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The present paper numerically investigates the linear and nonlinear evolution of infernal modes through a three-
dimensional, toroidal geometric, nonlinear, and full-MHD code CLT. For equilibria with g,;, ~ 2.0, the development of
the infernal modes leads to an elongated high-pressure region. We find that the nonlinear behaviors of the infernal modes
can be totally different when the parallel thermal conductivity exceeds a threshold. Below this threshold, the infernal modes
experience explosive growth in the nonlinear stage; above this threshold, they finally saturate in the nonlinear phase. For
the cases with nonlinearly explosive growth, the patterns of the perturbed pressure are ‘ballooning-like’ and the dominant
modes are with n > 1, where n is the toroidal mode number. When the parallel thermal conductivity exceeds the threshold,
the parallel diffusion along the magnetic field lines is quick enough. Then the nonlinearly explosive growth is suppressed,
and the infernal modes will saturate in the nonlinear stage. A two-dimensional (2D) parameter map is provided to illustrate

the transition between these distinct nonlinear regimes.
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1. Introduction

The hybrid tokamak scenarios, characterized by weakly
reversed or nearly flat safety factor profiles, offer substan-
tial potential for steady-state operation with high confine-
ment and high beta.l'?! Due to the absence of ¢ = 1 ra-
tional surfaces, these hybrid scenarios can avoid phenomena
that degrade performance, such as sawteeth!®! and sawtooth-
triggered neoclassical tearing modes (NTMs).[*-°1 However,
near a rational surface, the combination of a strong pressure
gradient and weak shear gives rise to pressure-driven modes:

=11 (for gmin ~ 1) or the infer-

the quasi-interchange mode
nal modes!'>"'*! (for g, > 1), both of which can be trig-
gered even if there are no exact resonant surfaces. In many
tokamaks, they are sometimes referred to as long-lived modes
(LLMs), e.g., in JET,!>161 NSTX,[17-18] MAST,!°! HL-
2A,20-21 LHD,?! ASDEX Upgrade,[?”] and EAST.[?%%
Such instabilities are particularly dangerous and can lead to

30,31

major disruptions.*%3!1 As a result, the analysis, threshold

identification, and control of these instabilities remain active
and critical areas of research.1#32-3¢]

Infernal modes are defined as the coupling between a (m,
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n) mode and its poloidal sidebands (m 4 1, n). Here, m and
n are the poloidal and toroidal mode numbers, respectively.
The coupling between them is associated with toroidal effects,
resulting in a dispersion relation that is distinct from that of
typical tearing modes in low-shear regions.3”-38] This differ-
ence leads to a variety of resistive scalings that depend on
plasma pressure. Far below the threshold of the ideal insta-
bility, the mode’s growth rate exhibits a tearing-like scaling

law, i.e., Y~ n3/5

, where 7 is the plasma resistivity. When the
plasma pressure increases to the threshold of the ideal insta-
bility, the scaling law changes to y ~ n3/ 13 1391 With further
increases in plasma pressure, the mode becomes almost inde-
pendent of resistivity, i.e., ¥ ~ n°. Additionally, when consid-
ering sheared toroidal flow and viscosity near the ideal ion-
diamagnetic magneto-hydrodynamic stability boundary, the
scaling law transitions to n3/3.1401 For reversed-shear equilib-
ria, interchange theory predicts that the scaling law will be
yn!/3 1411

Electron cyclotron emission (ECE) data can clearly iden-
tify that such disruptions are caused by nonlinear evolution

42,43

of the infernal modes.[*>*3] Significant progress has been

made in understanding these phenomena through various stud-
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ies. In certain cases, infernal modes saturate into LLMs during

19.201 1 jitjens and Luciani demonstrated

the nonlinear phase.!
that n = 1 internal kink-driven ballooning modes can experi-
ence nonlinear destabilization without entering an explosive
phase.**] However, a study by Myers et al., studying balloon-
ing modes near marginal stability, which investigates balloon-
ing modes near marginal stability, reports an explosive phase
that appears to terminate in a finite-time singularity, suggest-
ing that under certain conditions, the system may evolve into

e.[4] Despite these advancements, the

a truly explosive regim
nonlinear evolution of infernal modes remains incompletely
understood. This paper presents a numerical investigation of
the evolution of infernal modes, especially for the explosive

growth in the nonlinear stage.

