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Abstract
Kinetic infernal mode (KIM) is an electromagnetic instability driven by thermal ions in the
weak magnetic shear region with a frequency similar to the kinetic ballooning mode (KBM).
We present herein the global gyrokinetic simulations of KIM by using the Gyrokinetic Toroidal
Code (GTC). It is found that the electromagnetic instability shows a smooth transition from
KBM to KIM in both frequency and growth rate when magnetic shear varies from strong to
weak, suggesting that KIM and KBM may belong to the same physical mode but exhibit
different mode structures due to the influence of magnetic shear. The variation in the spacing of
adjacent mode rational surfaces, as revealed by mode structure analysis, is identified as the key
mechanism governing the mode transition. Moreover, the magnetic shear and driving source
effects are investigated in detail. The simulation results show that KIM prefers to grow on the
mode rational surface nearest to the minimum magnetic shear, i.e. where the shear stabilizing
effect is weakest, rather than at the location of maximum density gradient or temperature
gradient. However, the magnitude of the growth rate is determined by both the magnetic shear
and pressure gradient.

Keywords: kinetic infernal mode, gyrokinetic simulation, tokamak

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

1. Introduction

Advanced tokamak scenario characterized by the high boot-
strap current fraction and high confinement is regarded as
one of the possible choices for modern magnetic confinement
fusion devices [1–3]. In this scenario, the establishment of
internal transport barrier (ITB) could effectively suppress ion
transport and improve plasma confinement over a region of
plasma core [4, 5]. The ITB region is often associated with
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a weak magnetic shear s, (a flattened safety factor (q) pro-
file) [6–10]. Previous studies have verified that the weak mag-
netic shear could significantly affect the linear and nonlinear
dynamics of turbulence [11, 12]. Therefore, it is essential to
investigate the effect of weak magnetic shear on fusion plasma
instability and associated turbulent transport.

Infernal mode (IM) [13, 14] is a pressure-driven magneto-
hydrodynamics (MHD) instability that occurs in the weak
or zero magnetic shear region. The normalized plasma pres-
sure β for the infernal instability is found below the critical
β value of MHD ballooning modes, where β = 8πnT/B2 is
the ratio between plasma thermal energy and magnetic field
energy [14]. Although extensive research has been conduc-
ted on the IM in the past two decades [13, 15–19], most of
these studies are within the MHD framework. Noting that the
kinetic effects, such as finite Larmor radius (FLR) and finite
orbit width (FOW) effects, have a stabilizing effect on MHD
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ballooning mode [20, 21], which could potentially act as a
similar role for the IM, here we investigate the kinetic IM
(KIM) [22].

Previous studies have shown that the traditional ballooning
representation is not applicable if the instability is in the weak
shear region [23]. More general methods, such as the mode
structure decomposition (MSD) [24–26], and Fourier decom-
position approaches with weakly coupled poloidal harmonics
[27, 28], have been developed for such cases. Nevertheless,
to our knowledge, these theoretical tools have not yet been
applied to the analysis of KIM.

In this paper, we numerically investigate KIM with global
gyrokinetic simulations by GTC code [29, 30]. KIM is
obtained by changing the q profile frommonotonic to reversed
magnetic shear in the high β region while keeping the other
parameters the same as those for kinetic ballooning mode
(KBM) [31, 32]. The growth rate of KIM is found notably
larger than that of KBM, while their real frequencies are
comparable [22]. We simulate the KIM under different q pro-
files and demonstrate here that KIM and KBM may belong to
the same mode physically. Moreover, we conduct an extensive
investigation on the relationship between KIM and the q pro-
file, as well as the free energy source, namely the temperature
gradient (R/Lti) and density gradient (R/Lni). The simulation
findings show that weak shear and mode rational surface pos-
itions are crucial factors in the formation of KIM eigenmode,
whereas the driving free energy sources determine the mag-
nitude of its growth rate.

