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ABSTRACT

Linear gyrokinetic simulations were conducted to investigate ion-gyroradius-scale micro-instability predictions for high-beta NSTX dis-
charges and NSTX-U projections that span over an order of magnitude variation in collisionality. A complex mix of microtearing modes and
hybrid trapped electron modes/kinetic ballooning modes (TEM/KBM) is predicted for all experimental or projected conditions. Ion tempera-
ture gradient (ITG) instabilities are typically stable in the NSTX discharges investigated, consistent with the observed neoclassical ion thermal
transport. ITG thresholds inferred from the simulations are typically much higher than the experimental NSTX gradients, as well as the pro-
jected gradients in the NSTX-U scenario, which assumed ion temperatures limited by neoclassical transport only. The analysis suggests ITG
instabilities are unlikely to contribute significant anomalous thermal losses in high-beta, lower collisionality NSTX-U scenarios. On the other
hand, the NSTX experimental profiles and NSTX-U projections are predicted to be very close to the predicted onset of unstable KBM at
most radii investigated. The proximity of the various discharges to the KBM instability threshold implies it may play an important role in set-
ting profile shapes and limiting global energy confinement. It remains to be understood and predicted how KBM contributes to multi-
channel transport (thermal and particle transport, for both ions and electrons) in a way that is consistent with experimental inferences.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0102169

I. INTRODUCTION
NSTX high-b H-mode discharges have ion thermal transport

near neoclassical levels,1,2 implying negligible turbulent contributions
to ion thermal losses. This observation is consistent with the stabiliza-
tion of ion temperature gradient (ITG) turbulence that is predicted to
occur in high-b, low aspect ratio (R/a) configurations due to (i)
reduced “bad curvature” drive from highly shaped flux surfaces (low
R/a, high elongation and triangularity) and large Shafranov shift,3–5

(ii) weakened or reversed trapped particle precession that minimizes
trapped electron resonances,4 and (iii) coupling to magnetic fluctua-
tions at increasing b.6 Any ITG modes that may remain linearly
unstable are often expected to be suppressed by perpendicular E!B
flow shear,7 which can be large in NSTX due to the injected torque
from NBI heating and relatively small moment of inertia. In contrast,
electron thermal transport has been almost always found to be anom-
alous, in which electron temperature gradient (ETG) modes or
microtearing modes (MTMs) have been reported to dominate or con-
tribute significantly in certain conditions.8,9 In the case of ETG

modes, the E!B flow shear is not usually enough to suppress the
mode as compared to ITG.8

Data from NSTX discharges suggest a scaling of the normalized
energy confinement time nearly inverse to the collisionality, !".10,11

This was one of the main motivations for exploring lower collisionality
regimes in the NSTX-U device10,12 in which collisionalities up to six
times lower than those obtained in NSTX are expected to be reached
in order to confirm this trend. Limited observations indicated that ion
thermal and impurity transport coefficients were beginning to deviate
from neoclassical predictions in the lowest collisionality NSTX H-
mode discharges.11,13 Therefore, it is of primary interest to determine
whether turbulent ion transport will become increasingly relevant in
those regimes and if its presence will impact thermal or particle trans-
port. In particular, it is important to find whether ion temperature gra-
dient modes (ITGs), trapped electron modes (TEMs), or kinetic
ballooning modes (KBMs) will be dominant in those regimes.

As a first step in addressing the relevance and role of these modes
in such conditions, a broad series of linear gyrokinetics (GK)
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simulations on NSTX and NSTX-U equilibria are conducted to
identify all the modes present in the ion-scale wavenumber range,
including ion-directed modes such as KBMs or ITGs, as well as
electron-directed modes such as TEMs or MTMs. In addition, scans to
determine primarily the stability thresholds of ion-directed modes
were also conducted. The work is focused on the core transport region,
leaving the pedestal region out of the scope. In the first part of this
work, three different NSTX discharges with high, medium, and low
collisionalities are selected. For each discharge, several scans are per-
formed over the ion scale wavelength range, varying the normalized
wavenumber, at different minor radii within the confinement region.
Additional parameters, such as the normalized ion temperature gradi-
ent and plasma beta, were also scanned to help to determine the differ-
ent modes present and stability thresholds. In the second part, a similar
analysis for an NSTX-U projection is conducted, choosing specifically a
scenario predicted to have one of the lowest accessible collisionalities in
H-modes. This is the first comprehensive analysis of linear gyrokinetic
stability for projected future NSTX-U high-performance H-mode
plasmas, a necessary first step toward predicting theoretical transport
characteristics. For each discharge, diagrams of the parameter region
that was scanned in the ion-range scale, showing the dominant mode
along with KBM and ITG thresholds, are presented.

All the simulations are conducted with the CGYRO code,14

which is part of the GACODE Suite package.15 CGYRO is an Eulerian
GK solver specifically designed and optimized for collisional, electro-
magnetic and multiscale simulation. It uses field-aligned space coordi-
nates and it is fully spectral in the perpendicular (radial and binormal)
directions. The velocity space is represented by the particle speed and
pitch angle, allowing for more accurate treatment of the collision oper-
ator. Throughout this work, the Sugama operator model16 imple-
mented in CGYRO is employed. Flux surface shapes are given by the
extended Miller’s parametrization17 of the general numerical equilib-
rium18 resulting from EFIT reconstructions. In addition, CGYRO can
solve a fully electromagnetic GK model, meaning that the perturbed
electrostatic potential, parallel vector potential, and parallel magnetic
field (du; dAk; dBk) are computed. This is important in order to
accommodate electromagnetic effects that arise in high-b conditions
such as those present in NSTX and NSTX-U H-modes. Unless it is
explicitly indicated, all the simulations presented in this work were
conducted using the fully electromagnetic GK model. Reduced electro-
magnetic GK model, which sets dBk ¼ 0, as well as the electrostatic
model (ES), which only solves for du, are also available in CGYRO
and their use in this work will be explicitly indicated.

Although it can be included self-consistently, here the E!B flow
shear, cE, is excluded in the linear analysis. In addition, three gyroki-
netic species (deuterium, carbon, electrons) are considered. As men-
tioned above, the present analysis focuses on the ion-scale wavenumber
range, defined here by khqs $ 1. Here, h is the binormal coordinate,
qs ¼ ðmDTeÞ1=2=Bunit is an effective ion-sound gyroradius and Bunit is
an effective magnetic field18,19 (also, see the Appendix for additional
details).

Many modes are found to be present throughout the different
discharges and scans, such as MTMs, TEMs, KBMs, ITGs, and hybrid
TEM/KBM modes. The criteria that are used in this study to identify
these modes can be summarized as follows:20 MTMs present negative
real frequency close to electron diamagnetic drift frequency, x"e, tear-
ing parity in the eigenfunctions (odd parity in du and even parity in

dAk) and they are basically insensitive to dBk. In addition, they have
large normalized parallel electric field,

Êk ¼

ð
dzj' @zduþ ixdAkj
ð
dzj@zdujþ jixdAkj

;

which is a measure of the ideal-MHD behavior of the mode21 (here z
is a coordinate parallel to the background magnetic field). They are
also stabilized when reducing the electron plasma beta. Microtearing
modes give magnetic reconnection even if they are tearing-mode stable
(see, for example, Ref. 22 and references therein). Additional features
of MTMs include the sensitivity to the electron temperature gradient,
which in turn drives a large electron-over-ion heat flux ratio.8,23 KBM
modes have positive real frequency (in the ion diamagnetic direction),
and their eigenfunctions exhibit ballooning or twisting parity (i.e.,
even parity in du and odd parity in dAk). They present a low Êk value,
which accounts for the ideal-MHD behavior of KBM modes. They are
sensitive to both ion temperature gradients and plasma beta, since
they depend ultimately on the total pressure gradient. ITG modes usu-
ally present ballooning or twisting parity, with nearly symmetric elec-
trostatic potential, although they can also have a tearing parity branch
in some cases.24,25 ITGs have positive real frequency but, unlike
KBMs, they are only sensitive to ion temperature gradients. They also
exhibits larger Êk values than those observed in KBMs. These are the
main differences that are used here to distinguish between KBM and
ITG modes. Even though ITG modes are usually introduced as elec-
trostatic modes, their growth rate can be underestimated if electro-
magnetic effects are not properly taking into account.26,27 Therefore, it
is not assumed that they must be electrostatic. Finally, TEMmodes are
identified as those modes which do not fit in the previous categories.
They can exhibit both positive and negative real frequency, present an
even parity in the electrostatic potential, they are almost insensitive to
the ion temperature gradient, usually slightly sensitive to the plasma b,
and can be destabilized by the electron density gradient. They also pre-
sent large Êk values. In addition to these modes that can be found
alone, hybrid TEM/KBM modes often arise in these discharges. They
are usually identified when a scan does not show a clear transition
from a TEM mode to a KBM, and they exhibit full electromagnetic
properties. Many of these properties, as well as other features, have
been also presented in Ref. 28, where different properties or features
included experimental signals, called “fingerprints,” can lead to the
identification of the modes. In this work, however, all the analysis to
identify the different modes comes from the linear gyrokinetic
simulations.

