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27 Abstract. A systematic nonlinear gyrokinetic analysis of microtearing modes (MTMs) in NSTX
28 discharges spanning high-, moderate-, and low-collisionality regimes around mid-radius is presented
29 using the fully electromagnetic code CGY¥RO. The simulations retain the complete set of perturbed
30 fields, impurity species, equilibrium E X B, flow shear, and inter-species collisions, yielding electron
31 heat flux predictions in improved agreement withiexperimental measurements. In the high-collisionality
gg regime, impurity effects are found toplay a critical role in reproducing experimentally observed electron
34 heat flux levels. At moderate-collisionality, enhanced zonal flows and fields modify turbulent structures
35 and reduce transport. In the low-collisionality. regime, linear analysis reveals coexistence of MTMs and
36 a hybrid ballooning-parity mode; however, nonlinear simulations demonstrate that strong E x B shear
37 suppresses hybrid-mode—drivendtransport, leaving ion heat fluxes near neoclassical levels, consistent
38 with experimental observations. A collisionality scan of the high-collisionality case is further performed
39 to assess NSTX-U-relevant conditions, revealing a transition at lower collisionality in which enhanced
40 zonal flows and fields significantly suppress MTM-driven turbulence and electron heat transport.
41 Sensitivity studies with respect. to equilibrium flow shear, temperature and density gradients, electron
42 B, safety factor, and magnetic shear indicate that, at the collisionalities anticipated for NSTX-U,
43 MTNMs are expectedsto contribute to electron heat transport without imposing a dominant confinement
44 constraint. Thesesresults provide a nonlinear basis for interpreting collisionality trends in spherical
22 tokamaks and for guiding transport predictions in NSTX-U regimes.

47

48 Keywords: spherieal tokamaks, turbulent transport, gyrokinetic simulations

49

50

51 1. Antroduction

52

;31 Spherical tokamaks (STs) represent a promising pathway toward viable fusion energy
55 [1]. In this endeavour, turbulent transport driven by micro-instabilities remains a
56 key challenge [2]. Owing to their low aspect ratio, strong plasma shaping, and
g; high-# (the ratio of plasma to magnetic pressure), STs provide a unique setting
59 for the study of turbulent transport, exhibiting confinement properties that differ
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substantially from those of conventional tokamaks [3]. Their compact configuration
improves magnetohydrodynamic (MHD) stability and allows operation atyelevated
plasma pressures [4]. At the same time, these characteristics produce  steep
equilibrium gradients, strong magnetic drifts, and increased sensitivity, to eellisional
and electromagnetic effects. Consequently, turbulence in STs can display qualitative
differences compared with that observed in high-aspect-ratio tokamaks, [5]. In
National Spherical Tokamak eXperiment (NSTX) [6] plasmas, these ge@metric and
electromagnetic effects often give rise to hybrid micro-instabilities |7, 8] #hat do not
conform cleanly to classical mode classifications, exhibiting mixed ¢haracteristics with
significant trapped-electron dynamics.

Microtearing modes (MTMs) [9] are electromagnetic instabilities that play a
significant role in driving electron thermal transport in STs, [10,11, 12]. Particularly,
previous gyrokinetic studies in NSTX [13, 14] and MAST15, 16, 17, 18, 19, 20] have
demonstrated their relevance in both the core andipedestal regions. In addition, the
scaling of MTM-driven transport obtained from the'gyrokinetic simulations [21, 22, 23]
is broadly consistent with the experimentally observed’ dependence of the energy
confinement time 75 on collisionality 1,424, 25, 26], namely Qg ~ v, (0'8_0'95), where
2 denotes the ion cyclotron frequency. This eonsistency suggests that MTMs may play
an important role in setting the confinement trends. However, we emphasize that such
agreement should not be interpreted as‘evidence of a causal relationship, as additional
turbulence channels could also contributexto the experimentally observed scaling. In this
context, the scaling of electron heat flux withrcollisionality has been studied for electron
temperature gradient (ETG) turbulence in MAST using electrostatic local nonlinear
gyrokinetic simulations with (adiabatiehions [27], where a reduction in electron heat
transport due to enhancedzonal flows was observed at low collisionality. The resulting
scaling was found to be qualitatively consistent with the experimentally observed scaling
of the energy confinement time [21]. Notably, the inferred improvement in confinement
at lower collisionality aligns with expectations for future low-collisionality ST regimes,
such as those targéted in the' upgraded successor of NSTX, NSTX-U [28].

In fact, numerous gyrokinetic studies of NSTX have identified a broad spectrum
of micro-instabilities eonfributing to turbulent transport [10, 22, 23, 13, 14, 29, 30, 31].
These instabilities spanspatial scales both larger and smaller than the ion gyro-
radius, here referred to as ion-scale and electron-scale instabilities, respectively. Ion-
scale imstabilities include ion temperature gradient (ITG) modes, trapped electron
modes (TEMs); kinetic ballooning modes (KBMs), and MTMs, whereas electron-scale
turbulence.is dominated by ETG modes. While ITG, TEM, and KBM instabilities
can drive hoth ion and electron heat and particle transport, MTMs and ETG modes
primarily contribute to electron heat fluxes. Unstable ion-scale modes such as ITG,
TEM;.and KBM are often suppressed by E x B flow shear, leading to ion thermal
transport levels close to neoclassical predictions, as observed in high-g H-mode NSTX
plasmas [24, 25]. While E x B flow shear reduces MTM-driven transport as well, finite
transport levels persist over a range of experimentally relevant flow shear values [31].
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Consequently, MTMs remain the only ion-scale instability known to drive significant
electron thermal transport under these conditions.

In this regard, numerous gyrokinetic studies have investigated MTMs in NSTX
[10, 22, 23, 32, 31]. For example, simulations performed with GYRQ investigated
MTM stability and transport which are found to be strongly sensitive to key plasma
parameters, including collisionality, the electron temperature gradient; electron 3, and
magnetic shear [10, 22, 23]. Similarly, GENE simulations showed that{MTMs can
dominate the turbulent spectrum in high-3 regimes, leading#to ‘enhanced electron
thermal transport [32]. More recently, CGYRO simulations exantined the impact of
E x B shear on MTM-driven transport [31].

Despite these, a comprehensive understanding of MTM dynamics in NSTX remains
incomplete, in part due to modeling simplifications intreduced to enable nonlinear
saturation or to reduce computational cost, which in¢lude the neglect of compressional
magnetic field fluctuations, impurity species, and /ér E x B flow shear (10, 23, 31]. In
NSTX, the first nonlinear gyrokinetic simulations’of MTMs using GYRO demonstrated
that MTMs can drive experimentally relevant levels of "electron thermal transport,
dominated by magnetic flutter associatednwith globally stochastic magnetic field lines
[10]. However, quantitative agreement withiexperiment was obtained only in the absence
of Ex B shear; when flow shear was included, the simulated electron heat flux fell well
below experimental values [10, 22].. Moremrecently, CGYRO simulations [31] of NSTX
investigated the role of E x B shear whilé retaining only the main ion species and thermal
electrons, with the ion temperature gradient'set to zero, based on the expectation that
MTMs are only weakly sensitive teo_ion temperature drive. These studies achieved
agreement with experimental electron heat fluxes only when the flow shearing rate
was reduced to half of itsfexperimentally inferred value, although this discrepancy
remains within experimeéntal{unceertainties. Furthermore, scaling analyses based on
nonlinear gyrokinetiec gimulations/[23] exhibit a steeper dependence of electron thermal
transport on collisionality and electron temperature gradient compared to predictions
from the recently developed meural-network—based electron transport model trained on
interpretative analysis results of TRANSP for NSTX [33]. In addition, several open
questions persist, including the nonlinear interaction between MTMs and other micro-
instabilities ([such’ as IKBMs and TEMSs, as well as their quantitative contributions to
transport.in reactorsrelevant regimes. Resolving these issues is essential for improving
predictive models of electron heat transport [34] and for guiding the optimization of
operatingiscenarios in next-generation STs such as NSTX-U.

In this, work, we perform a comprehensive linear and nonlinear gyrokinetic analysis
of MT'Ms in NSTX discharges spanning high-, moderate-, and low-collisionality regimes.
Unlike earlier nonlinear gyrokinetic studies [10, 23, 31| that neglected compressional
magnetic field fluctuations, impurity species, and/or equilibrium flow shear, the present
simulations for NSTX cases employ a full-physics model, including all electromagnetic
perturbation fields, three kinetic species (thermal deuterium ions, electrons, and carbon
impurities), equilibrium E x B flow shear; and inter-species collisions. Though some of
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these physics aspects, particularly § B fluctuations were included in MAST studies {11].
The nonlinear simulations yield turbulent electron heat fluxes that are in significantly
better agreement with experimental measurements than those reported.in previeus
studies [10, 23, 31]. The analysis is further extended by scaling the gellisionality of
the high-collisionality NSTX case toward values anticipated for NSTX:U, providing a
qualitative exploration of MTM-driven transport trends in NSTX-U=relevant regimes
rather than a fully self-consistent representation of NSTX-U operating| conditions.
Nonlinear simulations reveal a transition to a low-collisionality regime in,which enhanced
zonal flows and fields lead to a more rapid reduction of electfon heat transport
with decreasing collisionality. Furthermore, sensitivity studies at both high- and low-
collisionality are performed with respect to equilibrium flow shear; electron 3, electron
temperature and density gradients, magnetic shear, and safety factor to assess the
potential role of MTMs in future NSTX-U operatingScenarios. A rigorous quantitative
assessment using dedicated NSTX-U experimental data is left for future work.