2. Numerical model

CLT is an initial value resistive-MHD code with the
toroidal geometry used to study MHD instabilities in magneti-
cally confined fusion devices.*®! The complete set of resistive
MHD equations used in the CLT code is given as follows:

P
76 = —=V-(pv)+V-[DV(p—po)], (1)
P)
a%’ = —v-Vp-T'pV-v+V-[k,V(p—po)
+V- [ V)p], @
%’t’ — Vot (IxB-Vp)/p+V-V(v—)], ()
0B
&- = -VxE, )
E = 7’U><B+n(J*JO)7 (5)
J = VxB, (©)

where p, p, v, B, E, and J are the plasma density, plasma
pressure, plasma velocity, magnetic field, electric field, and
current density, respectively. Variables with the subscript ‘0’
represent the initial equilibrium quantities. I = 5/3 is the ra-
tio of the specific heat of the plasma. The variables are nor-
malized as follows: x/a — x, p/poo — p. p/ (By/Mo) —
D, 'U/VA — v, I/TA — 1, J/(Boo/‘u()a) — J, B/B()o — B,
and E/(vaBy) — E, where a is the minor radius, va =
Boo/ v/Hopoo is the Alfven speed, and 7o = a /va is the Alfven
time. In addition, pgo and By are the initial plasma density
and magnetic field at the magnetic axis, respectively. The
plasma diffusion coefficient D, thermal conductivities K| and
K, viscosity v, and resistivity 1 are normalized as follows:
D/(a*/ta) — D, x|/ (d*/ta) — K. K1/ (a*/Ta) — KL,
v/ (a®/ta) — v and n/ (Hoa® /Ta) — 1.

When solving Egs. (1)—(6), the spatial derivatives are cal-
culated by the fourth-order central difference scheme, and the
time integration is carried out with the fourth-order Runge—
Kutta scheme. Since the physical boundary is not located on

the rectangular grids in the x—z plane, the cut-cell*”] method
is adopted to solve boundary conditions.

3. Simulation results
3.1. Simulation set-up

In all the simulations in the present paper, a toroidal toka-
mak configuration with an aspect ratio Ry/a =4/1 is adopted.
The initial profiles of the safety factor and the plasma pressure
used in this subsection are shown in Fig. 1, and their formulas
are provided in Egs. (7) and (8), respectively,

o l/O(
qqox<1+<"’“) ) : %)
q1

p=pox (bxe VO (1-b)x(1-w)), 8

where Y, is the normalized poloidal flux, go = 2.01 is the

safety factor value on the magnetic axis, ge = 3.1 is the

safety factor at the plasma boundary, o = 4.0 is a parame-

ter to determine the magnetic shear in the central region and
o 71/ o

a1 = [(ge/q0)" 1]

is the plasma pressure on the magnetic axis, and b = 0.9 is

. For pressure profiles, pg = 2.21%

chosen to control the pressure gradient. With such parameters,
the safety factor profile is flat and close to 2.0, and the pres-
sure gradient is sufficiently large. It is a typical equilibrium
for infernal modes in hybrid tokamak scenarios and is calcu-
lated by the Q-solver!*®! code. To avoid excitation of the 2/1
tearing mode while keeping the physics of the infernal mode
unchanged, all cases are chosen with g slightly above 2. Uni-
form meshes with 256x64x256 grids in (R, ¢, Z) are used
in all the simulations. Since the infernal modes are internal
modes, we fix all the perturbed variables to be zero at the last
closed surface for the sake of numerical stability. Random per-
turbations are applied for a few time steps at the beginning of
all the simulations.

3.2. Linear results

In this subsection, we focus on the linear properties of
infernal modes. The diffusion parameters in Egs. (1)-(5)
are fixed to be Ky =1.0, D=1x10"7, k¥, =1x 1077,
v=1x10"7, and n=1x 10’6, respectively, unless other-
wise stated. D, K, and v are smaller than 1) by one order of
magnitude so that they hardly influence the linear growth rates
of the modes. Even though there is no ¢ = 2 resonant surface,
the equilibrium shown in Fig. 1 is unstable. The evolution of
the perturbed kinetic energy is shown in Fig. 2(a), indicating
that the toroidal mode number of the dominant component is
n = 1. The evolution of the perturbed toroidal electric field is
shown in Fig. 2(b), and it implies that a series of components
with n = 1 but different m couple together since all the com-
ponents have the same growth rate. The radial profiles of the
perturbed electric field for all mode components are shown in
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Fig. 2(c). Among them, the amplitude of the m/n =2/1 com-
ponent is the largest, which is attributed to the safety factor
being close to 2.0 in the central region. The 3/1 mode exhibits
an oscillatory behavior, with its amplitude forming a bimodal
structure. In addition, other components are also present in
this region due to toroidal coupling effects.37:4%9 This is the
distinctive characteristic of infernal modes. In contrast, for
quasi-interchange modes, the 1/1, 2/2, 3/3, and 4/4 modes de-
velop independently.!'!! These components together lead to a
2D distribution of the perturbed pressure shown in Fig. 2(d).
Such patterns are mainly determined by the 2/1 component
and modified by other components.

