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The effect of the resonant magnetic perturbation (RMP) on the turbulence transport during the edge localized mode
(ELM) suppression phase is investigated by the BOUT++ six-field two-fluid simulations. Based on the edge plasma
profiles during the ELM suppression phase in EAST experiment with n = 4 RMP (n is the toroidal mode number), the
plasma response field is calculated using CLTx and introduced in the BOUT++ simulation. Compared with the case
without RMP, the simulated flux-surface averaged radial particle flux at the position of peak pressure gradient increases
to ~ 1.5 times for the case with RMP, which is close to the estimated particle flux according to the experimental plasma
profiles. It implies that the turbulence transport could have a dominating contribution to the radial transport for maintaining
the pedestal density profile during ELM suppression phase after density pump-out, especially when the stochasticity of the
magnetic field is not significant in the pedestal region. The increase in the radial particle flux for the case with RMP is due
to the significant increase in electric drift flux, which is partly offset by the magnetic flutter flux. The enhancement of the
turbulent electric drift flux is mainly due to the enhanced density and electric potential perturbations. The change in the
phase difference between them further enhances the contributions of the medium-n modes and suppresses the contribution
of the low-n modes. Further complexity—entropy analysis indicates that the turbulence is more stochastic, which could be

related to the enhanced mode-mode coupling due to RMP effect.
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1. Introduction

In tokamak devices, the burst of edge localized modes
(ELMs) can lead to extremely high heat loads on diver-
tor targets. The resonant magnetic perturbation (RMP)
has been demonstrated as an effective way of controlling
ELMs in various tokamaks, including EAST, ! DIII—D,[Z]
ASDEX-Upgrade,>*! and KSTAR.P! The RMP-induced
ELM suppression is often accompanied by a density pump-out
effect,!58] characterized by a flattening of the density profile
and enhanced radial transport. It is important to understand the
mechanism of the density pump-out phenomenon due to its ef-
fects on edge plasma stability and confinement performance.

Several mechanisms have been proposed to explain this
phenomenon. The change in the magnetic topology, i.e., form-
ing magnetic islands in the pedestal region or creating stochas-
tic magnetic fields at the edge due to the RMP, can enhance
radial particle transport.!>>!% The neoclassical toroidal viscos-
ity (NTV) effect, which is induced by the toroidal asymmetry
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of the magnetic field, can also affect radial transport.!'!! It has
also been indicated that a strong correlation exists between the
edge kink/peeling response and density pump-out during ELM
suppression.[1%13]

It is also found in the experiments that the enhanced
turbulent transport also contributes to the density pump-
out. In EAST experiments, the enhancement of perturbations
has been observed and is considered due to a reduction in
the E x B shear rate caused by the RMP-induced magnetic
stochasticity.[®] In further experiments, the enhancement of ra-
dial particle transport, together with significant enhancement
of edge turbulence, was observed during the RMP-induced
ELM suppression phase.!'*! For DIII-D,[!>-1%] the application
of RMP led to ELM suppression, with a widespread enhance-
ment of turbulence in the region of the normalized minor ra-
dius larger than 0.6. In ASDEX Upgrade experiments, broad-
band density perturbations are observed when the RMP field
strength is below a certain threshold and a narrow-band quasi-
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coherent mode appears above the threshold,®! which can sig-
nificantly enhance radial particle transport and cause the den-
sity pump-out.

BOUT++ code!!”! has been widely employed for numer-
ical simulations of edge plasma turbulence. Kim et al. ex-
plored the influence of RMP fields on pedestal collapse us-
ing the three-field model and revealed that the RMP-mediated
nonlinear interaction enhanced the perturbation level, lead-
ing to an increase in convective transport.l'¥! Dong et al.
investigated the effects of RMP fields on peelingballooning
(PB) modes based on the four-field model and revealed that
RMP can reduce linear growth rates by directly coupling with
PB modes and enhance multi-mode coupling in the nonlinear
process.[1°211 Based on the six-field two-fluid model, Deng et
al. found that the transport coefficient is larger for the EAST
edge plasma after RMP-induced density pump-out.??! How-
ever, the effect of perturbation fields on the turbulence trans-