The remainder of this paper is organizeddas follows. Section 2 describes the
equilibrium and profile parameters of the low-, modérate-, and high-collisionality NSTX
cases studied in this work. The corresponding linear and nonlinear simulation results are
presented in Sections 2.1, 2.2, and 2.3, respectively. Section 2.4 summarizes the results
for NSTX cases. Section 2.5 presents a scaling analysis of the high-collisionality NSTX
case and its extension to NSTX-U<relevant. plasma conditions. Finally, conclusions are
summarized in Section 3.

2. Linear and nonlinear gyrokinetic analysis of microtearing modes

In this section, we presentsandetailed linear and nonlinear gyrokinetic analysis
of microtearing modes in NSTX discharges spanning high-, moderate-, and low-
collisionality regimes.,, We employ the CGYRO I code [35], which is a fully-
electromagnetic, FEulerian gyrokinetic code designed to study microinstabilities,
turbulence, and transport imthe magnetically confined plasmas using realistic magnetic
geometry. Both ' the linear and nonlinear simulations are performed for the NSTX
cases summarized iy Table 1. Here, » denotes the midplane minor radius, a the minor
radius, A’ the Shafranow shift, x the elongation, ¢ the triangularity, and ¢ the safety
factor. The sg‘and ss represent the shear of elongation and triangularity, respectively.
The magnetic shear is defined as § = Z%, T;/T. is the ion-to-electron temperature
ratio, and nc/ne is the density ratio for C®" ions to electrons. The effective electron

beta is defined as [cunit = %‘—ETE, where By = %fl—f is the effective magnetic field

unit
and the on-axis electron beta is defined as f.. The generalized MHD parameter is

given By anvuD, unit = —¢*’R, Bg” %, where p is the plasma pressure. The normalized
unit
gradient scale lengths are defined as a/Ly, = —%dd{’f for the electron temperature,

a/L,, for the electron density, a/Ly, for the ion temperature, and a/L,, for the ion

1 CGYRO version (git commit) employed for simulations is 29268b4b4.
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density. Similarly, a/Lz, and a/L,. are the normalized gradient scale lengths for
temperature and density of C%" impurity ions. The effective plasma charge i§ denoted
by Zeg, and the electron-ion collisionality (in units of ¢,/a) is defined as v/ = VgZe,
where v,; = 4nn.etlog A/ (2T,)% 2m2/? is the collision frequency coefficient, log.\ is the
Coulomb logarithm, e and m, are the charge and mass of electron, and¢; = /Te/mp
is the ion sound speed, where mp is the mass of deuterium. The perpendicular (E X é)
flow shear is defined as yp = gdd% (in units of ¢s/a), where wy = —% is‘the toroidal
rotation frequency, @, is the equilibrium electric potential, and@) is the poloidal flux.
The Mach number is defined as M = vzﬁ = %, and the parallel figw shear is given by
vp = R% = q%vE, also in units of ¢;/a. The Miller representation [36, 37] is used to
describe the local equilibrium parameters at the chosen radial locatien. It is important to
note that, unlike the temperature profiles, the electron density profile shows pronounced
“ears” that appear shortly after the L-to-H transition, suggesting the formation of an
edge particle transport barrier associated with eléetron density accumulation at the
plasma boundary due to carbon fueling at the @dgen[38].. Consequently, this leads to
a region of negative electron density gradient. The linear’gyrokinetic analysis of these
discharges is also presented in Refs. [39440]. The selected scenarios are chosen such
that no unstable electron-scale modes, such as, ETG modes, are present, as confirmed
by the linear gyrokinetic analysis. Under these conditions, MTMs are expected to be the
primary drivers of the experimentally observed electron thermal transport. Furthermore,
fast ions generated by beam heating aremot included in the gyrokinetic analysis because
their density is very low (ngas /Mg~ (0.1-0.5)%) at the radial locations analyzed in NSTX
cases, suggesting a negligible impaét,on MTM dynamics [22].

2.1. High-collisionality case™ "\

We begin by examining thehigh-collisionality NSTX case, followed by moderate- and
low-collisionality cases to elueidate the evolution of MTM stability, nonlinear saturation,
and transport acrossweellisionality. Figure 1 shows the variation of the linear growth rates
and real frequencies as a function of the normalized binormal wavenumber kyp,, where
ps = VmpT,/Buit. Though p, is defined using CGYRO convention, the magnetic
field normalization enters both ky and p; in a compensating manner, such that kgyp;

remains invariant of the definition of magnetic field [41]. The linear simulations use
2

max

numerical resolutions of ny = 64, n, = 8, n. = 8§, ¢ = 8, and ng = 24, where n,
and ng represent the grid points in the radial and parallel directions, respectively, n.
is thie energy.grid points, €max is the maximum energy, and ng represents the number
of (Legendre pseudo-spectral grid points in the pitch-angle space. All the simulations
presentedfor NSTX cases are performed using the Sugama collision operator for multi-
species collisions, which is valid for arbitrary wavelengths. The resulting spectrum is
dominated by modes propagating in the electron diamagnetic direction, as indicated by
the negative real frequencies. A parity analysis of the parallel vector potential, shown in

Fig. 2, confirms that these modes exhibit tearing parity and can therefore be identified
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Table 1. Summary of the relevant equilibrium and profile parameters at the analyzed radial locations

of the NSTX discharges.

L

Quantity

J High-collisionality J Moderate-collisionality L Low—collisionalit)j

Discharge shot #
TRANSP RUN ID
r/a
R/a
A/

K
o
Sk
S5
q

A~

5
T. (eV)
E/Te
To/T,
ne (x1012 m?)
n;/ne
nc/ne (%)
Beunit (%)
Be (%)
QMHD, unit
a/Lr,
a/Ly,
a/LTi
a/ L,
a/LTC
a/Lng
Lot
el

YE
M

Yp

120968 @560 ms
120968A02
0.60
1.53
-0.29
1.71
0.13
0.12
0.17
1.71
1.70
463.30
0.94
0.95
5.96
0.63
6.24
2.51
8.65
0.41
2.66
—O)?
2.45
0.71
2.46
-3.26
2.87
3.91
0.17
-0.22
-0.76

129016 @490 ms
129016A03
0.50
1.53
-0.22
1.40
0.13
-0.0%
041
1.28
0.44

638.70 &
1.20
1:20
5.33
0.91
1.54
2.93
2.67
0.14
1.67
-0.41
0.87
-0.31
0.92
-1.41
1.46
1.34
0.59
-0.62
-2.29

120982 @620, ms
120982A09
0.60
1.60

~ -0.36
2.20
0.24
0.03
0.22
2.97
0.97

922.10
1.15
1.15
5.53
0.84
2.61
1.17
6.69
0.54
1.59
-0.93
2.86
-0.13
2.85
-5.22
1.78
0.58
0.30
-0.43
-2.34
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as MTMs. In addition, the field-line tearing parameter is employed as a quantitative
diagnostic to further distinguish MTMs, similar to Ref. [20, 31|, and is defined as
follows:

|f5‘1lldl|
Ctear_ f|5 1|||dl ( )

The parameter Cle,, provides a quantitative measure of the patity of 4 along the
field line. Since MTMs are associated with magnetic reconnection”at zational surfaces,
their parallel vector potential exhibits predominantly even (tearing) p&ity, resulting in
Chear values close to unity. In contrast, ballooning modes possess predominantly odd
parity, leading to smaller values of Cig,. For the modes shown in Fig. 1, the field-line
tearing parameter satisfies Ciear > 0.9, quantitatively confirming their identification as
MTMs. Although the dominant parity of the eigenfunetion in Fig. 1 can be readily
identified by visual inspection, Cle,, provides an objective and reproducible diagnostic
that is particularly useful for parameter scansfand cases where the eigenfunctions
exhibit mixed parity or become noisy, making visual clagsification less straightforward.
We also emphasize that Cie,, > 0.9 is net a striet threshold separating tearing- and
ballooning-parity modes, but rather an empirieal criterion used to identify modes with
predominantly MTM-like character. The sensitivity of the linear spectrum to parallel
magnetic field fluctuations, 6 B, and t6'the presence of C** impurities is also examined,
which was ignored in the previous work[31]. The weak dependence of both the growth
rates and real frequencies on 0.5 reflects“the fact that MTMs are driven primarily
by electron temperature gradients and collisional tearing-parity perturbations in dA,
with 0B playing only a secondary role in their linear dynamics, consistent with the
earlier findings [15, 22|. Jmreontrast, the inclusion of C%* impurities leads to an
increase in both the maximum growth rate and the width of the unstable spectrum.
This behavior arises, from the combined destabilizing effect of impurities due to (i) an
increased electron—ion ¢ellisionality and (ii) the nearly adiabatic response of impurity
ions which shield #fhe electrostatic potential fluctuations [23]. The adiabatic effect of
impurities results in shielding of the electrostatic potential response through a nearly
adiabatic ionaesponse, (0n;/n; ~ Z.gd¢/T;). This shielding reduces the electrostatic
response that woulddotherwise partially stabilize the tearing-layer dynamics, thereby
favoring MIM growth [42, 43]. Although some studies have reported destabilizing
[15] or megligible [17] effects of the electrostatic potential on MTMs as well. In the
present ‘work, impurities are retained gyrokinetically, which ensures a self-consistent
treatment of eollisional and electromagnetic effects and allows quantifying their influence
on'MTM stability. This treatment avoids imposing adiabaticity a priori and retains
the possibility of non-adiabatic impurity dynamics should they become important in
other.parameter regimes. We note, however, that the precise mechanism by which
impurity shielding modifies MTM stability has not been isolated in the present work
and would require a dedicated study. Recent GENE simulations [32] also indicate that
impurity content can significantly modify MTM stability even in regimes with strong
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electromagnetic fluctuations. The resulting broadening of the unstable spectriim has
important implications for nonlinear transport, as it increases the range of ky that
contributes to the electron heat flux. It is important to note that the effect of impurity
species on MTM linear stability and nonlinear transport is different from the other
instabilities such as I'TG and TEM, where the impurity leads to a feduction in the
linear growth rates as well as the associated nonlinear transport due'to dilution effect
or an increase in the zonal flow [44, 45].

