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26 Abstract.

27 In this study, global nonlineary electromagnetic gyrokinetic simulations are
28 conducted to investigate turbulence, in the internal transport barrier (ITB) region of
29 the EAST discharge withnweakly reversed magnetic shear. Linear simulations reveal
2(1) two dominant ion temperature gradient (ITG) modes: a higher frequency mode at the
32 q = 1 surface, which dominates in the electrostatic limit, and a lower frequency mode
33 near the gqmi, surfage, which prevails under the experimental 3 (the ratio of plasma
34 pressure to magnetic-pressure). Therefore, electromagnetic effects play a important
35 role in stabilizing ITG modesyand in causing the transition between the most unstable
36 mode at different radial positions. The linear growth rate of the unstable mode in
37 the electrostatic limit is approximately 1.25 times higher than that of the dominant
38 mode in the electromagnetic case. However, in the electromagnetic nonlinear regime,
39 the thermal ionheat conductivity is reduced by at least a factor of 4. This reduction
40 primarily results from nonlinear electromagnetic effects enhancing the shearing effect
41 of zonalyflowsy thereby further suppressing microturbulence. It is emphasized that
42 the felectromagnetic effect on ITG with weak magnetic shear should be included to
Zi accurately calculate the turbulent transport.
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1. Introduction

Microturbulence plays a critical role in the anomalous transport of heatéand partieles in
magnetically confined plasmas [1-3]. In general, the ion temperature gradient (ITG)
turbulence primarily drives anomalous ion heat transport in the tokamak plasmas
[4,5]. The kinetic ballooning mode (KBM) [6-8], an electromagnetie-instability that
is destabilized at high plasma 3, where [ represents the ratio of’ plasmaspressure to
magnetic pressure. Suppression of these turbulence reduces coresplasma transport and
facilitates the formation of internal transport barrier (ITB), whichrare important for
achieving advanced tokamak operational scenarios |9, 10].

Many factors contribute to the stabilization of turbuleneenin the core region of
tokamak plasmas. For example, magnetic geometry efféets such as reversed magnetic
shear or the Shafranov shift, can modify the linear growth' rates of instabilities
[11-13]. Additionally, the parallel ion transit term provides,further stabilization to
toroidal ITG modes, particularly in core regiomspwith small safety factor [14, 15].
Gyrokinetic simulations and experiments have demonstr@ited that energetic particles
(EPs) generated by auxiliary heating schemes can beneficially impact ITG turbulence
transport [16-19]. Many of these stabilizing factors are captured in electrostatic case;
however, electromagnetic global gyrokinetie simulations are essential for accurately
studying turbulent transport, as finitesg.can stabilize turbulence through magnetic field
line bending as plasma beta increases [5,20-24].

Recently, simulation studies of electromagnetic turbulence and experiments have
been conducted in devices such as,DIII-D, JET, ASDEX Upgrade, KSTAR and HL-
2A [25-32]. Global gyrokinetigsimulations find the electromagnetic effects greatly reduce
the ITG induced thermal ion-heat transport by a factor of 10 in DIII-D plasmas [25].
It has been found that energy transport driven by ITG turbulence does not decrease
with increasing plasma,_ (57[88, 34], Moreover, the electromagnetic stabilization becomes
notably effective under, conditions of low global magnetic shear [17,29, 33, 35]. The
formation of ITB inthe EAST often benefits from configurations characterized by weakly
reversed magnetie shear (36, 37], where electromagnetic effects likely play a significant
role. Therefores»it is necessary to conduct gyrokinetic simulations that incorporate
electromagnetic effects in the EAST ITB plasmas. In this work, we performed global
simulations of €lectromagnetic turbulence using the first-principle gyrokinetic toroidal
code (GTC) [38] based on EAST discharge [37]. Electromagnetic effects significantly
suppress the higher frequency I'TG mode that dominates in the electrostatic case. Hence,
a lower frequency I'TG near the ¢, surface becomes dominant at the experimental 3,
and the ion heat conductivity is reduced by a factor of 4 relative to the electrostatic limit.
The presence of EPs results in slightly reduced linear growth rates of I'TG instability
and. induced zonal flows.

This paper is organized as follows: The physics model and simulation parameters are
presented in subsections 2.1 and 2.2, respectively. Linear simulation results are discussed
in subsection 2.3, while turbulence nonlinear saturation and transport are analyzed in
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subsection 2.4. Finally, the summary and discussions are provided in section 3.