This paper is organized as follows: Sec. II encompass the three
NSTX cases, which results are presented in Secs. IIA–IIC, respectively,
and summarized in Sec. IID. Section III presents the results of the
selected NSTX-U projection and, finally, Sec. IV presents a summary
and conclusions.

II. NSTX CASES
Three different NSTX discharges were selected in this study, and

their kinetic profiles, density, and temperature are shown in Fig. 1.
The discharges are referred to as high, medium, and low collisionality.
This distinction is for the purpose of classifying them in a very simple
way. Figure 1(a) shows the high collisionality discharge, which is shot
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#120 968 at 560ms (TRANSP ID 120968A02).8,22,29 Figure 1(b)
shows the medium collisionality discharge, which is shot #129 041 at
490ms (TRANSP ID 129041A10),9 and Fig. 1(c) shows the low colli-
sionality discharge, which is shot #120 982 at 620ms (TRANSP ID
120982A09). Additional relevant data, at the radial positions, r/a, that
are considered in this work, are presented in Table I.

Here, j is the elongation, d is the triangularity, q is the safety
factor, s is the magnetic shear, be;unit is an effective electron beta,
Ti=Te is the ion–electron temperature ratio, and a=LTx and a=Lnx
are the normalized temperature and density gradients, respectively
(here, x ¼ e; i denotes electrons and ions, respectively, and a is the
a measure of minor radius). The aMHD;unit is a generalization of
the standard MHD a parameter, Zeff is the effective charge, !e=i is
the electron–ion collision frequency (taking into account Zeff), and
cE ¼ ðr=qÞdx0= dr ½cs=a* is the E!B shearing rate (x0 ¼ Er=RBpol

is taken as the plasma angular frequency profile). Frequencies and
growth rates are given in units of cs=a, where cs is the ion sound

speed evaluated at the electron temperature. A description of some
of these quantities is provided in the Appendix, and they were also
introduced in great detail in Refs. 5 and 14. In this work, scans
over be;unit and a=LTi are widely conducted and they are done by
scaling these parameters in the GK equation implemented in
CGYRO.14 These discharges were also used in previous work that
focused, for example, on electron thermal transport9 or microtear-
ing stability analysis.22 Here, as mentioned before, the focus is to
determine the modes present in the ion-scale region and the
thresholds of ITGs or KBMs, if any.

From Fig. 1, it can be observed that the overall temperature
increases from the high to the low collisionality discharge, as
expected. However, since these equilibria are obtained from real
discharges, many other parameters vary as well. For example, the
low collisionality discharge is also, in general, a lower be;unit dis-
charge. This, in turn, makes a direct comparison much more
challenging.

A. NSTX: High collisionality
The first discharge considered in this study is the high collisional-

ity case. Figure 2 shows the (a) real frequency, xr, and (b) growth rate,
c, of modes as a function of the normalized wavenumber, khqs, in the
ion-scale range (khqs + 0:05–1:0). These results were obtained using
the experimental conditions presented in Fig. 1(a) and at the different
minor radii indicated in Table I. For each minor radius, the electron
diamagnetic frequency, x"e ¼ khqs ða=Lne þ a=LTeÞ ½cs=a*, and the
flow shear rate, cE, are included as a reference. The squared-dotted
line for r=a ¼ 0:8 shows a case in which dBk was turned off in the GK
model.

Different modes can be observed, with r=a ¼ 0:7 being the
most unstable position in which the growth rates greatly exceed cE.
At r=a ¼ 0:6 and 0.7, modes show an approximately linear rela-
tion, close to x"e (negative frequencies are in the electron direc-
tion). In addition, even though it is not shown here, turning dBk
off for these particular cases does not produce any significant
effect. The modes also show tearing parity, as shown, for example,
in Fig. 3 where the eigenfunctions for the electrostatic potential,
du, and the parallel component of the vector potential, dAk, are
presented as a function of the ballooning angle h" for khqs ¼ 0:9
and r=a ¼ 0:7. All these features confirm that these modes are
MTMs. They are also present at r=a ¼ 0:5 for khqs > 0:5 and at
r=a ¼ 0:8 for 0:2! khqs ! 0:4. For the latter, it can be observed in
Fig. 2 that turning dBk off does not produce any change in that
range of wavenumbers.

To determine all the remaining modes at different radial
positions, additional scans are required. An example of these
scans is shown in Fig. 4 for two minor radii, r=a ¼ 0:5 and 0.8.
Figure 4 shows (a) and (d) real frequency, (b) and (e) growth rate,
and (c) and (f) the normalized parallel electric field. The scans
were performed over the normalized ion temperature gradient
scale length a=LTi (indicated with diamond–dashed curves) and
over the be;unit parameter (circle-solid curves), but both scans are
represented as the change in the aMHD;unit parameter. The scans
over ion temperature gradient starts from the experimental
value (vertical dotted line), and they are scaled up since the
purpose is to see whether ITGs are triggered. The scans over be;unit
usually cover values lower and higher than the experimental value.

FIG. 1. Temperature and density profiles of the NSTX discharges considered in this
study: (a) Shot No: 120 968 at 560ms, which is referred to as the high collisionality
case. (b) Shot No. 129 041 at 490 ms, which is referred to as the medium collision-
ality case, and (c) Shot No. 120 982 at 620ms, referred to as the low collisionality
NSTX discharge.
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It is important to note here that the local equilibrium was held
fixed during these scans (see the Appendix). The aMHD;unit

parameter variation is exclusively for the purpose of combining
different parameter scans in the same figure. For clarity,
only three different wavenumbers are shown: khqs ¼ 0:2, 0.4,
and 0.6.

At r=a ¼ 0:5, it can be noted that for khqs ¼ 0:4 and 0.6, there is
a clear transition in xr, from negative to positive values, along with a
sudden drop in Êk. These changes correspond to a transition from
MTM to KBMmodes. Under the experimental condition (vertical dot-
ted line), khqs ¼ 0:4 has already transitioned to a KBM while khqs
¼ 0:6 is still an MTMmode very close to the transition to a KBM. On
the other hand, khqs ¼ 0:2 shows a mode with a continuous and posi-
tive real frequency throughout all the aMHD;unit range. Additional scans
(not shown here for simplicity) indicate that, at be;unit ! 0 (electro-
static limit), the mode is insensitive to the ion temperature gradient
and, hence, identifying it as a TEM. When aMHD;unit increases, a
smooth transition in xr and Êk is observed toward a KBM mode.
Even though the normalized electric field has decreased under the
experimental condition, it is still falling as aMHD;unit increases. In addi-
tion, the growth rate is, under the experimental condition, right at the
threshold toward a KBM mode. Therefore, this mode (khqs ¼ 0:2 at
r=a ¼ 0:5) is referred to as a hybrid TEM/KBM mode under the
experimental condition. Hybrid modes have already been reported by
different authors.9,27 Hence, under r=a ¼ 0:5 and under the experi-
mental condition, the modes are MTMs for khqs > 0:5, KBM modes
for khqs ¼ 0:3 and 0.4, and a hybrid TEM/KBMmode for khqs < 0:3.
Increasing either be;unit or a=LTi triggers KBMs and the similar trend
in both scans further confirm that these modes are KBMs since they
ultimately depend on pressure gradients, represented here in the
aMHD;unit parameter.