As discussed in previous studies, the pressure gradient

is the dominant factor for infernal modes.[!3-3

1 As a result,
there exists a pressure threshold for the infernal mode to be
unstable. For the g and pressure profiles given in Subsec-
tion 3.1, the pressure threshold is about py = 2.2%. Below this
threshold, the system is stable. Just above the threshold (e.g.,
po =2.21%), the system is marginally unstable, and resistivity

becomes important. The linear growth rate of the mode obeys
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0 0.2 04 06 08 1.0
Normalized radial coordinate

Y~ 173/ 13 However, when the plasma pressure far exceeds
this threshold (e.g., po = 3.01%), the system is almost ide-
ally unstable and the linear growth rate will become indepen-
dent of 1. The linear growth rates of the infernal modes with
po =2.21% and py = 3.01% versus different 1 are shown in
Figs. 3(a) and 3(b). These results are consistent with previous
theoretical or numerical investigations.

4 : : : : 0.025
10.02
3l 0.020
]
{0.015 &
= 2 @
&
{o.010 £
1r 10.005
0 - - - I 0
0 02 04 06 08 1.0

Normalized radial coordinate

Fig. 1. Initial profiles of the safety factor and the plasma pressure used
in the simulations.
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Fig. 2. (a) Evolution of the perturbed kinetic energy Ej for components with different . (b) Evolution of the perturbed toroidal electric field
for the components with n = 1 and different m. (c) Radial profiles of the amplitudes of the perturbed toroidal electric field in the linear phase.

(d) 2D distributions of the perturbed pressure in the linear phase.

As shown in Fig. 3(a), the resistive scaling in the low-
and high-resistivity regions exhibits slight differences. This
behavior can be understood from the growth rate dispersion
relation of the infernal mode, Y/4(y? — 13.,,) = %oy ', where
Yideal 1 the growth rate in ideal MHD and . is the resis-
tive growth rate at the stability boundary (¥gea = 0), with
Yres o< 3/ 13,
while in high-resistivity conditions, Jes is more significant,

In low-resistivity conditions, Yg4ear dominates,

making the growth rate more sensitive to resistivity. The rel-
ative contributions of %gea and Y.s explain why the infernal
mode exhibits different resistive scaling behaviors at different
pressures, consistent with previous theoretical and numerical
studies. 133

For the infernal mode to be unstable, the minimum safety
factor gpmin needs to be close to 2.0. As shown in Fig. 4, in-

creasing gpip, from 2.0 to 2.09 gradually reduces the linear
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growth rate to zero, consistent with previous studies that iden-
tify gmin = 2 as critical for destabilization. This behavior arises
from the stabilizing effect of magnetic field line bending: the
perturbed perpendicular magnetic field induced by plasma dis-
placement generates a restoring force that resists deformation.
The farther g, is from 2, the stronger this stabilization, lead-
ing to a lower growth rate. Note that the growth rate is not
strictly inversely proportional to gpni,, but the two quantities
are negatively correlated.

0.020f (a) %
0.015
-
0.010
X Simulation
— /13
0.005
10-7 10-6 10-°
n
0.040
(b) X Simulation
0.035} —
~ 0.030} x X
X la) X
0.025F
0.020 + +
10-7 10-6
n

Fig. 3. Linear growth rates of the infernal modes with (a) po = 2.21%
and (b) po = 3.01% versus different n. D, x,, and v are kept at one-
tenth of 7 so that other diffusion parameters hardly influence the linear
growth rates in these simulations.

0.010¢

0.008¢

0.006¢
=

0.004}

0.002¢

O " " " " "
2.00 2.02 2.04 2.06 2.08 2.10

Qmin

Fig. 4. The growth rate of the infernal mode for cases with different gp;y.