Figure 2 presents the eigenfunctions of the perturbed fields*for the most unstable
MTM at the normalized wavenumber kyp, = 1.0, with each quantity normalized to the
maximum value of d¢. The electrostatic potential exhibits‘odd parity with respect to
the ballooning angle 6, while the parallel vector potential, ¢ Ay, displays even parity,
consistent with the characteristic tearing parity of MTMs. This parity structure
clearly distinguishes MTMs from other electromaguetic instabilities, such as KBMs,
which exhibit ballooning parity. The eigenfunctiontof B remains small in amplitude
compared to that of dA), further confirming itsecondary role in the linear dynamics
of MTMs. y

Regarding the parity of 6B, unlike A, ‘whose tearing parity is a defining
characteristic of MTMs, the parity of 4 B||is not typically used as a mode-identification
criterion as MTMs are largly insensitive to 0B fluétuations. The observed odd parity of
0B can be understood qualitatively fromuthe perpendicular pressure-balance relation,

B05B|\

Ho

opL + ~ (),
which gives
S 0B podpy
B = B
Thus, the symmetzysof 65 i§ closely linked to the symmetry of the pressure

perturbation. For a tearing-parity MTM, the electromagnetic perturbations possess
a definite symmetty about the rational surface. If the associated pressure perturbation
is antisymmetriéy perpendicular pressure balance requires 4 B}, to also be antisymmetric,
resulting in odd parity..More generally, the parity of B arises from its coupling to the
tearing-parity eléetromagnetic eigenfunction through Ampere’s law and pressure-balance
relations.gHowever,/the detailed parity structure of 0B has not been investigated in
the present work, and a rigorous explanation would require a dedicated analysis.
Following the linear analysis, we perform nonlinear gyrokinetic simulations of
the NSTX_ high-collisionality case. The nonlinear simulations use ny = 32, n. = 8§,
€2 =8, mg = 16, 512 radial (k,) grid points with &, minps = 0.044, 32 binormal (k)
grid points with kyminps = 0.033. These simulation parameters result in the domain
sizen(dy, L,) ~ (142,190)ps, perpendicular to the field-line. Nonlinear gyrokinetic
studies of MTM-driven turbulence are computational challenging and require high
numerical resolution to properly resolve the MTMs, as compared to the instabilities
such as ITG, especially in the radial direction [11]. Therefore, simulations presented

Page 8 of 36
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in this work use small k, minps to precisely capture the nonlinear dynamics of/MTMs.
Figure 3 shows the time evolution of the electron heat flux, normalized todthe gyro-
Bohm heat flux, illustrating the effects of 6B fluctuations and C** impuritiesy.as
well as the nonlinear electron heat-flux spectrum as a function of the mormalized
wavenumber kgp, for the case including both B and C°". The experimentally inferred
electron heat flux is QP = (3-4)Qas, calculated from the power balamce studies using
TRANSP [46], where Qcp = csn.T.(ps/a)?. The uncertainty in the heat flix primarily
arises from experimental uncertainties in measured plasma profiles and heating power
deposition, which propagate through the power balance calculation. The simulations
yield Q. = (3.36 £ 0.32)Qgp, reproducing the experimental electron heat flux only
when C* impurities are included. Whereas the turbulent ion heéat flux due to MTMs
remain considerably small; @; = (0.055 £+ 0.005)Q¢p. Byieontrast, parallel magnetic
field fluctuations, 6 B, are found to have a negligible impact,on the turbulent transport.
Simulations retaining only two kinetic species (thefmal deuterium ions and electrons),
thereby excluding impurity-driven enhancements of eollisionality, produce significantly
lower electron heat fluxes, Q. = (1.58 £+ 0.16)Qas, und%rscoring the critical role of
impurities on MTM-driven transport. These results show improved agreement with
experimental measurements compared to,previous studies [10, 31]. The nonlinear
electron heat-flux spectrum peaks at kyps =~ 0.1,pwhile ion heat fluxes remain much
smaller than the electron heat fluxes (@< (Q.). Extensive convergence tests (see
Appendix A) confirm that these results are robust with respect to numerical resolution.
It is also worth mentioning here that the monlinear simulation presented here do not
fully resolve the whole linear. spectrum of MTMs which extend up to kgps ~ 1.6.
In Appendix A, we present ¢onvergence tests to assess the adequacy of the spectral
resolution. As shown in FigitAdy extending kg maxps ~ 1 t0 kgmaxps ~ 2 yields nearly
identical electron heat transport devels, demonstrating that the simulations presented
here are well convergedswith respect to the maximum resolved binormal wavenumber. It
is also important to note,that the nonlinear electron heat flux spectrum (Fig. 3b) peaks
at kgps ~ 0.1, corresponding'to the dominant energy injection scale of the turbulence,
which lies well below the adopted cut-off kg maxps ~ 1. Energy cascades toward higher
wavenumbers«where it is" dissipated, and the convergence tests indicate that resolving
modes up to kg uaxps(o~ Liis sufficient to capture the dissipation range without affecting
the resulting transport levels.

Figure 4 shows contour plots of the perturbed electrostatic potential, d¢, parallel
vector_potential, 6 A, and parallel magnetic field 6B on the outer midplane (6 = 0)
during the.nonlinear saturated phase. The d¢ fluctuations exhibit relatively small-
scale, eddies with limited radial extent, whereas 0Aj develops elongated structures
spanning a large fraction of the flux-tube width. The dB) fluctuations are relatively
miuch, smaller than the dA) fluctuations, in accordance with the linear analysis.
Such features are characteristic of MTM turbulence, in which magnetic perturbations
dominate over electrostatic fluctuations and drive enhanced electron transport through
magnetic flutter. The presence of these extended 0 A structures implies strong parallel
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Figure 1. Linear analysis of the high-collisionality case. (a) Growth rates v and (b) real frequencies
w versus normalized wavenumber kgps. The effects of parallel magnetic fieldfluctuations 6B, and C°*
impurities on the linear spectrum are also shown.
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Figure 2. Eigenfunctions (a) d¢, (b) 64, and (c) 6B, as afunction of the ballooning angle for kgp, = 0.9
for the high-collisionality case. The value§rare normalized by the max(d¢).
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Figure 3. Nonlifiear, simulation results for the high-collisionality case. (a) Time evolution of the
electron heat fluxes normalized to the gyro-Bohm value Qgg, illustrating the effects of §B) fluctuations
and C°" impurities{ (b)dSpeetrum of normalized electron heat flux versus keps for the case with 6B
fluctuations andy@%+ impurities.

connectivity and stochasticity of magnetic field lines, consistent with the MTM-driven
transport levels shown in Fig. 3. To verify numerical robustness, the simulations were
repeated using half of the original radial domain, yielding unchanged heat fluxes. This
confirms-that the elongated structures are physical in origin rather than numerical
artifacts (see Appendix A).

MTMs generate magnetic perturbations that locally (in the vicinity of rational
surfaces) distort magnetic flux surfaces and can lead to the formation of magnetic
islands. When such perturbations become sufficiently strong and overlap, they may
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Figure 4. Contour plots of (a) d¢ and (b) A, and (c) éB) on‘the outer midplane at = 0 in the
nonlinear phase of the simulation for the high-collisionality casejwhere p*.=p,/a.
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Figure 5. Estimated island width (wisana) and the spacing between rational surfaces (6rwa¢) from the
nonlinear phase of the simulatienforghe high-collisionality case.

produce regions of gtochastic magnetic field lines [47]. In both cases, electron heat
transport can be enhaneed through rapid parallel streaming along perturbed field lines
[48]. This class of tramsport is commonly referred to as magnetic flutter transport.
To quantify thesonset and significance of such magnetic perturbations in the present
simulations, we'examinethe size of the resulting magnetic islands relative to the spacing
between neighbotingdational surfaces.

