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Abstract

Gyrokinetic simulations based on the Gyrokinetic Toroidal Code are conducted to investigate
the geodesic acoustic mode (GAM) physics in the pedestal of EAST H-mode discharge #74036
(Zhou et al 2018 Nucl. Fusion 58 106009). Linear simulations reveal that the instabilities are
dominated by the collisionless trapped electron mode (CTEM) in the absence of collisions, and
transit to the dissipative trapped electron mode (DTEM) when the collisions are considered. The
frequency and propagation direction of DTEM align with those of the edge coherent mode
(ECM) observed in the experiments after considering the Doppler shift correction due to the
radial electric field on the frequency, indicating DTEM is the dominant component of ECM. In
the nonlinear simulations, it is found that CTEM turbulence drives the continuum GAM, whose
frequency increases with the ion temperature, aligning with the theoretical predictions. In
comparison, DTEM turbulence excites the eigenmode GAM, whose frequency almost does not
change with the ion temperature, consistent with the experimental observations. The properties
of eigenmode GAM are further confirmed through antenna excitation. Both the continuum and
eigenmode GAMs are found to strongly modulate the turbulent transport.

Keywords: H-mode, edge coherent mode, trapped electron mode, eigenmode GAM,
shearing rate
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1. Introduction

The high-confinement mode (H-mode) [1] is one of the
promising operational regimes for future fusion reactors.
Characterized by the steep temperature and density gradients
in the edge pedestal region, H-mode significantly enhances the
core plasma confinement. However, the free energy stored in
these steep gradients can drive magnetohydrodynamic (MHD)
instabilities, most notably the peeling-ballooning modes [2—
4], which are widely recognized as the trigger for edge local-
ized modes (ELMs) [5, 6]. The transient bursts of ELMs can
induce large transport and generate unacceptable power loads
on the plasma-facing components. Recently, the ELM-free H-
mode regimes [7], such as the quiescent H-mode (QH mode)
[8], and Enhanced D, H-mode (EDA H-mode) [9, 10], are
becoming more attractive solutions. Accompanying the ELM-
free H-mode, the coherent modes are often observed, like the
quasi-coherent mode (QCM) in EDA H-mode. These coherent
modes, found to be related to trapped electron mode (TEM)
[11, 12], can enhance particle transport and maintain edge
plasma parameters below the unstable condition of peeling-
ballooning mode. Therefore, understanding the excitation of
coherent mode and the mechanism of turbulent transport in
the pedestal is a critical topic in H-mode physics.

Both the experimental and numerical studies have demon-
strated that zonal flow, self-generated by the turbulence, can
regulate the saturation level of turbulence through shearing
effects [13, 14]. Zonal flow is typically classified into two cat-
egories: the low frequency zonal flow (LFZF) and geodesic
acoustic mode (GAM) [15, 16] with finite frequencies. Due to
plasma inhomogeneity, the GAM frequency generally varies
radially, called the continuum GAM. The continuum GAM
is particularly prominent in the edge region where the high
safety factor (g) decreases the GAM damping rate. The gener-
ation mechanism [17, 18] and radial frequency variation [19,
20] of continuum GAM have been extensively studied. The
GAM possessing nearly constant frequency with radius, called
eigenmode GAM, has also been observed in some devices
[21-24] and simulations [25, 26]. Eigenmode GAM can some-
times extend into the core region and is therefore also called
global GAM. Despite several theoretical efforts, including
those invoking high-order finite Larmor radius (FLR) effects
[27, 28] and mode coupling via finite-3 effects [29, 30],
the generation mechanisms of eigenmode or global GAMs
remain inadequately understood. Consequently, further invest-
igation into their excitation and effects on turbulent transport
is essential.