This paper is organized as follows. In section 2, the
gyrokinetic simulation model in the Gyrokinetic Toroidal
Code (GTC) is described. Section 3 presents the mode trans-
ition from ion temperature gradient (ITG) to KBM and KIM
in normal and reversed shear q profiles, respectively, as β
increases. The growth rates of KIM and IMwith toroidal mode
number n are also discussed. In section 4, the relationship
between KBM andKIM is explored through a scan of themag-
netic shear s, and a qualitative formula is derived to distin-
guish between these two instabilities. Furthermore, section 5
discusses the relationship between KIM and q profile, as well
as the free energy driving sources (R/Lni or R/LTi). Finally, in
section 6, we provide a summary of the KIM simulation results
and discuss future work.

2. GTC formulation for KIM simulation

Our simulations are based on the electromagnetic gyrokinetic
model for collisionless plasmas implemented in the GTC code.
The gyrokinetic equation describes the plasma dynamics in 5D
phase space, where gyrocenter position X, magnetic moment
µ, and parallel velocity v∥ serve as its coordinates [30, 33–35]:

dfα
(
X,µ,v∥, t

)
dt

=

(
∂

∂t
+ Ẋ ·∇+ v̇∥

∂

∂v∥

)
fα = 0 (1)

Ẋ= v∥
B
B0

+ ⟨vE⟩c+ vc + vg (2)

v̇∥ =− 1
mα

B∗

B0
·
(
µ∇B0 +Zα∇⟨ϕ⟩c

)
− Zα
mαc

∂⟨A∥⟩c
∂t

. (3)

In the preceding equations, the particle species label α=
i, e represents thermal ions and electrons, respectively. In
addition, fα is the distribution function, mα is the particle
mass and Zα denotes the particle charge. B= B0 + δB
where B0 = B0b is the equilibrium magnetic field, and δB=
∇×

(
⟨A∥⟩cb0

)
, ⟨· · · ⟩c = 1/2π

´
· · ·δ (X+ρ− x)dϑcdx is the

gyro-phase average from particle coordinate to gyrocenter
coordinate. B∗ = B∗

0 + δB= B0 +
B0v∥
Ωα

∇× b0 + δB, with the
gyrofrequency Ωα. A∥ and ϕ are the perturbation of elec-
trostatic and vector potentials. µ represents the magnetic
moment. ⟨vE⟩c, vc, vg is the E×B drift velocity, curvature
drift velocity and grad-B drift velocity, respectively, which are
given by

⟨vE⟩c =
cb0 ×∇⟨ϕ⟩c

B0
(4)

vc =
v2∥
Ωα

∇× b0 (5)

vg =
µ

mαΩα
b0 ×∇B0. (6)

We use particle-in-cell (PIC) approach and delta-f method
to solve this gyrokinetic-Maxwell plasma system [36]. The
ion weight is defined as wi = δfi/fi, where fi = f0i+ δfi with
f0i representing the equilibrium part and δfi the perturbed part.
The perturbed part δfi satisfies,

dδfi
dt

=−
(
v∥
δB
B0

+ vE

)
·∇f0i+

(
µ
δB
B0

·∇B0

+Zα
B∗

B0
·∇⟨ϕ⟩c+

Zi
c

∂⟨A∥⟩c
∂t

)
1
mi

∂f0α
∂v∥

. (7)

Then we can get

dwi
dt

= (1−wi)

[
−
(
v∥
δB
B

+ vE

)
· ∇f0i
f0i

+

(
µ
δB
B0

·∇B0

+Zα
B∗

B0
·∇⟨ϕ⟩c+

Zi
c

∂⟨A∥⟩c
∂t

)
1
mα

1
f0α

∂f0α
∂v∥

]
. (8)

The fluid-kinetic hybrid model is adopted in GTC [30, 37].
In this model, the electron response is divided into a lowest
order adiabatic part as well as a higher order non-adiabatic
part, or a kinetic part. The continuity equation of adiabatic
electron density is given by [30]

