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ABSTRACT

Extensive linear and nonlinear simulations to study electron temperature gradient (ETG) stability and thermal transport in National
Spherical Torus Experiment (NSTX) and NSTX-U plasmas were performed using the fully electromagnetic gyrokinetic code CGYRO. Linear
simulations were performed to determine ETG thresholds in different discharges, showing that ETG modes in spherical tokamaks can present
different scalings compared to conventional aspect-ratio tokamaks. Nonlinear gyrokinetic simulations were conducted for selected cases to
calculate electron thermal transport and compare to experimental values. Results are also compared with those of ETG modes in the multi-
mode model and the Trapped-Gyro-Landau-Fluid reduced model codes, to better understand their applicability in spherical tokamaks.
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I. INTRODUCTION

Experiments on the National Spherical Torus Experiment
(NSTX) have demonstrated that electron thermal transport is anoma-
lous and dominates over ion thermal transport, which has been
reported to usually be at neoclassical levels."” One of the modes that is
responsible for electron thermal transport is the electron temperature
gradient (ETG) mode.”* ETG modes, which are mostly electron-scale,
are the usual driving electron thermal transport mechanism when ion-
scale turbulence is suppressed. There is now a vast literature about
electron-scale turbulence (see for example Ref. 5 and references
therein). In particular, ETG may play a significant role in the pedestal
of conventional aspect ratio tokamaks where, for example, they were
shown to account for a significant fraction of the heat flux on DIII-D°
and JET,” or the ion-scale ETGs that were found to be dominant in a
JET discharge.” Along with these, there were also efforts in developing
reduced models to improve predicting capabilities.”” Conversely, ETG
turbulence has been also found to be relevant in spherical tokamaks
(STs)'”'" and, in particular, in NSTX discharges.””'® To properly
model anomalous transport in tokamaks and, in particular, the trans-
port caused by ETG modes, gyrokinetics is commonly used in spheri-
cal tokamaks.'™"” This includes a validation exercise on NSTX data

that showed agreement between electron-scale turbulence with gyroki-
netic simulations.'” However, it is computationally expensive for fast
or real-time profile reconstruction and, in some cases, for profile pre-
diction. Therefore, reduced models need to capture ETG physics,
namely, thresholds and transport, in order to be used for predicting
profiles in present and future devices like NSTX and NSTX-U. Hence,
validating these models against gyrokinetic (GK) simulations is critical.

In this work, an extensive linear analysis of ETG modes was car-
ried out in NSTX plasmas. Nonlinear simulations to study ETG trans-
port were also performed for particular cases. All the gyrokinetic
simulations were local (flux tube) and conducted using the CGYRO
code.” Four NSTX discharges and one NSTX-U projection were ana-
lyzed. Figure 1 shows various profiles of the different analyzed dis-
charges in this work that can affect ETG stability. As can be noted, the
profiles cover a wide range in parameter space, which is one of the pur-
poses of this work. NSTX shots 120968 (TRANSP ID 120968A02),
129041 (TRANSP ID 129041A10) and 120982 (TRANSP ID
120982A09) were already employed in ion scale analysis, and they
were referred to as high, medium, and low collisionality discharges.”’
The NSTX-U projection, based on NSTX shot 121123 (TRANSP ID
121123K55), was also studied in the same work and referred to an
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FIG. 1. NSTX profiles for different shots analyzed using linear simulations, displaying the ratio of electron to ion temperatures, T./T;, safety factor, g, elongation, x, electron

density, n,, magnetic shear, s, and triangularity, o.

even lower collisionality regime. This is one of the main purposes of
NSTX-U, which aims to examine and assess transport in low collisional-
ity regimes.”””’ Shot 129016 (TRANSP ID 129016A03) was also
explored previously, and on which the first ETG gyrokinetic simulations
in NSTX were presented.'” A more complete set of parameters at all the
radial locations analyzed in this work can be found in Table 1,”* where
standard definition for the various quantities is employed.””" For all
the simulations, three kinetic species were included: electrons, deuterons
(the main plasma ion species), and carbon as the main impurity. The
simulations are constrained to the core region [up to r/a = 0.8, where
r is the minor radius of the local flux surface, referred here as the radial
coordinate, and a the minor radius of the Last-Closed Flux Surface
(LCES)]. The NSTX pedestal region has been separately investigated
recently”” ** and therefore left out of the scope of the present work.