Figure, 5 shows the magnetic island width, wiga..q, together with the spacing
between adjacent rational surfaces, estimated from the saturated phase of the nonlinear
simulations, as/a function of the normalized wavenumber kgp;. The magnetic island
width associated with the reconnection of resonant modes at a rational surface ¢ = m/n
is evaluated following the standard expression given in Ref. [49]:

[6BTR
Wisland = 4 ?Ea (2)

where m and n are the poloidal and toroidal mode numbers, respectively. To calculate
the island width from Eq. (2), dB/B as a function of n is used rather than a constant
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Figure 6. Lincar analysis of the moderate-collisionality case. (a) Growthirates v and (b) real
frequencies w versus normalized wavenumber kqps with C5" impurity iens ineluded/in the simulations.
The influence of parallel §B) fluctuations on the linear spectrum is also ineludeds

value for all n. The spacing between two rational surfaces with e¢onsecutive m and the
same n is given by:

Ar~ — =40 3
" ng'  [ngs y (3)

In a local nonlinear gyrokinetic simulation Tesolving toroidal mode numbers
[no, 2ng, . . ., Nngl, the minimum spacing between adjacent rational surfaces correspond-
ing to two largest n on the grid at constant'm is given by [50]:

No”r

OTrah ™ - 4
T'rat 1243 (4)

When the magnetic island width exceeds the spacing between rational surfaces, the
magnetic field lines become stochastien47], thereby providing an effective mechanism
for electron thermal transpor’&[48]. The island overlap criteria Wigang > OTra; has
also previously been used tosindicate the onset of stochastic transport [10, 23, 56].
The value of the ratio Wiggna/07sat reported at kgmax, is taken simply to indicate a
level of stochasticity attained within the resolved turbulence spectrum. In the present
simulations, the islandsoverlap’ criterion, Wiganq > 07ra, 1S satisfied for kgp, > 0.24, with
the ratio Wisjana /0%:as reaching approximately 9.5 at the highest normalized wavenumber.
This extensivesoverlap leads to enhanced electron thermal transport via stochastic
magnetic field lines.

2.2. Moderate-collisionality case

In comtrast,to the high-collisionality case, the moderate-collisionality scenario exhibits
lower collisionality and stronger flow shear, as summarized in Table 1. The simulations
include all three kinetic species: thermal deuterium ions, electrons, and fully-ionized
carbon impurity ions. To identify the dominant instabilities, linear simulations are
performed using the same numerical resolution as in the high-collisionality case, except
with n, = 16. The linear spectrum is shown in Fig. 6. The linear analysis reveals
a spectrum entirely dominated by MTMs propagating in the electron diamagnetic
direction, characterized by negative real frequencies and the tearing parity in parallel
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magnetic potential as shown in Fig. 7. The field-line tearing parameter for the unstable
modes is Ciear > 0.9, further confirming the identification as MTMs. Parallelémagnetic
fluctuations, dB), remain small compared to §A), indicating their negligible influence
on linear stability. These results demonstrate that MTMs persist as the deminant linear
instability, albeit with reduced drive relative to the high-collisionality fegime.

For the nonlinear simulations, the same numerical setup as in thethigh-collisionality
case is used, except for 480 radial (k) grid points with k; minps = 0.014 and32 binormal
(ky) grid points with k,minps = 0.05 are used. These simul@tionsparameters lead
to a domain size (L, L,) ~ (454,126)p,, perpendicular to (the fieldeline. Figure 8
shows the time evolution of the electron heat flux, normalizédito the gyro-Bohm value,
highlighting the effect of dB) fluctuations, along with the nomlinear electron heat-
flux spectrum as a function of kyps; for the case including these fluctuations. The
saturated electron heat flux reaches Q. = (1.14 £0.08)Q¢gpin elose agreement with the
experimental estimate QP = (1 — 2)Qgp from power balance studies using TRANSP,
validating the model fidelity in this regime. The turbulent ion heat flux driven by
MTMs remain small; @; = (0.007 £ 0.002)Q¢sp! Cofisistent with the linear results, d B
fluctuations have a negligible effect on gransport. . The nonlinear spectrum peaks at
kops ~ 0.25. The stronger zonal flows and zonal fields characteristic of this case modify
the turbulent eddies (Fig. 9), breaking their radialiextent while elongating them in the
binormal direction, thereby suppressing transport relative to the high-collisionality case.
Extensive convergence tests (see Appendix B) confirm the robustness of these results
with respect to numerical resolution and domain size.

Figure 9 shows contour plots ofithe d¢ and d A fluctuations on the outer midplane
(0 = 0). The 6B fluctuations are relatively much smaller than the §A) fluctuations,
in accordance with the linear analysis; therefore, not shown here. In this moderate-
collisionality case, the turbuléncefis characterized by fragmented eddies together with
relatively strong zomal flows and zonal fields. To display the non-zonal turbulent
structures more clearlyy the zonal (k, = 0) components have been removed from
the fluctuating quantities shown in Fig. 9 during post-processing. Retaining these
components produces structures that appear extended in the binormal direction. MTMs
are known tosSaturate.wia zonal flows/fields, with zonal fields particularly playing a
special role in theéir nonlinear saturation [51, 11], whereas electrostatic instabilities, such
as ITG, saturate primarily through zonal flows [52]. Zonal flows/fields disrupt radially
extended structures and thereby reduce cross-field transport. Compared with the high-
collisionality case, the dA) fluctuations occupy a narrower radial extent, consistent
with the lower electron heat fluxes shown in Fig. 8. In CGYRO simulations, the
radial domain size is defined as L, = j/(5k,min), where j is the integer determining
the number of rational flux surfaces of the lowest finite toroidal mode number to be
accommodated. Therefore, due to the small magnetic shear and the small minimum
binormal wavenumber, &, minps, the radial extent of the flux-tube domain can become
comparable to or exceed the physical size of the plasma, potentially questioning the
validity of the local approximation. Nevertheless, the simulations remain informative
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for identifying the dominant linear instabilities and their characteristic mode strtictures,
which are largely insensitive to the precise radial extent of the flux-tubérdomain;
although global gyrokinetic simulations may be required for a fully .quantitative
description of the turbulence in this regime.

Figure 10 shows the magnetic island width, wig.nq, along with thegpacing between
rational surfaces, estimated from the saturated phase of the nonlinear simulations, as
a function of the normalized wavenumber kyp,. The island overlap criterion, Wiganqa >
OTrat, 1s satisfied for kgps > 0.97, with the ratio Wigana/07rat reaching approximately 1.96
at the highest wavenumber. Compared to the high-collisionality case,\where this ratio
reaches values of order ~ 10 and indicates extensive islandoverlap, the smaller value
observed here reflects a more marginal overlap and a reduced degree of magnetic field
line stochasticity. This partial overlap nonetheless produces stochastic magnetic field
lines, providing a mechanism for electron thermal transpert in this regime, albeit at
reduced levels relative to the high-collisionality casé:

2.3. Low-collisionality case y

Low-collisionality NSTX cases are particularly relevant, as NSTX-U plasmas are
expected to operate in this regime. The, simulations discussed here include fully-
ionized carbon impurity ions alongewith thermal deuterium ions and electrons. Linear
simulations are performed to identify the unstable modes using a resolution same as that
of high-collisionality case except with ng = 48, n, = 12. The results, summarized in
Fig. 11, show the growth rates and, real frequencies as a function of kgps. The spectrum
reveals the simultaneous presénce of modes propagating in both the electron and ion
diamagnetic directions. Modesiin the electron diamagnetic direction are identified as
MTMs, confirmed by the ﬁeldhne tearing parameter Cie,r > 0.9. In contrast, low-£,
modes (k,ps < 0.2) propagating in the ion diamagnetic direction exhibit ballooning
parity and a significant. normalized parallel electric field component, which is calculated
as follows:

A de|—825¢+iw5A“| (5)
I T d200.00|+[iws Ay

This parallel electric field, E”, serves as a measure of the ideal-MHD character of the
mode [53], where 2 is the coordinate along the magnetic field line. For KBMs, parallel
electric'field is vanishingly small; E|| < 0.1. Moreover, the modes gradually transition
to pure TEMor pure KBM as the electron or ion temperature gradients are increased,
respectively, which are the primary drives for these instabilities. On the basis of these
characteristics, the modes are referred to as hybrid modes. The effect of 0 B fluctuations
on linear stability is also examined. While MTM growth rates and frequencies are largely
insensitive to 0 B, neglecting these fluctuations stabilizes hybrid modes, consistent with
the known role of compressional magnetic perturbations in ballooning-mode physics
[54]. This contrast highlights a fundamental difference between the two instabilities:
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Figure 7. Eigenfunctions (a) d¢, (b) 64, and (c¢) 6By as a function of the balleening angle for kop, = 0.6
for the moderate-collisionality case. The values are normalized by the max(d¢). =

MTMs are primarily driven by collisional tearing-parity dynamiecs associated with A,
whereas hybrid modes require  B)| to satisfy perpendiculdx pressutebalance and remain
unstable. The coexistence of MTMs and hybrid modesrin the,low-collisionality regime
makes this scenario particularly relevant for NSTX-U, where, flow shear is expected to
strongly influence which instability dominates transport. Additionally, this case has the
highest ¢ value among all NSTX cases considered in thisgwork. The observations are
qualitatively consistent with recent results in STEP [55], where strong electromagnetic
turbulence driven by hybrid modes (h-KBMs) has been reported at high ¢ conditions.