Scans at r=a ¼ 0:8, see Figs. 4(d)–4(f), reveal KBMs being at
their threshold value at low wavenumbers. For example, under the
experimental condition and at khqs ¼ 0:1, a transition has already
occurred, while at khqs ¼ 0:4, the mode is still an MTM but close to
the KBM transition. Modes with khqs , 0:6 are identified as TEMs.
On one side, these modes have slightly negative real frequencies (in
the electron diamagnetic drift direction) under the experimental con-
dition [see Fig. 2(a)] and the growth rate is actually stabilized when
either a=LTi or be;unit is scaled up, before a strong transition to a KBM
type occurs. They also exhibit large Êk. In addition, Fig. 5 shows the
eigenfunctions of khqs ¼ 0:6 for three values of the effective electron
beta scaling factor, Xbe;unit

(experimental condition corresponds to
Xbe;unit

¼ 1). The figure shows that these modes have ballooning or
twisting parity. At low be;unit , the eigenfunctions are consistent with a
TEM mode. As be;unit increases, the mode becomes a KBM, showing a
narrower single-peak perturbed electrostatic potential. The change in
the phase of the imaginary part of dAk, which directly correlates with
the associated drop in Êk, also evidence the transition from one mode
to the other. On the other hand, modes with khqs , 0:6, as can be
noted in Figs. 4(d)–4(f) for khqs ¼ 0:6, present a threshold at
aMHD;unit - 1:4 as be;unit is scaled up, with the growth rate increasing
significantly indicating the important role of electromagnetic effects.
This is somewhat contrary to standard drift modes like TEMs or ITGs,
which have electrostatic limits. However, it has been shown that electro-
magnetic effects have a significant impact on these modes. In
particular, dBk has an important destabilizing effect canceling the
self-dug magnetic well that emerges in high-b plasmas.5,26 This
also shown in Fig. 2, in which turning dBk off at r=a ¼ 0:8 wipes
out the modes with khqs , 0:6. However, even though these modes
are affected by full electromagnetic effects, they are not well fit as
hybrid modes since the transition to a KBM is observed to be very

TABLE I. Summary of relevant data at different minor radius for the different NSTX discharges considered in this work. Kinetic profiles are shown in Fig. 1 for each case.

r / a j d q s be;unit ð%Þ Ti=Te a=LTe a=Lne a=LTi a=Lni aMHD;unit Zeff !e=i cE (cs=aÞ

(a) High collisionality case: shot No. 120 968 at 560 ms.
0.5 1.68 0.103 1.37 0.886 3.67 0.987 1.87 '0.106 2.49 1.26 0.474 2.31 1.97 0.220
0.6 1.71 0.127 1.70 1.70 2.51 0.944 2.66 '0.774 2.44 0.686 0.412 2.87 3.91 0.174
0.7 1.76 0.166 2.47 3.16 1.39 1.02 3.11 '0.469 2.05 '1.37 0.416 2.86 7.54 0.118
0.8 1.86 0.237 3.97 3.60 0.588 1.13 2.80 2.60 1.92 3.20 1.28 2.77 11.7 0.0883

(b) Medium collisionality case: shot No. 129 041 at 490 ms.
0.4 1.49 0.119 1.54 0.373 3.77 0.941 0.365 '0.299 1.19 0.475 0.129 3.22 0.710 0.144
0.5 1.50 0.147 1.72 0.778 3.40 0.894 0.362 '0.713 0.513 '0.970 '0.0880 3.21 0.803 0.0665
0.6 1.54 0.184 2.13 1.45 2.65. 0.888 1.44 '0.545 1.57 1.22 0.392 3.33 1.07 0.163
0.7 1.58 0.235 2.70 1.78 1.70. 0.901 2.07 1.21 1.39 5.19 1.02 4.07 1.80 0.132
0.8 1.63 0.295 3.75 3.30 0.626 1.06 4.95 5.75 1.55 6.72 1.76 4.75 2.78 0.138

(c) Low collisionality case: shot No. 120 982 at 620 ms.
0.4 2.15 0.170 2.27 0.488 1.90 1.21 0.453 0.398 0.475 0.439 0.300 1.55 0.356 0.119
0.5 2.18 0.207 2.57 0.662 1.52 1.22 0.868 0.141 0.933 0.342 0.387 1.59 0.398 0.219
0.6 2.20 0.244 2.97 0.972 1.17 1.15 1.59 '0.931 2.86 '0.0948 0.543 1.78 0.578 0.297
0.7 2.20 0.282 3.55 1.36 0.933 0.983 2.19 '1.53 3.34 '0.598 0.486 2.23 1.22 0.211
0.8 2.20 0.321 4.43 2.11 0.627 0.941 3.01 0.348 3.00 0.972 1.15 2.41 2.28 0.0932
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pronounced and, therefore, they are here identified as TEM modes.
Hence, at r=a ¼ 0:8, the modes present are KBMs at low
wavenumbers, followed by MTMs and finally by TEM modes. It
is important to remember that, even though the identification
of the different modes present is of interest, the dominant
modes here are the MTMs and they are the only ones that present
c > cE .

The analysis under experimental conditions does not show any
ITG mode, as expected for a high collisionality NSTX discharge. The
additional scans that helped to determine different modes present,
such as those ones shown in Fig. 4, also serve as a way to determine
stability thresholds for ITG or KBM modes. In order to evaluate these
stability thresholds and their proximity to experimental conditions,
the normalized ion temperature gradients, a=LTi , are increased at all
minor radii shown in Table I. To summarize the results, only the dom-
inant mode is identified for each condition. This is shown, for exam-
ple, in Fig. 4(b) where a TEM mode is dominant at low be;unit (or
aMHD;unit) values, then an MTM mode is dominant near or at experi-
mental conditions, and finally, a KBM mode that is triggered just
above the experimental value becomes dominant.

The results for all the investigated radial positions are summarized
in Fig. 6, which is a bar diagram showing all the dominant modes

(largest growth rate) in the ion-scale range taking into account all the
scans performed. The red lines are the experimental profiles for each
parameter. In addition, the short horizontal green line indicates the
KBM threshold. The KBM threshold is not always well defined; and in
those cases, it is simply linearly extrapolated from the KBM unstable
region. The short horizontal black line at some minor radius indicates
when the dominant mode growth rate overcomes the E!B flow
shear, cE. It can be observed that, even though MTMs are dominant
under the experimental condition, KBM modes are at or near the
threshold of being dominant. Since the dominant mode growth rates at
r=a ¼ 0:6 and 0.7 are already larger than cE, there is no cE–mark at
those positions.

The high collisionality NSTX discharge analyzed in this sec-
tion shows significant MTM activity at the experimental condition.
The presence of MTMs in these regimes was investigated previ-
ously by Guttenfelder et al.,22 and they are also well described by
reduced models.30 Their large growth rates are attributed to the
sufficient high collisionality, plasma beta, and electron temperature
gradient. However, it is interesting to note that other modes are
present with, in some cases, similar growth rates as shown in Fig. 2
and that KBMs are right at the threshold of being dominant for at
least two radial positions.

FIG. 2. Analysis of the high collisionality discharge at experimental condition. (a)
shows the real frequency, xr, and (b) shows the growth rate, c, both at different
minor radius and as a function of the normalized wavenumber khqs. The electron
diamagnetic drift frequency, x"e, and the E! B flow shear growth rate, cE are
included as a reference. The squared-dotted line at r=a ¼ 0:8 shows a case in
which dBk was turned off in the GK model.

FIG. 3. (a) Perturbed electrostatic potential and (b) parallel component of the per-
turbed vector potential eigenfunctions, both as a function of the ballooning angle.
These eigenfunctions show tearing parity, corresponding to khqs ¼ 0:9 and r=a
¼ 0:7 of the NSTX high collisionality discharge (see Fig. 2).
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B. NSTX: Medium collisionality
The second discharge considered in this study is the medium col-

lisionality NSTX discharge, whose kinetic profiles are presented in Fig.
1(b) and additional parameters at the radial position of interest are
presented in Table I. As with the high collisionality case, Fig. 7 shows
(a) the real frequency and (b) the growth rate of modes, at different
minor radii and as a function of the normalized wavenumber. For this
discharge, the aMHD;unit (or pressure gradient) value at r=a ¼ 0:5 is
negative, and therefore, no unstable modes are found. Similarly, at
r=a ¼ 0:4 and 0.6, pressure gradient is very small, leading to very sta-
ble conditions in which modes present near zero growth rates resulting
in a challenging situation for the code to converge. On the other hand,

at r=a ¼ 0:7 and 0.8, modes have appreciable growth rates, exceeding
in both cases cE.