This paper is organized as follows: In Sec. 11, a broad set of linear
simulations is conducted to determine gyrokinetic ETG thresholds of
the different discharges and radial positions described in Table I. An
analysis is also conducted to put in evidence different features that
ETG may have in high-f and low-aspect-ratio tokamaks. In Sec. III, a
nonlinear analysis is presented for one discharge showing convergence
tests and scans. In Sec. IV, comparison with reduced models is per-
formed, for both linear and nonlinear calculations, as well as with
experimental results obtained from power balance with TRANSP
code. Finally, Sec. V presents the conclusions.

Il. LINEAR ANALYSIS AND ETG CRITICAL GRADIENTS

As a first step and for each discharge, fully electromagnetic
CGYRO™ linear simulations were conducted over a wide range of
wavenumbers to determine the modes present at the nominal experi-
mental conditions. CGYRO uses a combination of spectral and pseu-
dospectral techniques.”” For these simulations, typical grid resolutions
employed were N, = 8 (energy), N: = 16 (pitch angle) and Ny = 48
(poloidal). N, which defines the number of “connected” flux tubes,

was usually chosen to be 6 for electron scale modes and 12 for ion-
scale modes, while the number of toroidal modes, Ny, is limited to 1
for linear simulations, and determined by the binormal wavenumber
kops (p, = (mDTe)l/ 2 /Bunit is an effective ion-sound gyroradius and
Byt is an effective magnetic field.”” An example of these analysis is
presented in Fig. 2. Figure 2 shows the (a) real frequency (in symlog
scale) and (b) growth rate for shot 129016 at two radial locations,
r/a = 0.6 and 0.7, as a function of kyp,. From Fig. 2, at r/a = 0.6, the
dominant mode is indicated as ETG, with other modes present in the
ion-scale region, including microtearing modes (MTMs) and kinetic
ballooning modes (KBMs), but present with very small growth rates.
At r/a = 0.7, KBM and MTM are also present. The procedure to
identify the ion-scale modes is the same as the one presented in Ref.
21, in which eigenfunctions as well as real frequency and growth rate
behavior with different parameters are analyzed to determine the
mode nature. However, it is important to note that in both cases, the
E x B flow shearing rate, y, is larger and expected to suppress this ion
scale instability [although MTMs could sometimes be unaffected by
the flow shear rate as reported in Mega Ampere Spherical Tokamak
(MAST) studies™ or projections to future ST power plants™'].

In the electron-scale range, it can be seen from Fig. 2(b) that ETG
modes peak at kgp, =~ 20 (p,/a = 6.70 x 1073) and 28 (p,/a = 4.68
x 1073) for r /a = 0.6 and 0.7, which corresponds to toroidal mode
numbers, n = kgr/q, of approximately 1130 and 1800, respectively.
The dashed and dotted curves, which are only shown for this range
and are almost identical, correspond to simulations with 5BH =0 and
to electrostatic simulations (6B = 6A| = 0), respectively. This com-
parison is in agreement with the fact that ETG can be usually captured
well with electrostatic models. However, as it will be shown below, this
is not always the case in spherical tokamaks. To identify the electron
scale modes, a similar procedure was employed. Figure 3 shows eigen-
functions of the (a) perturbed electrostatic potential, ¢ (b) perturbed
parallel vector potential, 0A |, and (c) perturbed parallel magnetic field,
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TABLE I. Summary of relevant equilibrium parameters at the different radial locations of the analyzed shots.

