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Abstract
High poloidal beta scenarios with favorable plasma performance (βp ∼ 2.0,H98 ∼ 1.3) have be
achieved on Experimental Advanced Superconducting Tokamak (EAST) since the 2018
international atomic energy agency (IAEA). Linear electromagnetic gyrokinetic simulations
using gyrokinetic toroidal code (GTC) code are performed based on the experimental data of a
typical high βp discharge on EAST. In the core region of plasma, an electromagnetic instability
with similar βe dependence and mode structure with kinetic ballooning mode (KBM) but
exhibits positive or nearly zero frequency is observed. This instability is referred as
unconventional KBM (UKBM). Simulation results demonstrate that UKBM occurs in low
ion–electron temperature ratio conditions and UKBM will transit to KBM when ion–electron
temperature is high. Further investigation shows the driven mechanism of UKBM differs at
different electron beta region. When the electron beta exceeds the threshold of electrostatic
instability to UKBM, UKBM is driven by electron pressure gradient. When electron beta is
close to the beta threshold of UKBM, the main driven mechanism is ηe. Reversed magnetic
shear is found to have a significant stabilize effect on UKBM.

Keywords: high poloidal beta, gyrokinetic simulation, electromagnetic instability

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

1. Introduction

The major goal of Experimental Advanced Superconducting
Tokamak (EAST) is to achieve stable long-pulse, high per-
formance, fully non-inductive plasma operation. The high
βp scenario has been one of the main research interests
of EAST experiments since the accompanying high boot-
strap current fraction, which is essential for steady-state
long-pulse discharge [1, 2]. Here, βp is defined as the ratio

∗
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of plasma pressure to the poloidal magnetic field pressure,
βp = P/

(
B2
p/2µ0

)
, where P is the plasma pressure and Bp is

the poloidal magnetic field. High βp scenarios sustained by
pure RF heating or together with neutral beam Injection (NBI)
heating have been successfully established on EAST and
reaches quite well energy confinement (βp ∼ 2− 2.5, H98 ∼
1.1− 1.3) [3–5]. Integrated modeling performed against a
high βp discharge on EAST shows quite well agreement with
experimental measurements in both temperature and density
profiles [6]. Themodeling results indicate that the confinement
improvement in these high βp discharges are attributed to the
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reduction of turbulent transport by collisional stabilization in
trapped electronmode (TEM). A similar modeling using trans-
port code trapped gyro landau fluid code (TGLF)

against another high βp discharge using only RF heating
also shows the dominant instability in core of plasma is TEM
[7]. By utilizing the gyrokinetic simulation method based on
first principle, our previous work also prove that the domin-
ant instability in core of high βp discharge plasma is TEM [8].
Those previous works [6–8] mainly focus on the electrostatic
instabilities in the high βp discharges on EAST. To fulfill the
realistic physics, the electromagnetic effects should be con-
sidered under high βe conditions. Here, βe = 8πTene/B2 is the
electron> beta.

It is well known that the electrostatic ion temperature gradi-
ent (ITG) mode is stabilized by the electromagnetic effects
[9, 10]. The growth rate of TEM remains unchanged with
increasing βe while the electromagnetic kinetic ballooning
mode (KBM) becomes unstable when βe exceeds a critical,
the growth rate of KBM keeps increasing until βe reaches the
second stability region [11, 12]. Previous research on KBM
mainly focus on those situations with Ti ⩾ Te. For Cyclone
base case (Ti = Te) [13], KBM dominate over TEM at ρ= 0.5
when βe > 1.5% and the frequency exhibits a jump from pos-
itive value to negative value [14], which indicates that KBM
propagates in the ion diamagnetic direction. KBM is partly
stabilized by strong magnetic shear and sensitive to temperat-
ure gradient rather than density gradient [15]. For core plasma
in the high β hybrid discharge on joint european torus (JET)
(Ti ≈ 1.5×Te), gyrokinetic simulation results show that the
dominant instability at ρ= 0.15 is KBM and fast ion effects
reduces the growth rate of KBM [16]. For high βp cases on
EAST, the core electron temperature is often much higher than
the ion temperature (Te > 5×Ti), the properties of KBM or
other electromagnetic instabilities should be further recovered
in this situation.