At r=a ¼ 0:7 there are, at least, two different trends separated by
khqs + 0:8. Larger wavenumbers correspond to MTMs modes. They
have, for example, negative frequencies and the eigenfunctions (not
shown here) have tearing parity. To identify the modes at r=a ¼ 0:7
when khqs < 0:8 as well as at r=a ¼ 0:8, auxiliary scans, shown in
Fig. 8, over the ion temperature gradient (diamond-dotted curves) and
the effective electron plasma beta (circle-solid curves) are performed.
For both radial positions, Fig. 8 shows the real frequency, growth rate
and normalized electric field for selected wavenumbers, khqs’s. These
quantities are plotted against aMHD;unit as a way to combine both effec-
tive electron plasma beta and ion temperature gradient scans in the
same figure (as it was done in Fig. 4 for the high collisionality case). As
a reminder, the local equilibrium was maintained fixed throughout
these scans. At r=a ¼ 0:7, the growth rate trend, Fig. 7(b), looks like
that of ITG modes (growth rate peaks at khqs + 0:4). However, for
low wavenumbers (see khqs + 0:1 for r=a ¼ 0:7 in Fig. 8), the mode
behaves as a KBM since both plasma beta and ion temperature gradi-
ent scans show essentially the same trend when represented as a
change in aMHD;unit . It is possible, however, that this mode shows
slightly hybrid features at the experimental condition since the nor-
malized parallel electric field is still high when compared to values at
increased be;unit (or aMHD;unit). As the wavenumber increases, the
modes become less sensitive to the ion temperature gradient. When
khqs ¼ 0:4, it is clear that the mode growth rate is no longer sensitive
to the temperature gradient, as can be observed in Fig. 8(b) and, there-
fore, not an ITG mode. In fact, the mode is slightly stabilized when the
normalized ion temperature gradient is increased above the experi-
mental condition, and only after increasing it about three times
(aMHD;unit - 1:25), the mode shows a clear transition to a KBM, which
is also reflected by a fall in Êk and a jump in the real frequency. On
the other hand, the trend as be;unit is scaled up is different: the growth
rate and real frequency of the mode gradually increases while the nor-
malized electric field gradually falls. This trend is more consistent with
a hybrid mode. It also shows a threshold in the be;unit indicating that
the mode is affected by full electromagnetic effects. The analysis of the
eigenfunctions, presented in Fig. 9, shows a broad waveform on the
perturbed electric potential for low be;unit values, which is consistent
with TEM modes, and it evolves to a more ballooning like form as
be;unit increases. Although not shown here, for larger wavenumbers,
the growth rate stabilization with the ion temperature gradient is
enhanced and the normalized parallel electric field becomes even
higher at experimental conditions. Therefore, at r=a ¼ 0:7 and under
the experimental condition, these modes behave as more KBM for low
wavenumbers, followed by hybrid TEM/KBM behavior at intermedi-
ate wavenumbers, and finally as more TEM-like modes for larger
wavenumbers.

At r=a ¼ 0:8, the scans shown in Figs. 8(d)–8(f) reveal a similar
trend: as the be;unit increases, all the growth rates gradually increase
while the normalized parallel electric field decreases. They all ulti-
mately become KBMmodes. A difference here is that, when looking at
the real frequencies, Fig. 8(d), the modes gradually move from the
electron diamagnetic direction (negative real frequencies) to the ion
diamagnetic direction (positive real frequencies) as be;unit (or
aMHD;unit) increases. It is interesting to note that it is almost under the
experimental condition when all the modes in the ion-scale range

FIG. 4. High collisionality case: scans over plasma be;unit (circle-solid curves) and
ion temperature gradient, a=LTi (diamond-dashed curves) at radial positions
r=a ¼ 0:5 and 0.8. Three selected wavenumbers are shown at each case. Both
scans are represented as the change in aMHD;unit (see the Appendix). (a) and (d)
show the real frequency, (b) and (e) the growth rate, and (c) and (f) the normalized
electric field for each minor radius, respectively. The vertical dotted line indicates
the experimental condition and the dashed horizontal line in (b) and (e) indicates
the E! B flow shear growth rate, cE.
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change from negative to positive values. At low beta values
(aMHD;unit + 0:75), they all exhibit ballooning parity in their eigen-
functions, with broader perturbed electrostatic potential waveform
and, as be;unit is scaled up, their eigenfunctions resembles more those
of a KBMmode, similar to Fig. 9 for r=a ¼ 0:7.

Therefore, under the experimental condition, these modes
also lie between TEM and KBM modes: for low wavenumbers
(khqs ! 0:1), modes exhibit pure KBM characteristics. They have a
very small normalized parallel electric field and their growth rates are
very sensitive to increases in both be;unit and a=LTi scaling factors. As
the wavenumber increases, the mode growth rates become less sensi-
tive to the ion temperature gradient, as occurred with the previous
analysis at r=a ¼ 0:7. Figures 8(d)–8(f) shows two cases, khqs ¼ 0:6
and 0.8, when the ion temperature gradient is increased. When
khqs ¼ 0:6, the mode growth rate is slightly sensitive to the ion tem-
perature gradient; and when khqs ¼ 0:8, the mode is actually stabi-
lized. Following these behavior in a=LTi and be;unit , these modes are
identified as Hybrid TEM/KBMs.

Although there are similarities between these hybrid modes at
r=a ¼ 0:7 and 0.8, they also exhibit differences. Figure 10 shows flux
ratios and thermal diffusivity ratios for khqs ¼ 0:4 at r=a ¼ 0:7 (a)
and (b), and khqs ¼ 0:6 at r=a ¼ 0:8 (c) and (d). Thermal diffusiv-
ities, vs, are defined through Qs ¼ 'nsvsdTs=dr (where s ¼ e; i refers
to electron and ion species), and for general definitions of how
CGYRO calculates the fluxes, Qs and Cs, see for example, Eqs. (35)
and (36) in Ref. 31. The selected khqs are the wavenumbers with the
largest growth rates under the experimental condition in each case. In
both cases, the top panel shows electron and deuterium particle flux
(Ce and CD) as well as deuterium thermal flux (QD), normalized in all

cases by the electron thermal flux (Qe). The bottom panel shows deute-
rium (vD) and electron (ve) diffusivity ratios. It can be observed that,
at r=a ¼ 0:7, the ion thermal flux is comparable to the electron contri-
bution. On the other hand, at r=a ¼ 0:8, it is the electron flux that
dominates over the ions. Therefore, these Hybrid TEM/KBM modes
contribute to both ion and electron transport. At r=a ¼ 0:8, both elec-
tron temperature and density gradients increase substantially, which
may drive larger electron fluxes. The results in Fig. 10 suggest that this
might also be related to whether the real frequency of the TEM that is
coupled to the KBM is ion or electron directed, but further studies
analysis are required. The results presented here are also in agreement
with the observation that anomalous ion transport may arise at low
collisionalities NSTX discharges in the outer plasma region.9,11

Additional scans are utilized to determine the ITG and KBM
thresholds at other radii. Notably, at r=a ¼ 0:4, normalized gradients
determined from fits to the experimental profiles are relatively weak.
As a consequence, no unstable modes are predicted for the nominal
parameters. Figure 11(a) shows the growth rates at r=a ¼ 0:4, as a
function of the ion temperature gradient scaling factor, Xa=LTi

, for
three different wavenumbers, while (b) shows the growth rate as a
function of khqs for three different Xa=LTi

values (Xa=LTi
¼ 1 corre-

spond to the experimental condition a=LTi ¼ 1:19). It can observed
that, after increasing Xa=LTi

twice the experimental value, ion tempera-
ture gradient dependent modes arise. These modes also present posi-
tive real frequency (in the ion diamagnetic direction). As shown in Fig.
11(b), the modes peak at khqs + 0:4 consistent with ITG modes. In
addition, the growth rate of different modes as a result of increasing
be;unit five times is included with a diamond–dashed curve. This incre-
ment leads to aMHD;unit ¼ 0:646, which is almost twice the value

FIG. 5. High collisionality case: Eigen-
functions, du (top), dAk (middle), and
dBk (bottom), as a function of the balloon-
ing angle for khqs ¼ 0:6, at r=a ¼ 0:8,
for different values of the be;unit scaling
factor, Xbe;unit

: 0.6 (a)–(c), 1.0 (d)–(f),
and 1.2 (g)–(i). The experimental value is
be;unit ¼ 0:59, corresponding to
Xbe;unit

¼ 1:0.
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obtained when Xa=LTi
¼ 3:5. Only the modes around khqs + 0:05 are

recovered, consistent with KBMs, but the modes peaking around
khqs + 0:4 are only sensitive to ion temperature gradients, confirming
that they are ITGs. In addition, Fig. 12 shows (a) flux ratios and (b) the
thermal diffusivity ratio, vD=ve, for khq ¼ 0:4, which also shows that
deuterium fluxes dominate over electrons, in agreement with ITGmodes.

As mentioned in Sec. I, even though ITG modes are often pre-
sented as electrostatic, they are affected by electromagnetic effects.

Figure 13 shows a comparison of the three different GK models imple-
mented in CGYRO: the full electromagnetic model (that is being used
throughout this study), an electromagnetic model with dBk ¼ 0 (solving
for du and dAk), and the electrostatic model, which solves only for du
and has dBk ¼ dAk ¼ 0. The figure shows the khqs ¼ 0:4 ITG mode,
presented before, as the normalized ion temperature gradient is scaled
up. It is clear that full electromagnetic model (EM) effects are required
to properly account for the growth rate, as they contribute to mode
destabilization.26,27 However, the mode’s threshold can be well approxi-
mated by the dBk ¼ 0 model, which has the benefit of excluding KBM
modes. Therefore, even if they are not dominant in the full EM GK
model, ITG modes could be found if they are subdominant, using the
dBk ¼ 0 GK model. Hence, simulations at other minor radii were con-
ducted using this model, for the wavenumbers khqs ¼ 0:3; 0:4, as an
approximation of the ITG threshold. At r=a ¼ 0:6; a=LTi has to be
increased over 2.4 times while at r=a ¼ 0:7 and 0.8, no ITG modes
were found even when increasing a=LTi over four times the experimen-
tal value.