3.3. Nonlinear phase — explosive growth

Subsection 3.1 focuses on the linear properties of the in-
fernal modes, and this subsection focuses on their nonlinear
evolution. Since the infernal modes with the initial equilib-
rium in Fig. 1 sometimes experience explosive growth in the
nonlinear phase and tend to be numerically unstable, the diffu-
sion parameters are chosen to be larger than those used in Sub-
section 3.1,i.e., D=1x10"% k, =1x107% v=1x107>,
n=1x10"% and K =0.1.

The evolutions of the perturbed kinetic energy and its
growth rate are shown in Figs. 5(a) and 5(b), respectively. One
notable characteristic is that the mode experiences explosive
growth in the nonlinear phase. Although infernal modes have
very large linear growth rates (for this case, ¥ ~ 0.0085) and
weakly depend on plasma resistivity, the nonlinearly explo-
sive growth indicates that infernal modes will be even more
dangerous than those expected by linear analysis.

(a) !
Explosive growth:

Ek,total
-
o
%

—12
3000 4000 5000 6000 7000 8000
Time (74)

0.04 (b)
0.03
0.02

0.01

O L L L L
3000 4000 5000 6000 7000 8000
Time (74)

Fig. 5. Evolutions of (a) the total kinetic energy and (b) the growth rate
with K =0.1.
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10-6

Ey

108
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—12
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0.061 (b)

0.05 Explosive growth! |

0.04
0.03
0.02
0.01

0 I
3000 4000 5000 6000 7000 8000
Time (74)

Fig. 6. Evolutions of (a) the kinetic energy and (b) the growth rate with
different toroidal mode numbers and K =0.1.
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Fig. 7. Contour plots of pressure perturbation at four typical moments: (a) # = 325474, (b) 1 = 636674, (c) t = 650874, (d) 1 = 664974 (k| =0.1).
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Fig. 8. Poincare plots of magnetic field lines at four typical moments: (a

Through the Fourier transform method, we also know
the contribution made by each component. The evolutions of
the kinetic energy for components with different n and their
growth rates are shown in Figs. 6(a) and 6(b), respectively.
For the n = 1 component, it dominates the linear phase and
the peak value of the nonlinear growth rate is 0.038 (more than
4 times its linear growth rate). High-n components are almost
negligible in the linear phase since their amplitudes are several
orders of magnitude smaller than the n = 1 component. They
are beat modes of the n = 1 component before t ~ 60007, be-
cause the growth rates J;, = ny,—;. When the infernal modes
enter the nonlinear phase (r ~ 60007 to 700074 ), the ampli-
tudes of the high-n components are comparable to the n = 1
component but have larger growth rates. For the n = 6 compo-
nent, its maximum growth rate can be as large as % = 0.059,
which is 7 times larger than the linear growth rate of the infer-

) 1 = 325414, (b) 1 = 636674, (¢) t = 650874, (d) 1 = 664974 (k) =0.1).

nal mode.

The 2D distributions of the perturbed plasma pressure at
four typical moments are shown in Fig. 7. In the linear phase,
the patterns of the perturbed pressure are dominated by the
2/1 component and coupled with 1/1, 3/1, and 4/1 components
(Figs. 7(a) and 7(b)). However, as shown in Figs. 7(c) and
7(d), ‘ballooning-like’ structures are formed during the explo-
sive growth phase. It is evident that the high-» components are
crucial for the explosive growth of the infernal mode.

The formation of ‘ballooning-like’ structures is related to
the magnetic flux surface destruction and the local large pres-
sure gradient. Such a process can be seen from the Poincare
plots of the magnetic field lines (Fig. 8) and the 2D distribu-
tions of the total plasma pressure (Fig. 9) at the same moments
as in Fig. 7. Initially, the central region exhibits high pressure
and low but finite magnetic shear (Figs. 8(a) and 9(a)). The
diameter of this large pressure region is about 0.87. During
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the infernal mode development, especially for the 2/1 com-
ponent, the high-pressure region is elongated in one direction
and squeezed in another direction (Figs. 8(b), 8(c), 9(b), and
9(c)). The major axis of the high-pressure region increases to
1.25 (Fig. 9(d)). As the high-pressure region stretches, the sur-
rounding magnetic field becomes stochastic (Figs. 8(b)—8(d)).
However, due to the low parallel thermal conductivity, paral-

1.0 0.020
Dop
Boundary
0.5 0.015
\8/ 0 0.010
N
—-0.5 0.005
—1.0 0
3.0 3.5 4.0 4.5 5.0
R (m)
1.0 0.020
Dp
Boundary|
0.5 0.015
\E/ 0 0.010
N
—0.5 0.005
—-1.0 0
3.0 3.5 4.0 4.5 5.0