In this work, the electromagnetic instabilities in a high βp

discharge on EAST is studied by gyrokinetic simulations. The
rest parts of this paper is organized as follows. Section 2 gives
the experimental parameters and the simulation setups. The
gyrokinetic code gyrokinetic toroidal code (GTC) that we used
in this work is also introduced briefly. The simulation results
are presented in section 3 and the conclusions and discussions
are given in section 4.

2. Experimental and simulation setup

2.1. Experimental setups

Since the 2018 IAEA, EAST experiments have success-
fully demonstrated the high βp scenario with higher plasma
performance [17]. Time evolution of main parameters of a typ-
ical discharge (shot 90949) with a duration over 60 s are shown
in figure 1. The plasma current Ip is about 0.35 MA and the
plasma is fully non-inductive driven after 3 s (loop voltage
Vloop ∼ 0). Other parameters are:βp ∼ 2.0, βN ∼ 1.6, H98y2 ∼
1.3, line-averaged electron density ne ∼ 3.5× 1019m−3. The
heating methods include 2.5 MW lower hybrid wave (LHW)
and 0.9 MW electron cyclotron resonance heating (ECRH).

Figure 1. Time history of shot 90949 on EAST: (a) plasma current,
(b) loop voltage, (c) poloidal beta and normalized beta, (d) H98y2

energy confinement factor, (e) line-average electron density over
Greenwald density limit, (f) auxiliary heating powers of LHW and
ECRH.

The following gyrokinetic simulations are performed using
experimental data of shot 90949 at 20 s when the plasma para-
meters are stable. The experimental plasma profiles and the
corresponding scale length are shown in figure 2. Here, ηα is
defined as R/LTα

R/Lnα
where α is ion and electron. The electron

temperature (Te) profile is obtained by Thomson scattering
(TS) diagnostics [18], the ion temperature (Ti) is measured by
charge exchange recombination spectroscopy plus x-ray crys-
tal spectrometer [19] and the electron density (ne) is recon-
structed from polarimeter-interferometer (POINT) [20] along
with TS diagnostics. The electron and ion temperature on axis
are 5.5 keV and 1.0 keV, respectively. The peak Te profile
with internal transport barrier (ITB) and flat Ti profile and
high Te/Ti are typical features of high βp discharges using
only radio frequency (RF) heating on EAST [5, 17]. The elec-
tron temperature scale length (R/LTe) is also much higher
than ion temperature scale length (R/LTi) and electron dens-
ity scale length (R/Lne) at most radial positions. To investig-
ate the instabilities under different plasma parameters region,
linear gyrokinetic simulations are performed focusing on two
radial positions: ρ= 0.24 and ρ= 0.48, where ρ is the normal-
ized minor radius. R/LTe reaches maximum value at ρ= 0.24,
R/LTi reaches a peak and R/LTi ≈ R/Lne at ρ= 0.48. Main
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Figure 2. Radial profiles of electron temperature, electron density, ion temperature and the corresponding scale length of shot 90949.

Table 1. Main plasma parameters of shot 90949 at 20 s at ρ= 0.24 and ρ= 0.48.

ρ Te (keV) Ti (keV) ne (1019m−3) R
LTe

R
LTi

R
Lne

q s βe (%)

0.24 2.79 0.98 5.28 26.44 1.12 5.26 1.10 0.21 1.42
0.48 1.04 0.84 4.12 12.76 4.06 4.18 1.60 0.86 0.29

plasma parameters at these two radial position at 20 s are given
in table 1.

