rate, defined as

r dwg
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is varied. Here r is the midplane minor radius, ¢ is the safety factor, and wy is
the toroidal rotation frequency, which is related to the lowest-order toroidal flow
velocity by Uy = woR?Vy. In CGYRO, we consider solution of the gyrokinetic
equation using the sonic rotation formalism of Sugama [15]. Plasma rotation affects
three key local parameters: the Mach number M = woRy/v;, the toroidal rotation
shear v, = —Rodwy/dr and the E x B shear 7yg. In these definitions, Ry is the
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midplane major radius and v; = 1/T;/m; is the ion thermal speed, where T; is the ion
temperature and m; is the ion mass. In the weak rotation limit [16, 17], the rotation
parameters enter the gyrokinetic equation though the Coriolis drift, rotation shear
drive, and sheared E x B flow terms, respectively, as shown in Eq. (21) in Ref. [18]. In
the present study, for simplicity, we set Mach number M and toroidal rotation shear
vp to zero and further neglect impurities. In addition, the flux-surface shape has been
made exactly up-down symmetric to maintain invariance of energy fluxes under the
transformation T': (yg — —7yg). Other equilibrium parameters are given in Tables 1
and 2.

As in the previous study [14], we use the CGYRO gyrokinetic code [19] for all
numerical simulations. In the previous study, a key variable giving rise to a spectral
transition was the inverse ion temperature gradient scale length, 1/Lp; = —dInT;/dr.
When 1/Lp; = 0 a broad multiscale turbulence spectrum was observed, requiring
very high radial and binormal spatial resolution to resolve. A similar baseline
multiscale resolution is considered here. The simulations use a radial box length
of Ly = 94pp and a binormal box of length L, = 47pp. N, = 1344 radial modes and
N, = 192 complex toroidal modes are retained, corresponding to the following radial
and poloidal wavenumber resolutions:

A(Epp) = 0.067, (E2pD)max = 44.86 ,
A(kepp) = 0.134 ,  (kopp)max = 25.59 .

Here pp = vp/Qpunit is the deuteron gyroradius, where vp = +/Tp/mp is the
deuteron thermal speed, T is the deuteron temperature, mp is the deuteron mass,
QD unit = €Bunit/(mpc) is the deuteron cyclotron frequency, Bunit (1) = (g/7)(dv/dr)
is the effective magnetic field strength [20], and ¢ is the poloidal flux divided by 2.
Other resolution parameters are Ny = 24 (field line resolution), N¢ = 18 (pitch-angle
resolution), N,, = 8 (energy resolution) with maximum energy u2,,, = 8. Complete
definitions of the CGYRO numerical resolution parameters can be found in Ref. [19].
For all simulation results, energy fluxes are normalized by the deuterium gyroBohm
reference level [21], given by Qaep = npTpvp(pp/a)?, where np is the deuteron
density and a is the the midplane minor radius of the last closed flux surface.

Using the simplified parameters of the present work, we observe the linear
spectrum shown in Fig. 1. Curves are shown for both deuterium (D) and hydrogen
(H) plasmas. The ETG mode, driven by the electron temperature gradient, is the
dominant drift wave, transitioning to a hybrid trapped electron-ETG mode (TEM-
ETG) near kgpp ~ 1. The linear growth rate peaks at kgpp = 30, or equivalently
kgpe = 0.50. The dependence on ion mass is rather weak, consistent with intrinsic
electron mass scaling of the linear growth rate in the adiabatic ion limit. In what
follows, the case a/Lr; = 0 will serve as the baseline to explore the effect of ~vg-
variation on the multiscale transport. While the previous study [14] showed that the
multiscale branch is characterized by a/Ly; < 2.75 (at finite rotation), the choice of
a/Lp; = 0 avoids branch jumps to the ion-scale-dominated regime at vg ~ 0.

3. Treatment of E x B shear at arbitrary wavelength

Precise computational assessments of yg-stabilization in the past have proven difficult.
Studies by Casson [7] exhibited strong sensitivity to radial and binormal resolution.
The key findings were that the critical shear at which turbulence is quenched
varies significantly as binormal resolution is changed, and that agreement between
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Table 1. Local profile parameters. Note that z = r/a.

