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Abstract
The properties of core turbulence and thermal transport are investigated for EAST high-βP

(βP ∼ 3.1) plasmas with dominant electron heating (Te/T i > 1) via gyrokinetic simulation with
the NLT code. Linear simulations identify that the electrostatic ηe-driven trapped electron mode
(ηe-TEM) dominates in the core region (ρ < 0.7) and the ion temperature gradient (ITG) mode
dominates in the out region (ρ ⩾ 0.7), consistent with the linear threshold analysis of
micro-instabilities. Sensitivity analysis shows that the normalized electron density gradient
(R/Lne) and ITG (R/LTi) are two effective parameters to stabilize TEM instability. Nonlinear
simulations are also carried out and compared with the experimental results, which show that
the electron thermal internal transport barrier (ITB) in EAST high-βP plasma is determined by
the TEM-induced turbulence. A higher zonal flow shearing rate is observed in the ITB region
(0.2 < ρ < 0.34), which can regulate energy transport induced by TEM turbulence and facilitate
the formation of e-ITB. A plausible positive feedback mechanism to mitigate turbulence
transport and improve energy confinement via enhanced ion heating is proposed for future
experiments.

Keywords: high poloidal beta, gyrokinetic simulation, turbulence transport,
trapped electron mode

(Some figures may appear in colour only in the online journal)

1. Introduction

High poloidal beta (βP) plasma is desirable for steady-state
operation, which is considered by the future international
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thermonuclear experimental reactor (ITER) tokamak [1]. In
this scenario, the bootstrap effect self-generates a large propor-
tion of the plasma current leading to less demand of the aux-
iliary current driving power. Here, βP = P/

(
B2
P/2µ0

)
, where

P is the plasma thermal pressure and BP is the poloidal mag-
netic field strength. In addition, a high βP is associated with
a high safety factor (q) in the edge, which is of benefit to
avoid the plasma disruption [2]. The energy and particle con-
finement of the thermal plasma is a critical concern for high-
βP experiments since the bootstrapped current is proportional
to the pressure gradient. It has long been recognized that a
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large value of the Shafranov shift, which is proportional to βP,
plays a pivotal role in the suppression of turbulence and related
transport [3, 4].

The applicability of the high-βP (βP ∼ 4.7) modes with
T i ∼ 45 keV and high bootstrap fraction (f BS ∼ 80%) has
been exhibited on JT-60U [5]. JET has also obtained high
energy confinement with βP ∼ 2.0 and a significant propor-
tion of the bootstrap current (IBS/IP ∼ 0.7) [6]. In recent high-
βP (βP ∼ 2.0) experiments on the DIII-D tokamak with dom-
inant ion heating, it has been demonstrated that turbulence
transport can be suppressed by the combination of reversed
magnetic shear and Shafranov shift, so that strong internal
transport barriers (ITBs) can be formed at a large radius far
from the magnetic axis [7–9]. The dominant micro-turbulence
instabilities in theD-IIID lower q95 high-βP plasmas have been
thoroughly investigated via gyrokinetic simulations with the
GYRO code [10]. It was found that different types of drift-
wave-like instabilities dominate in different radial regions.
Specifically, the collisionless trapped electron mode (CTEM)
dominates in the core region, while both the CTEM and elec-
tron temperature gradient (ETG) mode coexist in the ITB peak
gradient region. Moreover, the ion temperature gradient (ITG)
mode and ETG are dominant micro-instabilities at the ITB
foot.

Most of the previous high-βP experiments have been car-
ried out under T i > Te conditions and rely on a negative
magnetic shear configuration to improve confinement. How-
ever, in a fusion reactor such as ITER, Te > T i is expected
over a large radial region in the center of the plasma due to
the dominant electron heating provided by fusion α-particles,
thus extending the high-βP scenario in today’s tokamaks with
dominant electron heating and the conditions of Te > T i are
greatly necessary. Recently, significant progress of the high-
confinement (H98y2 ∼ 1.3) and high-βP (βP ∼ 2.0) scen-
ario has been made in the EAST 2021 campaign [11] with
strong radio frequency (RF) heating, amonotonic q-profile and
low-torque injection [12]. Preliminary transport analysis [12]
indicates that the energy transport level is much higher than the
neoclassical transport level, even though an electron thermal
ITB can be formed inside the middle radius. Therefore, it is
of significant importance to further investigate the properties
of dominant turbulence and thermal transport in the existing
EAST high-βP scenario and to try to find a possible pathway
to improve energy confinement by turbulence suppression for
future experiments.