2. GTC simulation results of EAST ITB plasmas

2.1. Physical model in GTC

The GTC is a particle-in-cell (PIC) code developed to simulate plasma behavior and
turbulence transport in fusion reactors. Over time, GTC has incorporated several key
physical models, including the kinetic electron response [39], electromagnetic modeling
[40], equilibrium current [41], and compressional magnetic ‘perturbations [42]. The
electromagnetic capability of GTC is implemented using a fluid-kinetic hybrid electron
model [40, 43]. In this model, the electron response isgseparatedyinto adiabatic and
nonadiabatic components, with the adiabatic part solved:by massless fluid response, and
the nonadiabatic part solved using the drift-kinetic equation. The fluid-kinetic hybrid
model has been successfully verified for microturbulence [41,44], Alfvén eigenmodes [45],
and current or pressure-driven MHD modes [46, 47]; fuggher establishing GTC as a
powerful tool for simulating multi-scale [48] plasma physics in fusion devices.

19
2200 <10

2000
1800
1600
>
1400
1200

1000

800

600 1 1 1 1 /1 1 1 1 0 1 1 1 1 1 1 1 1
0 01 02 03,04 05 0.6¢07 08 09
18

(C)I I.'" oy, YN _IRO/ILTi i

0.03
Aok
4 0.02

0.01

0

0.8
0 01 02 03 04,05 06 07 08 09 0 01 02 03 04 05 06 07 08 09
r/a r/a

Eigure 1: Plasma radial profiles in EAST discharge #93890: (a) displays temperatures
T, (b) density n, (c) inverse temperature scale length Ry/Lr, and (d) the safety factor g
along with the ratio of plasma pressure to magnetic pressure = 8rnT/B2. Subscripts
iy e, and f correspond to ions, electrons, and energetic ions (fast ions), respectively.
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2.2. Simulation parameters

The equilibrium of EAST tokamak discharge #93890 at 5000 ms [37], characterized by a
weakly reversed magnetic shear ¢ profile and I'TBs in both ion density and‘temperature
profiles, was previously detailed in our electrostatic turbulence study [49,50]. Building on
this foundation, our current work advances into electromagnetic simulations, with figure
1 showing the plasma equilibrium. The major radius on the magnetic@axisis Ry = 1.91 m,
and on-axis magnetic field amplitude is By = 1.49 T. Notably, regions exhibiting ['TBs
are identified approximately within r/a < 0.4. As shown in figure-&b), the density
profile of energetic particles was computed using the NUBEAMmodule integrated into
the ONETWO transport solver [51], with the neutral beam injection configured at an
energy of approximately 50 keV. A power balance analysisthas also been carried out using
the ONETWO code, through which the ion thermal transport.can be calculated [37].
The temperature profile of the energetic ions, equivalently calculated using a slowing-
down distribution, is assumed to be radially uniform with 7 = 15 keV. Furthermore,
this experimental scenario based on the low g5 Operation regime exhibits a high plasma
beta, as shown in figure 1(d). As beta increases, electromagnetic effects, including the
finite beta effect, become more significanthand canmot be neglected when analyzing
plasma transport. Therefore, electromagnetic gyrokinetic simulations are essential to
understand the role of these effects im.determining the transport properties of the EAST
ITB plasma.

2.8. Linear simulation results

In our previous electrostatic studies [49); we identified the ITG mode as the dominant
instability in the I'TB region;logalized at the maximum ion temperature gradient and
the ¢ = 1 surface, with simulations incorporating both adiabatic and kinetic electron
models. In this work all electromagnetic simulations employ the kinetic electron model,
incorporating the kinetie effects of the electron response. The characteristics of the ITG
mode vary significantly acroess radial positions due to differences in equilibrium profiles
and magnetic geometry. Thus, by strategically restricting the simulation domain to
localized regions; wencan identify both the dominant and subdominant ITG modes.
Figure 2(a)l displays’ theyexpermental 3; and ¢ profiles, with §;, on axis reaching
approximately 2.02%. Two vertical dashed lines indicate the positions of two dominant
ITG modes. One higher frequency ITG mode is located at the ¢ = 1 surface with
r1/a =0.25, where Ry/Ly; is maximal and the experimental 5;,, is 1.1%, prevailing in
the electrostatic limit [49]. However, a lower frequency ITG mode near the g, surface
at my/a = 0.35 is dominant at the experimental plasma beta. These modes are discussed
in detail below.