Parameter Description Value
r/a minor radius 0.92
ni/Ne ion density 1.0
T;/T. ion temperature 1.0
a/Lpe —(d/dx)Inn, 0.0
a/Ly; —(d/dzx)Innp 0.0
a/Lre —(d/dz)InT, 3.8
a/Lr; —(d/dz)InT; 0.0
Be unit 8mneT./B2 1.78 x10~4
(a/vp)Vee | electron collision rate 0.49
M ion sound Mach num 0.0
(a/vD)7yp | toroidal rotation shear 0.0
(a/vD)VE E x B flow shear (varied)

Table 2. Local equilibrium geometry parameters including the major radius Rp,
safety factor ¢, shear s, elongation k, triangularity d, squareness ¢, and symmetric
shaping parameter sz [22].

Parameter Value Parameter | Value
Ro/a 3.15 dRg/dr -0.16
q 3.25 s 3.65
K 1.66 Sk 0.77
) 0.34 Ss 1.13
¢ -0.038 ¢ -0.13
S3 -2.7x1072 || (d/dx)s3 | -0.11

codes/algorithms was difficult to achieve. Subsequently, it was shown in Refs. [23, 24]
that a popular E x B simulation algorithm, based on a wavenumber remapping
method, does not converge to the physically correct result. In this work we use the
wavenumber advection (WA) method for all simulations. The WA method can treat
both E x B shear [24] and profile curvature [25] with spectral accuracy at arbitrary
wavelength. The ability to treat profile curvature with the same algorithm as E x B
shear provides an important check of the validity of the WA method. Such a check
is not available to other approaches. A visual illustration of WA is shown in Fig. 2.
Potential fluctuations in the non-periodic, central +~g region are free to tilt arbitrarily,
and this is matched by a corresponding mirror tilt in the —yg region.

As in previous reports, we define the wavenumber dependence of the energy flux
for species a according to

Qa = Z leke) .
ko

The total nonlinear turbulent energy flux @, is computed according to Eq. (36) in
Ref. [18]. In addition to the energy flux, we introduce the nonzonal electrostatic

(2)
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Figure 1. Linear growth rate versus kgpp at a/Lz; = 0.0 for deuterium (solid
curve) and hydrogen (dashed curve) plasmas. There is a broad range of ETG
instability, with very little difference in magnitude and wavenumber dependence
between ion species.

potential intensity,

1 02) = 3 (Jb )

ko>0

2>t . (3)

Here (...), denotes a time-average and ¢ = (ep/T.) is the normalized fluctuating

electrostatic potential. We then define the total intensity It(:t) as the sum over all
radial wavenumbers kY. Similarly, we introduce the zonal drift energy, which is a
measure of the zonal shearing rate,
2>
t

KO (1) = Ko { |6 (. )
Here we approximate k3 as k3 ~ (k2)? + k3. We then define the total zonal drift
energy K§§2 as the sum over all radial wavenumbers k2. I(+) and K(©) can be suitably
normalized using the deuterium gyroBohm intensity, Iagp = (pp/a)?. Nonlinear
convergence of the multiscale turbulence simulations is demonstrated in Fig. 3. The
radial wavenumber spectra for K (©) (kg), shown in Fig. 4, indicate that zonal energy
is concentrated at ion-scale wavenumbers. In what follows, we will restrict analysis of
KO (£2) to low k2psp, defining K]((ijvz, as the sum over radial wavenumbers in the range
-1 < kgpSD < 1. For multiscale turbulence, this eliminates the high wavenumber
component, which does not contribute to the stabilization of the turbulence. We note
that, while not shown here, we have also computed the low-k zonal shearing rate
7. ~ (K20p)24(0, k9) [26] and the trends that are shown in Sec. 4 are the same as for

the zonal energy Kl((?w.

(4)

ko=0

4. Significant effect of E x B shear on ETG transport

The simulated nonlinear electron transport versus vg is shown in Fig. 5. The results
show a significant effect of E x B shear on the ETG-driven electron energy transport.
A key but unexpected result is the existence of two distinct regimes: a turbulence
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Figure 2. Multiscale potential fluctuations for a deuterium plasma at shearing
rates (a/vp)ye = (0.0,0.08,0.17), illustrating the qualitative effect of shearing.
These plots also serve to illustrate the wavenumber advection method [24, 25]
to treat profile variation. The central domain {0.25 < /L, < 0.75} describes
the +vg region whereas {z/L, < 0.25;2/L,; > 0.75} describes the —yg mirror
region. This approach eliminates spurious shearing effects caused by Dirichlet
boundary conditions traditionally used in global gyrokinetic methods.

stabilization regime at moderate to large vg and a novel turbulence destabilization
regime at lower yg. In the turbulence stabilization regime, the electron energy flux
Q. is significantly stabilized with increasing yg. In the turbulence destabilization
regime at low yg, Q. increases with increasing vg. The destabilizing effect of vg
has not previously been reported; in contrast, simulations of flow shear have focused
exclusively on the long-wavelength regime where the effect is always associated with
a strong suppression of turbulence.