R (m)

lel plasma diffusion is very slow, and the pressure profile does
not flatten in this region. Instead, a steep pressure gradient
forms within the stochastic region. This localized steep pres-
sure gradient causes ideal-MHD instabilities (probably the in-
terchange instability). This explains the rapid growth of high-n
modes and the occurrence of explosive behavior in the nonlin-

ear phase.
1.0 0.020
D o
Boundar
0.5 0.015
E‘/ 0 0.010
N
—0.5 0.005
—1.0 0
3.0
1.0 0.020
D dp
Boundary
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R (m)

Fig. 9. Contour plots of plasma pressure at four typical moments: (a) t = 325474, (b) 1 = 636674, (c) t = 65087x, (d) t = 66497 (¥ = 0.1).

3.4. Nonlinear phase — saturation

Subsection 3.3 presents a case where infernal modes ex-
perience explosive growth in the nonlinear phase. In fact, the
nonlinear behaviors of infernal modes can follow two distinct
paths: either explosive growth or saturation. In this subsec-
tion, a case with nonlinear saturation of the infernal mode is
presented, along with a discussion on the physical mechanisms
underlying the transition between these two nonlinear regimes.

The evolutions of the kinetic energy and the growth rate
with different toroidal mode numbers and k) = 1 are shown
in Fig. 10. The only difference between the simulations in
Figs. 10 and 6 is that the parallel thermal conductivity k| is
1.0, which is 10 times larger than that in Fig. 6. In this case,
there is no explosive growth in the nonlinear phase, and the
infernal mode eventually saturates. The m/n =2/1 compo-
nent dominates in both linear and nonlinear phases, and the
amplitudes of the high-n components are much smaller than
the n = 1 component. The maximum kinetic energy of the
explosive-growth infernal mode in Fig. 6 is 1.2 x 1074, and
the final value for the saturation case is 1.3 x 107> , which is
about one order of magnitude smaller.

The 2D distributions of the perturbed and total pressure,
and the Poincare plots of the magnetic field lines at the begin-
ning of the nonlinear phase (t = 565974 ) and the final satura-
tion stage (f = 112247,) are shown in Fig. 11. Similar to the
explosive growth cases, the 2/1 component leads to an elon-
gated high-pressure region. However, in the saturation cases,
the magnetic field lines surrounding the high-pressure region
do not become stochastic. The large parallel thermal conduc-
tivity helps to diffuse the plasma pressure and suppress the
high-n modes. As a result, no “ballooning-like” structures
form in the saturation cases. Since the mode’s amplitude is
much smaller, the major axis of the high-pressure region is
only 1.12 and much smaller than that in the explosive growth
case.

Figures 6 and 10 imply that the parallel thermal conduc-
tivity (k) is a crucial parameter for the nonlinear behaviors
of the infernal mode. As a result, we scan K to investigate
its influence on infernal modes. The evolutions of the kinetic
energy and growth rate for the cases with k = 0.1, x = 0.3,
K| = 0.5, K| = 1.0, and K| = 3.0 are shown in Fig. 12. It is
evident that k| has little impact on the linear growth rate of
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the mode. However, when K| is larger than a threshold value
(typically k| >~ 0.3), the parallel diffusion of the pressure
perturbation is fast and the nonlinear growth of high-n modes
is suppressed. As a result, the nonlinearly explosive growth
disappears, and the infernal mode finally saturates.

Thermal conductivity k| is not the only parameter that
affects the nonlinear evolution regimes of the infernal modes.
The nonlinear behaviors of the infernal modes will also be in-
fluenced by viscosity since high viscosity can suppress high-n

(a)
10—°
< —_n=0
R 10-10 —_—n=1
n=2
—_n=3
—n=A4
n==5
10-15 —n=6
3000 4000 5000 6000 7000 8000
Time (7a)

modes. The evolutions of the kinetic energy and the normal-
ized growth rate of the cases with k| = 0.3 but different v are
shown in Fig. 13. In Fig. 13(b), we have normalized the val-
ues of the growth rates to their linear values to show the growth
rate change in the nonlinear phase. The peak value of the non-
linear growth rate decreases with increasing viscosity, i.e., the
explosive growth is weaker and weaker. The infernal modes

tend to saturate with large viscosities.