The properties of instability and their dependence on f[; are investigated by
changing the electron density, while the gradient of electron density is kept unchanged.
This results in a vertical shift of the ; profile. In the simulation results shown in
figure 2(b), the negative mode frequency indicates that the mode propagates in the
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Figure 2: (a) shows the profiles of 3; = 87n;T;/Bg and ¢. The linear growth rate  (top

panel) and real frequency w (bottom panel) are displayedyin (b) with torodial mode

number n = 20. The blue circular curve represents the mode at the ¢ = 1 surface, while
the red diamond-shaped curve corresponds to the mode located near g, each as a

. . . . b . .
function of f; on axis. Different 3; values are obtained by varying the electron density

(n. = n;) while keeping the density gradient unchanged. The vertical dashed lines in

(b) indicate the experimental value of 5; on axis.
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Figure 3: Mode structures of the electrostatic potential ¢ with n = 20 obtained from

électrostatic (top panel) and electromagnetic (bottom panel) linear simulations. Panels
(a) and (c) show ITG modes at the ¢ = 1 surface, while panels (b) and (d) show ITG
mode near the ¢, surface.
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direction of the ion diamagnetic drift. In the electrostatic case, the ITG modé at the
q = 1 surface is the most unstable mode in the ITB region [49], with the modefstructure
of ¢ shown in figure 3(a). However, as the [, increases, the growth rate of this mede
decreases significantly, with the corresponding mode structure displayed in figure 3(c). Tn
contrast, the lower frequency I'TG mode near the ¢, surface, with theimode structure
shown in figures 3(b) and (d), exhibits a smaller reduction in growth rateas B increases.
Once the ;9 exceeds 0.5%, this higher frequency I'TG mode is no longer dominant. Thus,
at the experimental plasma beta, the mode near ¢,,;, becomes the deminant instability
in the I'TB region. If only electrostatic simulations are considered, thé framsition between
the most unstable mode at the different radial position may bemissed. This phenomenon
can be understood from the critical condition for electromagnetie, stabilization of the
ITG instability, typically characterized by Buic ~ 1/¢*Lan/Ro [5,24]. At the ¢ = 1
surface, the inverse temperature scale length R/ Lz, Ashown in figure 1(c)) tends to be
larger compared to its value at the ¢, surface, resulting in a correspondingly smaller
critical 8. Hence, finite § effects can more effectively stabilize the I'TG mode at locations
with a larger temperature gradient, requiring only/a lower B; to achieve a substantial
reduction in the linear growth rate. Omnthe other hand, in the Cyclone Base Case
(CBC) [52], the growth rate of ITG modes slightly decreases with increasing [3; with the
normal magnetic shear ¢ profile [23]. However, theffinite § effects significantly influence
the ITG instability in the weakly ‘reversed.magnetic shear configuration of the EAST
ITB plasma.

Next, we focus primarilyen the ITG mode located near the ¢.;, surface. The
ITG mode with toroidal modesnumber n = 25 at this location is unstable at low
Bi, with a small real frequengy, as shown in figure 4(a). The vertical dashed lines in
figure 4(a) indicate the experimental vaule of f;,, at the mode location. However,
when f;,, exceeds approximatelyy3%, the KBM instability becomes unstable and its
real frequency is significantly greater than that of the ITG mode. It is similar to
the electromagnetic TG, and KBM instabilities observed in the CBC [23] and DIII-D
tokamak pedestal@tudies [44]. Figures 5(a) and (c) illustrate that both ITG and KBM
display ballooning structures in the electrostatic potential d¢. The ITG perturbation
exhibits a moré proneunced ballooning angle, indicating a significant deviation from
the out-midplane. Im contrast, the KBM eigenmode structure is closer to the ideal
ballooning=amode. Figure 5(b) illustrates the ITG polarization, where the parallel
electrostatic field Efs = —bg - Vi¢ is almost identical to the net parallel electric
field Eﬁ\let = —by - Vép — (1/c)0,0A) indicating the quasi-electrostatic properties of
the ITG mode. In contrast, as shown in figure 5(d) for the KBM, the amplitude of
Eﬁ\let is significantly smaller than that of Efs for all poloidal harmonics which leads to
the predominantly Alfvénic polarization [53]. Finally, figure 4(b) presents the dispersion
relation, showing the dependence of the linear growth rate and real frequency on the
poloidal wavenumber (or equivalently, toroidal mode number n ). The most unstable
toroidal mode n = 25 corresponds to a poloidal wavenumber ky ~ 1.9cm™!, close to
values measured by poloidal correlation reflectometry (PCR) [54].
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Figure 4: (a) The linear growth rate v (top panel) andizeal frequency w (bottom
panel) are shown for the mode located near ¢, with ni= 25 as a function of f;,,
which is evaluated at mode location. (b) Dependence of the TTG mode near the gy,
surface growth rate and real frequency on the poloidal wavelength kgp; (corresponding
to toroidal mode numbers n = 10,15, ..., 35). y
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Figure 5:"Mode structures of the n = 25 ITG mode (top panel) at ; = 1.11% and the
KBM. mode (bottom panel) at 5; = 3.7%: (a) and (c) show the poloidal contour plots
of the ¢, while (b) and (d) display the poloidal harmonics radial profiles of the parallel
electric field Ey. In (b) and (d), the solid lines with circles represent Efs = —by - Vi,