In this work, the properties of turbulence and turbulent
transport in EAST core plasma are systematically investigated
for the latest high-βP scenario by gyrokinetic simulation with
the NLT code [13]. The EAST discharge (#101473) studied
here employs a high heating power combined with both RF
and neutral beam injection (NBI), which can effectively elev-
ate the βP value in comparison with the previous experiments
[12, 14, 15] using exclusive RF heating.

The remainder of this paper is organized as follows. A
description of the experimental progress of high-βP discharges
on EAST as well as the physical model and simulation settings
are presented in section 2. In section 3, the properties of turbu-
lence and critical gradient threshold analysis are discussed. In

section 4, nonlinear turbulence simulation and thermal trans-
port analysis are presented. The conclusions are presented in
section 5.

2. Experimental and simulation settings

In the 2021 EAST campaign, the high-βP plasma (βP ∼ 3.1)
has been obtained with about a total of 8.1 MW auxili-
ary on-axis heating power, including 2.6 MW NBI heat-
ing, 2.5 MW lower hybrid wave (LHW), 1.5 MW electron
cyclotron heating (ECH) and 1.5 MW ion cyclotron res-
onance heating (ICRH). The main plasma parameters for
the discharge #101473 are shown in figure 1: the plasma
current IP = 0.4 MA; the loop voltage is well controlled
to be zero during the plasma flat-top, which indicates the
fully non-inductive current drive conditions; the line-averaged
electron density ne ∼ 4.1 × 1019 m−3; βP ∼ 3.1 and
H98y2 ∼ 1.2.

In this work, the time slice t = 4.5 s is selected for trans-
port analysis, where all of the auxiliary heating power is
injected and the main plasma parameters, e.g. plasma cur-
rent, density and poloidal beta, are relatively stable. The
reconstructed equilibrium is obtained by EFIT [16], and the
experimental plasma profiles are provided by the following
diagnostics: the electron temperature (Te) is measured by
Thomson scattering (TS) diagnostics, the ion temperature (T i)
is measured by charge-exchange recombination spectroscopy
and a tangential x-ray crystal spectrometer and the electron
density (ne) is reconstructed by a polarimeter-interferometer
(POINT) [17] and reflectometers. The safety factor (q) pro-
file on EAST is obtained using the method developed in [18],
which is constrained by motional Stark-effect diagnostics.
All the profiles are plotted in figure 2 in addition to the
equilibrium configuration. It can be seen that the on-axis
temperature of electrons Te0 = 4.48 keV is much higher
than that of ions T i0 = 1.35 keV, which is induced by the
strong electron heating power from the RF and NB. There-
fore, the thermal transport of electrons not only determines
the Te profile but also has a significant impact on the T i

profile through energy transfer between electrons and ions,
which is proportional to the temperature difference (Te − T i).
The density profile is relatively flat in comparison with that
of Te, and the q-profile is monotonic with an edge safety
factor q95 ∼ 8.

The thermal diffusivities of electrons and ions are calcu-
lated from power balance analysis for the energy transport
assessment. As shown in figure 3, the electron thermal diffus-
ivity χ e drops steeply from the outer region toward the core
region in the area of 0.1 < ρ < 0.5. This illustrates the form-
ation of electron ITB (e-ITB) in the core region. Moreover,
the ion thermal diffusivity is much higher than the neoclas-
sical prediction, which implies the non-negligible role of the
anomalous transport induced by micro-turbulence.

