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While measured ion thermal transport in spherical tokamaks (STs) such as MAST can
approach the level of neoclassical theory [1], electron thermal transport is almost always
anomalous. The large levels of ExB shear often observed in STs are expected to suppress the
turbulent transport driven by ion scale (k;pi<1) ion temperature gradient (ITG) and trapped
electron mode (TEM) instabilities. However, both non-linear turbulence simulations [2,3]
and 1D transport modeling [4,5] predict electron scale turbulence (k;p.<1) driven by the
electron temperature gradient (ETG) can drive experimentally relevant levels of transport.
Analysis of recent discharges in NSTX suggest that microtearing instabilities [6] and even
energetic particle driven transport [7] may be the dominant electron thermal transport
mechanism for higher NBI heating power (Pxgi=4-6 MW).

Here we attempt to quantify the ETG transport in MAST discharges with heating power
Pnpi£2 MW. Nonlinear gyrokinetic simulations are performed using GYRO [8] for low-
aspect ratio, moderately shaped equilibrium defined by the Miller parameterization (R/a=1.6,
r/a=0.5, x¥=1.5, 8=0.2). The safety factor, q, and corresponding magnetic shear, S, approach
large values in the outer half of ST plasmas (s ~2-6). Previous ETG simulations using the
adiabatic ion model (ETG-ai) [2] indicate a lack of saturation for s>0.4 when including
particle trapping. Evidently, including gyrokinetic ions [2], finite ExB shear [9], or electron
collisionality [10] provides a long-wavelength cutoff that recovers a saturated turbulent state.
To ensure saturation and convergence for ST parameters, the simulations here (q=1.4,5 =0.8)
include both gyrokinetic ions (mi/m.=3600) and ExB shear at the upper level of that observed

experimentally in MAST, yg=0.9 cs/a, where y.=r/q-d/or(q/rB,, -o®/or) [11] and

unit

c, =4T./m, . For gradients representative of the MAST mid-radius (a/Lt.=a/L1i=3, a/L,=1)

YE/Yiinmax~0.15. (Similar ETG calculations using GS2 with ExB shear have recently been
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achieved [10].) Simulations were performed in the collisionless and electrostatic limit.
While B, can be relatively large near the magnetic axis in MAST (B¢~0.1), previous ETG
simulations for mid-radius parameters indicate the resulting non-linear transport is rather
insensitive to the inclusion of EM perturbations [3].

The initial simulation domain uses a square perpendicular box L,=L,=240p., with 32
toroidal modes and 128 radial grid points, giving Kepe max=KrPe.max=0.74. The resolution in
parallel orbit (10) and velocity space (128) use values sufficient to reach convergence and
maintain entropy balance within ~5-10% [12]. Fig. 1(a) shows the time-averaged radial
profile of y. for this case (black). As GYRO uses finite differences for the radial derivative,
Dirichlet boundary conditions on fluctuating quantities (fixed at zero) are enforced when
including profile variations (only ExB shear in these simulations). The effect is seen clearly
in Fig. 1(a) as the transport is finite and flat in the interior but approaches zero at either radial
boundary. In the absence of a source, this strong variation in transport will relax the effective
equilibrium temperature gradient. To counteract this, boundary buffer zones [13] of finite
width (A®) are implemented that damp the axisymmetric components of the distribution

function (~vb-8f o), effectively acting as a local

source. (A full-radius “adaptive source” [13,14]

is not used here as there are no equilibrium
profile variations.) Fig. 1(b) shows the radial
profile of the time-averaged total effective

gradient, (a/Lre)wta, for the buffer parameters

used in the initial simulation (Ab=l6pe,

vb=1cs/a). It is clear that for these parameters

there is a reduction of the effective gradient
across the interior of the domain.