∂δne
∂t

+B0b0 ·∇
(
ne0δue∥
B0

)
+B0vE ·∇

(
ne0
B0

)
− ne0 (v∗e + vE) ·

∇B0

B0
= 0 (9)

where v∗e = b0 ×∇
(
δPe∥ + δPe⊥

)
/(ne0meΩe), δP∥ =´

dvmv2∥δfe, δPe⊥ =
´
dvµB0δfe, ne0 =

´
dvfe0. The electron

parallel fluid velocity results from the parallel Ampere’s law

ne0eδu∥e =
c
4π

∇2
⊥δA∥ + ni0Ziδui∥ . (10)
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The vector potential is obtained from

∂δA∥

∂t
=∇∥ (δϕ eff −ϕ) (11)

ϕ is obtained from the gyrokinetic Poisson’s equation [38],

Z2i ni
Ti

(
ϕ − ϕ̃ i

)
=
∑
α=i,e

Zαδnα (12)

where ϕ̃ and δnα are the double gyro-phase average poten-
tial and the gyrocenter density, respectively. As shown in
equation (13), the effective scalar potential δϕ eff can be
derived by integrating the leading order of ω/k∥v∥ in elec-
tron gyrokinetic equation due to the small electron-to-ionmass
ratio [30, 37], whereψ andα denote the poloidal flux label and
the magnetic field line label, respectively.

eδϕ eff

Te
=
δn0e
ne0

− ∂lnn0e
∂ψ

δψ − ∂lnn0e
∂α

δα. (13)

The gyrokinetic Vlasov equation together with the parallel
Ampere’s law, gyrokinetic Poisson’s equation, form a closed
system for gyrokinetic electromagnetic simulation.

To consider kinetic electronic effect, the distribution func-
tion can be divided into fe = f0e+ δfe = f0e+ δf(0)e + δhe, the
weight is defined as we = δhe/fe. The gyrokinetic equation
for perturbed part of electron distribution function can be
written as

dδhe
dt

= f0e

[
−
(
∂

∂t
+ vd ·∇

)
δf(0)e

f0e
− vE ·∇lnf0e|v⊥

+
e
Te

vd ·∇⟨ϕ⟩c
]
. (14)

Rewrite equation (14) in terms of particle weight,

dwe
dt

=

(
1− δf(0)e

f0e
−we

)[
−vE ·∇lnf0e|v⊥ − ∂

∂t
δf(0)e

f0e

−vd ·∇
δf(0)e

f0e
+

e
Te

vd ·∇⟨ϕ⟩c

]
(15)

integrating δhe in velocity space, the first order correction of
electron kinetic effect can be resolved,

δn0e = δne−
ˆ
δhedv . (16)

To manifest the important role of zonal flow, we usually
divide the potential ϕ and parallel vector potential into to a
zonal component and non-zonal component, i.e. ϕ = δϕ +
⟨ϕ⟩, A∥ = δA∥ + ⟨A∥⟩ [30, 39]. However, for present linear
instability investigations, we can ignore the contribution from
the zonal component and restrict ϕ = δϕ , A∥ = δA∥. A more
detailed derivation can be found in [30].

3. KIM instability

In this section, the electromagnetic instabilities under differ-
ent conditions and models are displayed. We first present lin-
ear gyrokinetic simulations for the mode transition in normal
and reserved magnetic shear cases with a concentric circular
equilibrium specifically as a benchmark. Two distinct profiles
are considered: a monotonous normal-shear q profile given
by q(r) = 0.85+ 2.18(r/a)2, and a reversed-shear q profile
given by q(r) = 1.76+ 10(r/a− 0.5)2, where a represents the
minor radius.