and the solid lines correspond to B[ = —by - Vdp — (1/¢)0,0 A).
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2.4. Nonlinear simulation results

In this subsection, global electromagnetic multi-n nonlinear simulations are condueted to
investigate the saturation and transport mechanisms of the I'TG mode in the I'T'B region.
All nonlinear electromagnetic simulations are performed at the experimental value of ;.
The kinetic electron model is employed to consider the kinetic effects of electrons. The
simulations include toroidal modes n = 10, 11,12, ...,39. Figures 6(&) and (b)illustrate
the time evolution of the electrostatic potential ¢ and parallel vector potential dA
from the electromagnetic ITG simulation. Linearly most ungtable I£G modes (e.g.,
n = 25) are firstly driven and dominate the early stage. The d@pz=g5 and 6 Aj,—o5 exhibit
exponential growth at the linear growth rate 7,—25. In both thelinear’and intermediate
regimes, d¢go and 0Ajp grow exponentially at a growthyrate vpm—o ~ 27v,—25. This

¢ (b= 0.14ms) %1073
v . — W2

0.1 0.15 02 0.25 0.3
t[ms]

0.04
0.02
0
-0.02
-0.04
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t[ms] X/Ro

Figure 6x Time evolution of the perturbed electrostatic potential d¢ and parallel
vector potential 0A) for selected toroidal n modes near the gui, flux surface from
electromagnetic I'TG simulations. The perturbed electrostatic potential and parallel
vector potential are normalized as ed¢/T, and edAjva/T,, respectively, where the Alfvén
veloeity is v4 = By/v/4mn;om;. The black dashed lines represent the zonal flow d¢g and
the zonal current 0 A, both shown as root-mean-square (rms) values averaged across
the simulation domain. (c¢) and (d): Poloidal contour plots of the electrostatic potential
0¢ during the linear and nonlinear phases, respectively.
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observation suggests that the zonal fields in ITG turbulence are passively generated wvia
the so-called beat-driven process [55]. Near 0.25ms, the ITG turbulence saturates and
settles into a steady state nonlinear regime. At this stage, the amplitude,of §¢,2o5-i8
on the order of 107?, while §A; is on the order of 10~*. Figure 6(c) ande(d) depict the
mode structure of the perturbed electrostatic potential during the lineatiregime and the
nonlinear saturation regime, respectively. From the contour plots, it'is apparent that
high » modes (e.g., n = 20 and n = 25) dominate the electromagnetic ITG instability
and are located between ¢;, and ¢ = 1 in the linear phase. Indeontrast, low n modes
dominate the nonlinear phase and the turbulence spreads across the gittire radial domain.
The time history of the d¢ and A also show that once nonlinear saturation is reached,
the amplitude of the low n modes becomes larger than that of the,high n modes.
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Figure 7: (a) Time evolution of the volume-averaged turbulence intensity d¢ (top panel)
and zonal flow (bottom panel)wfrom electrostatic (dashed lines) and electromagnetic
(solid lines) simulations. Ab) The radial structures of the zonal flow shearing rate w;
(top panel) and thermal fon’ heatl conductivity (bottom panel) in the nonlinear phase
for both electrostatic and electromagnetic cases, and the shearing rate normalized by
the growth rate of the ITG.mode with n = 25 near gp,.

Figure 7(a)shows the time evolution of the volume-averaged perturbed electrostatic
potential as’ welltas the,zonal flows for both electrostatic and electromagnetic ITG
simulations. The turbulence intensity in the electromagnetic case is roughly three times
smaller/than that'in the electrostatic case. The zonal flows amplitude is slightly smaller
in the electromagnetic case. However, as shown in figure 7(b), the zonal flows shearing
ratéw, = —(RBy)* /By 0?poo/0? [56,57] is significantly larger in the electromagnetic
case. Figure 7(b) also show the radial profile of thermal ion heat conductivity from both
electrostatic and electromagnetic I'TG simulations. The radial profiles of the thermal
ion.heat conductivity at the nonlinear saturation stage reveal that y; = 1.5m?/s in the
glectromagnetic case, which is significantly smaller than y; ~ 6m?/s observed in the
electrostatic case. It is observed that the ion heat conductivity is smaller in regions with