To further characterize the linearly unstabléimodes, we analyzed the eigenfunctions
of the perturbed fields. Figure 12 shows these eigenfunctions, each normalized to the
maximum value of d¢, at kgps = Ou (upper panel) and kgps = 0.4 (lower panel).
The mode in the upper panel exhibits ballooning parity, indicating a hybrid mode,
whereas the mode in the lower panel displays tearing parity and is identified as an
MTM, consistent with the digeussiomnabove. Switching off dB) fluctuations stabilizes
the hybrid modes, in agreement, with recent studies.

Following the linear analyas, nonlinear simulations are performed using the same
resolution as in the high-collisionality case, except with 384 radial (k,) grid points
with kyminps = 0.038 and 32sbinormal (k,) grid points with k,minps = 0.05. These
parameters lead to.a-domain size of (L,, L,) ~ (165, 126)ps, perpendicular to the field-
line. Figure 13 shows the time evolution of the electron heat flux, normalized to the
gyro-Bohm value, along with the nonlinear electron heat flux spectrum as a function of
kops for the gase including 6 B fluctuations. The saturated electron heat flux reaches
Q.= (1.89+£034)Qan.

These resultsicorrespond to simulations excluding the Mach flow (M) and parallel
flow shear (yp); however, the perpendicular flow shear (yg) is included. When M and
vp (fall physies) are included, the electron heat flux increases to Q. = (4.444+1.24)Q¢g-
A possible explanation for the increase in (). when M and «vp are included requires
additienal/analysis and is therefore left for future work. The electron heat flux can be
made to decrease to Q. = (2.26 + 0.33)Q¢p after reducing the electron temperature
gradient by just 5%, a change within experimental uncertainties and in agreement
with the measured value QP = (1.5 — 2.5)Qgp from power balance studies using
TRANSP. Furthermore, the ratio Q41 /QT™! ~ 1 and the ion turbulent heat flux is
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Figure 11. Linear analysis of the low-collisionality case. (a) Growth rate§ v and'(b) real frequencies w
versus the normalized wavenumber kqps with C®* impurity ions included in the simulations. The effect
of éB) fluctuations on the linear spectrum is also shown.

small: @; = (0.016 £ 0.010)Q¢p. These results indicate that transport is entirely
dominated by MTMs. The simulations (not shown here) Seanning the flow shearing
rate demonstrate that hybrid modes do not saturateswhen the flow shearing rate is
smaller than their linear growth rate (ve < 7iybria). (On€ of the simulations without
flow shear is discussed in Appendix D. However,/under experimental conditions, the
hybrid mode growth rates are approximately an order of magnitude smaller than the
flow shearing rate. The strong sensitivity of turbulent fluxes across all transport channels
to the flow shear, and their subsequent increase to very large values owing to the onset
of hybrid twisting-parity modes, is consistent'with recent findings from studies of non-
NBI heated plasmas in STEP, [56]. As a‘zesult, they are effectively suppressed in the
nonlinear phase. On the other hand, E x B shear reduces MTM-driven transport as well,
however, finite transport levels persistiever a range of experimentally relevant flow shear
values [31]. The calculations ‘of neoclassical ion heat transport using the drift-kinetic
code NEO [57] yields QP® ~ 0\.83 Qcp, which is consistent with the the experimental
value of @Q); ~ 0.79 Qg calatilated from power balance studies using TRANSP. Thus,
the ion thermal transport remains close to neoclassical levels, consistent with NSTX
experiments [24, 25].. Consequently, MTMs are the primary mechanism driving the
observed electron heat flux in this low-collisionality scenario. The ¢ B fluctuations have
a negligible effect on transport, further confirming the suppression of hybrid modes in
the nonlinear phase. The nonlinear spectrum of turbulent heat flux peaks at kgps ~ 0.2.
Extensive convergence tests confirm the robustness of these results with respect to
numerical resolution (see Appendix C).

Figure 14 'shows the contour plots of the perturbed fields, d¢ and dA), on the
outer'midplane (6 = 0). The B fluctuations are relatively much smaller than the 04
fluctuations, in accordance with the linear analysis, and therefore are again not shown
here.In particular, 0 A exhibits elongated structures spanning the full radial extent of
the flux tube, similar to the high-collisionality case discussed in Sec. 2.1. Sensitivity
tests with an expanded radial domain show no significant change in )., confirming that
the observed structures and transport are physical.

Figure 15 shows the magnetic island width, wig.nq, and the spacing between rational
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Figure 12. Eigenfunctions (a, d) d¢, (b, e) 64, and (c, f) 6B as a function of the ballooning angle
for keps = 0.1 (upper panel) and keps = 0.4 (lower panel) for‘the low-collisionality case. The values are
normalized by max(5¢).
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Figure 13. Nonlinear simulation reshts for the low-collisionality case. (a) Time history of the electron
heat fluxes normalized with gyro-Bohm values Qap with the effect of §B) fluctuations. (b) Variation
of normalized electron heat flux with the normalized wavenumber kqp;.
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Figure 14. Contour plots of (a) 6¢ and (b) §A; on the outer midplane at 6 = 0 in the nonlinear phase
of the simulation for the low-collisionality case.
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Figure 15. Estimated island width (wisiana) and spacing between the rational surfaces (0rra¢) from the
nonlinear phase of the simulation for the low-collisionality case.
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Figure 16. Summary of the results from the NSTX discharges with high-, moderate- and low-
collisionality.

N
surfaces, estimated from the saturated phase of the nonlinear simulations, as a function
of the normalized wavenumber Kpp,. The island overlap criterion, Wiglang > 07rag, 1S
satisfied for kgps > 043pwith the ratio Wigianda/07mat reaching approximately 5.18 at the
highest wavenumber. This substantial overlap produces stochastic magnetic field lines,
providing an effeetive mechanism for electron thermal transport in this low-collisionality
regime.

2.4. Summery of MTM-driven transport in NSTX

Figure 16 summarizes the results of the gyrokinetic analysis for the NSTX cases. It
presénts theselectron—ion collisionality, the linear growth rate of the most unstable
MTM, the‘amplitudes of the zonal components of the electrostatic potential and parallel
magneticvector potential relative to the largest non-zonal mode which dominates the
transport, the ratio of magnetic island width to the spacing between rational surfaces at
the highest normalized wavenumber, and the electron heat flux for the high-, moderate-,
and low-collisionality cases. All values are shown on a logarithmic scale, as the quantities
differ by more than an order of magnitude in normalized units. The linear growth
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rate of the most unstable MTM follows a trend similar to that of the electron-ion
collisionality, reflecting the collisional drive of MTMs. The amplitudes of éhe zonal
components of the electrostatic potential and parallel magnetic vector potentialyare
comparable for the high- and low-collisionality cases but are significantly larger in the
moderate-collisionality case. In particular, the zonal component of the parallel magnetic
vector potential in the moderate-collisionality regime is nearly an erder oftmagnitude
larger than in the other two cases. Zonal fields act as a key saturation’ mechanism
for MTM-driven turbulence [51, 11}, which is reflected in the eléetron heat flux trend.
The moderate-collisionality case exhibits the lowest electron heat ﬂux\among the three
cases. Similarly, the ratio of island width to the spacing between rational surfaces at the
highest normalized wavenumber, a measure of magnetic field linesstochasticity, follows
a trend consistent with the electron heat flux, confirming that MTTM-driven transport is
mediated by stochastic field lines. This consistency hetween eleetron thermal transport
and the island overlap criterion has been observediin NSTX experiments [58]. Thus,
these nonlinear gyrokinetic simulations demonstraterthecapability of CGYRO to self-
consistently capture MTM-driven electron heat transport ‘Consistent with experimental
observations, thereby providing a basis forithe subsequent analysis of MTM stability and
transport in NSTX-U-like plasmas. It is also important to note that the dominance of
zonal flows/fields in the moderate-collisionality case and the resulting trend of electron
heat flux may not arise solely from differences.in collisionality, but may also be influenced
by other equilibrium and profile parameters that differ appreciably among the three
cases. To address this, a sensitivity analysisiis presented in Sec. 2.5.

2.5. Scaling analysis and exploration of MTMs in NSTX-U-like plasmas

In NSTX-U, the collisionality}s expected to be even lower than in the NSTX cases
discussed earlier in this study. To qualitatively access the NSTX-U-relevant regime, we
first perform linear simulationsibased on the NSTX high-collisionality discharge #120968
at 560 ms and r = 0:6a, while varying the collisionality and keeping all other parameters
fixed. The simulations include two kinetic species, thermal ions and electrons, while
impurity effects are retained by setting an effective charge of Z.g = 2.87.