port for the edge plasma after density pump-out is still not

In this work, by introducing the response field into the
BOUT++ simulation based on the six-field two-fluid model,
the effect on the turbulence transport during RMP-induced
ELM suppression phase is investigated. The rest of this paper
is organized as follows. In Section 2, the method for introduc-
ing the perturbation field in the BOUTH+ six-field two-fluid
model is stated, where the response field induced by RMP is
calculated using CLTx %%} based on the equilibrium from the
EAST experiment.[1->*] Section 3 compares the simulated ra-
dial particle fluxes with and without RMP and investigates the
mechanism of the enhancement of turbulence transport. The
summary is given in Section 4.

2. Simulation model and setup
2.1. BOUT++ simulation model with a perturbation field

BOUT++ is a three-dimensional (3D) fluid code primar-
ily used for numerical simulation of edge plasma turbulence.
The model used in this paper is based on the six-field two-fluid

clear. model developed by Xia et al.[>! as follows:
|
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The definitions of @, JH, and VHe are as follows:

® =nog. (Vi¢+ Vi¢-Vig+ Ozievip“) ™
1
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1
Vie =Vii+ ——V3 4. 9
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In the equations, all the variables F can be written as

\
F = Fy + Fi, where Fy represents the equilibrium part and

F1 is the perturbed component.
potential, b = by + by = by + VA x by/B is the unit vec-
tor of the total magnetic field, k¥ = bg - Vby.

A| is the parallel vector

For j species,
the pressure is P; = Pjo + p;1, and the perturbed pressure is
pj1=njoTi+njTjo+njTj. = DPy+ ¢ is the total elec-
tric potential, and Vg = (bg x V  ®)/By. ; = ZeB/m; is
the ion gyro frequency, Vo =bo-V, V| =V|g+b;-V ,and
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V, =V-bV.

The perturbation field induced by RMP Bgryp is intro-
duced in the simulation according to Dong et al.’s work.[""]
Let B’'( be the sum of the toroidally symmetric magnetic field

from the equilibrium By and Bgryp, i.€.,
Bj = B+ Bryip. (10)

Because the strength of the perturbation field is usually
about 4 orders of magnitude lower than the equilibrium mag-
netic field, we have

B) = | BY| = | By + Brwi| ~ | Bo| = Bo, (11)
By+ B B B B
p_ D0t DRMP Do | BRMP ;MP’ (12)
0

o7 B By ' By

where bj, is the unit vector of By.

By substituting by in the original six-field two-fluid model
by b}, defined in Eq. (12), the effect of RMP can be introduced.
In addition, for any physical quantity F', the parallel differen-
tial operator is also modified as

Brwmp
By

VioF =bo- VF+ -VF. 13)

It should be noted that the above method is not the only
way to introduce RMP fields. As described in Ref. [18,26],
the RMP field is introduced by applying the external vacuum
magnetic perturbation as the boundary condition of the mag-
netic potential. Furthermore, only the magnetic response field
induced by the RMP is introduced in the present simulation
model, while the perturbations of other physical quantities in
CLTx (see Subsection 2.3) such as the pressure have not been
taken into account. Moreover, the application of RMP would
also affect the plasma rotation and therefore the equilibrium.
To achieve a comprehensive understanding on the mechanism
how the RMP affects the plasma turbulence, it is necessary to
develop a more self-consistent simulation model in the future
work.