2.2. Simulation model and setups

Gyrokinetic simulation code GTC utilized in this work is a
global simulation code using particle in cell method with elec-
tromagnetic capability. GTC solves the Vlasov question which
is written as

d
dt
fα
(
X,µ,v∥, t

)
=

[
∂

∂t
+

.

X ·∇+
.
v∥

∂

∂v∥

]
fα = 0, (1)

where fα is the distribution function, X is the gyrocenter posi-
tion, µ is the magnetic moment, and v∥ is the parallel velocity.
The subscript denotes the particle species. The time deviation
of X and v∥ are written as

.

X= v∥
B
B0

+ vE + vd + vb∥, (2)

.
v
∥∥=− 1

mα

B∗

B0
· (µ∇B0 +Zα∇⟨ϕ⟩)

− Zα
mαc

B∗

B0
∇δA⊥ · v⊥ − Zα

mαc

∂δA∥

∂t
, (3)

where B≡ B0 + δB⊥, B0 and δB are equilibrium and per-
turbed magnetic field, respectively. B∗ = B∗

0 + δB⊥ is the

modified magnetic field with B∗
0 = B0 +

B0v∥
Ωα

∇× b0, in which
Ωα is the gyro-frequency. vE and vd are E×B drift velocity

and magnetic drift velocity. vb∥ is the gradient drift caused by
the perturbed parallel magnetic field. mα and Zα denote the
mass, charge of particle. ⟨· · ·⟩ is the gyro-orbit averaging.

The perturbed electrostatic potential ϕ , parallel vector
potential A∥ and parallel part of perturbed magnetic field B∥
are calculated using gyrokinetic Poisson’s equation, parallel
Ampere’s law and perpendicular Ampere’s law, respectively.
These equations are written as

4πZ2i ni
Ti

(
ϕ − ϕ̃

)
= 4π (Zini − ene) , (4)

∇2
⊥A∥ =

4π
c

(eneuPe −ZiniuPi) . (5)

∇⊥B∥ × b0 =
4π
c

(Ziniu⊥i − eneu⊥e) (6)

where ϕ̃ is the gyro-phase averaged potential. The density nα
and velocity nαuα are obtained by the fluid moments of the
corresponding distribution functions. Furthermore, a perturb-
ative δf simulation method and a fluid-kinetic hybrid electron
model are implemented in GTC to improve the computational
efficiency. The detailed function utilized in GTC are shown in
[21, 22].

Benchmarks among GTC and other gyrokinetic simula-
tion codes on electrostatic (ITG and TEM) and electromag-
netic (KBM) instabilities have been carried out to evaluate
the accuracy of this code, and the results agree well with
that of other codes [14, 23–25]. Part of the simulation setups

3
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are set as follows after performing a series of convergence
tests. To improve the computational efficiency, the simulation
region is between ρ= 0.1− 0.3 and ρ= 0.4− 0.6 when we
focus on ρ= 0.24 and ρ= 0.48, respectively. Fixed bound-
ary conditions are applied at both sides of radial domain and
periodic boundary conditions are applied in poloidal and tor-
oidal direction. The major radius R0 = 1.9 m, the minor radius
a= 0.4 m, the toroidal magnetic field BT = 2.38 T, simula-
tion time step tstep = 0.002R0/cs, where cs is the ion acous-
tic velocity. The radial and poloidal length of grids are about
0.75× ρi, where ρi is the ion Larmor radius. The main ion is
deuterium (mD/me = 3672).

3. Simulation results and discussion

3.1. kθρs scan

The ion-scale linear electromagnetic simulations are per-
formed and the turbulence spectrums at two radial pos-
itions are shown in figure 3. The growth rate peaks at
kθρs = 0.629 and 0.450 at ρ= 0.24 and 0.48, respectively.
Here kθ is poloidal wave vector and ρs =

√
Temi/eB0 is

the ion-sound Larmor radius. It can be also seen that the
growth rate at ρ= 0.24 is higher than that at ρ= 0.48,
this could be explained by the high electron temperat-
ure gradient at ρ= 0.24. In nonlinear simulations, the tor-
oidal mode number of the dominant instability is usually
lower compared to that in the linear simulations [26, 27].
So instabilities for two different kθρs are chosen to per-
form parameters’ scan for each radial position. Specifically,
kθρs = 0.314,0.629 for ρ= 0.24 and kθρs = 0.321,0.450 for
ρ= 0.48.