(a) Shot #120968 at 560 ms

ﬂe,um‘t (%) TE/Ti a/LTe a/Lm a/LTx a/L”x

rla  Rla K 0 q s OMHDunit  Zeff Vi (co/a)  pg (c;/a)

04 158 1.66 0.080 1.16 0.61 5.15 1.00 1.56 0.307 140 0.288 0.359 2.06 1.27 0.152
06 153 171 0.127 170 170 2.51 1.059 266 —0.774 244 0.686 0.412 2.87 391 0.174
0.7 150 176 0.166 247 3.16 1.39 0980 311 0469 2.05 —1.37 0.416 2.86 7.54 0.118

0.8 146 186 0.237 397 3.60 0.588 0.885  2.80 2.60 1.92 3.20 1.28 2.77 11.7 0.0883

(b) Shot #129016 at 460 ms

0.4 1.55 1.40 0.111 1.23 0.104  3.44 0.877 0982  0.076  0.731 0.022  0.150 147  0.778  0.402
0.6 1.51 1.40 0.161 1.58 1.93 1.93 0.752 3.48 0379 247 1.34 0.594 1.68 1.91 0.757
0.7 1.47 1.43 0.211 2.32 3.09 0869  0.787  3.28 1.10 6.00 1.35 0.839 195 424 0.408
0.8 1.44 1.50 0.293 3.69 3.71 0.357 1.087  2.07 3.33 4.79 6.29 0.882 2.50 7.12 0.060

(c) Shot #129041 at 490 ms

0.4 1.55 1.49 0.119 1.54 0.37 3.77 1.063 0.37 —0.299 1.19 0.47 0.129 3.23 0.71 0.144
0.6 1.51 1.54 0.184 2.13 1.45 2.65 1.126 1.44 —0.545 1.57 1.22 0.392 3.33 1.07 0.163
0.7 1.49 1.58 0.235 2.70 1.78 1.70 1.110 2.07 1.21 1.39 5.19 1.02 4.07 1.80 0.132
0.8 1.45 1.63 0.295 3.75 3.30 0.626 0.943 4.95 5.75 1.55 6.72 1.76 4.75 2.78 0.138

(d) Shot #120982 at 620 ms

04 166 215 0170 227 0488 190 0.833  0.453 0.398 047 0.439 0300 155 0355 0.119

06 160 220 0244 297 0972 117 0.869  1.59 —-0.931 286 —0.0948 0543 178 0578  0.297
07 156 220 0282 355 136 0933 1.017 219 —1.53 334  —0.598 0.486 223 122 0.211
08 152 220 0321 443 211 0.627  1.063  3.01 0.348  3.00 0.972 1.15 241 228 0.0932

(e) NSTX-U projection #121123 at 14500 ms

04 194 206 0.0956 123 050 3.68 0.653  0.454 0.75 0.66 0.75 0325 2.0 0.178  0.048
06 189 212 0.131 1.59 1.05 1.88 0.685  2.04 1.22 2.45 1.22 0.695 2.0 0219 0.129
07 185 215 0.149 203 217 1.09 0.735  3.04 —0.0446 399 —0.0446 0.623 2.0 0339 0.0984

08 181 222 0.179 287 305 0544 0.826 3.82 0.973 5.02 0.973 0883 2.0 0621 0.0183
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0By, for the mode with kgp; = 20 at r/a = 0.6 (all the linear analysis
in this section was conducted with 0y = 0, assuming this is the most
unstable ETG mode). Eigenfunctions show twisting (or ballooning)
parity, which is a feature of ETG modes. In addition, Figs. 3(d) and
3(e) present a scan over the electron temperature gradient scale length
(we will refer this just as the temperature gradient), a/Lr,, for selected
wavenumbers, showing the sensitivity of the growth rate to this param-
eter. These scans were conducted keeping the equilibrium pressure
gradient B (ies ompumi) fixed. Therefore, the local equilibrium
remained unchanged.

The scans presented in Figs. 3(c) and 3(d) also serve to estimate
the linear ETG threshold or critical gradient, defined as the minimum
a/Ly, value at which ETG growth rate arises for any wavenumber.
Since it is usually numerically challenging to scan to very small growth
rates, a simple linear extrapolation is employed to determine the actual
ETG threshold, as indicated with the dashed lines.

A similar procedure as the one described for Fig. 3 was conducted
for all the different discharges indicated in Table I, in which the ETG
threshold was determined for the radial region r/a = 0.4-0.8. The

results for each discharge are presented in Fig. 4, which shows the

experimental temperature gradient, (R/Lr,)®®, along with the ETG
critical gradient (or threshold) inferred from the linear gyrokinetic

simulations, (R/LTE)}(;?. By comparing the inferred threshold from
GK simulations with the experimental value, it is clear that ETG modes
are present in several cases while suppressed in others.