The remaining parameters are configured according to
the Cyclone Base Case (CBC) parameters: the major radius
R0 = 83.5 cm, the minor radius a= 0.36R0; the temperature
profile is modeled as Ts = Exp [−T1tanh((r− r0)/T2)], with
T1 = 0.3a/Lt,T2 = 0.3a, r0 = 0.5a representing the reference
magnetic surface; similarly, the density profile is expressed
as n= Exp[−n1tanh((r− r0)/n2)] with n1 = 0.3a/Ln,n2 =
0.3a. Such plasma profile settings ensure that R/Lti (r0) =
6.92 and R/Ln (r0) = 2.22, where Lti =−(dlnTi/dr)

−1

denotes the temperature gradient and Ln =−(dlnn/dr)−1

denotes the temperature gradient, respectively [22, 40].
KIM and KBM can be simulated with identical paramet-

ers except for q profile. Figure 1 displays the linear growth
rate and real frequency of these instabilities with β for a tor-
oidal mode number n= 10 under monotonic and reversed q
profiles. It is evident that as the normalized plasma pressure
β increases, the real frequency of the instability represented
by the blue curve in figure 1(a) undergoes a jump, indicating
the mode has changed from ITG to KIM. Both KIM and KBM
exhibit consistent trends in their real frequencies and growth
rates with increasing β. While the growth rate of KIM is signi-
ficantly higher than that of KBM, and the threshold β for KIM
is much lower than that for KBM.

Figure 2 illustrates the electrostatic potential δϕ of these
instabilities. The 2D mode structures in figure 2(a) indicate
that both KIM and KBM are located in the bad curvature
region. However, as shown in figure 2(b), KBM displays a typ-
ical ballooning mode structure, whereas KIM is primarily loc-
alized near the qmin region with weak magnetic shear. With
the features of KIM and KBM, the relationship between these
electromagnetic modes will be discussed in section 4.

Existing analytical theories for IMs are primarily applic-
able to low toroidal mode numbers (n) [41, 42], whereas
kinetic effects—critical for intermediate to high n regimes—
significantly influence KIM dynamics. This discrepancy com-
plicates direct comparison between our kinetic simulations
of KIM and conventional IM theory. To address this gap,
we simulate the IM using the ideal MHD framework in the
GTC [43], enabling a controlled benchmark against analytical
predictions.

As shown in figure 3, the dispersion relations of the
IM (MHD) and KIM exhibit strong agreement in the long-
wavelength limit, with nearly identical growth rates. This con-
vergence suggests that kinetic effects diminish at larger scales,
aligning with the theoretical expectation that MHD approxim-
ations hold validity for long-wavelength perturbations. While

3
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Figure 1. The mode transition from ITG to KBM/KIM as β increases for n= 10: (a) real frequency, (b) linear growth rate.

Figure 2. Mode structures of KBM and KIM. (a) 2D mode structure of KBM, (b) poloidal harmonics
of KBM, (c) 2D mode structure of KIM, (d) poloidal harmonics of KIM. The black circle line in (a) and (c) represents the position of
r/a= 0.5.

4
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Figure 3. Linear growth rate γ of KIM and IM with toroidal mode
number n at β = 2%.

in the high n region, there is significate difference between the
growth rate of KIM and IM, suggest that kinetic effect could
suppress the infernal instability when n> 12 (kθρi ∼ 0.33)
[44]. This result underscores the crucial role of kinetic effects
on the KIM instability. Note that it is challenging to sim-
ulate low n (n< 5) electromagnetic instability (KIM) for a
gyrokinetic code since kθρi ∼ 0.07 when n= 3, whereas the
gyrokinetic code is optimized for cases with kθρi ∼ O(1) and
k∥ ≪ k⊥.

4. Relationship between KIM and KBM

In last section, we demonstrate that KIM and KBM differ
in mode structure, growth rate, and the threshold of β for
ITG-KIM (KBM) transition. However, KIM and KBM exhibit
nearly identical real frequencies, and the relationship of their
real frequencies and growth rate with β are similar. In this
section, we would explore the connection between KIM and
KBM. More specifically, KIM and KBM are both electromag-
netic instabilities driven by pressure gradient, but with differ-
ent magnetic shears defined as s= rq ′/q. When s is moderate
or strong (s∼ O(1)), the pressure gradient driven electromag-
netic instability is KBM.However, when s is weak, i.e. |s| ≪ 1,
the pressure gradient driven electromagnetic instability has
been identified as KIM. Meanwhile, the plasma pressure has
to be set sufficiently large to excite electromagnetic instabil-
ity, thus we set β = 0.02, R/Lti = 6.92, and R/Ln = 2.22. To
investigate the relationship between KIM and KBM, we sys-
tematically vary the magnetic shear s at the diagnosis surface,
and measure the frequency and growth rate of the electromag-
netic instabilities.