At ρ= 0.24, the real frequency (ω) of instabilities for
kθρs ⩾ 0.629 are positive, which denote that the modes
propagate in the electron diamagnetic direction. However, the
ω of instabilities for kθρs < 0.629 is close to zero. These fluid-
like pure growingmodes are unlike that discovered in previous
research, which occurs in the transition region of ubiquitous
mode and TEM in a narrow range of kθρs [28]. Similar situ-
ation is observed at ρ= 0.48, ω is close to zero for 0.257<
kθρs < 0.643 and ω is positive in other region. In section 3.3,
we will show that these zero and positive frequencies are due
to the high electron–ion temperature ratio (Te/Ti) in this high
βp discharge.

3.2. βe scan

The electromagnetic effects are investigated by varying elec-
tron density (βe = 8πTene/B2) and the results are given in
figures 4 and 6. At ρ= 0.24, the growth rate for kθρs = 0.314
and 0.629 show similar trend. By remaining the nonadiabatic
part of the electron distribution function in the fluid-kinetic
hybrid electron model of GTC [29], the simulation results
show that γ is insensitive to βe when βe < 0.8%. Electrostatic
simulation is also performed and the growth rate is nearly
the same as that obtained by electromagnetic simulations
when βe < 0.8%, which indicates that the electromagnetic

(EM) effects are not important at these cases. On the other
hand, the γ obtained by simulation using adiabatic electron
model grows monotonically with βe. When βe < 0.8%, the
growth rate obtained by simulation using adiabatic electron
model is lower than that obtained by simulation using non-
adiabatic electron model, which denotes that trapped elec-
tron effects play an important role in these modes. These res-
ults indicate that the dominant instability is electrostatic TEM
whenβe < 0.8%.Whenβe > 0.8%, simulation using adiabatic
electron model and nonadiabatic electron model both show
that the γ increase with increasing βe. The γ obtained by
simulation using adiabatic electron model is slightly higher
than that of simulation using nonadiabatic electron model.
These properties are similar to that of KBM. However, unlike
the conventional KBM which exhibits negative frequency,
these modes here show near zero or positive frequencies.
It can be also seen that the electromagnetic mode at ρ=
0.24 with nearly zero frequency (kθρs = 0.314) shows sim-
ilar βe dependence with the mode with positive frequency
(kθρs = 0.629).

The mode structure of the instability at ρ= 0.24 is shown
in figure 5. Typical ballooning mode structure of drift turbu-
lence in tokamak geometry is observed. The perturbed elec-
trostatic potential is stronger at θ ≈ 0, the perturbed par-
allel vector potential peaks at θ ≈±π

2 and the amplitude
of vA A∥ is close to that of ϕ , where vA = B0/

√
4πne0mi.

Therefore, we recognize the dominant instability at ρ= 0.24
is a kind of electromagnetic instability with similar βe depend-
ence but different frequency compared with conventional
KBM.

βe scan at ρ= 0.48 is shown in figure 6. The growth rate
obtained by electromagnetic simulation using experimental
value of βe is close to the γ obtained by electrostatic simu-
lation. It can be also seen that the growth rate increases with
increasing βe after βe exceeds 0.4%, which means the experi-
mentalβe is close to the critical value that electrostatic instabil-
ity transit to electromagnetic instability. The mode structure
at this case is shown in figure 7. The perturbed electrostatic
potential is also higher at the outer region but the amplitude
of vAA∥ is much lower than that of ϕ . This demonstrates that
the electromagnetic part of the instability is weaker compared
to situation at ρ= 0.24. Though the γ obtained by electro-
magnetic simulation using experimental βe is close to that of
electrostatic simulation, the electromagnetic effects do have
influence on the frequency. As mentioned in section 3.1, the ω
calculated by GTC code when using experimental βe is close
to zero and the ω keeps around zero when βe increases. In
summary, the βe at ρ= 0.48 is close to the beta threshold of
transition between electrostatic instabilities and electromag-
netic instabilities. This results in electromagnetic effects hav-
ing little effect on the growth rate but significant effect on the
frequency. The dominant instability here exhibits a growth
rate similar to electrostatic TEM and a frequency close to
zero, which is the property of the electromagnetic instability
at ρ= 0.24.

