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This Letter presents nonlinear gyrokinetic simulations of microtearing mode turbulence. The simula-
tions include collisional and electromagnetic effects and use experimental parameters from a high-f
discharge in the National Spherical Torus Experiment. The predicted electron thermal transport is
comparable to that given by experimental analysis, and it is dominated by the electromagnetic contri-
bution of electrons free-streaming along the resulting stochastic magnetic field line trajectories.
Experimental values of flow shear can significantly reduce the predicted transport.
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The scaling of normalized energy confinement time
with collisionality in spherical tokamaks (STs), ;75 ~

Vi (0.7-0.9) [1,2], is favorable for extrapolation to next gen-
eration devices at lower v,.. The microtearing mode [3,4] is
often predicted to be unstable in neutral beam heated ST
experiments [5—7] with a linear growth rate that scales con-
sistent with the measured confinement trends (yy;, ~ v,). It
is therefore an obvious candidate for describing transport
in at least some ST plasmas. This Letter presents first-of-a-
kind nonlinear gyrokinetic microtearing mode simulations
which predict transport comparable to experimental results
in the National Spherical Torus Experiment (NSTX).
Microtearing modes are small scale tearing modes with
large toroidal (n) and poloidal (m) mode numbers.
Theoretically they are driven unstable by having an
electron-temperature gradient (ETG) VT, projected onto
helically resonant radial perturbations of magnetic field
lines, 6B,,,, with a rational value of the safety factor,
g = m/n. The parallel component of VT, can drive a
resonant parallel current (which reinforces 6B,,, via
Ampere’s law) through multiple mechanisms, such as the
(time-dependent) thermal force [3] or interaction between
trapped and passing particles [4], both requiring finite
collisionality. The existence and strength of the instability
will therefore depend on collisionality and electron S
(from Ampere’s law). In the cylindrical limit, a single
resonant mode can reconnect [8] and cause a magnetic

island of width wig,nq = 44/(8B/By)rR/ns to form, where
By is the equilibrium field strength, R (r) is the major
(minor) radius, and s = (r/q)q’ is the magnetic shear. If
the single-mode island width becomes larger than the
separation between rational surfaces, Ar, = 1/nqg' =
1/kys (kg = nq/r), stochasticity is expected to develop
[9], which can cause rapid transport of electrons following
the perturbed field line trajectories [10]. If many toroidal
modes are present (separated by An), the minimum
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distance between adjacent resonant surfaces is 07 =
An/n*q'. Therefore the island overlap criterion for sto-
chasticity onset is more easily satisfied, especially for
higher n. Evaluating this condition requires the amplitude
of the saturated & B perturbations. The quasilinear approxi-
mation 6B/B =~ p,/Ly, [11] was used along with a colli-
sional test-particle stochastic transport model [10] to
model a NSTX discharge, giving quantitative agreement
[7]. But the analytic y, expression does not follow the
scaling of the linear instability, and it is extremely sensitive
to T, and VT,. It is unclear whether these scalings are
expected to hold from nonlinear turbulence simulations.

To provide a first-principles prediction of the nonlinear
magnetic perturbations 6B and corresponding transport,
this Letter describes a set of nonlinear gyrokinetic simula-
tions for a discharge in NSTX that is unstable to only the
microtearing mode. The simulations require resolving all
rational surfaces in the computational domain to achieve
saturation, and the transport is almost entirely electromag-
netic as a result of stochastic field line trajectories. The
predicted electron heat flux is close to experimental levels,
illustrating that microtearing turbulence can be important
in spherical tokamaks.

The simulations are based on NSTX discharge 120 968
(Br =035T, I,=0.7MA, Pyg =4MW, R/a=
0.82 m/0.62 m) that is common to confinement studies
that scale plasma current, magnetic field, and dimension-
less collisionality and S [1,12]. Linear stability analysis
using the Eulerian gyrokinetic code GYRO [13] finds that
the microtearing mode is the only ion scale [kgp, <1,
where p, = ¢,/Q;, ¢, = (T,/m;)'/?, QO; = Z,eB/m;] in-
stability in the outer half radius (r/a = 0.5-0.8) while the
smaller scale ETG instability (kgp, >> 1) is unstable
only farther out (r/a = 0.8). Figure 1(a) shows that micro-
tearing modes at r/a = 0.6 are unstable for kyp, = 1.05,
or n =50 (m = 85, g = 1.69). Compressional magnetic
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perturbations (6B)) have little influence on the growth rate
and structure of this mode and are neglected in the non-
linear simulations.