Fig. 1(a) illustrates the total transport
increases as the buffer width and damping

strength are increased (optimal parameters were

previously determined for ion scale simulations,

Fig. 1. (a) Profiles of y. from local GYRO  €.g. [14]). With (A°=64p., V’=6¢y/a) the total
simulations with ExB shear (non-periodic
BCs) using different box widths, boundary
widths, and boundary damping strength. value (Fig. 1(b)). Fig. 2 shows the time-
(b) Effective electron temperature gradient

profiles (including time-averaged (8f,—)o). averaged value of y. vs. (a/Lte)ow (averaged

effective T. gradient remains near the input
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over the interior of the domain) for a number of e

. . . . 0.3F o Lscan
simulations that independently vary box size (black), i b

buffer width (red), and damping strength (blue). With B 0 27 o W scan $f+ 7
ozn ' ]

. b . b .. .. i
sufficiently large (A", v°) the transport is insensitive to o : &b
further changes. As a consequence of the stiffness =< 01k ¢ E
inherent in these ETG simulations, the transport ¢
increased almost threefold for a net increase in total [ T— e SR L]
24 2.6 2.8 3
effective gradient (in the interior) of only ~10%. The LU

Fig. 2. Simulated transport . vs. net
effective T. gradient for wvarious
transport can be to perturbations that modify the simulations.

above exercise illustrates how sensitive the resulting

equilibrium gradients [14]; an effect that must be monitored in any numerical scheme using
finite differences (non-spectral) in the radial direction with non-periodic boundary conditions
(i.e., all global codes).

While the transport in the above simulations changed significantly for varying buffer
parameters (total effective gradient), the resulting turbulence characteristics were largely
unaffected. For instance, the spectra shape and correlation functions were nearly identical
(correlation lengths at FWHM were Li=3-L,=26p.).

Additional simulations demonstrate the transport is converged with respect to radial,
parallel orbit and velocity space resolution. However, transport increases with binormal
resolution up to kepemax=1.5 (for fixed box size). This is similar to the ETG-ai benchmark
reported in [2], although here we have included both kinetic ions and finite ExB shear. While
the binormal box size can be reduced a factor of two (i.e. half the number of toroidal modes)
with no effect on saturation, this will likely depend on the level of ExB shear which does
impact the low kg saturation. Fig. 3 shows the fractional transport spectra for the
L=L,=240p. box with kpema=0.74 (black) and kpemax=1.5 (red), and a corresponding
simulation with L=21,=240p. kpemax=1.5 (blue). The resulting transport reaches

1ex0.4p%c /a=8p2v., /L, which is comparable to experimental values.

In neutral beam heated MAST discharges, the strong toroidal rotation (Ma=v/c<1.0,

c, =+/T,/m, ) and corresponding toroidal flow shear gives rise to the ExB shear included in

the simulations above. In addition to this perpendicular ExB shear, parallel flow shear
(yp=qR/r-yg) should be included to consistently model the net foroidal flow shear. Fig. 4

shows the linear growth rates with and without the inclusion of toroidal flow and parallel
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Fig. 3. Fractional transport spectra
for simulations with different box

sizes and binormal resolution.
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Fig. 4. Linear growth rates without
(black) and with (red) finite toroidal

flow and parallel flow shear.
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flow shear (Ma=0.6, yp=4.0cs/a). The addition of yp
provides an additional linear instability drive (Kelvin-
Helmholtz) evident in the kopi<l growth rates.
However, this increase is insufficient to overcome the
ExB shear rate (dashed

line) responsible for

suppression of ion scale turbulence. It is not
surprising that the resulting nonlinear ETG simulation
(kopimin~1.5) is unaffected by the inclusion of finite
Ma and yp at this radius.

The above simulations were performed in the local
limit (flat profiles of n, T, and their gradients), which
is reasonable when focusing only on electron scales
(pe/a~1/6000). However, measured ST profiles vary
significantly over ion scales (pi/a~1/100), including
the gradients in n & T, toroidal flow and shear, as well
as e=1/R which impacts the parallel flow shear (g/¢)
and particle trapping (~&"?).  Simulations using

measured experimental profile variations are presently

underway to access the impact of these variations on

the resulting ion and electron scale transport in MAST.

Calculations were performed at the University of Warwick Centre for Scientific Computing and NERSC.
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