In this work, the NLT code is employed to investigate
turbulence properties and thermal transport in the EAST
high-βP experiment. The NLT is a global δf gyrokinetic
code [13] based on the I-transform theory [19–21], which
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Figure 1. Time evolution of plasma parameters for high-βP shot
#101473 on EAST: (a) plasma current, (b) loop voltage,
(c) line-averaged electron density, (d) poloidal beta βP and the
energy confinement enhanced factor H98y2, (e) auxiliary heating
powers of RF waves, including LHW, ICRH and ECH, (f) auxiliary
heating powers of NBI.

Figure 2. Profiles of Te, T i, ne and q at t = 4.5 s for EAST
discharge #101473 and the magnetic equilibrium configuration.

solves the coupled gyrokinetic Vlasov equation and the quasi-
neutrality equation. The complete effects of drift kinetic elec-
trons (for both passing and trapped electrons) are included in
the NLT using the time-diffusion scheme [22] to mitigate the
numerical instabilities induced by the high-frequency electro-
static Alfvén waves. The NLT has been successfully bench-
marked for both linear and nonlinear simulations of electro-
static ITG–trapped electron mode (ITG–TEM) turbulence in
tokamaks [22].

Figure 3. Thermal diffusivities of electrons (blue) and ions (red),
and neoclassical diffusivity for the ions (green).

Figure 4. The scale length of (a) electron temperature, (b) ion
temperature, (c) density and (d) magnetic shear of shot #101473.

It is generally acknowledged that drift-wave turbulence is
mainly driven by the gradients of plasma temperature/density.
To investigate the micro-instabilities and turbulence transport
in EAST experiments, the normalized gradients for plasma
profiles are calculated and shown in figure 4 for the time slice
t= 4.5 s. It can be seen that the normalized gradient of electron
temperature, R/LTe, is much larger than that of the ion temper-
atureR/LTi and electron densityR/Lne, which is consistent with
the relatively small χ e in the core region. The largest value for
R/LTe is 17.96 at ρ = 0.25, where R/LTi = 3.43, R/Lne = 3.84
and the magnetic shear s= 0.79, respectively. This radial pos-
ition ρ = 0.25 is therefore selected for the turbulence simula-
tion and transport analysis. In addition, another radial position,
ρ = 0.5, at the ITB foot is also selected for analysis.

The main simulation parameters are given as follows. The
major radius R0 = 1.88 m and the minor radius a = 0.42 m.
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The toroidal magnetic field B0 = 2.26 T. Three particle spe-
cies are included in the simulation: the main ions (deuterium,
D), impurity ions (the carbon impurities C+6) and electrons,
for which a realistic mass ratiomD/me = 3672 is applied in the
simulation. The density profile of carbon is calculated from the
electron density profile and effective charge number, which are
measured by POINT and visible bremsstrahlung [23], respect-
ively. The temperature profile of carbon is assumed to be the
same as that of the main ions. The numbers of computational
grids are nx = 256, nz = 16, nv || = 64 and nµ = 16 for linear
simulations. Here, (x, y, z) are field-aligned coordinates, which
indicate radial, binormal and parallel directions, respectively.
Here, v|| and µ are the parallel velocity and magnetic moment.
The simulation time step δt = 0.012R0/cs, where cs =

√
Te/mi

is the ion acoustic velocity.

3. Linear gyrokinetic simulation results

3.1. Linear properties of micro-instabilities in the core region

To identify which instability dominates plasma energy trans-
port in the ITB region, linear gyrokinetic simulations are car-
ried out using the NLT code for this high-βp discharge. The
real frequency and growth rate for the unstable modes at
ρ= 0.25 and ρ= 0.5 are plotted in figure 5 with 0.1< kθρs <
1.5. Here, kθ = nq/r is the poloidal wave number, where n is
the toroidal mode number. Meanwhile,ρs = cs/Ωs is the ion-
sound Larmor radius, whereΩs = eB/mi is the gyro-frequency
of ions. As seen in figure 5, the real frequency of the unstable
mode increases monotonically with kθ; and the frequency is
a positive value for kθρs < 2.5, which indicates that the mode
propagates in the electron diamagnetic direction in the NLT
convention. Based on these observations, the dominant low-
k (kθρe ≪ 1) turbulence could be identified as the TEM. The
growth rate for the unstable modes at ρ = 0.25 is obviously
greater than that at ρ= 0.5, and thus we primarily analyze the
most unstable mode in the core region where the profile gradi-
ent of Te is the greatest.