While the microtearing mode in highly shaped, high-£
ST plasmas does not always follow more simple theoreti-
cal limits [6], gyrokinetic calculations demonstrate the
mode requires sufficient S, collisionality, and electron-
temperature gradient [a/Ly, = —(a/T,)VT,] to become
linearly unstable. At r/a = 0.6 in this NSTX discharge the
microtearing mode dominates over all other microinstabil-
ities for a wide range of », B8, and a/Ly, . This location is
therefore ideal for studying pure microtearing mode driven
turbulence.

The linear modes exhibit narrow resonant parallel cur-
rent perturbations (d)) centered on the rational surfaces
and almost radially uniform magnetic perturbations. For
the most unstable mode at kyp, = 0.63 (n = 30), the
current channel width is A; = 0.3p, or ~1 /3 of the ra-
tional surface separation Ar., = 0.9p, (s = 1.75). The
corresponding density and potential fluctuations are also
narrow and out of phase, very close to an unmagnetized (or
adiabatic) ion response, dn/n = —(ed¢/T). As a result
of the narrow current channel, fine radial resolution
(Ax = 0.03p,) is required to obtain quantitative conver-
gence in the linear growth rate. It is computationally
prohibitive (and typically unnecessary) to use such high
resolution required for linear convergence in a nonlinear
turbulence simulation. However, the microtearing mode
depends explicitly on the presence of resonant current
perturbations for instability to occur, so it is important to
determine the minimum required Ax such that the current
channel is resolved for each rational surface. In the present
case, for the n = 30 mode, this is satisfied for Ax = 0.2p,.
The resulting structure is qualitatively identical to the
converged linear result but with a growth rate that is
~15% smaller. Using a coarser resolution (Ax = 0.4p,)
no longer allows for the mode to properly distinguish each
rational surface, and the resulting instability takes on a
completely different (nonphysical) appearance.

Guided by the discussion above, local nonlinear GYRO
simulations were run (with fixed boundary conditions)
with perpendicular dimensions L, X L, = 80 X 60p,
using eight complex toroidal modes up to n = 35

(kgps = 0,0.105,...,0.735) and 400 radial grid points,
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FIG. 1 (color online). (a) Converged linear microtearing spec-
tra with and without compressional magnetic perturbations (B))).
(b) Density power spectrum versus k, for Ax = 0.2p, and 0.4p,.

allowing for all rational surfaces in the simulation domain
to be resolved, Ax = min[Ar,]/4. All other grid parame-
ters were kept identical to the converged linear calcula-
tions, which use numerical equilibrium reconstruction [14]
and physical parameters from experimental measurements
(a/Ly, =27,a/Ly, =2.4,a/L, = —0.8,T,/T; = 1.06).
Two kinetic species are included (electrons and main deu-
terium ions at full mass ratio, m;/m, = 3600), with finite
electron collisionality (v,; = 1. 496‘3 Ja, Zye = 2.9) and
electromagnetic perturbations (64, B, = 87n,T,/B> =
8.8%), using 8 energies, 12 pitch angles (2 signs of veloc-
ity), and 14 parallel orbit times. The resulting baseline
simulation is statistically stationary for a duration longer
than 800a/c; (using a time step At = 0.002a/c,), with no
indication of numerical instability. An important verifica-
tion that these nonlinear simulations are in fact sufficiently
resolved is shown by the monotonically decaying tail in
the density radial wave number power spectra shown in
Fig. 1(b) (integrated over k, and averaged over the last
500a/c,). Conversely, with half the radial resolution
(Ax = 0.4ry), the power spectra for én (and &jj) have
the nonphysical appearance of being severely aliased
(similar to unpublished simulations [15] using the gyroki-
netic code GS2 [16]), and the resulting transport is about
5 times larger. The dramatic change in nonlinear spectra in
Fig. 1(b) supports the linear resolution analysis discussed
previously.