In this work, the Gyrokinetic Toroidal Code (GTC) [13,
31] is employed to study the GAM physics in EAST H-mode
discharge (shot #74036) [21]. In this discharge, eigenmode
GAM is observed for the first time in EAST H-mode oper-
ation. It spans the region p ~ 0.95 — 0.98 with constant fre-
quency around 21 kHz. The GAM signal is found to be correl-
ated with the edge coherent mode (ECM), whose frequency is
about 3040 kHz, suggesting that eigenmode GAM might be
driven by the ECM. In previous researches [32, 33], ECM in
EAST is identified as the collisionless trapped electron mode
(CTEM) or the dissipative trapped electron mode (DTEM)

[34, 35]. CTEM instability arises from the precession reson-
ance of trapped electrons, while DTEM is driven by the dissip-
ative non-adiabatic response of electrons due to the collision
detrapping effects. In a recent work, a stationary eigenmode
GAM was also discovered near the pedestal top in an EAST
H-mode discharge accompanied by a QCM identified as TEM
[36]. The connection between TEM and coherent fluctuations
is not unique to EAST. The experimental observations in Tore
Supra also show that the TEM instability with narrow turbu-
lent spectra is strongly linked to QCM [37, 38]. Motivated by
these findings, both from EAST and other devices, we will first
examine the linear properties of the instabilities in the pedestal
with or without collisions to identify the nature of ECM, and
subsequently investigate the GAMs driven by the correspond-
ing turbulence.

The rest of the paper is organized as follows: section 2
introduces the GTC code and simulation parameter settings. In
section 3, the linear results of ECM are presented. In section 4,
the nonlinear results including the zonal flow shearing rate and
electron heat conductivity are shown. Finally, the conclusions
are given in section 5.

2. Physical model and parameter settings of the
simulation

GTC is a three-dimensional gyrokinetic code for the toka-
mak physics simulations [13, 31]. The field aligned mesh suit-
able for general magnetic coordinates enables GTC to effi-
ciently simulate the drift wave instabilities [39, 40], Alfven
eigenmodes [41, 42], energetic particle physics [43, 44], and
other critical topics in the realistic plasma equilibrium. The
capability of GTC to simulate the pedestal instabilities and
GAM physics has been verified previously [45-47].

In GTC electrostatic simulations, the gyrokinetic equation
is given by [48]:

d 0 . 0
—fo (X v t) = | =+ X-V4v=——Cys|foa =0, (1)
df ( I ) ot HavH

where
. B
X:VHB—Z+VE+V(1, )
. 1 B*
= By (WVBo+ZaeV o). 3)

Here « represents the particle species, f,, is the distribution
function, X is the gyrocenter position vector, x4 is the mag-
netic moment, il is the parallel velocity, C, is the collision
operator, Z, is the charge number, m, is the mass, vg =
cbo x V¢/By is the E x B drift velocity, by = Bo/By, By is the
equilibrium magnetic field, By is its magnitude, ¢ is the per-
turbed electrostatic potential, v; = (vﬁV X bo/Qea + by X
VBy)/(maQeq) is the magnetic drift velocity, and Q.. =
ZneBy/mqc is the gyro-frequency.

GTC employs the nonlinear &f method [49] to reduce
the numerical noise level. The particle distribution is decom-
posed into the equilibrium Maxwellian distribution f;, and
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perturbed part 6f,: fo. =foa + fa- The time evolution of the
perturbed ion distribution Jf; is governed by the gyrokinetic
equation. The perturbed electron distribution 8f, is decom-
posed into the adiabatic part 5f§0) and the kinetic part dg,.
The particle weights for ions and electrons [50] w; = Of;/f;
and w, = dg./f., respectively, satisfy the following weight
equations:

dw; Voi Zie AT
d;:“_wﬂ<‘w'ﬁﬁ +{1WEV-}VwV%»
LA i i
“4)
dwe 5 Ve o 5
i (%) (_VE'fof b O
+T%(Vd+vE)~V<¢>), )

where T; and T, are the ion and electron temperatures, respect-
ively, v, is the perpendicular velocity, ¢ is decomposed into
the zonal part (¢) and non-zonal part ¢ and Ej = —by - V¢
is the parallel electric field.