By comparing figures 4 and 6, it can be seen that the
βe threshold of the electromagnetic instability is different
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Figure 3. Turbulence linear growth rate and frequency spectrum for different kθρs at ρ = 0.24 (a) and ρ = 0.48 (b) at 20 s of shot 90949.

Figure 4. βe dependence of the linear growth rate for kθρs = 0.314 (a) and kθρs = 0.629 (b) at ρ = 0.24 at 20 s of shot 90949.

in different radial positions (∼0.8% at ρ= 0.24 and ∼0.4%
at ρ= 0.48). The βe threshold of KBM in CBC case is
about 1.5% [14]. These indicate that the βe threshold of
the electromagnetic is relative to the local parameters of the
plasma, such as the temperature and density gradient and
magnetic shear.

3.3. Ti/Te scan

As mentioned in the previous sections, the dominant
instability at ρ= 0.24 of the high βp discharge on EAST is a
kind of electromagnetic instability which exhibits the similar
βe dependence with the conventional KBM, but the frequency

5
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Figure 5. Mode structure of electrostatic potential (a) and parallel vector potential (b) at ρ= 0.1− 0.3 at 20 s of shot 90949.

Figure 6. βe dependence of the linear growth rate for kθρs = 0.321 (a) and kθρs = 0.450 (b) at ρ = 0.48 at 20 s of shot 90949.

of this electromagnetic instability is close to zero or posit-
ive. Early research based on kinetic theory demonstrates that
the frequency of electromagnetic KBM is negative and the
absolute value of the real frequency decreases with decreasing

Ti/Te [30]. The Ti/Te on axis of this high βp discharge on
EAST is 0.18.

To investigate the effects of temperature ratio on this elec-
tromagnetic instability, the temperature ratio is scanned by

6
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Figure 7. Mode structure of electrostatic potential (a) and parallel vector potential (b) at ρ= 0.4− 0.6 at 20 s of shot 90949.

Figure 8. Ion–electron temperature ratio dependence of linear growth rate (a) and real frequency (b) for kθρs = 0.629 at ρ = 0.24 at 20 s of
shot 90949. The blues stars and green circles denote growth rates and frequencies obtained by GTC simulations with and without B∥,
respectively. The red diamonds denote growth rates and frequencies obtained by NLT simulations without B∥.

multiplying a constant on the ion temperature profile while
keeping the electron temperature profile fixed, the results are
shown in figure 8. It can be seen that growth rate of the instabil-
ity is insensitive to Ti/Te while the real frequency decreases
from positive value to negative valuewith the increasing Ti/Te.
The ω calculated by situation using experimental profiles is
about 2.0 cs/R0 and reduces to nearly zero with the increas-
ing Ti/Te. When Ti/Te exceeds 0.8, the ω reduces to negat-
ive value, this is consistent with the properties of conventional
electromagnetic KBM. Since this instability observed in sim-
ulation using experimental parameters shows a variety of sim-
ilarity with KBM (βe dependence, mode structure of ϕ and
A∥, and non-sensitivity to trapped electron effects),we refer to
this instability, which occurs at low ion–electron temperature
ratio conditions and exhibits positive or nearly zero frequency,
as the unconventional KBM (UKBM). Simulations without
the parallel part of the perturbed magnetic field (B∥) are also
performed, the results are shown in green circles and green

stars in figure 8. It can be seen that the growth rate obtained
by simulation without B∥ is lower while the frequency is
insensitive to B∥, which are similar to the results in [22].
This indicates that B∥ is not the key factor to the formation
of UKBM.