higher shearing rate, indicating that the zonal flow shearing rate plays an important role
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in suppressing microturbulence. Notably, the radial region of reduced ion heat diffusivity
x; and elevated normalized zonal flows shearing rate in figure 7(b) broadlydeoincides
with the region of large Ry/Ly; shown in figure 1(c). This spatial correlation suggests
that enhanced zonal flows shear can regulate turbulence even where theslinear, drive i
strong. The thermal ion heat conductivity obtained from GTC agrees infmagnitude-with
the results from the power balance analysis performed using the ONET WO, code [37].
In summary, linear results indicate that the growth rate of the unstable mmode in the
electrostatic limit is approximately 1.25 times higher than that«n the ele¢tromagnetic
case. However, in the nonlinear phase of electromagnetic ITG, the trans?ort coefficient is
reduced by at least a factor of 4. The reduction is driven mainly. by enhanced zonal flows
shear that suppresses microturbulence during the nonlinear phase;with electromagnetic
effects further reducing the linear growth rate.

-2 T T T T T T T T T
107 () (b) —ITG with EP
& —ITG with EP e —ITG 1
< —ITG i 4 i
S 10k 2.5
21072f - .
=
S10%f i 1
01 015 02 025m 03 0.35 0.1 0.2 0.3 0.4
t[ms] t[ms]

Figure 8: (a) Time evolution of the volume-averaged turbulence intensity d¢ (top panel)
and the zonal flow (bottom [Enel), and (b) the thermal ion heat conductivity, all
obtained from electromagnetic ITG simulations with EPs (the blue line) and without
EPs (the red line).

Finally, the impact of energetic particles on electromagnetic ITG turbulence is
investigated. As.shown in figure 8, the presence of EPs leads to a slight reduction in
both the ITG linear growth rate and the induced zonal flow. Moreover, at the nonlinear
stage, the turbulence saturation level remains nearly unchanged, leading to only minor
modifications in the ion heat conductivity. Overall, these findings indicate that EPs exert
a stabilizing influence on I'TG turbulence. This slight stabilization is likely attributed
to the dilution effect of EPs (n;/n. < 0.1) and their finite 8 effect [16,58]. Evidently,
the direct impact of EPs on ITG turbulence is minimal in our case. In the next step,
we willlexplore the excitation of fishbone modes by EPs and their interaction with ITG
turbulence through global nonlinear gyrokinetic cross-scale coupling simulations, aiming
to further uncover the mechanisms underlying ITB formation.
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3. Conclusions and discussions

In this paper, global gyrokinetic simulations are performed to investigate electromags
netic turbulence in the ITB region of an EAST tokamak discharge (#93890). GTC lineax
simulation results reveal the transition of the most unstable I'TG mode at different radial
positions due to the finite 5 effects. Specifically, two dominant ITG medesiat different
radial positions: a higher frequency mode located at the ¢ = 1 surface, which dominates
in the electrostatic limit, and a lower frequency mode found near the gy, surface, which
prevails in the electromagnetic regime. When electromagnetic/effects are included, the
ITG instability at the ¢ = 1 surface is effectively suppressedgwhile the/ITG mode near
the quin surface exhibits a smaller reduction in growth rate. Finite B effects can more
effectively stabilize the I'TG mode at locations with a larger temperature gradient. It
is therefore expected that electromagnetic stabilization effectsimay provide a negative
feedback mechanism that regulates the turbulence. driven by increasing temperature
gradient during I'TB formation.

Electromagnetic multi-n nonlinear simulationg primérily focus on the transport
levels of turbulence. A comparison between electrostatic and electromagnetic turbulence
demonstrates that including electromagneticieffects reduces the ion heat conductivity
by at least a factor of 4. On one hand, electromagnetic effects play a important role in
reducing the linear growth rate. Ou thesother-hand, although the zonal flows amplitude
is smaller in the electromagnetic case Gempared to the electrostatic limit, the shearing
effect of the zonal flows is significantly larger, resulting in a stronger suppression of
microturbulence during the nonlinear phase. In this case, EPs exert a slight stabilizing
influence on ITG turbulence, likely dueto the dilution effect and finite $ contribution of
EPs. In future work, we will stqu electromagnetic turbulent transport using gyrokinetic
simulations under self-consistent magnetohydrodynamic equilibrium for each f.
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