The Lorentz collision operator, describing the pitch-angle
scattering, is used for the electrons. In the simulations, it is
modeled by the following Monte-Carlo operator [51]:

(SIE

Gt =& (1 — Vg AD) + (R, — 0.5) [12(1 — &) v At]?
(6)
where &, is the value of the pitch £ = v /v at the nth step,
v is the electron velocity, v, = n; Z?e*InA/ (4mefm2vy,) is
the electron—ion collision frequency, vy, = /2T, /m,, In A is
the Coulomb logarithm, ¢ is the dielectric constant of the
vacuum, At is the simulation time step, and R, is the random
number between O to 1. For the ions, the collision effects are
ignored.

The experiment data of EAST discharge #74036 is used
for the simulation. In this discharge, GAM is first observed
as continuum GAM in the L-mode stage using the Doppler
backscattering (DBS) systems, and temporarily disappears just
after L-H transition. In the H-mode stage, GAM reappears and
exhibits as eigenmode GAM, which correlates with the ECM.
The equilibrium magnetic flux ) is reconstructed from EFIT
based on this discharge at time 1.95 s when eigenmode GAM
appears, and the equilibrium density, temperature, and safety
factor are shown by the blue curves with circles in figure 1.
The uncertainties in n, and 7, are shown by the error bars.
Specifically, the uncertainty in the experimental n, ranges from
5% to 13% depending on the radial location, and the uncer-
tainty in T, is approximately 5%. The fitting results of the
profiles and the calculated gradients and magnetic shear are
represented by the red solid and dashed curves, respectively.
In the simulation domain, the fitting profiles lie within the
experimental error bars, ensuring consistency with the meas-
ured data. The uniform marker particle loading method is
employed, in which the density and temperature at the selected
equilibrium flux surface are used to represent the whole pro-
file in the weight equations. The radial dependence of density
and temperature themselves is not considered as in the previ-
ous simulations of pedestal physics using GTC [45], and the

accuracy of this approximation has been validated. The radial
dependence of plasma profiles is captured by the gradient
terms, which are calculated from the real radial profiles of ion
and electron. The simulation domain is chosento be 0.9 < p <
0.99 with p being the normalized minor radius, which contains
the whole pedestal and the region where eigenmode GAM
and ECM are observed. The major radius is Ryg = 1.88 m, the
minor radius is a = 0.45 m, and the on-axis magnetic field is
By=2.26T. T; is assumed to be equal to 7,. The paramet-
ers at the selected equilibrium flux p=0.98 are as follows:
n,=12%10"m3,T,=150eV, ¢g=5.7, Ro/L, = 140, and
Ry/Ly = 220. L, and Ly are the density and temperature scale
lengths, respectively. The equilibrium profiles and gradients
are fixed in the simulation without considering the relaxation
due to turbulent transport. The equilibrium radial electric field
E, is not considered in the simulation. The toroidal mesh con-
sists of 30 grids in each flux surface. The unstructured pol-
oidal mesh consists of 48 radial grids and 2000 poloidal grids
at the simulation domain center, with the grid size about 1.0p;
for the radial direction and 2.0p; for the poloidal directions,
which is used to simulate the short perpendicular-wavelength
modes, where p; is the ion Larmor radius. The time step is
At =0.01Ry/Cy, with C; = \/T./m; being the sound speed.
The particle number per cell is 100 for both ion and electron,
and the total particle number per poloidal plane is about 10°.

3. Linear results

3.1. Linear simulation without collisions

The linear characteristics of ECM without collisions are first
investigated. In the case of initial equilibrium profiles, the
mode structure is very close to the simulation boundary and
significantly influenced by the boundary conditions ¢ =0. To
eliminate such influence, the magnetic fluxes are extended out-
ward to p = 1.02 using the spline interpolation and meanwhile
the equilibrium density and temperature profiles are shifted
inward by Ap =0.02. The shifted density and temperature
profiles and their gradients used in our simulations are indic-
ated by the black solid and dashed curves in figure 1, respect-
ively. The equilibrium flux surface after shifting is at p =0.96.
In the extended region, the temperature and density gradients
are set to zero. This adjusted equilibrium is used in the sub-
sequent simulations.