To conclude this section, the bar diagram of dominant modes is
presented in Fig. 14. It shows all the scans performed for this case.
Again, the short horizontal black line, at some minor radii, indicates
where the dominant mode overcomes the flow shear growth rate, cE,
and the short horizontal green line indicates the KBM threshold. In
addition, a short horizontal purple line in Fig. 14(a), at r=a ¼ 0:4 and

FIG. 6. High collisionality case: diagram of dominant modes in the ion-scale range
when scaling (a) the normalized ion temperature gradient, a=LTi , and (b) the effec-
tive electron beta, be;unit . (c) Both scans can be represented and combined as the
change in the aMHD;unit parameter, since KBM modes are ultimately dependent on
pressure gradient. The red line indicates the experimental profile, the short black
lines indicate the condition in which the dominant mode overcomes the flow shear
rate, cE, and the short green line indicates the KBM threshold.

FIG. 7. Analysis of the medium collisionality discharge under experimental condi-
tions. The figure shows (a) the real frequency, xr, and (b) the growth rate, c, both
at different minor radii and as a function of the normalized wavenumber khqs. The
E! B flow shear growth rate, cE is included as a reference.
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0.6, indicates the ITG threshold, calculated with the dBk ¼ 0 GK
model in order to include subdominant cases as occurs at r=a ¼ 0:6.
No purple lines are at r=a ¼ 0:7 and 0.8 since, as mentioned earlier,
no ITG modes were found even when increasing a=LTi four times
the experimental value. ITGs were found to be dominant only at
r=a ¼ 0:4 but only after increasing the normalized ion temperature
gradient by a factor of +2:3 above the experimental value. Although
MTMs are present at some conditions, they were not found to be
dominant at any condition. At r=a ¼ 0:7 and 0.8, Hybrid TEM/KBM
are dominant under experimental conditions with growth rates larger
than cE, and with KBM overcoming them with small increases in
either the temperature gradient or the plasma beta. In addition,

Fig.14(c) shows the combination of both a=LTi and be;unit scans into
the aMHD;unit parameter. However, the ITG bar is not shown here
since, as contrary to KBMs, ITGs only depend on the ion temperature
gradient. It can be observed that KBM thresholds are at or near the
experimental aMHD;unit value.

C. NSTX: Low collisionality
The third NSTX discharge considered in this study is the low col-

lisionality discharge. The kinetic profiles and additional relevant
parameters are presented in Fig. 1(c) and Table I, respectively. The
results of the linear scan under experimental conditions are shown in
Fig. 15. The first thing to note is that only at r=a ¼ 0:8, the growth
rate of several wavenumbers overcome the flow shear rate cE. At the
other minor radii, all the modes exhibit growth rates well below cE. In
addition, the real frequency shows linear dependency near the electron
diamagnetic frequency, xr + x"e, at all the minor radii investigated
for at least for some wavenumbers. Their eigenfunctions also have
tearing parity, indicating the presence of MTMs. Between
r=a ¼ 0:5–0:7, they have much lower growth rates compared with the
high collisionality case due to the reduced local values of electron beta,
normalized electron temperature gradient and collisionality, all of
which tend to weaken MTMs, as shown in Ref. 22 and 30. At
r=a ¼ 0:8, MTM growth rates are larger than in the high collisionality
case due to the local increase in electron plasma beta and normalized
electron temperature gradient associated with the broader temperature
profiles observed in lower collisionality discharges.11 On the other
hand, since the overall aMHD;unit is similar with the high collisionality
discharge, KBMs are also found near the threshold. In addition to
MTMs, other modes are present in this parameter region: Hybrid
TEM/KBM modes at r=a ¼ 0:8 for 0:1 < khqs < 0:4 and TEM
modes at r=a ¼ 0:7 for khqs > 0:4. No unstable ITG modes were
identified at the experimental conditions for any radii.

As done before, additional scans are used to identify ITG thresh-
olds where possible. Again, only at r=a ¼ 0:4 are dominant ITG
modes found. The results are very similar to the medium collisionality
case, shown in Fig. 11 and the ITG modes appears when Xa=LTi

> 3.
In addition, a comparison of the three different gyrokinetic models
was also conducted for this case with similar findings as in the
medium collisionality case, shown in Fig. 13.

The onset of KBM is found when increasing ion temperature gra-
dient at the other minor radii, preventing the determination of any
ITG threshold, if present, since only the dominant mode is determined
in CGYRO. Auxiliary scans over the ion temperature gradient were
conducted for wavenumbers khqs ¼ 0:3; 0:4, using the dBk ¼ 0 GK
model in order to estimate any possible ITG threshold. The results of
all the scans are summarized in Fig. 16, which is a diagram of domi-
nant modes for the low collisionality discharge. Figure 16(a) shows the
scans over the ion temperature gradient and (b) the same scan but as
the change in aMHD;unit . As in the previous cases, the short horizontal
green line at all different minor radii indicates the KBM threshold and
the short black line at some positions indicates when the dominant
mode overcomes the flow shear rate. As it was mentioned before, only
at r=a ¼ 0:8, there are modes with growth rates larger than cE and
therefore, no black line is indicated in that radial position. Figure 16(a)
also shows a short horizontal purple line at almost all radial positions,
indicating the estimation of the ITG threshold. There is no purple line
at r=a ¼ 0:8, since no ITG modes were found after increasing a=LTi

FIG. 8. Medium collisionality case: scans over plasma be;unit (circle-solid curves)
and ion temperature gradient, a=LTi (diamond-dashed curves), at radial positions
r=a ¼ 0:7 and 0.8. Both scans are represented as the change in aMHD;unit (see
the Appendix). For each radial position, (a) and (d) real frequency, (b) and (e)
growth rate, and (c) and (f) normalized electric field are shown for selected wave-
numbers, khqs. The experimental condition is indicated with a vertical dotted line,
and the E! B flow shear growth rate is included with a horizontal dashed line for
reference.
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more than four times, even with the dBk ¼ 0 GKmodel. It is interesting
to note that for all the cases where ITGs were found, KBMs are triggered
first as the temperature gradient increases and they basically dominate
over ITGs. The KBM thresholds are also near the experimental condi-
tions at several radial positions, as can be noted in Fig. 16(b).

D. Summary of microstability in NSTX discharges
Extending previously published analyses, linear gyrokinetic simu-

lations of these three NSTX discharges has shown a wide variety and
complexity of modes. There are some general trends that appear across
these cases. First, ITG modes are never predicted to be unstable for the
experimental conditions. Only limited cases (r=a ¼ 0:4 in medium
and low collisionality discharges) were ITG modes dominant, and
basically at all cases, with the exception of r=a ¼ 0:4 in the medium
collisionality discharge, their thresholds occur after those of the KBMs.
Even though they were already introduced in the different diagrams, a
summary of ITG thresholds in the medium and low collisionality
discharge is given in Table II. The table shows, at the different radial
positions investigated, the experimental ion temperature gradient

R=LTi , the inferred threshold from the GK simulations, ðR=LTiÞ
ðGKÞ
ITG

(using the dBk ¼ 0 model and only for wavenumbers khqs ¼ 0:3 and

0.4), the simple ITG threshold formula32 given by ðR=LTiÞ
ðRÞ
ITG

¼ ð4=3Þð1þ Ti=TeÞ, and the expression given by Jenko et al.,33

ðR=LTiÞ
ðJÞ
ITG ¼ maxfð1 þ Ti=TeÞð1:33 þ 1:91s=qÞð1 ' 1:5r=RÞð1

þ0:3rdj=dr; 0:8R=Lnig. The " in the last column indicates that the
threshold was determined by the density gradient in the above for-
mula. It is worth noting that the two ITG threshold formulas were not

intended for highly shaped, low aspect ratio tokamaks like NSTX, and
the resulting discrepancy can be noticeable in the outer plasma region.

The absence of unstable ITG modes combined with the predic-
tion that at many radial positions the remaining unstable modes have
growth rates below the E!B flow shearing rate is consistent with the
observation that NSTX H-mode discharges have ion transport close to
the neoclassical level. At many radii, the experimental profiles are pre-
dicted to be close to or just beyond the KBM threshold, which suggests
they might also play a role limiting the confinement. However, it
remains to be understood how KBMs can contribute to multi-channel
transport in a way that is consistent with NSTX experimental observa-
tions, which show predominantly anomalous electron thermal trans-
port while ion thermal transport is observed to be mostly neoclassical.