A set of parameter scans are carried out to further investig-
ate the properties of the micro-instabilities in the EAST high-
βP plasmas and to explore the potential mechanism to suppress
core turbulence. Figure 6 depicts the parameter dependence
of the linear growth rate and frequency of the unstable mode
(kθρs = 0.93) on the normalized gradients and the temperature
ratio, respectively. The temperature ratio impacts are shown
in figure 6(a); it can be seen that as the electron-to-ion tem-
perature ratio, τ = Te/Ti, decreases, the mode can be slightly
destabilized. For τ > 1, which is the typical value in a fusion
reactor, the growth rate at τ = 1.2 is 13% higher than that of
the experimental value.

In figure 6(b), as R/LTe increases the growth rate of the
TEM increases accordingly, which indicates the destabiliza-
tion effect of the ETG on this micro-instability. Meanwhile,
figure 6(d) shows that the mode can be stabilized by increas-
ingR/Lne. One can therefore confirm from these numerical res-
ults that the instability found here is the ETG-driven TEM (or
ηe-TEM with ηe = Lne/LTe) [24, 25] instead of the density-
gradient-driven TEM. The growth rate can only be slightly

Figure 5. The linear growth rate and frequency of low-k mode
instability against the normalized poloidal wave number in the peak
gradient region (blue) and at the ITB foot (red) for EAST discharge
#101473.

Figure 6. The dependence of growth rate on Te/T i (a), R/LTe (b),
R/LTi (c) and R/Lne (d) from NLT. The blue squares indicate TEM
mode, the red circles indicate ITG mode and the arrows correspond
to experimental values.

reduced by decreasing R/Lne and a substantial growth rate
(about 88% of that of the experimental value) persists, even
with R/Lne = 0. It is also interesting to note that as R/Lne
increases, the real frequency changes from a positive value
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to negative (ion diamagnetic direction), indicating a transition
from the TEM to ITG mode. The density gradient also has a
stabilization effect on the ITGmode as R/Lne increases further,
suggesting that the ITG mode observed here is ηi-ITG-like
mode (ηi = Lne/LTi) [26]. However, the stabilization effect
induced by R/Lne should be much stronger for the TEM than
that for the ITG, so that the transition of the dominant instabil-
ity appears as R/Lne exceeds a critical value. Nevertheless, the
simulation results indicate that the turbulence transport could
be mitigated by peaked density profiles, which is consistent
with previous predictions [27].

The dependence of the mode growth rate on the ITG is
shown in figure 6(c). First, it is clear that the increased value of
R/LTi can effectively suppress the TEMmode. Second, asR/LTi
exceeds a critical value of R/LTi = 11 (about three times that
of the experimental value), the real frequency of the unstable
mode is converted again into the ion diamagnetic direction,
which implies the destabilization of the ITGmode by the ITG.
The strongest suppression effects are observed near the crit-
ical point, where the growth rate can be reduced by about 50%
compared with the nominal value. Above the critical value, the
growth rate increases together with R/LTi monotonically. It has
been pointed out in [28, 29] that when R/LTi is small, the TEM
will become destabilized due to the non-adiabatic ion response
(NAIR) term from the typical TEM dispersion relation redu-
cing the magnitude of the adiabatic ion response. Conversely,
when R/LTi increases gradually, the electron magnetic drift
resonance, which destabilizes the TEM, is suppressed by the
ion dynamics so that the TEM will be stabilized due to the
NAIR, which has its sign changed as R/LTi increases.