Simulations incorporating kinetic trapped electrons and
adiabatic passing electrons are first conducted. The poloidal
mode structure of the electrostatic potential with toroidal mode
number n = 13 is depicted in figure 2(a). The mode structure
spans the region p ~ 0.95 — 0.98 on the low-field side (LFS).
Unlike the conventional ballooning mode structure peaking at
the outboard midplane with the poloidal angle # = 0, this mode
peaks at approximately 6 = +7 /4, which may result from the
steep gradients in the pedestal region [33, 45, 52]. The linear
growth rate v and frequency w versus n are shown as the red
curves in figure 3, normalized by C;/Ry. The mode propag-
ates in the electron diamagnetic drift direction and disappears
when the electron kinetic effects are neglected, indicating that
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Figure 1. The equilibrium profiles applied in GTC simulations. The blue curves with error bars are the electron density, temperature and
safety factor ¢ measured in the experiment. The red solid and dashed curves are the fitting results of the experimental data and the calculated
gradients and magnetic shear. The black solid and dashed curves are the inward shifted profiles and their gradients used in the simulation.
The shadow areas correspond to the simulation domain. The vertical dashed lines label the area where eigenmode GAM is observed in the

experiment.

it is CTEM. Its frequency is of the same order as the elec-
tron diamagnetic drift frequency. In comparison, its growth
rate is much lower, since the electron precession frequency at
the thermal energy is relatively small, allowing only a small
fraction of electrons to resonate with the CTEM.

In TEM studies, the response of passing electrons is usually
assumed to be adiabatic, as their transit frequency is much lar-
ger than the typical CTEM frequency. However, this assump-
tion may not hold in the pedestal. As can be seen in figure 3, the
electron transit frequency marked by the star symbol is close
to the CTEM frequency. Consequently, the kinetic response
of passing electrons should also be considered. Simulations
including both kinetic trapped and passing electrons are con-
ducted, and the corresponding mode structure is shown in
figure 2(b). It can be seen that in addition to the LFS, the
mode also appears on the high field side (HFS) due to the
kinetic response of passing electrons. The corresponding lin-
ear growth rate and frequency in this case are depicted by the
blue curves in figure 3. It is shown that the frequency remains
almost unaffected, while the growth rate decreases substan-
tially for n < 60, indicating that the kinetic passing electrons
damp CTEM.

3.2. The collision influence

After examining the CTEM, we investigate the influence
of collisions. The typical electron—ion collision frequency
is v, =5.5Cs/Ry, corresponding to an effective electron

collision frequency v} = v,;gRo/ (v,;,ee3/ 2) = 4.1 with € being
the inverse aspect ratio. The poloidal mode structure with
collisions for n=13 is shown in figure 2(c), which peaks
on the HFS. The different mode structure indicates that the
instability converts from CTEM to a new mode. To further
analyze the collision influence on this mode, we scan v,; in
equation (6) and the scan results are shown in figure 4. As
can be seen, for n =13 mode denoted by the red curves, the
growth rate increases with v,, when v,, is around the exper-
iment range, while the frequency is almost unchanged, indic-
ating that the mode is destabilized by the collisions, consist-
ent with the characteristic of DTEM in previous work [45].
Therefore the mode is identified as DTEM. Furthermore, for
n =13 mode, the transition from CTEM to DTEM at a relat-
ively low v, (< 1) can also be recognized from the growth
rate, which first decreases and then increases with v,... Similar
phenomena can also be seen for n = 60 mode denoted by the
blue curves in figure 4 with the transition from CTEM to
DTEM occurring at v, =~ 4.

From the growth rate and frequency in figure 5, it can be
seen that two branches of DTEM coexist at the same radius
with similar growth rates for the moderate mode numbers
15 < n < 50. The frequency of one branch is close to that of
CTEM, and the other branch has higher frequency. The mode
structure is prevalent on both the HFS and LFS. When n > 60,
the high frequency branch disappears and collisions begin to
damp the mode, leading to lower growth rates. By comparing
the cases with and without collisions, the growth rate is higher
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Figure 2. The poloidal mode structure of n = 13 perturbed potential for case (a) without collisions and with adiabatic passing electrons,
case (b) without collisions and with kinetic passing electrons, and case (c¢) with collisions.
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Figure 3. CTEM growth rate (@) and frequency (b) versus the toroidal mode number n. The red curves represent the results with adiabatic
passing electrons and the blue curves represent the results with kinetic passing electrons. The black star in (b) denotes the electron transit
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Figure 4. The (solid) growth rates and (dashed) frequencies of (red)
n =13 mode and (blue) n = 60 mode versus collision frequency.
The black vertical line labels the real v, in our simulations.