III. NSTX-U PROJECTION
The findings in Sec. II suggested the absence of unstable ITG

modes in high-b NSTX H-modes. However, it is unknown whether
they may become more important for higher temperature, lower colli-
sionality discharges expected in NSTX-U. To explore this situation, an
NSTX-U projection which is part of different scenario projections
reported at Ref. 34 was analyzed. These projections were explored
using TRANSP and, in this work, the run 121123K55 was selected.
This run is based on an NSTX discharge in which experimental profile
shapes for the electron density and temperature were employed, and
the density was scaled to reach a different Greenwald fraction, fGW.
The ion thermal transport was assumed to be neoclassical, and the
electron temperature was adjusted to match energy confinement time
scalings. The resulting projected temperatures are higher than those of
the NSTX discharges studied due to the increased field strength and

FIG. 9. Medium collisionality case: Eigen-
functions, du (top), dAk (middle), and
dBk (bottom), as a function of the
ballooning angle for khqs ¼ 0:4, at
r=a ¼ 0:7, and for different values of the
be;unit scaling factor, Xbe;unit

: 0.2 (a)–(c),
0.6 (d)–(f), and 1.0 (g)–(i). The experimen-
tal value is be;unit ¼ 1:7, corresponding
to Xbe;unit

¼ 1:0.
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heating power. Additionally, outside r=a > 0:6 the normalized ion
temperature gradients are projected to be much higher than in the
NSTX cases and, therefore, likely represent a good case to test whether
ITG modes are ever predicted to be unstable.

Figure 17 shows the kinetic profiles at two different times: 11.8
and 14.5 s in the TRANSP simulation, corresponding to fGW ¼ 0.7
and 0.55, respectively. The former time was used in Ref. 34 but the lat-
ter provides even higher temperatures and temperature gradients mak-
ing it a better candidate to investigate ion temperature gradient driven
modes. Additional information is summarized in Table III for the two
selected times. It can be clearly noted that the collisionalities are much
lower than in the previous NSTX cases.

Real frequencies and growth rates as a function of the normalized
wavenumber, khqs, are shown in Fig. 18 for different minor radii. The
figure shows the results for three different cases at 11 800ms (a) and
(b), at 14 500ms (c) and (d), and at 14 500ms but turning off dBk (e)
and (f). At first glance, mode activity looks much stronger than the
previously analyzed NSTX cases: all the minor radii investigated pre-
sent modes with growth rates larger than the flow shear rate. Since the
zoology of modes is very similar between the cases (a) and (b) (at

11 800ms) and (c) and (d) (at 14 500ms), only the case latter will be
analyzed in the following.

To identify all the modes present, it can be noted first that at
r=a ¼ 0:7 and 0.8, there are modes whose real frequency, as shown in

FIG. 10. Medium collisionality case: flux ratios (top) and thermal diffusivity ratio
(bottom) at r=a ¼ 0:7 (left) and 0.8 (right), for the dominant mode under the experi-
mental condition (khqs ¼ 0:4 and 0.6, respectively). In both cases, the be;unit scan
is represented as a change in the aMHD;unit parameter. At r=a ¼ 0:7, the Hybrid
TEM/KBM mode has a significant ion contribution to the flux, whereas at
r=a ¼ 0:8, the electron contribution dominates.

FIG. 11. Medium collisionality case: growth rates at r=a ¼ 0:4 when (a) increasing
the normalized ion temperature gradient scaling factor, Xa=LTi and (b) as a function
of wavenumber for three different Xa=LTi values. When Xa=LTi > 2:2 approximately,
an ITG mode is triggered. In (b), the diamond-dashed line was obtained increasing
only be;unit five times, showing that the mode is not pressure sensitive.

FIG. 12. Medium collisionality case: (a) flux ratios and (b) thermal diffusivity ratio at
r=a ¼ 0:4 for the khqs ¼ 0:4 ITG mode, showing a large deuterium over electron
contribution to the thermal flux.
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Fig. 18(c), agrees with x"e, exhibit tearing parity, and are unaffected
by turning off dBk [see Fig. 18(e)], in agreement with MTM modes.
For all the other modes present, scans varying the ion temperature gra-
dient scale length and plasma beta were conducted for the entire ion
scale range, as with the NSTX cases.

At r=a ¼ 0:4, the modes were identified as KBM, having positive
frequencies, ballooning parity eigenfunctions, very low Êk value and
being very sensitive to both a=LTi and be;unit . The same modes are pre-
sent at r=a ¼ 0:5, 0.6 and 0.7 at low wavenumbers. Figure 18(c) also
shows xp=2 ¼ ½khqsða=LTi þ a=LniÞ þ khqsða=LTe þ a=LneÞ*=2, with
dotted lines, for r=a ¼ 0:4; 0:5, and 0.6. There is a clear agreement
between xr and xp=2 at low khqs. In addition, growth rate spectra
peak as khqs ! 0. These features agree with the fact that the modes
are KBMs and they were investigated in detail in Ref. 35. Figure 19
shows scans over a=LTi and be;unit at selected wavenumbers and at
three different minor radius. For each minor radius, the figure shows
the real frequency, the growth rate, and the normalized parallel electric
field. It can be observed that, at r=a ¼ 0:5 [see Figs. 19(a)–19(c)], the
growth rate of the khqs ¼ 0:05 mode is, indeed, very sensitive to both
a=LTi and be;unit while having a very low Êk value, corresponding to a
KBM mode. In addition to these KBM modes at low wavenumbers,
there are ballooning parity modes at khqs > 0:2 in Fig. 18(d) with the
real frequency around zero. Figure 19(b) shows that the growth rate of
khqs ¼ 0:4 and 0.7 are not sensitive, in the vicinity of the experimental
value, to the ion temperature gradient and that for khqs ¼ 0:7, the
mode is actually stabilized when a=LTi is increased and are likely TEM
modes. In addition, at khqs ¼ 0:4, the mode is near the KBM thresh-
old, which is characterized by the sudden drop in Êk and the increase
in the real frequency as well as a stronger sensitivity to aMHD;unit .

At r=a ¼ 0:8, in addition to the MTM modes described before,
there are also two modes, with khqs ¼ 0:2 and 0.3, that have positive
real frequencies [see Fig. 18(d)]. In fact, these modes have very similar
growth rate to the MTM modes that are obtained when turning dBk
off for the same wavenumbers, as can be noted when comparing Figs.
18(e) and 18(f). These two types of modes are basically coexisting with
similar growth rates. Scans shown in Figs. 19(d)–19(f) show that, for
khqs ¼ 0:2 and for small values of aMHD;unit , the growth rate is

essentially independent of the both a=LTi and be;unit . The modes have
positive real frequency, present ballooning parity (not shown here)
and large Êk value. Therefore, under this condition, this mode behaves
as a TEM. As aMHD;unit reaches the experimental condition, the mode
is at the threshold of the transition to a KBM (given by the growth rate
sensitivity on aMHD;unit , the low normalized parallel electric field and

FIG. 13. Medium collisionality case: (a) real frequency and (b) growth rate for the
khqs ¼ 0:4 ITG mode at r=a ¼ 0:4. The figure shows a comparison of the full
electromagnetic model (EM), the electromagnetic model with dBk ¼ 0, and the
electrostatic model (ES), which has dBk ¼ dAk ¼ 0.

FIG. 14. Medium collisionality case: diagram of dominant modes in the ion-scale
range when scaling (a) the normalized ion temperature gradient, a=LTi , and (b) the
effective electron plasma beta, be;unit . (c) Both scans are combined and repre-
sented as the change in the aMHD;unit parameter, except for r=a ¼ 0:4, since
KBM modes are ultimately dependent on pressure gradient. The red line indicates
the experimental profile, and the short black line at some radial position indicates
the condition in which the dominant mode overcomes the flow shear rate, cE. The
short green and purple lines indicate the KBM and ITG threshold, respectively
(ITGs are shown only in the a=LTi scan).
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positive real frequency), but the normalized parallel electric field is still
decreasing and the growth rate did not start increasing yet, therefore
behaving as a Hybrid TEM/KBM. Finally, when aMHD;unit increases
over the experimental value, the normalized parallel electric field falls
to a very low values and the mode behaves as a pure KBM. For com-
pleteness, the khqs ¼ 0:4 shows an example of the fact that the previ-
ously described MTMs transition also to KBMs: the modes have
negative real frequency for small aMHD;unit values and tearing parity
(not shown here). They are insensitive to a=LTi scans as well as to
be;unit , for the range considered. As aMHD;unit increases, the real fre-
quency jumps to a positive values, while the normalized electric field
falls to small values, and the growth rate becomes sensitive to both
be;unit and a=LTi scans. This behavior is similar to that described in
Fig. 4.