Fig. 6 compares the results for D vs. H as the main ion species. Note that, in this
figure, main ion units are used to measure vg for the D and H scans independently.
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Figure 3. Time evolution of (a) turbulence intensity Ié:c) and (b) zonal

energy Kt(gz for ETG turbulence in a deuterium plasma at shearing rates

(a/vp)ye = (0.0,0.08,0.17), demonstrating nonlinear convergence of the
multiscale simulations.

Recall that the linear growth rates (a/vp)y in Fig. 1 are nearly identical for D versus
H, suggesting that the drift wave instability drive is insensitive to ion mass. However,
in Fig. 6, a surprising nonlinear effect from finite ion mass is found.

5. Phenomenology of shear stabilization and destabilization regimes

To interpret these results, we identify the following key nonlinear driving mechanisms

in the two shear regimes in Fig. 5 and Fig. 6:

Mechanism A: ETG-scale flux decreases monotonically with (a/v.)vyE according to
traditional theory of E x B shear stabilization. The electron flux follows the qualitative
trend of a decrease in electrostatic potential intensity It(;;) (blue shaded region). This
is a direct effect in the electron gyrokinetic equation.

Mechanism B: Zonal energy Kl((?v)v decreases rapidly and monotonically with
(a/vi)yE, causing an increase in electron flux (orange shaded region). This is an
indirect effect in the zonal ion gyrokinetic equation.

Thus, we find that
e Stabilization of @, (blue region) occurs when A dominates B.
e Destabilization of Q. (orange region) occurs when B dominates A.

In the stabilization region dominated by Mechanism A, although the E x B terms
in the ion and electron gyrokinetic equations are identical (i.e., no mass scaling), the
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Figure 4. Radial wavenumber spectra for the time-averaged zonal energy K(®)
for ETG turbulence in a deuterium plasma in (a) the vg destabilization regime

and (b) the vg stabilization regime.

electron transport
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Figure 5. Electron energy flux Qe, turbulence intensity I,
energy Kl((?v)v as a function of the E x B shearing rate in deuterium thermal
timescale units for ETG turbulence in a deuterium plasma. There is a region
of vg destabilization (orange shaded area) followed by a more typical region of

vE stabilization.

(+) and low-k zonal
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Figure 6. Electron energy flux Q., turbulence intensity Ic(:t)v and low-k zonal

energy Kl(fv)v as a function of the E X B shearing rate in main ion species thermal

timescale units. Solid curves show results for a deuterium plasma (D) whereas
dashed curves show results for a hydrogen plasma (H). In both cases there is
a region of vg destabilization (orange shaded area) followed by a more typical
region of vg stabilization.

influence of vg on the transport comes primarily from the electron equation, not the
ion equation. This test is not shown, but was verified by artificially zeroing the E x B
term in the ion gyrokinetic equation. Doing so gave a small but expected destabilizing
effect, increasing the electron energy flux by about 15%. Thus, the behavior in the
blue region of Figs. 5 and 6 is analogous to traditional E x B shear stabilization
demonstrated for ion-scale turbulence. However, unlike for ion-scale turbulence, here
significant stabilization is observed at g values that are much smaller than the
nominal ETG linear growth rates (see Fig. 1). This effect has not been observed
in previous electron-scale simulations [8, 27].

In the (novel) destabilization region dominated by Mechanism B, we speculate
that the rapid reduction of zonal energy results from the interaction of yg-suppressed
nonlinear drive with ion parallel motion in the n = 0 (zonal) ion gyrokinetic equation.
The natural oscillation of the zonal equation at the geodesic acoustic mode (GAM)
frequency (this frequency is ion-mass dependent) modulates the short-wavelength drive
from electrons. Evidence for this is that K(®) in Fig. 6 scales exactly with (a/vi)yg
when comparing the D and H plasmas. We have verified that this ion-mass effect
is localized to the ion zonal streaming term. That is, by suitably rescaling only the
parallel streaming term in the zonal gyrokinetic equation for H, we can recover the flux
of the D case. This test further suggests that the destabilization effect is not quasilinear
in nature since it does not originate in the finite-n ion gyrokinetic equation.