Figure 4 also includes a simple scaling expression, (R/LTe)g%G
= max{(1+ ZyT,/T;)(1.33 4+ 1.91s/q)(1 — 1.5¢)(1 4 0.3rdx/dr),
0.8RL,, }, derived for conventional aspect ratio tokamaks.”” It can
be observed that the (R/ LTE)(E]%G expression is not in good agree-

ment with (R/LTE)EEGTIE;), which exposes the limitation of this for-
mula when applied to low aspect ratio spherical tokamaks. It is
important to clarify that the development of this formula was not
intended for these conditions, but it has been used as a proxy in
previous studies.'”' >

To put in evidence the complex physics that impacts the scaling
properties of ETG thresholds in spherical tokamaks, scans over mag-
netic shear, s, elongation, x, and safety factor, g, were conducted
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FIG. 2. (a) Real frequency, @, and (b) growth rate, y of shot 129016 as a function
of the wavenumber, kyp,, for two radial locations, r/a = 0.6 and 0.7. Different
modes are present. Dashed and dotted curves show ETG results with 6B = 0 and
0B = 0A| = 0, respectively.

around the equilibrium value of different discharges (these scans were
conducted keeping /* = —(8n/B?,,)dp/dr fixed). Figure 5 shows the
results for shots 129016 and 120982 at r/a = 0.6 and r/a = 0.8,
respectively. It can be noted that very different behavior arises in both

cases: ETG threshold increases with magnetic shear for shot 129016 as
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FIG. 3. Eigenfunctions of the (a) perturbed electrostatic potential, (b) the perturbed
parallel vector potential, and (c) the parallel magnetic field, corresponding to a
mode with kgps = 20 (shot 129016 at r/a = 0.6). (d) Real frequency and (e)
growth rates of modes at the same radial location, scanned over the electron tem-
perature gradient to determine the ETG growth rate threshold.
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FIG. 4. ETG threshold (or critical gradient) profiles inferred from CGYRO linear sim-
ulations, (R/ LTe)g;KG) , for the different analyzed discharges. The experimental nomi-
nal profile, (R/Lr, )", and an explicit expression derived for conventional aspect
ratio tokamaks, (R/ LTE)EJT)G, are included for reference.

it does for standard tokamaks (as inferred from the (R/LTE)g%G for-

mula). However, the opposite trend occurs for shot 120982. When
scaling over elongation, both cases show a threshold from which the
ETG threshold starts to increase and become sensitive to the plasma
elongation. Finally, the scan over the safety factor also reveals opposite
trends: the ETG threshold decreases as the safety factor increases for
shot 129016, similarly to conventional tokamaks, but for shot 120982,
the ETG threshold shows a critical value after which it increases. It is
important to note that similar findings were already pointed out by
Patel et al.’' in which ETG critical gradients were explored in expected
regimes of a high-f spherical tokamak fusion reactor, therefore con-
firming this different behavior.
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FIG. 5. ETG threshold inferred from linear CGYRO simulations for shot 129016 at
r/a = 0.6 (a)-(c) and shot 120982 at r/a = 0.8 (d)—(f) as a function of the mag-
netic shear, s, elongation, «, and safety factor, q. The trend observed in the first
case agrees with standard ETG threshold while in the second case, different trends
are observed.

The different ETG threshold behavior in shots 120982 and
129016 could be due to a number of reasons, like the large difference
in safety factor, among others and should be further explored in future
studies. Here, an additional analysis is presented in Fig. 6, showing (a)
real frequencies and (b) growth rates over a wide range of wavenum-
bers, and for different electron temperature gradients, indicated with
the scaling factor, X/, (where “1.0” means the experimental value of
a/Lt, = 3.01). As with the scans shown in Fig. 3, these scans were
conducted keeping f8' fixed.