At r=a ¼ 0:9, there are also two distinct trends of modes that
are separated by khqs + 0:8 [see Figs. 18(c) and 18(d)]. Modes with
khqs < 0:8 show the positive frequency. In particular, the khqs
¼ 0:05 presents ballooning parity (not shown here) and, as shown
in Figs. 19(g)–19(i), the mode is at the KBM threshold. Larger
wavenumbers, for example khqs ¼ 0:3, which is at the peak in the
growth rate trend at the experimental condition, shows ballooning
parity but a larger Êk value and the slow transition that can be
observed in this case, as aMHD;unit [Figs. 19(g)–19(i)], suggest that

these modes are hybrid TEM/KBMs. In addition, turning dBk off
wipes out these modes, as shown in Figs. 18(e) and 18(f), and
MTMs with slightly smaller growth rates are revealed. On the
other hand, modes with khqs > 0:8 have negative frequency and

FIG. 15. Analysis of the low collisionality discharge under the experimental condi-
tion. (a) shows the real frequency, xr, and (b) shows the growth rate, c, both at dif-
ferent minor radius and as a function of the normalized wavenumber khqs. The
electron diamagnetic drift frequency, x"e, and the E! B flow shear growth rate,
cE, are included as a reference.

FIG. 16. Low collisionality case: diagram of dominant modes in the ion-scale range
when varying (a) the ion temperature gradient scale length. In (b), the diagram is
represented as the change in the aMHD;unit parameter. The red line indicates the
experimental profile, and the short black line at the some radial position indicates
the condition in which the dominant mode overcomes the flow shear rate, cE. The
short green and purple lines indicate KBM and ITG thresholds, respectively.

TABLE II. ITG thresholds in the medium and low collisionality NSTX discharges.

r/a R=LðexpÞTi
ðR=LTiÞ

ðGKÞ
ITG ðR=LTi Þ

ðRÞ
ITG ðR=LTiÞ

ðJÞ
ITG

(a) Medium collisionality discharge
0.4 1.85 4.2 2.59 2.16
0.6 2.37 5.7 2.52 2.18
0.7 2.07 > 8.3 2.53 6.16"

0.8 2.25 > 9.0 2.74 7.78"

(b) Low collisionality discharge
0.4 0.79 2.4 2.94 2.58
0.5 1.53 2.7 2.96 2.26
0.6 4.59 5.5 2.86 1.87
0.7 5.22 10.4 2.64 1.34
0.8 4.55 > 18 2.58 1.18"
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they are essentially unaffected when turning dBk off. They are also
insensitive to changes in either the ion temperature gradient or
plasma beta, as shown in Figs. 19(g)–19(i). However, their negative
real frequencies are not in agreement with the electron

diamagnetic frequency and an example of their eigenfunctions is
shown in Fig. 20. Additional scans reveal these modes have a clear
threshold in electron temperature gradient. Opposite to TEM
expectations, the modes are also stabilized completely by increas-
ing density gradient. Taken together, these modes are identified to
be electron-scale ETG instabilities, at the long-wavelength limit of
a much broader wavenumber range of unstable modes. While ETG
instabilities predicted in the core tend to occur at much higher
wavenumbers (khqs > 2–3), the relatively large normalized gra-
dients associated with the edge/pedestal region have been shown to
drive unstable ETG at lower wavenumbers approaching ion
scales.36,37 Interestingly, the inferred threshold for instability
derived from the electron temperature and density gradient scans
is found to be ge;crit - 1:7 for the ETG modes here, very similar to
that found in pedestal studies on NSTX38,39 and DIII-D.40

Therefore, in this projection, KBM, MTM, Hybrid TEM/KBM, and
ETG modes are found unstable at ion-scale wavelengths with
growth rates exceeding the flow shear rate. It is important to note
here that, even though ETG were found present in the long wave-
length limit, the analysis of those modes remains out of scope of
the present study.

It is worth noting that ITG modes are not found to be unstable
even at the very low collisionality and large temperature gradients pre-
sented in this projection. To explore whether ITG thresholds are near
the projection condition, scans increasing the ion temperature gradient
were conducted at all the different minor radii without evidence of
ITG being present when using the full EM model in CGYRO. When
employing the dBk ¼ 0 model, subdominant ITG modes are found at
r=a ¼ 0:4–0:6 when increasing the ion temperature gradient over the
projected value. This is summarized in Table IV, which is similar to
Table II presented for previous NSTX cases. At r=a ¼ 0:5 and 0.6, the
estimated threshold is close to the projected value, but in those cases,
KBMs are already unstable and they might prevent ITG from ever
being triggered. In addition, similarly to the NSTX cases, ITG thresh-
olds become very large in the outer region (r=a" 0:7), largely

FIG. 17. Kinetic profiles of the NSTX-U projection (TRANSP run 121123K55) at
two different times: 11 800 and 14 500ms. The Greenwald limit was set to 0.7 and
0.55, respectively.

TABLE III. Summary of relevant data at different minor radii for the NSTX-U projection (TRANSP ID 121123K55).

R/a j d q s be;unit ð%Þ Ti=Te a=LTe a=Lne a=LTi a=Lni aMHD;unit Zeff !e=i cE (cs=aÞ

(a) At 11 800 ms with a Greenwald limit of 0.7
0.4 2.20 0.120 1.47 0.555 3.89 1.22 0.427 0.730 0.592 0.730 0.408 2.0 0.274 0.032 6
0.5 2.24 0.145 1.66 0.530 2.94 1.21 0.928 1.15 1.10 1.15 0.677 2.0 0.284 0.058 4
0.6 2.26 0.164 1.88 0.978 2.01 1.18 1.98 1.23 2.22 1.23 0.885 2.0 0.330 0.091 2
0.7 2.28 0.187 2.38 2.24 1.17 1.13 2.96 '0.0150 3.58 '0.0150 0.775 2.0 0.500 0.069 6
0.8 2.34 0.228 3.43 3.16 0.576 1.05 3.68 0.922 4.48 0.922 1.14 2.0 0.914 0.014 6
0.9 2.45 0.294 5.26 4.42 0.170 1.05 9.42 3.23 8.62 3.23 1.90 2.0 2.36 '0.007 03

(b) At 14 500 ms with a Greenwald limit of 0.55
0.4 2.06 0.096 1.23 0.502 3.68 1.53 0.454 0.750 0.661 0.750 0.325 2.0 0.178 0.048 3
0.5 2.10 0.114 1.39 0.588 2.80 1.50 0.972 1.17 1.20 1.17 0.529 2.0 0.186 0.085 8
0.6 2.12 0.131 1.59 1.05 1.88 1.46 2.04 1.22 2.45 1.22 0.695 2.0 0.219 0.129
0.7 2.15 0.149 2.03 2.17 1.09 1.36 3.04 '0.0446 3.99 '0.0446 0.623 2.0 0.339 0.098 4
0.8 2.22 0.179 2.87 3.05 0.544 1.21 3.82 0.973 5.02 0.973 0.883 2.0 0.621 0.018 3
0.9 2.33 0.227 4.37 4.33 0.156 1.18 9.98 3.27 9.22 3.27 1.340 2.0 1.68 '0.008 96
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FIG. 18. Real frequency, xr, and growth rate, c, as a function of the normalized wavenumber, khqs, at different minor radii for the NSTX-U projection 121123K55. (a) and (b)
shows the results at 11 800 ms, (c) and (d) at 14 500 ms, and (e) and (f) shows the results at 14 500 ms but turning off dBk in the gyrokinetic equation.

FIG. 19. NSTX-U projection: scans over ion temperature gradient, a=LTi (diamond-dashed curves), and plasma beta, be;unit (circle-solid curves), for selected wavenumbers at
three different radial positions: r=a ¼ 0:5, 0.8, and 0.9. Scans are represented as the change in aMHD;unit (see the Appendix). For each radial position, the figure shows the
real frequency, the growth rate, and the normalized electric field of the modes. The vertical dotted line indicates the experimental condition, and the dashed horizontal line in
the growth rate panels indicates the E! B flow shear rate, cE.
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exceeding the simple threshold values provided by ðR=LTiÞ
ðRÞ
ITG and

ðR=LTiÞ
ðJÞ
ITG.