In contrast to the .Sugama collision operator used in the simulations presented
earlier in this avork, the results shown in this section employ the Lorentz collision
operator. The Sugama collision operator is a more physically complete approximation
to thegyro-averaged Fokker—Planck collision operator and describes multi-species
collisions, “ineluding pitch-angle scattering, energy diffusion, and momentum- and
energy-conserving restoring terms. In contrast, the Lorentz operator is a simplified
pitch-anglé scattering model that neglects energy diffusion and conservation-restoring
terms and does not explicitly include ion-ion collisions. A comparison of these operators
and their influence on various micro-instabilities has been explored in [59]. Importantly,
in the context of MTMs, for which electron-ion collisions play a dominant role in
mediating the tearing response, the Lorentz collision operator provides a reasonable
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Figure 17. Linear gyrokinetic analysis showing the scaling of MTMs for high<collisionality NSTX case

with collisionality. (a) Variation of the growth rate v, and (b) frequency @.and normalized wavenumber
kops of the most dominant MTM with the electron-ion collisionality v¢/?.

approximation and has been widely employed in eatliersstudies [10, 22, 23, 31]. In
addition, the Lorentz operator enables the use of arealistic' walue of Z.g = 2.87 while
retaining a reduced two-species model (thermaldons and electrons), thereby avoiding
the need to explicitly include impurity species in/the sithulations. This choice also
enables reproducing the full linear MTM spectrum with two species, although some
discrepancies in growth rates and mode frequencies remain. The linear simulations use
the same numerical resolution as described in Se¢»2.1.

Figure 17 shows the dependenge ofithe growth rate, frequency, and wavenumber of
the most unstable MTM on the electron—ion collisionality. As collisionality is reduced
from the experimental valued(denoted by @& diamond symbol in this and subsequent
figures) by a factor of 16, the MTM growth rate decreases by approximately a factor of
2.5, with a noticeably weaker dependenee in the low-collisionality regime. This behavior
suggests that, at sufficientlydowscollisionality, MTMs stability may be limited by other
parameters, most notably the electron temperature gradient, which provides the primary
drive for MTMs. Ouver thesame/collisionality scan, the dominant MTM wavenumber
shifts from kyps = 0.8 £0,0.4, while both the frequency and wavenumber exhibit a steeper
variation in the low-collisionality regime.

Notably, even after an order-of-magnitude reduction in collisionality, MTMs remain
the dominant_imstabilitydn this high-collisionality NSTX case. This behavior contrasts
with other NSTX' discharges, where hybrid modes coexist with MTMs, and reduced
collisionality ean promote a transition toward TEMs as collisional detrapping weakens
and trapped-electron drive becomes more effective. The presence of multiple competing
instabilities in such cases complicates the separation of transport contributions from
MTEMs and other modes in the nonlinear simulations. For these reasons, the NSTX
high-collisionality discharge is chosen as the baseline case for investigating the scaling
of MTMz=driven electron heat transport with collisionality. It is worth noting that
collisionality has a destabilizing effect on MTMs in the parameter regime explored in this
work, in contrast to electrostatic instabilities such as I'TG modes and collisionless TEMs,
for which increasing collisionality generally leads to stabilization through enhanced
collisional damping and electron de-trapping mechanisms [60].
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After analyzing the evolution of the linear spectrum with collisionality, néonlinear
simulations are carried out using the same resolution as in the high-collisionality case
discussed in Sec. 2.1, except with 576 k, grid points with k; minps = 0.056 and 32k,
grid points with ky minps = 0.042. Figure 18 shows the variation of MTM-driven,clectron
heat flux with electron—ion collisionality on a log-log scale. The vertical lines represent
error bars corresponding to the standard deviation of the fluxes, caleulatedifrom their
time histories during the saturated phase of the nonlinear simulation. The experimental
equilibrium flow shearing rate is included in this scaling analysisgwhich, was not present
in the previously performed scaling studies using GYRO [23]. Tt/is impoRant to note that
the simulations at the experimental collisionality lead to Q/=.(2.69 £0.30)Q¢p, which
is slightly lower than the electron heat flux from the nonlinear simulations discussed
in Sec. 2.1 with three kinetic species. The lowest point on the x-axis represents the
collisionality v¢/* = 0.49¢; /a, which is slightly smaller thamthe low-collisionality NSTX
case discussed in Sec. 2.3.

Overall, within the parameter regime explored in this work, the observed MTMs
exhibit characteristics of collisional MTMs, with{ the electron heat flux driven by
MTMs decreasing as collisionality is peéduced. | This trend is consistent with the
underlying physics of MTMs, which relyonieollisional electron dissipation within a
narrow reconnecting layer to facilitate magnetic reconnection. In the collisionless limit,
electrons remain strongly tied to ‘magnetic.field lines through rapid parallel motion,
and magnetic flux is approximately frozen, preventing changes in magnetic topology.
However, finite electron collisionality introduees dissipation through electron scattering,
which enhances the electron currentiresponse and thus relaxes the frozen-in constraint,
enabling reconnection of perturbed magnetic field lines and the growth of tearing-
parity magnetic fluctuations:® €onsequently, MTMs are typically destabilized at finite
collisionality, while sufficiently low collisionality tends to suppress the mode by reducing
the dissipation necessary to'sustain reconnection. As collisionality decreases, enhanced
parallel electron streaming due to weaker dissipation across the layer weakens the tearing
response, reduces/magnetic flutter transport, and consequently lowers the nonlinear
saturation level. of MTMs. For collisionalities v*/* > ¢, /a, the electron heat flux exhibits
a trend similaf o that<reported in previous studies [23], with x¥ ~ v,, where the
electron heat tramnsport coefficient y., = —% is normalized by the gyro-Bohm value
xa = ples/al(ie.ix. = X‘xas) and v, = v'a/c,. However, for v/ < c,/a, the
electron heat flux decreases more steeply, following a much stronger scaling, x* ~ v}.
Consequently, around v¢/* =~ ¢, /a, two distinct scaling regimes of MTM-driven electron
heat flux with collisionality are observed. Further analysis is performed to explore this
tramsition i the electron heat flux with collisionality.

Figure 19 shows the variation of the zonal components of the electrostatic potential
andrthe parallel magnetic vector potential, each normalized to their corresponding
largest non-zonal modes that dominate transport, as a function of electron—ion
collisionality. Both ratios increase with decreasing collisionality. The zonal component
of the electrostatic potential relative to the largest non-zonal mode increases by a factor
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Figure 18. Variation of the electron heat flux normalized with the gyro-Boehm value Qg with the
electron-ion collisionality »*/%.

of ~ 2.5 as the collisionality is reduced from v =3.91c,/aito 0.49¢c,/a, whereas the
zonal component of the parallel magnetic vectorpotential grows by nearly an order of
magnitude over the same range. v

Notably, the trend of 5Aﬁ°na1/ 5Aﬁ°“‘zonal closely follows that of the electron heat
flux shown in Fig. 18, highlighting the important role of zonal fields in the nonlinear
saturation of MTM-driven turbulence, consistent with previous studies [51, 11].
Consequently, stronger zonal fields'leadsto a reduction in MTM-driven turbulence and
the associated electron heat flux. Reducing the collisionality below v¢/* = 0.49¢,/a
results in the complete suppression of nonlinear turbulence and the associated transport
by the zonal fields.

It is important to note [that, in the present analysis, no unstable ETG modes
are found that could otherwise contribute to electron thermal transport. This may
influence the scaling of eléctron thermal transport with collisionality, particularly in the
low-collisionality regime where MTM-driven transport becomes negligible. A detailed
exploration of the collisionality scaling of ETG linear stability, as well as the resulting
nonlinear turbulence and transport in NSTX and NSTX-U, is therefore left for future
work. In fact, multiscale simulations might be necessary when both MTMs and ETGs
are unstable [6d]:

The scaling/of electron heat flux with collisionality has been studied for ETG
turbulence_insMAST using electrostatic local nonlinear gyrokinetic simulations with
adiabatic ions [27], where a reduction in electron heat transport due to enhanced
zonal flows was observed at low collisionality. The resulting scaling was found to
be fqualitatively consistent with the experimentally observed scaling of the energy
confinement time [21]. In addition, the collisional damping of zonal flows excited by
ITG turbulence has also been investigated in conventional tokamaks using electrostatic
global nonlinear gyrokinetic simulations [62].

The role of zonal flows/fields in regulating turbulence depends critically on their
relative intensity: stronger zonal flows/fields are more effective at regulating plasma
turbulence. The intensity of the zonal flows/fields is determined by the competition
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Figure 19. Variation of the zonal component of electrostatic potential (a),andthe parallel magnetic
vector potential (b) relative to the largest non-zonal mode with the.electron-ion collisionality v©/*.

between their generation and damping mechanisms. Since zonal flows/fields are
nonlinearly generated by the turbulence itself, stronger turbulence generally leads to
stronger zonal flows/fields. On the other hand; collisionsycan lead to their damping.
The collisions damp zonal structures associated with flows/fields through dissipating
the velocity perturbations and currents‘asseciated with the parallel electron flow. In
particular, increased collisionality enhances viseous damping of zonal flows and resistive
damping of the parallel currents associated ‘with zonal fields, reducing the amplitude
and persistence of zonal structures and thereby weakening their nonlinear regulation of
MTM turbulence. However, the relative importance of these mechanisms is expected to
vary across parameter regimes and is not quantified in the present work.