Similar properties are also observed in the situation at
ρ= 0.48, the frequencies of the UBKM in high βe condi-
tions change to negative value when Ti/Te is increased to
above one. In order to exclude numerical disturbances and
prove the realism of the simulation results, simulations based
on the same scenario using another gyrokinetic simulation
code numerical lie transform (NLT) [31, 32] are performed.
NLT is a global gyrokinetic code which uses semi-Lagrangian
approach to solve the gyrokinetic equations. Results obtained
by NLT electromagnetic simulations are given in figure 8,
which prove that the UKBM with positive or nearly zero fre-
quency is observed in low Ti/Te condition and the frequency
changes to negative value when Ti/Te is increased to a higher

7
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Table 2. Simulation results using analytical CBC-like profiles.

Simulation parameters Sign of frequency

Case 1 R/LTe = 6.9,R/LTi = 6.9,Te/Ti = 1 Negative
Case 2 None
Case 3 R/LTe = 15,R/LTi = 6.9,Te/Ti = 5 Positive
Case 4 R/LTe = 15,R/LTi = 15,Te/Ti = 5 Positive
Case 5 R/LTe = 15,R/LTi = 6.9, Te/Ti = 0.5 Negative

Figure 9. Parametric dependence of linear growth rate of dominant instabilities at ρ= 0.24 on electron temperature scale length (a), ion
temperature scale length (b), and electron density scale length (c).

value. It should be noted that although the frequency obtained
byNLT do notmatchwell with the frequency obtained byGTC
in some simulation cases, NLT results do prove that theUKBM
with positive or nearly zero frequency exists in high Te/Ti
condition.

To further investigate the transition between UKBM and
conventional KBM, several simulations using analytical cyc-
lone base case (CBC)-like profiles are performed and the res-
ults are given in table 2. The temperature and density profiles
are given by f(ρ) = f0 exp(−κf

a
Ro
∆f tanh(

ρ−ρ0
∆f

)), where f0 is
the temperature or density on axis,∆f = 0.3 and ρ0 = 0.5. By
altering κf, we are able to change R/Lf. In all these simulation
cases, Te0 = 2223eV, R/Lne = 2.2, and ne0 = 9× 1019m−3,
so βe0 =

8π ne0Te0
B2 is fixed as 1.99%, which is consist with the

CBC standard case for KBM in previous work [14]. Table 2
shows the sign of the frequency of mode with n = 10 and
m = 14 under different simulation cases. Case 1 is the stand-
ard CBC case and the result shows the conventional KBMwith
negative frequency. Ion temperature are modified to 0.2×Te
in case 2 and the result shows that none of the instabilities
are excited in this situation. Then we increase R/LTe to 15
in case 3 and instability with positive frequency is observed.
Electrostatic simulation using the same parameters as that in
case 3 is also performed and the growth rate obtained by ES
simulation (0.64 cs/R0) is much lower than the growth rate
obtained by EM simulation (3.2 cs/R0), which proves that the
instability in case 3 is UKBM. These indicate that UKBMwith
positive frequency needs a high value of R/LTe to be unstable.
In case 4, R/LTi is increased to 15 and the frequency of the
mode is still positive, which indicates that R/LTi is not the key
issue of transition between UKBM to KBM. In case 5, Ti is
modified to 2×Te and R/LTi is set as 6.9. The frequency of
the mode is negative, which means UKBM has transited to

conventional KBM. Simulation results using analytical CBC-
like profiles provide further evidence of the authenticity of
UKBM with positive or nearly zero frequency observed in the
high Te/Ti conditions in high βp discharge on EAST.