Finally, a diagram of the dominant modes determined from vari-
ous scans is summarized in Fig. 21. In this case, KBM modes are
already present at the projection condition and they are also the domi-
nant mode at some radial positions. Again, it is worth noting that
KBM thresholds, given by the green short horizontal line, are close to
the projection condition at several minor radii. The growth rates of the

dominant modes are larger than the flow shear rate, cE, at all the radial
positions investigated, contrary to the NSTX results. MTM were also
found to be present and dominant at two radial positions with large
growth rates even the lower collisionality of the discharge. The pres-
ence of MTMs in these regimes could be attributed to very large elec-
tron temperature gradients or other factors, such as large be;unit , and
they might be subject of future research. No unstable ITG modes were
found throughout the scans performed for this NSTX-U projection

FIG. 20. NSTX-U projection: (a) perturbed electrostatic potential and (b) parallel
component of the vector potential eigenfunctions, both as a function of the balloon-
ing angle, corresponding to the khqs ¼ 0:9 and r=a ¼ 0:9 case shown in Figs.
18(c) and 18(d).

TABLE IV. ITG thresholds in the NSTX-U projection at 14 500 ms.

r / a R=LðexpÞTi
ðR=LTiÞ

ðGKÞ
ITG ðR=LTiÞ

ðRÞ
ITG ðR=LTiÞ

ðJÞ
ITG

0.4 1.28 3.1 3.37 3.84
0.5 2.29 2.75 3.33 3.42
0.6 4.62 5.56 3.28 3.47
0.7 7.40 >30 3.15 3.81
0.8 9.09 >36 2.95 3.04
0.9 16.3 > 65 2.91 4.61"

FIG. 21. NSTX-U projection 121123K55 at the 14 500ms diagram of dominant
modes in the ion-scale range when varying (a) the ion temperature gradient scale
length and (b) the plasma be;unit parameter. (c) shows a combination of both scans
as a change in aMHD;unit . The red line indicates the experimental profile, the short
black line at some radial positions indicates the condition in which the dominant
mode overcomes the flow shear rate, cE. The short green and purple lines indicate
KBM and ITG thresholds, respectively (ITG threshold is only shown for a=LTi ).
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when using the full electromagnetic model, but they appear at some
minor radii when turning dBk off in the model, and after increasing
the ion temperature gradient over the projected condition. This is indi-
cated with the short horizontal purple line in Fig. 21(a). In all cases,
KBM thresholds are lower that those of ITGs; and therefore, the trans-
port may be limited by the former rather than the latter. The fact that
KBM, TEM, and Hybrid TEM/KBM modes are unstable will probably
deviate the ion transport from neoclassical assumptions to an anoma-
lous behavior,9,11 but this will require nonlinear simulations and might
be also subject of future research.

IV. CONCLUSIONS
Comprehensive linear gyrokinetics scans for both NSTX discharges

and NSTX-U projections were conducted in the ion-scale wavelength
range to identify modes and thresholds in the region r=a + 0:4–0:9 for
different collisionality regimes. This is the first time that a gyrokinetic
analysis has been performed for a low collisionality NSTX-U projection
and constitutes an important step toward the analysis of the anomalous
transport that might occur in those regimes. The gyrokinetic code
CGYRO was employed to conduct all the simulations. As noted in previ-
ous studies, a complex zoology of modes was found throughout all the
cases. This work attempts to provide clarity on this by identifying rele-
vant thresholds and dominance of the various instabilities.

An NSTX case with high collisionality was chosen as a starting
point, followed by a medium and low collisionality regimes, and
finally, by an NSTX-U projection with collisionality even lower than
that of NSTX. While all input parameters vary from one discharge to
the next, a number of general features and trends are apparent. In
many cases throughout the different NSTX discharges, growth rates
under the experimental condition were found to be smaller than the
flow shear rate, in agreement with the fact that the neoclassical ion
transport is usually found to dominate most of NSTX discharges.
However, for lower collisionality regimes as well as in the NSTX-U
projection, hybrid TEM/KBM modes arise with growth rates larger
than the flow shear rate, at some radial positions, exhibiting in some
cases significant ion-over-electron thermal flux. The NSTX-U projec-
tion also showed unstable KBM modes that could contribute to ion
thermal transport but with thresholds close to the projected value.

In addition, general remarks about ITG and KBM thresholds can
be made. First, ITGs were never predicted to be dominant at any radial
position investigated in all the discharges. Second, when scanning over
the ion temperature gradient, KBMs were found to be triggered almost
always first than ITGs. Only in two cases were ITGs found to domi-
nate after increasing the ion temperature gradient several times the
experimental value. Third, additional ITG thresholds were identified
by using the gyrokinetic model with dBk ¼ 0 (suppressing KBM activ-
ity), but it was found that KBM thresholds (obtained with the full elec-
tromagnetic model) occur earlier than those of ITGs (with the
exception of only one case). Fourth, KBM thresholds were found close
to the experimental or projected value at almost all the radial positions
investigated.

A summary of the ITG and KBM thresholds, combining the
results of all the analyzed cases, is presented in Fig. 22. Figure 22(a)

shows ðR=LTiÞ
ðGKÞ
ITG vs the experimental value R=LðexpÞTi

for the same
radial position and discharge, while Fig. 22(b) shows the KBM thresh-

old, aðKBMÞMHD;unit vs the experimental value aðexpÞMHD;unit . The dashed line in
both figures represents the condition y¼ x. As mentioned before, ITG

thresholds were determined with the dBk ¼ 0 gyrokinetic model.
Since at some cases ITG thresholds were not found even after increas-
ing the ion temperature gradient four times, open symbols were used
in Fig. 22(a) and a thin dashed line (y ¼ 4x) is also indicated for refer-
ence. These open symbols are, therefore, not thresholds but indicate
that actual thresholds are at even higher gradients.

It is clear from this figure that ITG instability thresholds are typi-
cally much higher than experimental ion temperature gradients in
high-beta NSTX H-mode plasmas. They are also generally higher than
the gradients in the low collisionality NSTX-U scenario. We remind
the reader that this scenario was a projection assuming that the ion
temperature is limited only by neoclassical transport, indicating that
ITG instabilities may not be expected to contribute to thermal losses
in high performance NSTX-U discharges. As discussed in the
Introduction, this result is expected (even when ignoring flow shear
stabilization effects) due to multiple stabilizing effects that occur in

FIG. 22. Summary of (a) ITG and (b) KBM thresholds against the corresponding
experimental value. The figure summarizes the thresholds of all the discharges and
radial positions investigated. The dashed line indicates the condition in which the
threshold is equal to the experimental value. Open symbols in (a) indicate that after
increasing the ion temperature gradient four times, no ITG threshold were found.
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low aspect ratio, high beta equilibria achievable in NSTX/NSTX-U.
On the other hand, NSTX experimental profiles at many radii are very
close to the KBM instability thresholds, as indicated by the dashed line
in Fig. 22(b). For the NSTX-U case, the projected profiles also lie very
close to the KBM stability threshold at all radii investigated
(r=a ¼ 0:4–0:9). The proximity of various discharges to the KBM
instability thresholds implies that it may play an important role in lim-
iting global energy confinement. However, it remains to be understood
and predicted how KBM contributes to multi-channel transport (ther-
mal and particle transport, for both ions and electrons) in a way that is
consistent with experimental interpretation.
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APPENDIX: SUMMARY OF SOME CGYRO
PARAMETERS

A brief summary of some of the CGYRO definitions used in
this work is presented here in order to facilitate them for the reader.
They are all defined in Refs. 14 and 27.

An important parameter used in this work is aMHD;unit . This
parameter is a generalization of the standard definition

aMHD ¼ 'q2R0
8p
B2
0

dp
dr
; (A1)

in which B0 is replaced by the effective magnetic field strength
Bunit ¼ ðq=rÞdw=dr (which is a flux function). In addition, an effec-
tive pressure can be defined as

b" ¼ ' 8p
B2
unit

dp
dr
: (A2)

Here p ¼
P

s nsTs is the total pressure. Defining the temperature
and density gradient scale lengths as a=LTs ¼ ða=TsÞdTs=dr and
a=Lns ¼ ða=nsÞdns=dr, respectively, it is possible to write

aMHD;unit ¼ q2R0be;unit

X

s

ps
pe

a
LTs

þ a
Lns

" #
; (A3)

where be;unit ¼ 8pneTe=B2
unit . When a numerical equilibrium is

read, quantities such as a=LTs ; a=Lns ; be;unit , and b" (which are of
interest in this work) are calculated from the equilibrium and they
all satisfy Eqs. (A2) and (A3). In particular, among these parame-
ters, only b" affects the equilibrium calculation. However, CGYRO
allows the user to scale these quantities in an independent way. As
an example, one can change normalized temperature or density gra-
dients without changing the effective pressure or b" parameter and,
therefore, keep the same equilibrium. This procedure can result in
inconsistencies since Eq. (A2) might not be satisfied. However, since
these quantities affect the gyrokinetic equations in different ways, it
is customary to apply this technique to study different effects (see
for example, Ref. 5).

In this work some scans over a=LTs ; a=Lns ; be;unit are repre-
sented as a variation over the aMHD;unit parameter. To do this, Eq.
(A3) is invoked.
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