It is important to note ghat, for the NSTX cases analyzed, the electron heat
fluxes do not differ dramatically, with a maximum variation of about a factor of
three. In contrast, the Collisiohality scaling for the high-collisionality case exhibits a
variation in electron heat flux by a factor of approximately 75 over a collisionality
range comparable to that separating the high- and low-collisionality NSTX cases. This
suggests that other equilibrium and profile parameters, which differ substantially among
the three discharges, alsoyplay a critical role in limiting the linear MTM stability, zonal
flows/fields and the resulting electron heat transport. In addition, collisionality and
electron temperature gradient are observed to be coupled in NSTX [7]. Therefore,
building on theeollisionality scan presented above, we perform a sensitivity analysis of
various equilibrium’ and profile parameters to further examine trends in MTM-driven
transport relevant to NSTX-U conditions. Due to the complex landscape of instabilities
in STs;thefollowing analysis is restricted to modest variations in equilibrium and profile
parameters; larger deviations can excite additional instabilities [22].

We first investigate the sensitivity of the electron heat flux to the equilibrium flow
shear. Figure 20 shows the variation of the MTM-driven electron heat flux as a function
of the equilibrium flow shear, which is varied by +50% around the experimental value of
the baseline case. This sensitivity is examined at both the high- and low-collisionality,
v°" = 391c,/a and v¥* = 0.49¢,/a, respectively. At high-collisionality, the electron
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Figure 20. Variation of the electron heat flux normalized with the gyro=Bolm value Q¢g with the
flow shearing rate vz for the electron-ion collisionality v*/* = 3.91cg/a and v*/* = 0.49¢, /a.

heat flux changes by a factor of ~ 2, whereas at the low-collisionality it varies by nearly
an order of magnitude, indicating a much stronger semsitivity to equilibrium flow shear
at low collisionality. .

We next explore the sensitivity of the electron heat flux to the density gradient and
the electron . Figure 21 shows the variation. of the M'TM-driven electron heat flux with
the electron density gradient and electron 8 fomthe collisionalities v*/* = 3.91¢,/a and
ve/" = 0.49¢,/a. The parameters aze varied by £20% around the experimental values
of the baseline high-collisionality case; larger deviations lead to a transition to other
instabilities.

An increase in the density gradient towards positive values results in a
destabilization of MTMs. These results align with the previous findings in NSTX [22]
and MAST [16, 20]. In a similar manner, increasing the electron /3 further destabilizes
MTMs. Both the electzén and ‘iom density gradients are varied simultaneously to
maintain quasi-neutrality.. At high collisionality (v*/* = 3.91c,/a), varying density
gradient and electromf leadsitera variation in the electron heat flux by approximately
two- and three-folds, respectively. At low collisionality (/¢ = 0.49¢,/a), MTMs become
linearly stable when bothithe electron density gradient and electron § are reduced below
their experimental values. In contrast, increasing these parameters leads to increase in
electron heat'flux by about an order of magnitude.

The electron temperature gradient is the primary drive for MTMs. Figure 22
shows the variation’of the MTM-driven electron heat flux with the electron temperature
gradient at low=collisionality (v*/* = 0.49¢,/a). At low-collisionality, increasing the
electron temperature gradient by 20% relative to the baseline enhances the electron
heat flux By a factor of ~ 30 due to the stronger linear drive, whereas reducing the
gradient by 20% stabilizes the MTMs. At high-collisionality (v = 3.91¢,/a), reducing
the electron temperature gradient below the baseline value significantly reduces the
linear drive resulting in negligible electron heat flux, whereas increasing the electron
temperature gradient beyond the baseline value triggers ETG modes in addition to
MTMs. Recent CGYRO simulations for NSTX indicate a significant reduction in MTM



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-108987.R3

Nonlinear gyrokinetic simulations of MTMs in NSTX and NSTX-U-like plasmas ¥ 26

ol : 6 : : . 0.6
-+ i =391cya -+ 1 =391c/a
35| F=049/a S = 049c/a
. {04
m 2} 4+ m
O ] (&)
< 3 ! S|
Q ¢ Qi3 },’ 195 ©
2.5 e i 2t e i
o a
2 - 1 ; ' 0
-1 0.9 0.02 0.025

Figure 21. Variation of the electron heat flux normalized with thesgyro-Bohm value Qgg with
the normalized plasma density a/L, (a) and the electron S8 (b) for the electron-ion collisionality
pelt = 3.91¢s/a and pelt = 0.49¢s/a.
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Figure 22. Variation of the electron-heat flux normalized with the gyro-Bohm value Qgg with the
normalized electron temperature gtadient a/Lm, for the electron-ion collisionality v*/* = 0.49¢; /a.

turbulence at multi-scale resolution, even when ETG turbulence is weak [61], suggesting
that accurate predictions oféelectron heat flux require multi-scale simulations.

In addition to plasma parameters such as collisionality, the electron temperature
gradient, density gradient, electron (3, and equilibrium flow shear, the linear stability
of MTMs and the corresponding nonlinear transport are also sensitive to equilibrium
parameters, namely the safety factor ¢ and the magnetic shear 5. We, therefore, explore
the sensitivity of the MIM-driven electron heat flux to 20% variations in ¢ and 8.
Figure 23 shows the electron heat flux as a function of ¢ and § for the collisionality
cases v#" = 3.91¢,/a and 0.49¢,/a.

Numerous investigations have explored the complex dependence of MTM linear
stability andmonlinear transport on ¢ and § [22, 17, 20]. Varying ¢ has little effect on
the linear stability of MTMs; however, nonlinear simulations reveal a significant change
in the'electron heat flux (by factors of ~ 15 and 45 at high and low collisionalities,
respectively) due to a 2-3-fold variation in the amplitude of the zonal component of the
parallel magnetic vector potential relative to the non-zonal mode dominating transport
(Fig. 23a). The weak linear dependence of MTM instability on g suggests that moderate
variations in ¢ do not substantially alter the dominant linear drive mechanisms, which
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are primarily governed by electron temperature gradients, collisional electron dynamigs,
and magnetic drifts. However, nonlinear transport exhibits a stronger sensitivity to g,
indicating that saturation physics is more strongly modified. In particular, ¢ affects
field-line connection length (L ~ ¢R), which modify the nonlinear couplingyto zonal
fields. Since zonal fields regulate MTM turbulence through shearing and modification
of parallel electron dynamics, changes in ¢ can significantly alter the amplitude and
efficacy of these zonal structures, leading to a stronger nonlinear dependence.

Similarly, for v*/* = 3.91c,/a, reducing § does not modify 4he linear growth rate,
yet the electron heat flux increases nonlinearly by a factor of ~3 @’ig. 23b). This
increase is attributed to enhanced magnetic island widths, both due to a decrease in §
(see Eq. 2) and an increase in 0 B/ B fluctuations in the nonlineargaturation, which lead
to increased field-line stochasticity, even though the spacing between rational surfaces
increases too. At low-collisionality, v*/* = 0.49¢, /a, decreasing § not only increases the
magnetic island width but also raises the linear growth rate by ~ 40%, resulting in a
pronounced increase in electron heat transport by a factor of ~ 30. In these cases, the
amplitude of the zonal component of § A remains relativeﬂy less sensitive to variations
in §.

Therefore, magnetic shear affects MTMs in a complex way, and it generally enters
through the magnetic shear length, Ly = Rg/$, and influences the parallel connection
length, tearing-layer structure, and'modéwoupling. Consequently, § can affect the linear
MTM growth rate by modifying the tearing-layer physics and parallel electron dynamics.
The above results further indicate that the sensitivity of MTMs to § depends on
collisionality. At high collisionadity, the MTM drive is dominated by collisional electron
dissipation within the reconnecting layer, making the instability relatively insensitive
to moderate variations in amagnetic shear. In contrast, at low collisionality, where the
tearing response is weaker and patallel electron dynamics play a more prominent role,
variations in § have, aystronger dnfluence on mode structure and coupling, resulting
in a more pronounced dependence of the MTM growth rate on 5. A reduction in
S increases L, allowing more radially extended mode structures and modifying the
nonlinear saturation process. In the nonlinear simulations, changes in magnetic shear
can also affectgthe fluetuation amplitude B/ B, thereby altering magnetic island widths
and the degree of field-line.stochasticity. The previous studies in conceptual power-plant
conditions-have also reported a destabilizing effect of higher ¢ and lower § on MTMs.
20].