when two branches of DTEM coexist, indicating that DTEM
is the main component of the instability in the pedestal. The
frequency of simulated DTEM in the range 150-170 kHz is
much larger than the ECM frequency 30—40 kHz in the exper-
iment, as the equilibrium radial electric field is not considered
in the simulation. After considering the radial electric field
induced Doppler shift about 110 kHz, the DTEM and ECM
frequencies are comparable. Consequently, the experimentally

observed ECM is dominated by DTEM. It is worth pointing
out that the shearing rate induced by the equilibrium E, is
about 2.3C,/R,, comparable to the simulation results of the
dominant modes with growth rate v ~ 2.0C;/Ry. Moreover,
the TEM in our simulations is mainly driven by V7, since
n. =dInT,/dInn, > 1. In this case, the stabilization effects
of E, shear become less important [53]. It is thus believed that
the E, cannot completely suppress TEM.

4. Nonlinear simulation results

4.1. GAM induced by the TEM turbulence

Nonlinear simulations are conducted to investigate the GAM
induced by the CTEM and DTEM turbulence. The continuum
GAM frequency, scaling as /7; [19], increases when moving
inward from p = 1, while eigenmode GAM exhibits an almost
constant frequency with radius. This feature can generally be
used to distinguish them. However, in our simulations, 7; and
T, are taken as constants to avoid the numerical problems
arising from their substantial variation over the profiles. Under
this condition, the continuum GAM having a constant fre-
quency with radius cannot be distinguished from eigenmode
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and black curves in (b) represent the coexisting mode frequencies for DTEM.
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Figure 6. The time-radial structure for zonal flow shearing rate in the CTEM turbulence, and the shearing rate is normalized by Cs/Ry.

GAM. Here, we distinguish them by analyzing their frequency
dependence on the ion temperature. The continuum GAM fre-
quency is proportional to v/T; [19, 54, 55]. Varying T; but fix-
ing its gradient, the GAMs with frequencies aligning with the
above scaling law are identified as the continuum GAMs, and
those exhibiting weaker dependence on 7; are identified as the
eigenmode GAM:s.

The nonlinear simulations are first conducted for CTEM
with kinetic trapped electrons and adiabatic passing electrons.
Both n =0 perturbed density and potential are retained in the
simulation. The shearing rate of zonal flow is [56]:

(BoRo)’ 0 <8<¢>)
By oy \ oy )’
which will be used to measure the GAM frequency in the
following. The time-radial structure of the shearing rate nor-
malized by C,/Ry is shown in figure 6. To better analyze
the results, the simulation domain is divided into Region I:
p ~ 0.92 — 0.95 where the TEM amplitude is relatively small,
Region II: p ~0.95 —0.98 where the TEM intensity peaks,
and the extended region with small gradient, which is excluded
from the following discussion. It is found that a regular GAM
oscillation emerges in Region II after entering the nonlinear
stage, with frequency of about 26 kHz. To explore the depend-
ence of GAM frequency on T}, we scan the ion temperature.

(N

WExB =

The frequency spectra in Region II for the cases with T;, 1.4T;
and 1.87; are shown in figure 7, and corresponding GAM fre-
quencies are plotted as the red circles in figure 8. As can be
seen, the GAM frequency scales as /T, consistent with the
behavior of continuum GAM [19].