Figure 4 illustrates the equilibrium profiles used in the sim-
ulation. In figure 4(a), the q profile is set as q(r) = 1.76+
c1(r/a− 0.5)2, where the slope of q profile or magnetic shear
changes as we vary c1 from −1.8 to 2.0. For comparison pur-
poses, it is important to note that the safety factor q at r= 0.5a
remains constant at 1.76. Figure 4(b) illustrates the corres-
ponding magnetic shear s(r= 0.5a) ranging from−0.5 to 0.5
for different q profiles in figure 4(a). Figures 4(c) and (d)

present the temperature and density profiles, as well as their
gradient, respectively.

The dependence of instability frequencies and growth rates
on magnetic shear (s) across various q profiles is system-
atically analyzed in figure 5. As shown in figure 5(a), the
growth rate exhibits a non-monotonic dependence on s, peak-
ing near s= 0.2 before declining. Concurrently, the real fre-
quency exhibits a non-monotonic trend similar to the growth
rate in figure 5(b).

To identify whether the instability is KIM or KBM under
varying magnetic shears, figure 6 presents four representative
radial mode structures of the perturbative potential δϕ for dif-
ferent magnetic shears. In these subfigures, the red dashed line
illustrates the radial profile of the safety factor q, which is dis-
played in orange on the right side of figure 6 for reference.
The solid lines, rendered in different colors, depict the radial
mode structure for different poloidal mode numbers (m) while
the vertical dashed lines of the same colors denote the corres-
ponding rational surfaces with scales indicated on the left axis
of each figure.

In figure 6(a), the magnetic shear is negative while in
figure 6(b), the q profile is a constant straight line at 1.76,
independent of r/a, indicating zero magnetic shear across
the simulation domain. The magnetic shears are positive in
figures 6(c) and (d) with figure 6(c) showing weak magnetic
shear and figure 6(d) displaying strong magnetic shear. As
shown in figures 6(a) and (c), the unstable modes do not grow
precisely at the corresponding rational surfaces. Additionally,
the radial mode structures in figure 6(b) indicates that the
instability localizes at the point with strongest driven mechan-
ism, as no rational surfaces exist. These characteristics confirm
that the instabilities in figures 6(a)–(c) are KIM. Conversely,
in figure 6(d), where the magnetic shear is sufficiently large
(s∼ 0.4), the radial profile of different poloidal harmonics for
one particular toroidal mode number (n) exhibits typical char-
acteristics of a ballooning mode structure, suggesting the pres-
ence of KBM.

Our parameter scan of magnetic shear reveals a smooth
spectral transition from KIM to KBM. Unlike the ITG-KBM
transition marked by discontinuous jumps in real frequency,
the KIM-KBM transition demonstrates continuous variations
in both real frequency and linear growth rate (see figure 5)
under our equilibrium. Hence, we hypothesize that KIM and
KBM belong to the same mode. It is worth noting that GTC is
an initial value code, and more definitive conclusions require
verification by an eigenvalue gyrokinetic code. Critically, if
KIM and KBM were distinct modes, their eigenfrequencies
would need to diverge significantly—a requirement incompat-
ible with the overlapping spectral trends in figure 5. Thus, des-
pite methodological limitations, our hypothesis retains robust
empirical support.

We conduct a simple qualitative analysis of the instabil-
ities with their mode rational surface distribution. We can
treat δ =∆rs/le as the weak shear condition analogous to the
strong plasma gradient condition described in [23]. Here le
represents the full width at half maximum (FWHM) of the
radial mode structure envelope, while ∆rs ∼ 1/(nq ′) denotes
the distance between adjacent rational surfaces of the most

5
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Figure 4. (a) Typical safety factor (q) profiles for different values of c1, (b) magnetic shear (s) at the diagnostic surface (r= 0.5a),
(c) density and temperature profiles, (d) the density and temperature gradients.