It can be seen that growth rates peaking at kgp, ~ 10-15 are very
sensitive to the electron temperature gradient, which is consistent with
ETG modes. Another peak arises at kyp; ~ 40 after doubling the experi-
mental nominal value of the electron temperature gradient. The dash
curve shows results when 0B is turned off. Interestingly, the first peak
vanishes when the parallel magnetic field perturbation is not included,
while the second peak is more resilient, as it is the usual case of ETG
modes. Although not shown here, all these modes present twisting or bal-
looning parity, and the quasilinear flux shows that the electron thermal
flux, Q,, is dominated by the electrostatic potential d¢, as expected for
ETG modes. We therefore conclude that all the modes present in Fig. 6
are ETG modes, but the first branch (meaning the modes peaking at
kop, ~ 10-15) requires a full electromagnetic model to drive those
modes unstable. The effect of the compressional magnetic field, 6B}, was
already pointed out to be important to be included in gyrokinetic simula-
tions for in high-f spherical tokamaks.”* A recently study also showed
the importance of the compressional magnetic field in the context of

ARTICLE pubs.aip.org/aip/pop

0 10 20 30 40 50
kGPs

FIG. 6. (a) Real frequency and (b) growth rates over a wide range of wavenumbers
kops, corresponding to shot 120982 at r/a = 0.8, and scaling over the electron
temperature gradient (indicated as a scaling factor, X;/.,. ). The dash curve is the
result when 0B is turned off in the model.

hybrid KBMs in the Spherical Tokamak for Energy Production (STEP).”
Because of this, a simple formula like the ones used for conventional toka-
maks might not be enough to describe ETG critical gradients in these
conditions. Scaling laws for ETG threshold in spherical tokamaks should
consider additional effects that arise in these regimes.

To summarize this section, Fig. 7 shows the ETG critical gradient
threshold as a function of the corresponding experimental temperature
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FIG. 7. ETG critical temperature gradient thresholds from CGYRO linear analysis
against their corresponding experimental value, combining all the analyzed dis-
charges and radial positions.
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gradient, combining all the analyzed discharges and radial positions.
The dashed curve indicates the condition when the ETG threshold is
at the experimental value of the temperature gradient. A similar sum-
mary was presented in Ref. 21 which clearly showed a correlation of
experimental profiles with KBM threshold, while Ion Temperature
Gradient (ITG) thresholds were shown to be mostly above the corre-
sponding experimental value. Here, Fig. 7 does not show a clear corre-
lation suggesting that the ETG may not always impose a stiff limit, and
therefore the critical gradient cannot be directly used to determine the
electron temperature profile.

Ill. NONLINEAR ANALYSIS

In this section, nonlinear gyrokinetic simulations were conducted to
assess the thermal transport caused by ETG modes. In particular, the analy-
sis presented in this section is performed for shot 129016 and at
r/a = 0.6, for which linear simulations were discussed in the previous sec-
tion. The next section will use the results presented here and include results
atr/a = 0.7 in order to compare them with reduced models as well as the
experiment. These cases were chosen because the linear analysis showed no
ion-scale modes with growth rates larger than the corresponding E x B
shearing rate. With this criteria, and in order to simplify the computation, it
is assumed that there is no ion-scale contribution to the electron thermal
flux, and therefore, it is important to note that the simulations were not
multi-scale in the sense that ion-scale modes were not included but limited
to the electron scale. As a first step, a convergence analysis was performed
where radial (N,,;) and binormal (N,,) grid resolution were changed.
Table II shows an example of the different values chosen as well as other
related quantities employed in the simulations.

Figure 8(a) shows the electron thermal flux evolution during the
simulations, which clearly saturates for all cases described in Table II.
The horizontal dashed lines represent average values that are shown
for reference. In addition, Fig. 8(b) shows the electron thermal flux
spectra during the saturated phase. It can be observed that the turbu-
lent cascade is well covered, with a peak around kgp; ~ 9-10, in agree-
ment with the linear case.