2.2. Simulation setup

In EAST discharge #94048,11427] by applying n = 4
RMP (coil current 3 kA, with a 180° phase difference between
the upper and lower coil sets), where n is the toroidal mode
number, sustained ELM suppression for 1.8 s (5.2 s-7 s) is
successfully achieved, as shown in Fig. 1. The equilibrium
and edge plasma profiles at 5.9 s during the ELM suppres-
sion phase are used in the simulation study. Figure 2 shows
the edge plasma profiles of pressure, electron density, electron
temperature, and ion temperature at 5.9 s of EAST discharge
#94048. The BOUTH+ simulation region covers the pedestal
and the scrape-off layer (SOL) for y = 0.7-1.05, where y
is the normalized poloidal magnetic flux. The grid sizes are
256 x64x64 in the (x, y, z) directions, as shown in Fig. 3. The

X-point is excluded during the construction of the BOUTH+
simulation grid, 8! which eliminates the difficulty in dealing
with the poloidal magnetic field singularity. Due to limitation
of computational resource, only 1/4 of the torus is simulated
in this work. It should be noted that, this choice is also due
to the toroidal mode number of RMP. The present BOUT++
simulation based on 1/4 torus cannot deal with the modes with
n = 1-3. Therefore, if n = 1 RMP is applied, it will require a
full-torus simulation. [>!

EAST #94048
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Fig. 1. Time evolution of different discharge parameters: (a) D¢ signal,
(b) line-averaged plasma density (blue) and plasma stored energy (red),
(c) lower hybrid heating power (black), co-NBI heating power (blue),
and counter-NBI heating power (red); (d) RMP coil current.
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Fig. 2. Edge plasma profiles of (a) pressure, (b) electron density, (c) electron
temperature, and (d) ion temperature. The blue lines indicate the profiles af-
ter ELM suppression, which are used in the BOUT++ simulations. The red
line in panel (a) is the pressure profile before ELM suppression (not used for
the BOUTH-+ simulation). The reduction in the pressure gradient after ELM
suppression reflects the increase of radial transport.

Two cases, i.e., without RMP and with RMP, are simu-
lated by BOUT++ and compared in Section 3 to investigate
the influence due to RMP. Both cases are based on the same
edge plasma profiles shown in Fig. 2 (blue lines) and same se-
tups described above. In the case with RMP, the perturbation
field, i.e., the plasma response field induced by RMP calcu-

lated using CLTx in Subsection 2.3, is introduced according
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Egs. (10)—(13), while in the case without RMP the perturba-
tion field induced by RMP is not considered.

1.2
1.0t

0.8F, —

Fig. 3. BOUT-++ simulation grid. Poloidal index y = 25 indicates the
outer mid-plane.

2.3. RMP-induced response field

CLTx is an extended version of the cylindrical coordi-
nate 3D magnetohydrodynamic code CLT (Ci-Liu-Ti, mean-
ing MHD in Chinese).*°! In CLTXx, the scrape-off layer can be
self-consistently simulated, and an RMP module is developed
for calculating the plasma response field to RMP.

0.80 0.80
0.75 ® (B?/Bmn 0750 ® (BY/Bomn 1
--ng [} -=-ng \
1
O‘70730 —25 =20 —15 =10 =5 O 0'70—30725 —20 715710‘75 0 0

m m

Fig. 4. (a) RMP vacuum field and (b) plasma response field calculated us-
ing CLTx. Dashed line indicates the resonant condition m = nq, where m is
the poloidal mode number (note that the contour plot is drawn based on the
data with integer m) and ¢ is the safety factor. p, is the square root of the
normalized poloidal flux.

0 (2m)

O Chirikov

0
0.80 0.85 0.90 0.95 1.00

Fig. 5. (a) Poincare plot of the total magnetic field including the re-
sponse field induced by RMP. (b) The profile of Chirikov parameter
OChirikov along the normalized poloidal magnetic flux.

Figure 4 shows the vacuum field and plasma response
field calculated using CLTx according to the EAST experiment
with 3-kA RMP coil current. Compared to the vacuum field,
the resonant components of the response field are significantly
shielded, while some of the non-resonant components are am-
plified. The corresponding Poincare plot of the total magnetic
field including the response field is shown in Fig. 5(a). For
this case, the RMP induced stochasticity of the magnetic field
is not obvious except for the region at pedestal foot (y > 0.98),
where the Chirikov parameter becomes larger than 1 as shown
in Fig. 5(b).