0.05} (b)
—_n=0
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Fig. 10. Evolutions of (a) the kinetic energy and (b) the growth rate with different toroidal mode numbers and «j; = 1.
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Fig. 11. The 2D distributions of the perturbed pressure, the Poincare plots of the magnetic field lines, and the total pressure at the beginning of the
nonlinear phase (f = 56597, ) and the final saturation stage (1 = 1122414 ) with K| = 1.
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Fig. 12. Evolutions of (a) the total kinetic energy and (b) the growth rates with different parallel thermal conductivities.
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Fig. 13. Evolutions of (a) the total kinetic energy and (b) the normalized
growth rates with k| = 0.3 and different v.
To illustrate the distinct nonlinear evolution regimes of
the infernal modes, simulations with k| (0.1-3.0) and v (1 x
107°-1 x 1073) are presented. Table 1 presents the linear

growth rate %, and peak nonlinear growth rate ¥, with dif-
ferent k| and v. In several cases, there is no peak growth rate
at all, and %0y is defined as ‘NaN’. The nonlinear behaviors
of the infernal modes with different k) and v are shown in
Fig. 14. Since the explosive growth requires that the maxi-
mum nonlinear growth rate is larger than its linear growth rate,
the cases with Yhon < Yin Or the Yhon = NaN are marked as ‘w/o
explosive growth’. Figure 14 clearly indicates the distinct non-
linear evolution regimes of the nonlinear phases of the infernal
modes and the importance of the large parallel diffusion.

3.0 = | | [ |
¢ With explosive growth
m w/o explosive growth

1.0 m ] | [ ]
<

0.3 ¢ *

0.1 ¢ ¢ ¢ ¢

0 0.2 0.4 0.6 0.8 1.0
v (1075)
Fig. 14. Nonlinear behaviors of the infernal modes with different v and
K- The blue diamond marks indicate cases with explosive growth and
the red square marks indicate cases without explosive growth.

Table 1. Linear growth rate ¥, and the peak value of the nonlinear growth rate ¥,on with different & and v. ‘NaN’
indicates that there is no peak value in the nonlinear phase of the infernal mode.

(Yiin/ Yaon) X 103 v=1x10"° v=4x10"° v=7x10"° v=1x107
K =0.1 8.8/20.2 9.0/48.0 8.7/38.7 8.5/36.8
K =03 9.2/20.2 8.9/14.3 8.7/8.8 8.4/5.2
K| =0.5 9.2/11.9 8.9/6.4 8.6/NaN 8.4/NaN
K =10 9.1/5.3 8.8/NaN 8.5/NaN 8.3/NaN
K| =3.0 8.8/NaN 8.6/NaN 8.3/NaN 8.0/NaN
3/13.

4. Summary

This paper numerically investigated the linear and nonlin-
ear evolution of infernal modes with a flat g profile and high
plasma pressure in the central region, which is close to the
hybrid tokamak scenarios. Although a rational surface is not
necessary for infernal modes, they still require that the flat ¢
profile be not far away from a rational surface. For equilibria
with gmin ~ 2.0, the dominating unstable mode is m/n =2/1
and is coupled with other components with the same n but dif-
ferent m. The development of the infernal modes then leads to
an elongated high-pressure region.

Plasma pressure is also crucial for infernal modes. For
cases with high plasma pressure, the system is almost unsta-
ble to ideal-MHD instability and the linear growth rates are
independent of plasma resistivity. However, if the pressure is
just above the unstable threshold, the linear growth rates de-
pend on plasma resistivity, and the scaling law for the infernal

modes is Y~ N

The nonlinear behaviors of the infernal modes exhibit dis-
tinct evolution regimes. In certain cases, the infernal modes
experience explosive growth during the nonlinear phase, while
in others, the growth remains moderate. The explosive nonlin-
ear growth is attributed to an interchange instability, which oc-
curs when the magnetic field lines become stochastic and the
local pressure gradient is sufficiently large. The patterns of
the perturbed pressure are ballooning-like, and the dominant
toroidal mode numbers are greater than 1.

The nonlinear evolution of infernal modes is strongly in-
fluenced by parallel thermal conductivity. An accurate treat-
ment of parallel transport in nonlinear simulations is essen-
tial, as it determines whether the mode undergoes explosive
growth or saturates. When the parallel conductivity exceeds a
threshold, diffusion along magnetic field lines is fast enough
to suppress interchange-like instabilities, leading to saturation.
Viscosity also affects explosive growth, particularly for high-n
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modes. A 2D parameter map delineates the transition between
explosive and saturated regimes, providing guidance for sim-
ulation studies and informing tokamak operation and stability
control strategies.
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