3.4. Temperature and density scale length scan

To further investigate the properties of this UKBMobserved in
this two radial position, ion density scale length, electron tem-
perature and density scale length scan are performed. The pro-
files are modified through multiplying a coefficient (ek(ρ−ρr),
where k is a constant, ρ is the normalized minor radius and ρr
is 0.24 or 0.48) to the original profile. Figure 9 shows the para-
metric dependence of growth rate on R/LTe, R/LTi and R/Lne
at ρ= 0.24. It can be seen that R/LTe and R/Lne destabilize
the instability and R/LTi shows little effects on the growth
rate. These indicate that the driven mechanism of UKBM is
the electron pressure gradient when βe exceeds the critical of
TEM-UKBM transition.

As shown in figure 3, the frequencies of modes with kθρs =
0.314 and kθρs = 0.629 are nearly zero and finite positive,
respectively. Simulation results shown in figures 4 and 9 indic-
ate that the properties of UKBM with nearly zero frequency
are similar with that with finite positive frequency.

Same parametric scan simulations are also performed at
ρ= 0.48, as shown in figure 10. The R/LTe still destabilize
the instabilities while the growth rate is slightly decreased
with increasing R/LTi. This is consistent with the properties of
TEM that we observed in our previous research [8]. As men-
tioned in section 3.2, the experimental value of βe is close to
the transition threshold between the TEM and UKBM. This
could be the reason that the dominant instability here shows
similar R/LTi dependence with TEM.When performing R/Lne

8
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Figure 10. Parametric dependence of linear growth rate of dominant instabilities at ρ= 0.48 on electron temperature scale length (a), ion
temperature scale length (b), and electron density scale length (c). The green box in (c) stands for γ for kθρs = 0.450 obtained by
electrostatic simulation.

Figure 11. βe dependence of the linear growth rate for kθρs = 0.629 at ρ = 0.24 at 20 s of shot 90949 with s = −0.255.

scan, it is found that the increasing R/Lne has little effects
on the growth rate of instability for kθρs = 0.321 while the
growth rate of instability for kθρs = 0.450 decreases obvi-
ously with the increasing R/Lne, as seen in figure 10(c). This
property is the opposite of that of TEM in our previous work
or UKBM observed at ρ= 0.24. Simulations using adiabatic
electron model are also performed and the growth rate is close
to that obtained by simulations using nonadiabatic electron
model, this indicates the trapped electron effects is not essen-
tial for this instability. We also performed electrostatic sim-
ulations using profiles with R/Lne = 16.72 and the result is
shown in green box in figure 10(c). Electrostatic simulation
points out that the dominant instability at this situation is TEM
and the growth rate is 2.12 cs/R0, which means the dominant
instability obtained by electromagnetic simulation is stabil-
ized by electromagnetic effects and the decreasing growth
rate with increasing R/Lne is not the property of electrostatic
TEM. Therefore, it can be inferred that this trend of decreasing

growth rate with R/Lne is a property of UKBM when βe is
close to the threshold value of TEM-UKBM transition. The
driven mechanism of UKBM near βe threshold is mainly ηe
(ηe =

R/LTe
R/Lne

) rather than electron pressure gradient.

3.5. Reversed magnetic shear

One of the way to achieve the high performance ITB state at
high pressure gradient together with low transport, which is
often referred as second stability regime, is making a stable
pass from the first to second stability regime though low
or reversed magnetic shear [33]. To investigate the proper-
ties of UKBM in reversed magnetic shear condition, same
βe scan as figure 4(b) is performed with the magnetic shear
fixed to −0.255, the results are given in figure 11. Here, the
safety factor profile is multiplied by a coefficient a coefficient
(e−2.5(ρ−0.24), where ρ is the normalized minor radius). So

9
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the local value of magnetic shear at ρ= 0.24 is modified to
−0.255 while the value of safety factor at this positions is
unchanged. Comparing figure 4(b) with figure 11, it can be
seen that the growth rate corresponding to each βe value is
significantly lower in the reversed magnetic shear condition,
which means the reversed magnetic shear has a significant sta-
bilize effect on UKBM. It can be also seen that in simulations
using nonadiabatic electron model, the growth rate increases
with βe obviously when βe > 0.8% in figure 4(b) while the
growth rate increases with βe obviously when βe > 1.1% in
figure 11. This indicates that the βe threshold of TEM-UKBM
transition is increased under reversed magnetic shear condi-
tion. These results show that the stable pass fromfirst to second
stability regime through reversed magnetic shear is also avail-
able for high βp discharge on EAST.