3. Results and discussion
3.1. Radial particle flux

A comparison of the time evolution of the toroidal root-
mean-square (RMS) of pressure perturbations at the position
of peak pressure gradient in the outer midplane (OMP) is
shown in Fig. 6 for the cases with and without RMP. Note that
the pressure perturbation & p is normalized by 7T, where 72 and
T are set to 3.32x10' m™—3 and 1.0 keV respectively. When
both cases reach saturation, the pressure perturbation is more
intensive when considering RMP, which implies a higher level
of turbulence.

10—5

— w/o RMP
10-6 —w/ RMP
107

0 300 600 900 1200 1500
Time (TA)

Fig. 6. Time evolution of the toroidal root-mean-square of the normalized
pressure perturbations for the case with RMP (red line) and without RMP
(blue line). The pressure perturbations are taken from the position of the
peak pressure gradient at the outer mid-plane.

It should be noted that, because the response field is di-
rectly included in By, it acts as an additional driving source
and lead to the rapid growth of the perturbations at the initial
stage of the nonlinear simulation as shown in Fig. 6. Although
it is contrary to the general understanding of the reduction of
the growth rate due to RMP,[!?3!] similar situation can be seen
in several simulation work including RMP fields (e.g., Fig. 4
in Ref. [18] for a BOUT++ simulation and Fig. 4 in Ref. [32]
for a gyro-kinetic simulation). To understand the impact of
RMP fields on the growth rate, it requires further efforts to
perform the simulations based on various profiles (before and
after ELM mitigation/suppression) and under RMP fields with
different strengths and spectra. Considering the consistency
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with the experiment, i.e., the increase in the turbulence inten-
sity and comparable radial particle flux, it can be expected that
the simulation is reasonable in the nonlinear saturation phase.
Below the nonlinear saturation phase is focused.

When the nonlinear simulations are in the saturation
phase, the radial particle flux is calculated by

(Box V¢)'

Ii= <(nio+nil) 2 >+<(nio+ni1)V||ibr1>~ (14)
0

The radial flux includes the E x B drift flux and the magnetic
flutter flux. The fluxsurface average is defined as

- SfﬁRthdeC
Fi = @Rhededg ’

where hg = 1/|V], R is the major radius. nj is the equilib-

( (15)

rium ion density, while n;; is the perturbed ion density. ¢ is
the perturbed electric potential. V|; is the parallel ion velocity.
b} is the radial component of the magnetic perturbation vec-
tor. When calculating the radial flux for the case with RMP,
the radial component of the unit vector of the response field
brmp 18 also included in the magnetic flutter flux term, i.e.,
((mi0 =+ nir) Viji (b} + bip) )-

The flux-surface averaged radial particle flux (averaged
over 600-1500 74) is shown in Figs. 7(a) and 7(b) for the

case without and with RMP respectively. For the case without
RMP, the turbulence transport is dominated by the E x B drift
flux. For the case with RMP, the E x B drift flux increases sig-
nificantly, which is consistent with the increase of perturbation
intensity. Meanwhile, the magnetic flutter flux exhibits inward
transport when including by p in Eq. (14) (the calculated par-
ticle flux related to the b term is still at a similar level with the
case without RMP, which has a much lower absolute contribu-
tion compared with that for the bg,p term), which partly off-
sets the increase of the outward radial flux. While the detailed
mechanism of the inward magnetic flutter flux requires fur-
ther study, a preliminary speculation is proposed as follow. In
the region with strong pressure perturbations, when a pressure
pattern with higher pressure on the outside and lower pressure
on the inside is formed (which is very likely to be encoun-
tered due to the existence of the strong outward E x B drift
flux), the pressure induced parallel velocity (see Eq. (3)) could
lead to the inward convective flux due to the influence of RMP
field on the parallel direction, i.e., VHibszP tends to be nega-
tive. Therefore, it would effectively compensate a part of the
outward E X B drift flux. As a result, when including RMP-
induced response field, the radial particle flux at the position
of peak pressure gradient increases moderately to ~ 1.5 times
of that without RMP as shown in Fig. 7(c).