To assess the effect of the flow shearing rate, and to account
for uncertainties in the nominal value of the electron temperature
gradients, nonlinear simulations were performed varying both quanti-
ties (keeping the equilibrium pressure gradient fixed, as in the
linear simulations presented in the previous section). This is shown
in Fig. 9, where thermal flux spectra are presented for different
values of (a) y¢ and (b) a/Lr,. The total flux obtained in each case
is 6.3+0.3(17;), 5.8 % 0.2 (1.2y;), 4.2+ 0.3 (1.5y;), 2.6 + 0.2 (27;)
and 1.8 0.2 (0.8a/Lr,), 6.3 £ 0.3 (1la/Lr,), 15.5*= 0.3 (1.2a/Lr,).
The E x B flow shear rate has a stronger impact on low-kgp,, as
expected, while increasing the electron temperature gradients impacts
the entire spectrum since a broader range of modes becomes unstable.

TABLE 1. Different CGYRO resolutions employed to test convergence. The remain-
ing grid resolution values were: ng = 48, n: = 16, and n, = 8.

Case Nyaa Nio» Akyp, Akyp, L,/ p, L,/p,

A 96 26 1.82 3 35 2.1
B 144 26 1.01 3 6.2 2.1
C 144 34 1.03 2.2 6.1 2.9
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FIG. 8. Convergence test for shot 129016 at r/a = 0.6: (a) Total electron thermal
flux evolution showing saturation for three different grid resolutions indicated in
Table |I. (b) Electron thermal flux spectra averaging over the time window indicated
with the dashed lines in (a).

IV. POWER FLOW AND COMPARISON WITH REDUCED
MODELS

In this section, linear and nonlinear CGYRO results are com-
pared with reduced models and with values inferred from the experi-
ments. Figure 10 shows real frequency and growth rate of the shot
129016 presented in Fig. 2 at (a) and (b) r/a = 0.6 and (c) and (d)
r/a = 0.7, but compared with a reduced model developed for ETG
modes, ETGM (which is part of the multi-mode model, or
MMM),”*"" as well as Trapped-Gyro-Landau-Fluid (TGLF),”**
which has been widely used in conventional tokamaks. Both reduced
models find unstable ETG modes at this condition, in agreement with
CGYRO. Here, the electrostatic (ES) model of TGLF is employed, but
the electromagnetic model gives a similar linear result. Real frequencies
at r/a = 0.6 are well reproduced by both reduced models. TGLF also
reproduces the real frequency at r/a = 0.7 in good agreement with
CGYRO, whereas ETGM shows a deviation. When looking at the
growth rates, some noticeable discrepancies arise. ETGM growth rate
presents a similar behavior to CGYRO matching the maximum
growth rate value, although the overall trend is shifted toward lower
wavenumbers. This difference may stem from the method used to
incorporate finite Larmor radius (FLR) effects in the ETGM model,
which relies on the norm of (k, ) derived from a well-localized eigen-
function. To address this discrepancy, the ETGM model’s thermal dif-
fusivity was calibrated using NSTX discharges.’® Once calibrated, the
model maintains consistency without adjustments across different dis-
charges.”’ TGLF also presents growth rates trends similar to CGYRO
but they are systematically overpredicted and not showing a maximum
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within the analyzed range of wavenumbers. This overprediction of
TGLF was already pointed out in a recent study.”' As it will be shown
below, this does not necessarily reflect on higher fluxes, as they are cer-
tainly dependent on the employed saturation rule. In addition, even it
is not shown here, both TGLF and ETGM do not show a clear ETG
threshold as CGYRO does. When substantially reducing a/Lr, at
r/a = 0.6 in both reduced models, there was always a nonzero growth
rate for at least one wavenumber.

Nonetheless, the main purpose of these reduced models is to use
them for profile prediction and even for real-time plasma control. This
is related to the thermal energy flux and, therefore, with CGYRO non-
linear calculations. The nonlinear simulations presented in the previ-
ous Sec. allow the calculation of the total power flow. This is presented
in Fig. 11, which shows the total power flow through the (a) r/a = 0.6
and (b) 0.7 flux surfaces for the shot 129016. The experimental value is
marked with a black star, and a 20% error bar is assumed, which is
consistent with uncertainties employed previously.'™'” From the linear
analysis presented in Fig. 2, it is reasonable to expect that, for
r/a = 0.6, all the transport is caused by ETGs, while at r/a = 0.7,
either KBMs or MTMs can potentially play a role since they are near
threshold. CGYRO results are shown with circles and for three flow
shear rates in both cases (at r/a = 0.6,y = 0.757¢;/a, and at

r/a=0.6
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r/a=0.7, yp = 0.403 ¢;/a). Simulations are also presented as a func-
tion of the electron temperature gradient, scanning over different val-
ues, to account for experimental uncertainties. It can be observed that
the comparisons with NSTX experimental data are in agreement
within the uncertainties.