Finally, ion finite Larmor radius (FLR) effects also play a minor role in the
multiscale transport. In both regimes, at constant (a/v;)yg, simulations with heavier
ions have larger Q. due to larger I*) from ion FLR effects. This implies a slightly
unfavorable isotope effect on the electron transport as the hydrogenic ion mass
increases from H to D to reactor-relevant 50:50 D-T.
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To gain some added insight into the qualitative differences between the
stabilization (blue) and destabilization (orange) regions, we plot the turbulence spectra
in Fig. 7. The peak of the electron flux spectrum is significantly downshifted in kg from
the peak in the linear spectrum for the ETG mode to an intermediate wavenumber
between ion and electron scales. Even so, the ion-scale wavenumber (0 < kgpsp < 1)
components of the electron energy flux are small, making up only 5-12% of the total
flux in the destabilization regime and less than 3.5% in the stabilization regime,
decreasing with increasing vg. As expected, the spectrum at the highest (electron-
scale) wavenumbers is largely unaffected by vg in all cases. Fig. 7a (in conjunction

with the Kl((?v)v curve in Fig. 6) shows that the novel rise in Q. with increasing vg comes
from an increase in the intermediate-k transport, which is a response to the reduction
in low-k zonal energy. Thus, at long wavelength where there is no turbulence drive,
vg acts only to reduce the low-k zonal energy, thereby increasing the intermediate-k
turbulence. Other work has observed a subtle effect of yg on zonal flows [28] in the
context of novel bistable states of low-k turbulence. However, no destabilization was
observed in that work, perhaps because the wavenumber ranges of the turbulence and
zonal flows were overlapping.

Finally, Fig. 7b (in conjunction with the It(;) curve in Fig. 6b) shows that the
eventual decay of Q. with vg comes from an overall reduction in the electron-driven
turbulence intensity. In contrast with previous multiscale simulations [9, 12], it is
notable that the decrease in the ion-scale component of the flux does not increase the
electron-scale component of the flux, so the total electron flux decreases.

6. Summary

The impact of sheared E x B flow on multiscale turbulence has been studied with
nonlinear gyrokinetic simulations. Scans of electron energy flux versus E x B shearing
rate yg were performed for representative DIII-D-like H-mode pedestal parameters
in the regime of low ion temperature gradient drive, where there is a broad ETG
turbulence spectrum. It was found that E x B shear can have a significant effect
on ETG-driven electron transport, with an unexpected transition from a turbulence
stabilization regime at moderate to large vg to a novel turbulence destabilization
regime at low levels of yg. Two fundamental nonlinear mechanisms were identified:

Mechanism A: ETG drive decreases monotonically with vz, even at rates that are
small compared to the inverse electron thermal timescale. This is a direct effect in the
electron, not ion, gyrokinetic equation.

Mechanism B: Stabilization from low-k zonal flows decreases monotonically with vg.
This is a novel indirect effect in the zonal ion gyrokinetic equation due to interaction
of yg-modulated nonlinear drive with ion parallel motion.

Stabilization of Qg occurs when A dominates B; destabilization of electron energy
flux Q. occurs when B dominates A. Neither of these effects have been observed in
previous electron-scale simulations.

The relevance of these regimes for present-day tokamaks and future reactor
operation is beyond the scope of this work. While the DIII-D experimental value of
~g for this case is (a/vp)yg = 0.17 (i.e., in the stabilization regime), shearing rates as
large as (a/vp)vye ~ 0.08 were found to be destabilizing. Thus, the new destabilization
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Figure 7. Electron energy flux ng") as a function of poloidal wavenumber
kopp, showing a broad spectrum of ETG-driven turbulence. Solid curves show
results for a deuterium plasma (D) whereas the dashed curve shows results for a
hydrogen plasma (H). (a) In the vg destabilization regime, a rise in intermediate-
k transport with yg, due to loss of zonal shearing, increases Q. (b) In the vg
stabilization regime, a reduction of turbulence intensity with vg decreases Qe.

regime may be relevant for future reactors since the externally-driven E x B flow shear
is expected to be low in devices like ITER. Furthermore, while the destabilization
mechanism studied here relies on the absence of strong long-wavelength turbulence,
in the H-mode pedestal ion transport is often reduced to neoclassical levels [29].
However, the interaction of broad-scale ETG with long-wavelength electromagnetic
instabilities like microtearing modes (MTMSs) that are often present in the pedestal
[30] is computationally challenging but may also need to be considered.
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