The parameter dependence analysis of the linear growth
rate above shows that the turbulence transport in EAST high-
βP plasmas can be effectively mitigated by core fueling with
pellet injection to enhance the density gradient or by improv-
ing ion heating to enhance the ITG. However, a flat density
profile in the core region is foreseen in fusion reactors (such as
ITER or demonstration fusion power reactor (DEMO) with a
large minor-radius value, while a peaked ion temperature pro-
file is more relevant for fusion. Therefore, a plausible positive
feedback mechanism can be proposed accordingly to improve
energy confinement for future EAST experiments. If we sup-
pose that the ITG R/LTi can be increased (e.g. by enhanced
ion heating), the anomalous thermal transport induced by the
TEM turbulence can be effectively suppressed and energy con-
finement can be improved accordingly, which will in turn lead
to an even larger value of R/LTi. Note that this mechanism
works more efficiently when R/LTi is below the critical value
R/LTi = 11, where a substantial improvement in energy con-
finement could be obtained with a moderate increment of ion
heating power. Above the critical value, the thermal transport
induced by ITG turbulence dominates and does not decrease
with R/LTi anymore. Therefore, the critical value plays a cru-
cial role in determining the value of R/LTi for a given ion
heating power, and any approach that can upshift this critical
value is beneficial to confinement improvement through this
mechanism.

We now show that this improvement mechanism is valid for
a wide range of parameters in such experiments. To illustrate

Figure 7. A parameter scan of the normalized growth rate and
corresponding dominant instability for two drive forces of (R/LTe,
R/LTi). The normalized poloidal wavenumber is taken as
kθρs = 0.93. The color bar means the values of the growth rate. The
dashed arc indicates the transition boundary between TEM and ITG,
and the pentagram indicates the experimental value.

this, a 2D contour plot of the growth rate dependence on R/LTi
and R/LTe is shown in figure 7 for the mode with kθρs = 0.93.
The dashed line indicates the transition boundary between two
types of instabilities of TEM and ITG. It can be seen that TEM
can be efficiently stabilized by increasing R/LTi for any value
ofR/LTe considered here. Also, the favorable regionwith lower
growth rates is generally aligned with the transition bound-
ary (essentially, the balance between electron heating and ion
heating). Moreover, it is also interesting to note the distinct
difference in the orientation of the contour lines between the
two regions. In the TEM regime, R/LTe has the same tendency
as R/LTi along the contour line, which indicates that electron
(ion) heating is beneficial to the improvement of ion (electron)
confinement for a given heat diffusivity evaluated by quasilin-
ear theory. In the ITG regime, however, contour lines in the
longitudinal direction are observed, which imply it is likely to
increase R/LTe with enhanced electron heating power but hard
to increase R/LTi with it. Specifically, in this regime, the ITG
tends to ‘clamp’, even with strong electron heating, whichmay
be relevant to the recent experimental observations on AUG
and W7-X [30].

The linear growth rates and frequencies for the micro-
instabilities computed with and without fast ions are compared
in figure 9. It can be seen that fast ions also have few impacts on
the growth rate and frequency for TEM, even when combined
with the electromagnetic effects. Recent gyrokinetic simula-
tions for high β plasma on JT-60U have also shown that the
steep fast-ion pressure profile brought by the neutral beam
injection seems to barely affect the TEM-induced turbulent
transport, in both linear and nonlinear conditions [32]. It is
found that unlike the fact that fast ions could reduce the ITG-
induced turbulent transport, the significant fast-ion population
have a different role in TEM-dominated systems [32].
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Figure 8. The density and effective temperature profiles of fast ions obtained by the TGCO code.

3.2. The effects of fast-ion and electromagnetic effects on
TEM

To verify the effects of fast ions and electromagnetic perturb-
ations on the stability of the dominant micro-instability in
EAST core plasmas, we have performed the following sim-
ulations. The fast-ion profiles are calculated using the TGCO
code [31], which is a guiding center Monte-Carlo simulation
code for neutral beam ionization and collision transport of the
injected beam ions. The density and effective temperature pro-
files of fast ions are shown in figure 8. It can be seen that the
density of the fast ions is relatively low, which is partially due
to the substantial fraction of shine-through and first orbit lost.
The volume-averaged pressure of fast ions is 19.2% of the total
pressure.