12 28 15 —
— Iot,turbulent (a) 24F — Ttot,turbulent 77 (b) — Lot turbulent w/o RMP,” v (€)

= 20f =~ I'exs N Y o 12F = = Dot turbutent w/ RMPY \
b 168 - Th, K Y b 0 == Istochastic ' \
712 i
5 12 w/ RMP B
R 2
- Op—===--- \, e =
~ —4 \\ yd ~ o

-3 1 St 3

0.90 0.92 094 0.96 0.98 1.00 0.90 0.92 0.94 0.96 0.98 1.00 0.90 0.92 0.94 0.96 0.98 1.00
¥ ¥ @

Fig. 7. Profile of the flux-surface averaged radial particle flux (calculated using Eq. (14) and averaged over 600-1500 74) for the case (a)
without RMP and (b) with RMP. The total raidal flux and the contributions from E x B drift and magnetic flutter are represented by red solid
line, blue dash line and black dash—dot line respectively. The total turbulent transprt flux are compred in panel (c) between the case without
RMP (blue solid line) and with RMP (red dash line). The transport due to stochastic fields is also shown by black dash—dot line.

To provide a preliminary comparison of the radial particle
transport induced by the turbulence and the stochastic mag-
netic field, the radial flux driven by the stochastic magnetic
field is further shown in Fig. 7(c) by the black dash—dot line,

which is roughly estimated by!1%-33
Ltochastic =~ _CSDFLdni/dra (16)
where Cs = /(T + T;) /m; is the ion sound velocity and
2
D= ngRY.,, , ((Be/Bo),, ) 8(m/q—n)  (17)

is the diffusion coefficient of magnetic fields along the field
line. As mentioned in Subsection 2.3, the stochasticity of the
magnetic field is weak for the case studied in this work. There-
fore, no significant radial flux is induced in the pedestal region

until approaching the separatrix (y > 0.99) when the Chirikov
parameter is much larger than 1.

To estimate the radial flux in the experiment, an SOLPS-
ITER[**33] simulation is performed based on our previous
work. 30391 The density, ion/electron temperature at the core-
edge interface is fixed and the transport coefficients are ad-
justed to match the experimental profiles in the SOLPS-ITER
simulation. The estimated flux-surface averaged radial particle
flux is ~ 1.8 x 102 m~2.s~! at the position of peak pressure
gradient. The enhanced turbulence transport due to RMP is
well consistent with the estimated radial flux, which implies
that the turbulence transport could have a dominating contri-
bution to the radial flux in the RMP induced ELM suppression
phase, especially for the case without significant stochasticity
of the magnetic field.
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3.2. Mechanism of enhanced transport

In this section, the mechanism of the enhanced transport
is further analyzed. We focus on the E x B drift flux because
it dominates the outward radial particle flux. The electric drift
flux can be also estimated approximately as the sum of the con-
tributions from individual modes with different toroidal mode
number 7, i.€.,

2 ¢ .
() %R—&)’;nlm,A|¢n|sm(<pni—<p¢), (18)

where the radial transport flux due to an individual mode is
proportional to the amplitudes of the Fourier components of
the density perturbation n; , and the potential perturbation ¢,.
The radial transport flux is also modulated by the phase differ-
ence between the density and electric potential perturbations
0Q = @, — @y. When the phase difference (in the range of
(—m, m)) is greater/lower than 0, the particle flux is directed
radially outward/inward. Below, the effect of RMP on the
mode amplitude and phase difference is investigated at the po-
sition of peak pressure gradient in the OMP, where the outward
particle flux has the peaked value.

(b) w/ RMP

0 300 600 900 1200 1500
Time (7a)

Fig. 8. Time evolutions of normalized pressure perturbations for different
toroidal modes for the case (a) without RMP and (b) with RMP. The pres-
sure perturbations are taken from the position of the peak pressure gradient
at the OMP.