Figure 5. Linear electromagnetic instabilities for different values of magnetic shear (s) depicted in figure 2 with , β = 0.02:
(a) growth rate, (b) real frequency.

6



Nucl. Fusion 65 (2025) 116004 G. Li et al

Figure 6. Radial mode structure of electromagnetic instability for different magnetic shears: (a) s=−0.142, (b) s= 0, (c) s= 0.142,
(d) s= 0.5682, with β = 0.02.

unstable poloidal harmonics. When δ≪ 1, the instability clas-
sified as KBM, when δ ∼ 1 or δ > 1, it corresponds to KIM.

Figure 7 illustrates the le and∆rs of the instabilities depic-
ted in figures 6(c) and (d). In figure 7(b), for the instability in
figure 6(d), the FWHM is approximately 0.19r/a, and the dis-
tance between adjacent rational surfaces is 0.05r/a, yielding
δ ∼ 0.26≪ 1. This indicates that the distance between rational
surfaces is negligibly small compared to the radial envelope
width. The use of translational invariance in the ballooning
representation is appropriate for treating the coupled poloidal
harmonics. In this large s regime, the instability is clearly
KBM and exhibits a characteristic ballooning mode structure.

As s decreases, the global effect becomes essential for the
weak magnetic shears, modes with different poloidal mode
numbers gradually move away from the position of their cor-
responding rational surfaces, leading to the breakdown of
the ballooning mode structure. When s becomes sufficiently
small, as shown in figure 7(a), the FWHM of the instabil-
ity in figure 6(c) is le ∼ 0.21r/a, and ∆rs ∼ 0.21r/a, result-
ing in δ ∼ 1. In this case, the variation of the radial envelope

of the instability becomes comparable to the variation of
a specific poloidal harmonic radial profile with (nq−m).
Therefore, translational invariance is broken and the unstable
mode becomes KIM. In summary, the weakness of magnetic
shear leads to the sparsity of mode rational surface, which
thereby enables the excitation of KIM.

In addition, according to the weak shear condition, we can
further discuss the relationship between KIM-KBM transition
and toroidal mode number n. For a given q profile, ∆rs ∼
1/(nq ′) decreases with increasing n, leading to a smaller δ.
Consequently, the electromagnetic instability is more likely to
exhibit a ballooning mode structure. To verify this analysis,
simulations were performed for different toroidal mode num-
bers n with the same safety factor profile. Figure 8 presents
the radial mode structures for instabilities with n= 6 and n=
10 under q(r) = 1.36+ 1.6(r/a)2. Comparing figures 8(a)
and (b), the instability at n= 10 exhibits a more distinctly
ballooning-mode structure. Therefore, increasing the toroidal
mode number n reduces the threshold in s for the KIM–KBM
transition.

7
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Figure 7. The radial envelope and full width at half maximum of the instabilities shown in figure 6. Panel (a) corresponds to the radial mode
structure from figure 6(c), while panel (b) corresponds to the radial mode structure from figure 6(d). In both panels, the dashed lines
represent the envelope of the radial mode structure.

Figure 8. Radial mode structure of the electromagnetic instability for different toroidal mode number n with the same q profile: (a) n= 6,
(b) n= 10.

5. Physics analysis for KIM

Simulation results presented in the preceding section illustrate
that KIM is strongly influenced by the q profile. In general, q
profile can influence field line bending term in the vorticity
equation, which represents a stabilizing effect according to
the energy principle [24], while the instability driving source
dβ/dr, which is related to the temperature and density gradi-
ents of ions and electrons, i.e. R/Lti,e, R/Lni,e respectively, is
accounted for by the ballooning interchange term in the vorti-
city equation [20, 21, 24, 45]. In this section, we will examine
how these factors, including the shape of q profile, and driv-
ing source dβ/dr, can affect the linear properties of KIM sep-
arately, as well as determine whether the driving source pro-
file or the weak magnetic shear plays the dominant role in the
growth of KIM.