Electromagnetic simulations have also been carried out
using NLTwith the re-splitting scheme [33], which is effective
for mitigating the cancellation problem in the gyrokinetic sim-
ulation with p∥ formulation. This algorithm has recently been
implemented in the NLT code to include the shear Alfvénic
perturbations (δA∥) for global simulation. It can be seen in
figure 9 that the electromagnetic effects on the stability of
TEM are rather small and can be ignored for EAST high-βp

plasma. This is reasonable since similar results of the negli-
gible finite-β effects on the TEMmode have also been reported
in [34] by the GYRO code and [35] by the GKV code. Taking
the above simulation results and analysis into consideration,
electrostatic simulations are carried out in this work and the
effects of fast ions are neglected.

3.3. Critical gradient threshold analysis

In this subsection, the radial distribution of the micro-
instabilities is analyzed using the critical gradient threshold
method. The critical gradient for TEM has been derived in the
limit of a circular plasma [36] as

R/LTecrit
=

0.357
√
ε+ 0.271√
ε

×
[
4.9− 1.31

R
Ln

+ 2.68ŝ+ ln(1+ 20veff)

]
. (1)

Figure 9. The growth rate and frequency of TEM with fast ions
and electromagnetic perturbations. It can be found that the effects of
fast ions and magnetic perturbation are small for TEM in this
discharge.

Here, ŝ= (r/q)∂q/∂r is the magnetic shear, and the
effective collisionality is veff = vei/ωde ≈ 0.1ne

[
1019

]
ZeffR

[m]/T2
[
keV2

]
.

The ITG threshold with multi-ion species is given by
[37, 38] as

R/LTicrit
= f · g · h (2)

where

f = 1− 0.2Z2eff
s0.7

(
14ε1.3

ν0.2
− 1

)
(3)

6



Plasma Phys. Control. Fusion 65 (2023) 055023 Y C Hu et al

Figure 10. (a) R/LTe and the calculated normalized linear TEM
critical electron temperature gradient R/LTe crit; (b) R/LTi and
R/LTi crit; (c) the profile of growth rate with mode at kθρs = 0.46,
where ITG exists.

g=

(
0.7+ 0.6s− 0.2

R
L∗n

)2

+ 0.4

+ 0.3

(
R
L∗n

− 0.8s+ 0.2s2
)

(4)

and

h= 1.5

(
1+

2.8
q2

)0.26

(Zeff)
0.7
(
Ti
Te

)0.5

(5)

with ν=2.1Rne
[
1019

]
/
(
T1.5e T0.5

i

)
andR/L∗n=max(6, R/Ln).

As shown in figure 10, the experimental profiles of R/LTe
andR/LTi are plotted and comparedwith the profiles of the crit-
ical gradient threshold calculated from equations (1) and (2).
It can be seen in figure 10(a) that R/LTe is far beyond the TEM
critical gradient in the core region (0.1 < ρ < 0.5) while, for
ρ > 0.5, the experimental R/LTe gets close to the TEM crit-
ical gradient, indicating the relatively weak driving of TEM
instabilities there. For ρ > 0.6, R/LTi increases with ρ rap-
idly and exceeds the ITG threshold. One can thus find from
the critical gradient threshold analysis above that in such an
experimental scenario with dominant electron heating, TEM
dominates in the core region (ρ < 0.5), while ITG can play an
important role in the outer region (ρ > 0.6). This result can
also be confirmed by gyrokinetic simulation. In figure 10(c),
linear simulations with a fixed wave number kθρs = 0.46 are
carried out for a set of different radial positions. It is clear
that the mode transforms from TEM to ITG as ρ increases
from 0.2 to 0.8, which is generally consistent with threshold

Figure 11. Energy fluxes of electrons: the solid line is simulated by
ONETWO, the red squares are simulated by NLT, and the pentagram
and triangle mean the energy fluxes with the experimental profile
gradient R/LTi increased by 15% and 30%, respectively. The circles
mean energy fluxes with the experimental R/LTi (blue) and 30%
increased R/LTi (red) given by quasilinear calculation.

analysis. Therefore, TEM dominates the low-k turbulence in
the core region (ρ < 0.5), where the electron thermal ITB is
formed.