Consistent with the broad spectra in Fig. 1(b), the den-
sity perturbations for the saturated simulation are radially
narrow [Fig. 2(a)] and elongated in the poloidal dire-
ction, with average correlation lengths L, = 0.7p, and
L, = 4p,. The structure of the density (and similar poten-
tial) perturbations is in stark contrast to the larger, isotropic
density structures present in ion scale ion-temperature
gradient (ITG) or TEM turbulence (L, =~ L, = 7p;) or
the radially elongated eddies at much smaller dimension
in ETG turbulence (L,/3 = L, = 0.15p,). On the other
hand, the magnetic perturbations (6A))) are very broad with
some instantaneous eddies stretching across the entire
simulation domain [Fig. 2(b)].

We emphasize that the narrow radial extent of the den-
sity perturbations is largely a remnant of the underlying
microtearing mode structure, even though the nonlinearly
generated n = 0 zonal flows [17] exhibit an average
(0?2 = 0.8¢,/a

rms zonal flow shear rate,
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FIG. 2 (color online). Contour plots of (a) én and (b) 04
perturbations at a snapshot in time.
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[w, = (1/B)d*(8¢)/dx*] comparable to the decorrelation
rate of the electrostatic perturbations (Aw, =~ 0.6¢,/a).
We also note that the perturbed magnetic shear resulting
from the zonal A} perturbations [§ = (¢R/B)d(8B,)/dx]
[18] is relatively small, <§2>)1/,2 =~ 0.1, compared to the
equilibrium magnetic shear (s = 1.75), and is therefore
not expected to be important in the saturation process.
For reference, the average rms intensities of nonzonal
components (n > 0) are approximately dn/n = e¢/T, =
0.6% and 6A,/c,T, = 0.4%.

The predicted electron thermal diffusivity in gyro-Bohm
units is y, = 1.2p%c,/a, corresponding to y, = 6 m?/s.
This is within the uncertainty of the experimental value
Xeexpt = 58 m?/s [1,12], confirming that microtearing
mode driven turbulence can indeed cause significant elec-
tron thermal transport in NSTX. A unique feature of this
simulation is that the electron heat flux is dominated
entirely by the electromagnetic ‘“flutter” component
(Xe.em/ Xeot = 98%). Again, this is in contrast to almost
all other published gyrokinetic turbulence simulations,
with the exception of cases very near the ideal or kinetic
ballooning mode thresholds where X, em/ Xeo an reach
values of 50%-90% [18-20]. As discussed in the introduc-
tion, the transport from microtearing modes is expected to
be a consequence of island overlap leading to stochastic
field line trajectories. To test this, we compare the island
widths estimated using the saturated magnetic spectra,
Wigtand ~ (8B, /n)"/? ~ SAlll/ 2, with the minimum separa-
tion in rational surfaces, o7, Figure 3 shows that the
island overlap criteria wig,nq(n) > 8r(n; An = 5) [9] is
satisfied above kyp, > 0.21 (n>10), approaching
Wigtand/ O Frat = 8 at the highest toroidal mode number. As
a result, the perturbed field line trajectories are stochastic
throughout the entire simulation domain, illustrated by
Poincaré surface-of-section plots [21]. Following
Rechester and Rosenbluth [10] a magnetic diffusivity

N _ 2
D, = l lim [ri(€) — ri(0)]
N = {—o0 2¢

1

D

is calculated [21] to be D,, = 6 X 10”7 m from an en-
semble of N = 100 perturbed trajectories, r;(€), integrated
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FIG. 3 (color online). Predicted island width at saturation and
minimum separation of rational surfaces.

for 3000 poloidal transits. As the electron mean free path
(Amep = 12.5 m) is much longer than the magnetic corre-
lation length [10], L, = @R/ In(0.57s) = 2.5 m, a colli-
sionless stochastic transport estimate can be made using
the model equation y,, = 2y2/mf,D,vy [10,21,22],
where vy, = (T,/m,)"/? and f, = 63% is the fraction of
passing particles expected to follow the perturbed trajecto-
ries. The use of f, is validated by the fact that >70% of the
calculated transport comes from passing particles, mostly
with energy E >2T,, i.e., particles with the largest
parallel velocity. The resulting model prediction, y,; =
0.92p2c,/a, is within 25% of the simulation, providing
strong evidence that the transport is dominated by electrons
diffusing in a stochastic magnetic field.