To further identify the GAM nature, the initial perturba-
tion method is used to benchmark the continuum GAM fre-
quency in the realistic experiment equilibrium [54, 55]. In this
method, ion guiding centers are initialized with the flux surface
averaged density dn;oo to generate zonal flow. The density and
temperature are set uniform to suppress the turbulence. The
time evolution of zonal flow E, is fitted using the following
equation:

E, (l‘) :Ale_’YGAMICOS (OJGAMI+ Oé) + Ay, ®)

where wgam and ygam represent the frequency and damping
rate of GAM. The benchmark results of continuum GAM fre-
quency are shown as the black dashed curves in figure 8. The
good agreement between the benchmark and simulation GAM
frequencies further confirms that CTEM turbulence excites
continuum GAM.

For the DTEM turbulence, the zonal flow shearing rate is
plotted in the upper panel of figure 9. It is shown that the shear-
ing rate is dominated by LFZF in Region II, while Region I
exhibits a weak GAM oscillation. The shearing rate in Region
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I excluding its low frequency component is shown in the lower
panel. As can be seen, the GAM oscillation centers around
p=0.94 and propagates both inward and outward. Figure 10
shows the frequency spectra in Regions I and II for the cases
with T;, 1.47T; and 1.87;. We can see that the GAM frequen-
cies peak around 21 kHz for all cases, matching the eigen-
mode GAM frequency in the experiment. The scanning res-
ults, plotted as the blue curves in figure 8, show that the GAM
frequency is insensitive to the ion temperature, indicating that
the DTEM turbulence excites eigenmode GAM. The simu-
lated eigenmode GAM location is more inward compared to
the experimental results since both the temperature and dens-
ity profiles in the simulation are shifted inward as shown in
figure 1. This shift only changes the location of TEM but
scarcely influences its other properties. Additionally, the GAM
amplitudes increase for the cases with 1.47; and 1.87;. In
Region II, the case with T; shows only a 0 kHz peak, represent-
ing the LFZF, while for the cases with 1.47; and 1.8T;, eigen-
mode GAM is also excited. The 0 kHz peak is also observed
in the experiment [21]. Besides, a small peak near 45 kHz is
observed, which will be investigated in the future. Compared

with the shearing rate induced by the CTEM and DTEM turbu-
lence, the equilibrium E, shear is much smaller, so the neglect
of E, does not influence the turbulence property.

The eigenmode GAM observed in our simulations differs
from that reported by Feng er al [36]. In their study, the
eigenmode GAM at the pedestal top is collisionally damped,
whereas in our simulations the eigenmode GAM inside the
pedestal is driven by DTEM, indicating that collisions can
also excite the GAM. This discrepancy likely arises from two
factors: (i) the much lower collision frequency at the pedestal
top may not reach the threshold for triggering DTEM, and (ii)
the profile gradients differ significantly between the pedestal
top and interior, leading to different turbulence regimes.

4.2. Antenna excitation of eigenmode GAM

To validate the eigenmode GAM characteristics, its excita-
tion by the external antenna is conducted. The electrostatic
potential of the antenna has a sinusoidal form with frequency
Wane- When wy,, equals the eigen-frequency wg of the sys-
tem, the perturbation amplitude will increase linearly in time
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Figure 9. The upper panel denotes the time-radial structure for zonal flow shearing rate in DTEM turbulence. The lower panel denotes the

shearing rate in Region I with zero frequency component removed.

with a frequency wg until saturation. When w,,, is different
from wg, the perturbation increases slower in time with fre-
quencies wg,, and wg, and saturates at a significantly lower
level. In previous studies, the GTC antenna module has suc-
cessfully excited Alfven eigenmodes and precisely obtained
the frequencies [41, 57], and this method has also been used
for the research in the kinetic electron response to the external
lower hybrid launchers [58, 59].

We conduct simulations with n/m = 0 antennas and con-
sider three cases with antenna frequencies 21 kHz, 23 kHz
and 26 kHz, respectively. Only the n = 0 modes are retained to
exclude the turbulence induced GAM. The time evolution and
frequency spectra of the antenna driven zonal flow shearing
rates are shown in figure 11. It can be seen that when w,,; =
21 kHz, the shearing rate amplitude first grows linearly with
time and finally saturates at a high level, with the dominant
frequency matching the eigenmode GAM frequency. When
wane = 23 kHz or 26 kHz, the shearing rates oscillate with low
levels. In the frequency spectra, besides the dominant antenna
frequency, a small peak at about 20 kHz exists, close to the
eigenmode GAM frequency. These simulation results further
confirm the existence of eigenmode GAM in the system.