4. Nonlinear turbulence simulation and thermal
transport analysis

Nonlinear gyrokinetic simulations are also carried out to
quantitatively investigate the anomalous energy flux induced
by core turbulence. The study mainly focuses on the electron
thermal transport since the energy of electrons dominates over
that of ions in this scenario. The simulations include 32 tor-
oidal modes in total, corresponding to 0 ⩽ kθρs ⩽ 2.23, in the
1/3 wedge of the full torus with the periodic boundary condi-
tions in the toroidal direction. The time step is set as t = 5ωci,
with a time diffusion coefficient ν = 0.01/ωDW to mitigate the
numerical instabilities induced by the high-frequency electro-
static Alfvén wave [22], where ωci is the ion gyro-frequency
and ωDW is the linear frequency of the drift wave. The size
of the radial simulation box in the local simulation is 0.3a
centered at the selected radial position, and the number of
radial simulation grids nx = 256. Two local simulations are
firstly carried out at ρ = 0.25 and ρ = 0.35, respectively. In
figure 11, the electron turbulent energy fluxes from NLT (the
red squares) simulation are compared with experimental res-
ults given by power balance analysis (the blue line). It can
be seen that good agreement between the two codes can be
obtained for the values of the electron energy flux and the vari-
ation tendency from two codes in the core region. The non-
linear gyrokinetic simulations confirm that strong energy flux
can be induced by TEM turbulence in the core of the plasma.
The electron energy flux calculated by the NLT is 1.52 times
that of ONETWO at ρ= 0.25, and 1.07 times at ρ= 0.33. The
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Figure 12. The turbulence structure with the experimental R/LTi and improved 30% R/LTi, respectively.

Figure 13. The radial-averaged perturbed potential as a function of the poloidal angle, for the experimental R/LTi and 30% increased R/LTi,
respectively.

discrepancy at ρ= 0.25 may be attributed to the uncertainty in
experimental measurements, such as the ion temperature pro-
file. To illustrate this, another two simulations are performed
with an artificially increased value of R/LTi. The pentagram
and triangle symbols in figure 11 indicate that the energy fluxes
with the experimental profile gradient R/LTi increased by 15%
and 30%, respectively. The energy flux drops heavily with
increased ITG; a 15% increment of R/LTi can give rise to about
a 40% decrease in electron energy flux with the original R/LTi.
The observed turbulence mitigation here is qualitatively con-
sistent with the linear analysis of the growth rate reduction
by R/LTi discussed in section 3.1. The quasilinear heat flux
is calculated according to [39] and compared with the non-
linear results, and are shown in figure 11. The energy fluxes
decrease by 32.5% with a 30% increment of R/LTi based on
the quasilinear calculation, while the energy fluxes decrease
by 63.4% from nonlinear gyrokinetic simulation. We find that
the suppression effects evaluated by the quasilinear calcula-
tions are much lower than that of the nonlinear simulation,

which implies the potential nonlinear suppression mechan-
ism of TEM turbulence through increasing ITG. Neverthe-
less, both the linear and the nonlinear simulations confirm the
validity of the confinement improvement through enhanced
ion heating for relevant experiments.

To investigate the nonlinear mechanism of turbulence mit-
igation with increasing R/LTi, the structures of turbulence
eddies are compared for the two cases at the same time, which
is shown in figure 12. It can be observed that the size of
the turbulence eddies is comparable around the low-field side
(0< |θ|< π/3). This is reasonable since TEM is mainly driven
by the trapped electrons, which are distributed mostly in the
low-field region. However, with an artificially higher value of
R/LTi, the mode structure becomes more ballooned. Specific-
ally, the turbulence eddies with higher R/LTi become much
weaker in amplitude and smaller in size for π/3 < |θ| < π/2 in
comparison with those with the nominal value of R/LTi. To fur-
ther verify this, the poloidal structures of the radial-averaged
perturbed potential are calculated and plotted in figure 13. It
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Figure 14. The poloidal gradient of the envelope of the
radial-averaged perturbed potential.

can be seen that the increased R/LTi can induce an enhanced
falloff of the perturbed potential as the poloidal angle moves
away from the bad curvature region. To quantitatively com-
pare the declined degree of the perturbed potential, we take the
envelopes of the radial-averaged perturbed potential, which
are indicated by the green lines shown in figure 13. As shown
in figure 14, the poloidal gradient of the envelope of the radial-
averaged perturbed potential with 30% increased R/LTi is gen-
erally larger than that with the experimental R/LTi, especially
near the bad curvature region. Therefore, the surface-averaged
turbulence flux can be decreased accordingly.