In figures 9(a) and (b), the reversed q profiles are
given as: q(r) = 1.76+ 2(r/a− 0.5)2 and q(r) = 1.76+
20(r/a− 0.5)2 respectively. Within the q profile shown in
figure 9(a), the mode structure shown in figures 9(c) and (e)
illustrate that the mode does not appear at the qmin position
indicated by the black line but locates at the mode rational
surface nearest to zero shear point. This is because at the
mode rational surface, k∥ ∼ nq(rm)−m= 0, the stabilizing
effect of landau damping is minimal, which causes the KIM
more unstable. In figure 9(b), the q profile is steep, thus the
strongest poloidal harmonics of KIM shown in figures 9(d)
and (f ) are closer to the qmin position compared to it shown in
the figure 9(c). This result implies that the KIM is correlated
with mode rational surface.

Next, we investigate the effect of magnetic shear on KIM
in more detail. Figure 10 presents some cases demonstrating
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Figure 9. 2D poloidal mode structure and poloidal harmonics for KIM instability with two different reversed-shear q profiles. In (a), (c) and
(e), q(r) = 1.76+ 2(r/a− 0.5)2. In (b), (d) and (f ), q(r) = 1.76+ 20(r/a− 0.5)2. The middle radial point is given by the black line in
(c)–(f ) representing the location of r/a= 0.5.

the constraining effect of magnetic shear s on KIM. In these
simulations, R/Lni,e, R/Lti,e remain unchanged as shown in
figure 4(d) while q profiles vary. All q profiles are set as

reversed shear with the same minimum value (qmin), but the
radial positions of qmin are shifted from left to right across the
simulation domain, as indicated by the red dashed lines.
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Figure 10. Radial model structure of KIM/KBM for different radial locations of qmin, where β = 0.02 (a) rqmin = 0.2a, (b) rqmin = 0.3a,
(c) rqmin = 0.4a, (d) rqmin = 0.5a, (e) rqmin = 0.6a, (f ) rqmin = 0.7a.

In figures 10(a) and (b), the q profile is positioned near the
left boundary, making it appear nearly monotonically increas-
ing within the simulation domain. In figure 10(a), the average
distance between adjacent rational surfaces is ∆rs ∼ 0.04R0,

and the FWHM of radial mode structure is le ∼ 0.19R0, result-
ing in δ ∼ 0.21≪ 1. Similarly, δ ∼ 0.27≪ 1 in figure 10(b).
These small δ values indicate that the electromagnetic instabil-
ities in these two cases are KBM.
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Figure 11. Radial mode structure for various peak locations of R/Lti and R/Lni with different q profiles. In (a) and (b),
q(r) = 1.76+ 2(r/a− 0.5)2. In (c) and (d), q(r) = 1.76+ 20(r/a− 0.5)2. The peak locations of R/Lti and R/Lni is (a) rpeak = 0.5a,
(b) rpeak = 0.6673a, (c) rpeak = 0.5a, (d) rpeak = 0.6183a.

In contrast, in figures 10(c)–(f ) δ ∼ 1 confirms that the
instabilities are KIM. In these cases, the poloidal harmonics
radial profiles of the instabilities move along with the weak
shear region, which is due to the weakest stabilizing effect at
the location of qmin. These results demonstrate that the weak
magnetic shear is crucial for the formation of KIM.

Combining the results of figures 9 and 10, it is evident that
weak magnetic shear and the distribution of mode rational sur-
face have a significant influence on the formation of KIM.
KIM is excited in the weak shear region, and normally, the
most unstablemode occurs at themode rational surface nearest
to the position of qmin. This characteristic may facilitate further
theoretical investigation of the linear instability of KIM.