The time evolutions of the pressure perturbations for
modes with different n are shown in Figs. 8(a) and 8(b) for the
case without and with RMP, respectively. The corresponding
time evolutions of normalized toroidal mode spectra are shown
in Fig. 9. While the n = 4 mode dominates for the case without
RMP accompanied with intermittent burst of multiple modes,
more broad distribution can be found around n = 16 mode
for the case with RMP. The mode—mode nonlinear coupling
strength is further evaluated using an autocorrelation spectrum

40411 a5 shown in Fig. 10 during the non-

analysis method, |
linear saturation phase. For the case without RMP shown in
Fig. 10(a), it can be seen that strong coupling strength exists
between the n =4, 8, 12, 16 modes. Thus, while the detailed

mechanism requires further investigation, it is believed that the

n =4 mode gains energies and becomes dominating due to the
nonlinear interaction. Compared to the case without RMP, the
region of high coupling strength (red color) in the autocorre-
lation spectrum for the case with RMP is obviously enlarged,
and the average coupling strength is also increased. Thus, it
can be understood that the enhanced multi-mode coupling ef-
fectively promotes the redistribution of perturbation energy in
the spectral space. The enhanced interaction of PBMs is con-
sistent with previous findings.[26:4°]

(a) w/o RMP

Toroidal mode number

0 300 600 900
Time (7a)

1200 1500

Fig. 9. Time evolution of the normalized toroidal mode spectrum of
pressure perturbations for the case (a) without RMP and (b) with RMP.
The pressure perturbations are taken from the position of the peak pres-
sure gradient at the OMP.

T T 6of y T 0.035
60} (a) w/o RMP (b) w/ RMP
0.030
40+ 40
0.025
20+ 20
0.020
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0.015
—20} —20F
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—40} —40
0.005
—60F Average: 600~15007 —60 | Average: 600~150074 0
0 20 40 60 0 20 40 60

ny n

Fig. 10. Autocorrelation spectrum of pressure perturbations averaged over
600-1500 74 for the case (a) without RMP and (b) with RMP. The pressure
perturbations are taken from the position of the peak pressure gradient at the
OMP.

The amplitudes of ion density and electric potential per-
turbations are shown in Fig. 11. The overall increase of the
amplitudes for the case with RMP indicates the increase of
turbulence intensity. The reduction of the amplitude of n =4
density perturbation at the position of peak pressure gradient
may be related to the radial broadening of the mode structure
due to the RMP field, which needs further work to explore the
detailed mechanism. It can be also seen that, rather than the
monotonic decrease in the amplitude of density perturbation
with increasing n, a peak appears at n = 16 for the case with
RMP. The comparison of the phase difference 6 ¢ between the

045201-6



Chin. Phys. B 35, 045201 (2026)

density and electric potential perturbations for n = 16 mode is
further shown in Fig. 12(a). The phase differences for the case
with RMP are more likely to distribute near /2, which fa-
cilities the outward radial transport according to Eq. (18). Ac-
cording to the phase difference and the peak around kg ps ~ 0.2
(where kg is the poloidal wavenumber and p;s is the hybrid
Larmor radius) at the direction of ion diamagnetic drift in the
poloidal wavenumber—frequency power spectral (not shown
here), it is suspected that the kinetic-ballooning-mode (KBM)
turbulence dominates the radial transport for the case with
RMP. The destabilizing of KBM (plasma-beta ~ 0.3%) may
relate to the RMP-induced change in the local magnetic shear
or curvature, 3! which needs further study in future. The time-
averaged sine of 8 ¢ over 600—1500 14 for various n are shown
in Fig. 12(b). The effect on enhancing transport for the case
with RMP due to the change in phase difference can be re-
It should be noted that, it
does not exactly correspond to the radial transport, which is

flected for the medium-» modes.

proportional to the product of the perturbation amplitudes and
the sine of phase difference.

3. 0—m—m—m———————————————4.0
- = |ni|,w/o RMP |3 5
2.5p — |ni], w/ RMP
- = |¢|,w/o RMP 13.0
a 2.0f —I|¢l,w/ RMP {25 &
o
= {2.0 =
5 {15 &
11.0
10.5
0 0
4 12 20 28 36 44 52 60
n

Fig. 11. The amplitudes (averaged over 600—-1500 7a) of density (red color)
and potential (blue color) perturbations with different toroidal mode numbers
for the cases with (solid lines) and without RMP (dash lines).