To interpret the transport properties in the EAST high-βP

experiment, the global turbulence simulation is also carried
out in the ITB region. Compared with the local simulation,
the radial size of the simulation box (0.1 < ρ < 0.55) is lar-
ger and the number of radial grid points is increased to 512
accordingly. As shown in figure 15, the profile of the elec-
tron turbulent thermal diffusivity calculated by NLT (red) in
the ITB region is compared with electron thermal diffusiv-
ity given by power balance analysis (blue). The turbulence-
induced effective thermal diffusivity shows good agreement
with the measured diffusivity. The electron turbulent thermal
diffusivity decreases obviously from the outer region to the
core region in the area 0.2 < ρ < 0.5, which accounts for the
turbulent transport reduction in the ITB region contributing to
confinement improvement. Therefore, one can conclude from
this observation that the formation of e-ITB in the EAST high-
βP experiment is determined by the TEM-induced turbulence
transport.

We next further investigate the potential mechanism of
the e-ITB formation. The profile of the zonal flow shearing
rate is calculated and shown in figure 16. The E × B shear-
ing rate is defined by [40] ωE×B =

r
q

∂
∂r

( qvE×B

r

)
≈ r

q
∂
∂r

( qEr

rB

)
,

where Er is the radial electric field. Clearly, a much higher
zonal flow shearing rate can be observed in the inner region
(0.2 < ρ < 0.34), which could regulate energy transport

Figure 15. Electron (blue) thermal diffusivities given by NLT and
ONETWO, and the ion diffusivity given by NLT (green).

Figure 16. The zonal shearing rate profiles at 4.5 s for #101473.

induced by TEM turbulence efficiently and facilitate the form-
ation of e-ITB.

5. Conclusions

Core turbulence and thermal transport are studied for EAST
high-βP plasma. The analysis of the growth rate and frequency
of the most unstable modes spectrum shows that TEM is the
dominant instability in ion-scale perturbations. Both the lin-
ear properties and the suppression mechanism of the unstable
mode are systematically investigated via gyrokinetic simula-
tions. The numerical results show that the TEM instability
could be stabilized by increasing R/LTi but destabilized by
increasing R/LTe. A positive feedback mechanism for confine-
ment improvement is proposed by increasing R/LTi. As R/LTi
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increases, the transition from TEM to ITG is observed. When
R/Lne < 4, TEM is destabilized; however, when R/Lne > 4,
the increased R/Lne can stabilize both the TEM and ITG. It is
found that at the experimental value of R/LTe, a doubled R/LTi
could significantly reduce the TEM turbulence growth rate to
half of its original value. The simulation results also indicate
that increasing R/LTe would destabilize the TEM as well as the
ITG. When comparing the dominant turbulence in the low-k
range together with the gradient threshold, one finds that when
R/LTe is significantly larger than the critical threshold gradi-
ent, the TEM growth rate is large and the thermal transport of
both electrons and ions increases until R/LTe approaches the
threshold. As R/LTi increases, the dominant low-k instabilities
turn to ITG mode.

The nonlinear gyrokinetic simulations given by NLT have
been quantitatively compared with the experimental values
calculated by ONETWO, which confirms that the electron
energy flux measured in the experiment in the core region is
induced by TEM turbulence. The zonal flow shearing rate is
found to be higher in the ITB region, which could regulate
energy transport induced by TEM turbulence efficiently and
facilitate the formation of e-ITB. The effects of the scale length
of the ITG on the electron turbulent energy flux have also been
identified via the nonlinear simulation to be the suppression of
the turbulent eddy size and amplitude in the region away from
the bad curvature region. Therefore, the enhancement of ion
heating to mitigate turbulence transport and improve confine-
ment is proposed for future experiments. Moreover, to actively
improve the confinement in high-βP discharge, the suppres-
sion effect of Shafranov shift and negative magnetic shear on
turbulent transport will also be investigated further in future
work [21].
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