Finally, we investigate the effects of the driving source,
especially the temperature and density gradients, on KIM,
and determine whether the driving source profile or the weak
magnetic shear plays the dominant role in constraining KIM.
Figure 11 presents four cases with two different q pro-
files. In figures 11(a) and (b), the q profile is q(r) = 1.76+

2(r/a− 0.5)2, while in figures 11(c) and (d), the q profile is
q(r) = 1.76+ 5(r/a− 0.5)2. In these figures, the green and
blue dashed lines represent the temperature gradient R/LTi,e,
and the density gradient R/Lni,e, respectively, and correspond
to the scale on the left side of the plot for reference. To ascer-
tain whether the driving source profile or the weak magnetic
shear dominates in the formation of KIM, consideration must
be given to the selection of the peak location of the driving
source. This is crucial to guarantee that the rational surface
nearest to the peak diverges from the rational surface closest
to the zero magnetic shear point.

Thus, in figures 11(a) and (c), the peaks of R/Lti,e and
R/Lni,e locate at r/a= 0.5, while in figures 11(b) and (d), the
peaks are positioned at the rational surface second closest to
the s= 0 position. It is obvious that from figures 11(a) and
(b), as well as figures 11(c) and (d), the radial mode structure
position of KIM remains unchanged even when the position of
driven changed. These simulation results suggest that, similar
to the non-resonant modes discussed by Ishida Y. et al [22],

11
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Figure 12. Radial mode structure for different ηi: (a) η = 4, (b) ηi = 5, (c) ηi = 8, (d) the KIM growth rate varies with ηi for various
q profiles.

the resonant modes also do not depend on the location of the
driving source peak but are instead influenced by weak mag-
netic shear.

To further explore the influence of driving source
on KIM, stronger pressure gradients such as R/Lti,e =
8.88, 11.1, 17.76, are selected as driving sources. Figure 12(d)
depicts that, for each q profile, the growth rate of KIM
increases with the parameter ηi ≡ Lti/Lni, especially when
ηi = 8, the KIM growth rate nearly doubles comparing to that
for ηi = 3. Figures 12(a)–(c) shows the radial mode structures
of KIM under different driving gradients. The simulation res-
ults demonstrate that even with a broader variation in the driv-
ing pressure gradient, the radial position of the most unstable
KIM mode aligns closely with mode rational surface closest
to qmin, in agreement with the results shown in figure 11.

Combining the conclusions of figures 11 and 12, it can be
inferred that the stabilizing effect from field-line bending, spe-
cifically magnetic shear, exerts a stronger influence on the loc-
ation of KIM compared to the driving source. And the driv-
ing free energy source solely impacts the growth rate of KIM

without inducing any changes in the radial location of its mode
structure.

6. Summary

This study investigates linear properties of KIM using global
gyrokinetic simulations with the GTC code. By changing
the magnetic shear, we observe a continuous transition in
both the linear growth rate and real frequency from KIM to
KBM. This phenomenon implies that KIM and KBM could
be the same mode physically. A qualitative method has been
developed to distinguish KBM and KIM based on the ratio
of the distance between adjacent mode rational surfaces and
radial mode envelope δ [23]. For KBM, δ≪ 1, the distance
between adjacent mode rational surfaces is small compared to
the radial envelope, and the global effect is weak due to the
strong magnetic shear, resulting in a typical ballooning mode
structure. In contrast, when δ ⩾ 1, KIM locates at the weak
shear region, the variation of radial envelope is non-negligible
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as the distribution of rational surface is sparse, leading to the
breakdown of translational invariance.

Additionally, the influence of the mode rational surface, the
magnetic shear, and the driving source R/LTi, R/Lni on KIM
has been investigated comprehensively. It is found that KIM
can only be excited in the weak shear region, and the most
unstable mode occurs at the mode rational surface nearest to
the position of qmin. And the driven term, pressure gradient
primarily affects the growth rate of KIM without altering its
radial peak position.

The IM has been observed in JT-60U and ASDEX-U [46,
47]. In ITER hybrid scenarios, where the plasma β is relatively
high and the core magnetic shear is weak, KIM are likely to
influence turbulence transport in this region. Thus, the future
work will focus on the nonlinear simulation of KIM under
experimental equilibrium.
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