4.3. Effects of GAM on the turbulence and transport

After identifying the nature of GAMs induced by the CTEM
and DTEM turbulence, their modulation effects on the
turbulence and transport are studied. The time evolution of

the electron heat conductivity . in the CTEM turbulence at
p=0.96 is shown in figure 12. As can be seen, the turbulence
is strongly modulated as the shearing rate of continuum GAM
exceeds the linear growth rate. The heat conductivity oscil-
lates at the continuum GAM frequency, and the phase differ-
ence between y, and GAM remains around 7 /2, implying the
prey—predator relationship. The local maxima of y, roughly
corresponds to the zero shearing rate.

For the DTEM turbulence, the large amplitude of LFZF
prevents the heat conductivity from oscillating at a specific
frequency. To compare the modulation effects of LFZF and
eigenmode GAM, simulations without zonal flows are con-
ducted as well. The time-averaged heat conductivities for the
cases with 7, 1.4T; and 1.87; are shown in figure 13. The solid
curves represent the results with zonal flow and the dashed
curves the results without zonal flow. The modulation effects
manifest as the differences between the solid and dashed
curves. In region I where eigenmode GAM dominates for all
three cases, zonal flow exhibits similar modulation effects. In
region II where zonal flow is dominated by LFZF for the case
with T; as shown previously, the heat conductivities with or
without LFZF are at similar levels, implying that the mod-
ulation effects of LFZF on the DTEM turbulence and trans-
port are weak. This phenomenon is consistent with the pre-
vious studies showing that the effects of LFZF become less
important when 7, > 1 [53]. While for the cases with 1.4T;
and 1.87; where eigenmode GAM appears and has a relat-
ively higher amplitude, the heat conductivities without zonal



Nucl. Fusion 66 (2026) 056033

D. Zhang et al

4 —1.07; —
—1.4T;
s —1.8T; 1
<
E Region I: p ~ 0.92 — 0.95
ZoH
o
1+
0
0 10 20 30 40 50 60
f(kHz)
7
x10
12 T I T T
10 (b) —1.0T; 7
g —1.47T;
3 —1.8T;
<
El Region II: p ~ 0.95 — 0.98 —
%
2,
l I I

20

30
f(kHz)

40 50 60
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1.87; (blue).

flows are larger than those of the 7; case, and drop to a much
lower level when zonal flows are included. Considering that
the modulation effects of LFZF are weak, the reduction of
X. indicates that the modulation effects of eigenmode GAM
on the DTEM turbulence and transport are significant. By
comparing the reduction levels of x. between the cases with

and without zonal flow, we find that the modulation effects
of eigenmode GAM are strengthened when T; is increased.
As ion Larmor radius increases with 7;, the enhancement of
eigenmode GAM corresponds to the previous studies that FLR

effect is one of the potential driving mechanisms for eigen-
mode GAM [27, 28].
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results with zonal flows and the dashed curves represent the results without zonal flows.
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In this paper, the GAM physics in the EAST H-mode dis-  Jian Bao @ 0000-0002-2890-0700
charge (#74036) are studied using GTC. The linear results Pengfei Liu @ 0000-0002-6739-3684
show that the collisionless cases exhibit the CTEM instability = Wenlu Zhang @ 0000-0002-7136-2119
which is influenced by the kinetic effects of passing electrons,  Zhihong Lin @ 0000-0003-2007-8983
and the collisions trigger the DTEM dominant instability, with ~ Shouxin Wang @© 0000-0001-9600-4038
two coexisting DTEM branches and growth rate exceeding Haiging Liu @ 0000-0001-6892-358X
that of CTEM. From the propagation direction and frequency
after Doppler shift correction, we conclude that DTEM is
the main component of ECM observed in the experiment. In
the nonlinear simulations, it is found that the CTEM turbu-
lence excites continuum GAM. Its frequency dependence on
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