In addition, Fig. 11 shows results from the reduced model ETGM
in squares.”” As mentioned before, ETGM was calibrated to NSTX
data, but it is worth noting again that the calibration is global and
not constrained to a particular flux surface. Therefore, although the
r/a = 0.6 surface lies within the global plasma conditions used for
ETGM calibration, the agreement between ETGM results and the
experimental nominal value at r/a = 0.6 for this particular discharge,
as well as with the CGYRO simulations, is significant. This provides
confidence on the use of ETGM for profile prediction in future NSTX-
U discharges, but further analysis would still be valuable. The results of
the reduced model TGLF (indicated with triangles) are also included
for comparison, which properly identify the presence of ETG modes.
For these cases, the TGLF SATO rule was employed and was found to
perform better than the newer SAT1 or SAT2 rules, which presented a
much stronger sensitivity on the electron temperature gradient and
substantially over-predicted the power flow in some cases (not shown
here). These newer saturation rules account for multiscale effects and
might be the cause of discrepancy, as mentioned in Ref. 41, and further
investigation is still necessary. The values obtained by TGLF SATO
show that it underpredicts the power flow at r/a = 0.6. At r/a = 0.7,
the power flow matches CGYRO nominal value. However, for this
radial position, a significant fraction of the electron thermal flux
(~60% at the nominal a/Ly, value) comes from low-kgp, range, cor-
responding to ion-scale modes observed in the linear simulations. As
an additional test, electron thermal flux from reduced models were cal-
culated at /a = 0.8, in which CGYRO linear analysis showed that
ETG is stable at the experimental nominal value [see Fig. 4(a)].
Although not shown here, at this radial location both ETGM and
TGLF SATO predict negligible electro-scale transport, as expected.

Finally, it is important to note that the scaling of the power flow
with the electron temperature gradient differs between CGYRO and
the reduced models. Both ETGM and TGLF exhibit similar linear scal-
ing behavior, in contrast to CGYRO, which displays for these cases a
power-law-like trend, which corresponds to a stiff transport. This dis-
crepancy also warrants further investigation and understanding.

V. CONCLUSIONS

Extensive linear gyrokinetic simulations were conducted on sev-
eral NSTX discharges and on an NSTX-U projection to analyze the
occurrence and thresholds of ETG modes. The discharges covered a
wide range of parameter space. ETG threshold profiles were deter-
mined, finding that the modes are usually present in some discharges
while suppressed in others at the experimental value. The ETG thresh-
old in spherical tokamaks is shown to follow a more complex physics
and a simple analytic formula might not be possible since different
trends are observed in different cases. Non-linear simulations were
also conducted for a particular discharge, showing that CGYRO results
are consistent with the transport levels expected in the experiments. In
addition, a comparison of gyrokinetic simulations with reduced
models ETGM and TGLF, critical for fast profile prediction, was also
conducted. Both ETGM and TGLF models captured ETG physics. On
one side, the ETGM model has shown power flow close to experimen-
tal values, as have the CGYRO nonlinear simulations. Conversely,

ARTICLE pubs.aip.org/aip/pop

TGLE-SATO underpredicted the power flow coming from ETG modes.
In addition, there are discrepancies of both reduced models compared
to CGYRO, such us the lack of rollover in the TGLF growth rate, the
shift of the frequency and/or growth rate in ETGM, and the lack of a
well-defined threshold inferred from the linear simulations in both
cases. Finally, the scaling of the power flow with the electron tempera-
ture gradient shows differences between CGYRO, which shows a
power-like trend corresponding to a stiff transport, and ETGM and
TGLF reduced models, which show a more linear-like trend.
Therefore, further comparisons would be valuable to continue under-
standing their applicability and limitations.
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