4. Conclusions

The high βp scenarios are improved to higher plasma perform-
ance on EAST since the international atomic energy agency
(IAEA) in 2018. Experimental data of one typical high βp dis-
charge is chosen to perform gyrokinetic simulations to invest-
igate the properties of the electromagnetic instabilities on
these high βp discharges on EAST.

The ion-scale linear electromagnetic simulations are per-
formed focus on two radial positions: ρ= 0.24 and 0.48. The
R/LTe reachesmaximumvalue at ρ= 0.24 andR/LTi reaches a
peak and R/LTi ≈ R/Lne at ρ= 0.48. kθρs scan shows that the
growth rate peaks at kθρs = 0.629 and 0.450 at ρ= 0.24 and
0.48, respectively. Considering the toroidal mode number of
the dominant instability in nonlinear simulations is often lower
compares to that in the linear simulations, another instability
with lower kθρs is also chosen to perform parametric scan at
each radial position. The βe scan and mode structure show
that the dominant instability at ρ= 0.24 is a kind of elec-
tromagnetic instability with similar βe dependence to KBM
and exhibits typical ballooning mode structure. And the fre-
quencies of these instabilities are positive or close to zero.
Ti/Te scan demonstrates that these positive or nearly zero fre-
quencies are due to the low Ti/Te in this high βp discharge
on EAST. This mode turns to conventional KBM with negat-
ive frequency when Ti/Te exceeds a threshold. This instabil-
ity which occurs at low Ti/Te conditions and exhibits positive
or nearly zero frequency is recognized as UKBM. The tem-
perature and density scale length scan shows that the driven
mechanism of UKBM is electron pressure gradient when βe

exceeds the threshold of TEM-UKBM transition.
Situation at ρ= 0.48 is more completed. The βe scan shows

that the experimental βe at ρ= 0.48 is close to the threshold
of TEM-UKBM transition and the mode structure shows that
the electromagnetic part of the instability here is much weaker
than electrostatic part. These result in the instability at ρ=
0.48 shows the properties of both electrostatic TEM and elec-
tromagnetic UKBM. The growth rate of this mode is close to
that of TEM calculated by electrostatic simulation and the fre-
quency of this mode is close to zero, which is the property of
UKBM. The temperature and density scale length scan also
proves that. The γ dependence on R/LTi is similar to that of

TEM. It is found that the R/Lne dependence is different from
that at ρ= 0.24 and the electrostatic simulation shows this is
not the property of electrostatic TEM, which indicates that the
decreasing γ with R/Lne is due to UKBM. It is proposed that
the driven mechanism of UKBM changes from electron pres-
sure gradient to ηe when βe is close to the threshold of TEM-
UKBM transition.

Effects of reversedmagnetic shear on UKBM is also invest-
igated in this work. The results show that the reversed mag-
netic shear partly stabilizes the UKBM and increases the βe

threshold of TEM-UKBM transition. This proves the way
through reversed magnetic shear to pass from the first to
second stability regime is available in high βp scenarios on
EAST. In this work, wemainly focus on the linear properties of
the electromagnetic instabilities in the βp discharge on EAST,
the nonlinear transport level caused by this UKBM is still
unclear. Besides, the collision effects are neglected since the
main focus of this work is investigating the effects of plasma
temperature and density on the UKBM. Simulations with col-
lision effects and nonlinear electromagnetic simulations could
be left to future works.
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