Based on the above discussion, in addition to collisionality, the safety factor also
plays an important role in limiting zonal flows/fields. In the safety factor scan discussed
above, a decrease in the safety factor leads to a reduction in electron heat transport
due to enhanced zonal flows/fields. This behavior is consistent with the NSTX cases
analyzed in this study, where the moderate-collisionality scenario has lower ¢ value
compared to the both high- and low-collisionality NSTX cases and, consequently,
exhibits stronger zonal flows/fields. This dependence of the zonal amplitude on ¢ is
qualitatively consistent with the Rosenbluth-Hinton residual level [63].
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Figure 23. Variation of the electron heat flux normalized with the ‘gyro-Bohm #alue Qg with the
safety factor ¢ (a) and the magetic shear 3 (b) for the electron-ion collisionality v*/* = 3.91¢s/a and
v/t = 0.49¢s /a.

In principle, one could start from the high-collisionality NSTX case and
systematically vary plasma parameters to transitiemtoward the low-collisionality NSTX
case, to understand the interplay of these /parameters on linecar MTM stability,
amplitude of zonal flows/fields, and the nonlinear transport. However, a comprehensive
investigation of this parametric dependence, of MTM-driven electron heat flux on
multiple plasma parameters is beyond the scope, of the present work and is left for
future studies.

Finally, in the context of the role of MTMs in the NSTX-U-relevant regime,
although the low collisionality,suggests that, MTMs may not pose a critical limitation
on overall plasma confinement, the strong sensitivity of MTM linear stability and the
associated electron heat transport te warious plasma parameters at low collisionality
indicates that their contributio&cannot be ruled out. These findings provide substantial
insights into the behavigr of AIMTMs in spherical tokamaks based on first-principles
simulations and help clarify.the potential role of MTM-driven electron thermal transport
in future devices such as NSTX-U.

3. Conclusions and discussion

A comprehensive/gyrokinetic analysis of NSTX discharges spanning high-, moderate-,
and low-collisionality regimes is presented using the fully electromagnetic code CGYRO.
At the aradial loeations considered for the discussed cases, MTMs emerge as the
dominant instabilities responsible for electron thermal transport, where ETG modes
aresstable. wThe nonlinear MTM simulations reproduce experimental electron heat
fluxes with significantly improved fidelity compared to previous studies. Analysis of
the high-collisionality case reveals the critical importance of including impurity species
to reproduce experimentally observed flux levels. In the moderate-collisionality case,
enhanced zonal flows and fields play a crucial role in reducing turbulence intensity
and the associated transport. At low-collisionality, the linear spectrum reveals the
coexistence of MTMs and hybrid modes. These hybrid modes are characteristics of
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NSTX plasmas owing to their strong shaping and enhanced electromagnetic effects at
high-3. However, the equilibrium ExB shearing rate substantially exceeds the growth
rates of hybrid modes, suppressing the associated transport and leaving ion heat fluxes
near neoclassical levels, in agreement with NSTX experiments. The streng sensitivity
of turbulent fluxes across all transport channels to the flow shear, and ¢heir subsequent
increase to very large values owing to the onset of hybrid twisting=parity,modes, is
consistent with recent findings from studies of non-NBI heated plasmas inl STEP [56].
Furthermore, scaling studies are performed to qualitatively assess thewoleof MTMs in
driving electron thermal transport under NSTX-U-relevant conditions. A collisionality
scan of the high-collisionality NSTX case reveals a transition to a dow-collisionality
regime in which enhanced zonal flows and fields limit electron, thermal transport.
Sensitivity studies of MTM-driven electron heat transport with respect to equilibrium
flow shear, electron temperature gradient, electron @, demsity gradient, safety factor,
and magnetic shear indicate that, even at the low c6llisionalities anticipated for NSTX-
U, MTMs, while not expected to pose a critical limitation, are likely to remain an
important contributor to electron thermal tramsport. These results provide a more
complete understanding of MTM-driventurbulence in spherical tokamaks and guide
transport predictions in NSTX-U regimes.
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Appendix A. Convergence studies for high-collisionality case

This se¢tion explores the convergence studies for the nonlinear simulations performed
for the ‘high-collisionality case discussed in Sec. 2.1. Figure A1l shows the variation
of the electron heat transport driven by MTMs for different pitch angle grid points
n¢'= 16, maximum normalized binormal wavenumber £, .«ps and radial domain sizes
L, withuréspect to the reference case. The pitch angle grid points n¢ is increased to 20
with respect to the reference case which uses nge = 16. The maximum of the normalized
binormal wavenumber £, maxps is doubled and the radial domain size L, is halved with
respect to the reference case. These variations produce electron heat fluxes almost
similar to the reference case, illustrating the robustness of results.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-108987.R3

Nonlinear gyrokinetic simulations of MTMs in NSTX and NSTX-U-like plasmas 30

Ne=20  Reference kymaxps ~ 2 L2

~
Figure A1l. Variation of the electron heat flux normalized with the gyro-Bohm value Q¢ for different

nonlinear simulations performed for the high-collisionality case.
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Figure B1. Variation of the electron lhieat fluximermalized with the gyro-Bohm value Qcg with (a)
normalized radial domain size L./ps and (b)afor different nonlinear simulations performed for the
moderate-collisionality case.

Appendix B. Convergence studies.for moderate-collisionality case

In this section, we disciss the convergence studies for the nonlinear simulations
performed for the moderate-collisionality case discussed in Sec. 2.2. Figure B1 shows
the variation of the ‘electron heat transport driven by MTMs for different radial domain
sizes (a) and for different pitch angle grid points ne and maximum normalized binormal
wavenumber £, maxps With respect to the reference case (b). The radial domain size of
L, ~ 454p, is good,enough for the nonlinear simulations. Varying n, from 16 (reference
case) to 20 and Ky maxps from ~ 1.5 (reference case) to ~ 2 produce almost similar
results. These tests indicate that the results presented in Sec. 2.2 are not affected by
the change in numerical resolution.

Appendix €« Convergence studies for low-collisionality case

In “this section, we discuss the convergence studies for the nonlinear simulations
performed for the low-collisionality case discussed in Sec. 2.3. Figure C1 shows the
variation of the electron heat transport driven by MTMs for different radial domain
sizes (a) and for different pitch angle grid points and maximum normalized binormal
wavenumber with respect to the reference case (b). The radial domain size of L, &~ 165p;
give converged results. Similarly, changing ne from 16 (reference case) to 20 and ky maxps
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Figure C1. Variation of the electron heat flux normalized with the gyre=-Bohm yalue Qcs with (a)
normalized radial domain size L,/ps and (b) for different nonlinear simulationspérformed for the low-
collisionality case.

from ~ 1.5 to ~ 2 does not produce a significant change inthe electron heat flux. Here,
the convergence tests are shown for the cases with M. = 0 and vp = 0, however, they
remain valid for the case with full physics. For example, the electron heat transport for
the case with ng = 20 and experimental values of M, vp, is Q. = (3.74 £ 0.89)Qas,
which is similar to the reference case discussed in'Secsd 2.3. These convergence studies
indicate the robustness of simulation results with respect to the numerical resolution.

Appendix D. Nonlinear simulation of low-collisionality case without flow
shear

Following the discussion of the low-collisionality NSTX case in Sec. 2.3, we now
examine nonlinear simulations of the same case without flow shear while retaining
the 0B fluctuations. Figare Dlyshows the time evolution of the turbulent electron
and ion heat fluxes, together with their binormal spectra at two representative times
during the simulationd”At¢ o 350a/c,, the turbulence reaches a temporary saturated
state associated with thessaturation of the MTM-driven turbulence. The corresponding
binormal spectrum exhibits‘a characteristic electron heat flux spectrum dominated by
MTMs. At thisistage, the ion heat flux remains negligible compared to the electron
heat flux and"is therefore not shown. However, the low-wavenumber hybrid modes
continue to| grow slowly throughout the simulation. In the later stages, transport
becomes predominantly carried by these hybrid modes, with @; > @. and I'; > T,
where ' denoteés the particle flux. These modes do not exhibit clear saturation. It
is impoertant to'note that continuing the simulations further becomes computationally
prohibitivesbecause of the increasingly small time step required. Nevertheless, continuing
the simulations does not alter the overall conclusions. Figure D2 shows contour plots
of the electrostatic potential and parallel magnetic vector potential at ¢ ~ 470a/c;.
Radially elongated structures are observed, leading to the unsaturated transport
reaching extremely large values (> 10°Qgg) over the simulated time. These structures
persist even when the radial domain size is increased. The observed behavior shares
similarities with the hybrid-KBMs reported in STEP [56], which were also found to
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Figure D1. (a) Time history of the electron and ion heat/flux normalized with the gyro-Bohm value
Qce for the nonlinear simulation performed for the low-collisionality case without flow shear. (b)
Variation of norlamized electron heat flux with nermalized binormal wavenumber at ¢ ~ 350a/cs, and
(¢) Variation of normalized electron and ion heat flux with the normalized wavenumber at t ~ 470a/c;.
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Figure D2:aContour plots of (a) 6¢ and (b) 64, on the outer midplane at § = 0 in the nonlinear phase

of the simulation at ¢ ~ 470a/cs for the low-collisionality case without flow shear.

produce states of extremely high transport in the absence of flow shear. These results

are particularly important for the design of ST reactor concepts, which may have to

operate without an NBI momentum source.
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