5 mwnw.”u!.am,.ﬂ u\ Uit
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Time (7a)
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0.7 —
(b)
0.6} ]
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+W/ RMP

4 12 20 28 36 44 52 60

n
Fig. 12. (a) Time evolution of the phase difference between the n = 16 den-
sity and electric potential perturbations and (b) the time-averaged (600—1500
Ta) sine of phase difference of various toroidal modes for the case with RMP
(red line) and without RMP (blue line).

The radial particle fluxes I, for various toroidal modes
are shown in Fig. 13. When RMP induced response field is
considered, the enhancement in the radial particle flux corre-
sponds to the increased contributions from the toroidal modes
with n > 12, which is mainly due to the increase in the pertur-
bation amplitudes. The change in phase difference can further
enhance the contribution from medium »n modes, but reduce
the radial flux especially for the modes withn =4 and 8. As a
result, the radial particle transport is dominated by n = 12, 16,
20 modes for the case with RMP, while for the case without
RMP, n = 4, 8, 12 modes dominate.

2.5

20r

1.5¢

1.0¢

r, (10Y¥ m—2s1)

0.5

oL . —p Qg > o
4 12 20 28 36 44 52 60
n

Fig. 13. The radial particle flux (calculated by Eq. (18), averaged over
600-1500 tA) of various toroidal modes for the case with RMP (red
line) and without RMP (blue line).

3.3. Change in Jensen—-Shannon complexity

The complexity—entropy analysis!*4 is capable to charac-
terize the turbulence behavior.[*4 Recently, Choi er al.[*’]
has applied the complexity—entropy analysis to investigate
the characteristics of edge plasma temperature fluctuation in
KSTAR experiment of ELM suppression by RMP. It was
found that, during RMP-induced ELM suppression phase, the
Jensen—Shannon complexity*#! is reduced while the strength
of bicoherence is increased. Based on a multi-scale model
of quasi-mode evolution in a stochastic magnetic field, Cao

et al.1*8]

indicated that the correlation between the micro-
turbulence and the stochastic magnetic field induced by RMP
responses for the reduction of Jensen—Shannon complexity
of edge plasma fluctuation, which becomes more stochastic
or “nosiy”. For the simulated edge plasma fluctuations, the
Jensen—Shannon complexity is calculated to characterize the
effect of RMP on the turbulence behavior.

Jensen—Shannon complexity (Cjs) is defined as the prod-
uct of the permutation entropy (H) and Jensen—Shannon diver-

gence (Q),[*Y i.e.,
Gs =HQ, (19)

where H reflects the degree of information loss in the system,
and Q characterizes the statistical distance of the system from
thermal equilibrium. The calculated Cyg values align with in-
tuitive perceptions of system complexity. Within the Jensen—
Shannon—complexity framework, both white noise and perfect
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crystals represent “simple” systems. Specifically, white noises
exhibit high entropy but low complexity due to the absence
of discernible structure, while perfect crystals have both low
entropy and low complexity owing to their perfectly regular
structure.

The Jensen—Shannon complexity (Cjs) is calculated for
the simulated plasma density fluctuations as follows. Within
a window of length d, the segment can be taken from the se-
quential data, i.e., the time evolution of the simulated plasma
parameters. In this work, d is chosen as 3 due to the limited
number of data points. For the data segment denoted by (a1,
ay, az), the permutation can be obtained according to the order
of the values. For example, if a, < a; < a3, the permutation is
(1, 0, 2). There is totally d! (3! = 6) possible permutations. By
sliding the window along the sequential data, the probability
distribution P can be obtained according to the probability of
each possible permutation:

P={p1,p2,-..,par}- (20)

The Shannon entropy H is then calculated by

_s(P)
= Smax ' (21)
where
d!
S(P) ==Y pilog(pi), (22)
i=1

and Smax = log(d!) is the entropy of the uniform distribution
P. = {P,=1/d!}. The Jensen—Shannon divergence Q is de-
fined as

Q=00 {S[(P+PF)/2] = S[P]/2-S[F]/2},  (23)

where Q is the normalization constant.