As indicated by the island widths in Fig. 3, the 04
spectrum peaks at the lowest finite kyp, modes. The peak
in transport coincides with these modes and is noticeably
down-shifted to wavelengths longer than the maximum
linear growth rate, (kgp,)iinmax = 0.63 [Fig. 1(a)], as pre-
dicted to occur in the nonlinear theory of Drake et al. [11].
This theory also predicts a saturated amplitude 6B,/B =
D/ Ly, = 0.065%, within a factor of ~2 of the simulation
result (8B,/B = 0.15%), partially validating the transport
model utilized in previous NSTX transport modeling [7].
The fact that the magnetic fluctuations are strongest at the
lowest finite toroidal modes is also apparent in the density
spectra in Fig. 1(b) where enhanced fluctuations occur
around narrow spikes centered at k, = 27/Ar, for
n =15,10, 15.

As noted previously, microtearing modes require the
electron-temperature gradient to surpass a threshold for
instability to occur [7]. The linear threshold for the case
here occurs at a/Ly 4, = 1.5, well below the experimental
gradient, a/Ly, exy = 2.7. Figure 4 shows that the pre-
dicted transport is very 7stiff,” increasing 100% for an
increase in a/Ly, of 20%, and approaching zero for a 20%
reduction. This stiffness suggests that, in locations where
microtearing turbulence is active and dominant, profiles
should adjust to be near marginal stability. Surprisingly, an
effective nonlinear threshold (a/ Ly ni. = 2.1) is apparent
that is 40% higher than the linear threshold, reminiscent
of the so-called “Dimits shift”” in ITG turbulence [23].
Such a strong up-shift has been observed before in finite- 8
(B, = 1%) simulations of ITG turbulence [18], although
the reason for this remains unclear.

The above simulations do not include the finite
toroidal flow and flow shear present in the neutral beam
heated NSTX plasma. At r/a = 0.6 the E X B shear
rate, yg (defined in [24]), is comparable to the maxi-
mum linear growth rate of the microtearing modes,
7E,expl/ Vinmax =~ 1.0. Previous nonlinear simulations pre-
dict complete suppression of ITG and TEM turbulence for
Ye/ Vinmax = 1-2, depending on shaping and other pa-
rameters [25]. Unsurprisingly, the microtearing mode tur-
bulence is largely suppressed when restarting the baseline
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FIG. 4 (color online). Electron thermal transport versus
electron-temperature gradient. Vertical bars represent statistical
variation in the time-averaged transport. The shaded region
represents the range of experimental uncertainty for y, and

a/LTB.

simulation with the experimental value of y . While this is
now inconsistent with the experimental transport analysis
at this location, the dependence in Fig. 4 suggests that only
a small increase in a/Ly may be required to recover
significant transport.

It is of great interest to measure turbulence character-
istics in an attempt to correlate with the simulated micro-
tearing expectations. Polarimetry measurements have been
implemented in other tokamaks to measure 6B fluctua-
tions, and a system is being designed that may be sensitive
to low-n 6B perturbations in NSTX [26]. That the
corresponding density perturbations at large poloidal
wavelengths (kgp, = 1) are so narrow (k.p,>1)
(Figs. 1 and 2) also implies they may be detectable by
the high-k coherent scattering diagnostic presently imple-
mented on NSTX [27]. Regarding transport, the predicted
ion thermal transport is negligible, expected for much
slower ions in a stochastic magnetic field, and consistent
with the experimental observation that y; is well described
by neoclassical theory [1]. On the other hand, the stochas-
tic field may contribute to the transport and redistribution
of fast ions [28] present from neutral beam heating with
large energies (E; /T, > 50). Additional simulations are
required to predict such transport from first principles.

In summary, this Letter presents first-of-a-kind nonlin-
ear microtearing mode simulations using comprehensive
gyrokinetic simulations based on a NSTX discharge. The
simulations require resolving all rational surfaces to
achieve saturation, and the transport is almost entirely
electromagnetic as a result of electrons diffusing in the
stochastic magnetic field. The resulting electron thermal
transport is comparable to experimental analysis, indicat-
ing that microtearing modes can indeed cause significant
transport in spherical tokamaks.
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