After including RMP field, the Jensen—Shannon complex-
ity of plasma density fluctuations is reduced, as shown Fig. 14.
Considering the increase in the bicoherence as indicated in
Fig. 10, the simulated results show a similar trend with the

[47] The decrease of

experimental observation by Choi et al.
the complexity is accompanied with an increase in the en-
tropy, which implies that the RMP fields would lead the edge
plasma turbulence more stochastic or “nosiy” as mentioned
above. According to the present results, it could relate the
more stochastic turbulence behavior to enhanced mode-mode
coupling due to the RMP field, i.e., stronger nonlinear inter-
actions between toroidal modes lead the mode spectra broader
and therefore the fluctuations more stochastic. It should be
noted that, this is a preliminary finding based on the compar-
ison between the simulation cases with and without RMP in-
duced response field for the profiles during the ELM suppres-
sion phase. Further work should be conducted for different

ELM situations by a systematic complexity—entropy analysis
to understaned the detailed influence of RMP field on the tur-
bulence behavior and corresponding physical mechansim.

1.00 "” N 0.10
|

0.75 0.05
z |
2 0.50 0
>

0.25 —0.05

0.7 . . 1.0 —0.10

Fig. 14. Changes of the complexity of the density fluctuations after
introducing RMP induced response filed.

4. Summary

Based on the BOUT++ six-field two-fluid model, the
influence of RMP on edge plasma turbulent transport during
ELM suppression phase is investigated. According to the pro-
files during the ELM suppression phase in EAST experiment
with n = 4 RMP, the plasma response field is calculated using
CLTx and introduced in the BOUT++ simulations.

The flux-surface averaged radial particle flux at the po-
sition of peak pressure gradient is found to be increased by
a factor of ~ 50% for the case with RMP. It is the result of
the significant enhanced turbulent electric drift flux, which is
partly offset by inward magnetic flutter flux. Due to the weak
stochasticity of the magnetic field for the studied case, the ra-
dial flux driven by the stochastic field is not significant until
approaching the separatrix (y > 0.99). The enhanced turbu-
lent flux is consistent with the radial particle flux estimated by
SOLPS-ITER simulation according to the experimental pro-
files, which implies that the turbulent transport could have a
dominating contribution to the radial transport for maintaining
the pedestal density profile during ELM suppression phase af-
ter density pump-out. The enhancement of the radial particle
flux corresponds to the increasing contributions of the n > 12
toroidal modes, which is mainly due to the enhanced plasma
density and electric potential perturbations. The change in the
phase difference between them also facilitates the outward ra-
dial transport for the medium-n modes, but suppresses the con-
tributions of low-n modes. As a result, the contributions of
n =12, 16, 20 modes dominate the radial particle flux for the
case with RMP, while n = 4, 8, 12 modes for the case without
RMP.

A preliminary complexity—entropy analysis is performed
on the simulated plasma density perturbations to characterize
the influence of RMP field on the turbulence behavior. The re-
duction in the complexity and increase of the entropy suggests
that the turbulence becomes more stochastic, which is con-
sistent with the previous experimental and theoritical study.
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The change in the turbulence characteristic could be related to
the enhanced mode-mode coupling and thus broadened mode
spectra due to the RMP effect, which provides a possible ex-
planation for the experimental observation of simultaneous de-
crease of the complexity and increase of the bicoherence.

It has been pointed out by Seto e al.*°! that low n per-
turbations may play a significant role in the plasma response
to RMP, and a high-frequency » = 1 mode has been observed
during ELM suppression phase in EAST RMP experiment. [!4]
Due to the deficiency of the simulation based on 1/4 torus in
this work, the interaction with n = 1 mode has not been cap-
tured. To understand the role of the n = 1 mode, the full-torus
simulation will be conducted in the future work. Furthermore,
for further investigating the contribution of turbulence trans-
port during the density pump-out induced by RMP, the sim-
ulation work will be performed based on the profiles before
ELM suppression.
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