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The EAST coherent modes (CMs) during the inter-ELM phase in H-mode
discharges are simulated by the electromagnetic six-field two-fluid module in BOUT++
framework. The fluctuation level of the electrostatic potential, electron pressure and
density perturbations are comparable to the experiments, and the simulated electrostatic
perturbation is around two orders of magnitude larger than the magnetic one in EAST
CM. The frequency and poloidal wave number are consistent with experiments in the
simulations of EAST CM equilibriums. The energy transfer between three-wave
coupling indicates that the energy tends to transfer from medium-n to low-n modes in
the early nonlinear phase, and the modes coupling effect in the nonlinear saturation
phase is larger than that in the early nonlinear phase. Both the energy transfer and
bispectral analysis show that the N; fluctuation tends to generate the ‘single-mode’
coupling and T, tends to be ‘multiple-mode’, which indicates that the collapse of the
density profile is larger than the electron temperature. The relative phase analysis is
applied to evaluate whether the turbulence can extract the energy from density and
temperature profiles. The result indicates that the density profile provides much more
energy to drive the turbulence than electron temperature. The kinetic and magnetic
energy transfer rates are used to understand the instability and turbulence driving
mechanisms of the EAST CM. In the linear phase of the nonlinear simulation, the
instability is driven by the peeling-ballooning mode and drift Alfven wave (DAW), and
the radial electric field and shear Alfven wave have large suppressing effects. The
turbulence of EAST CM is a predominantly electrostatic mode, which corresponds to
the Reynolds stress seven times larger than Maxwell stress. In addition, the effect of
electrostatic part in DAW is much larger than the electromagnetic one.

Key words: Coherent mode, Energy transfer, Bispectral analysis, Relative phase,
Kinetic and magnetic energy


mailto:*xiaty@ipp.ac.cn

1. Introduction

The EAST coherent mode (CM) is usually observed at the plasma boundary region
following the L-H transition or during inter-ELM phase, and the frequency is about 15-
150kHz [1][2][3]. The increase of the amplitude of EAST CM corresponds to a higher
divertor particle flux [3]. This coherent mode exists in low heating power level and
relates to the fraction of ion cyclotron range of frequencies (ICRF) power Picrr/Protar
that should be greater than 0.7 [4]. The disappearance of coherent mode has a pedestal
pressure threshold value that should be greater than 0.78kPa [2]. In other devices,
similar coherent modes or fluctuations have been found. For example, the coherent
modes during inter-ELM phase named as quasi-coherent fluctuations (QCFs) are
observed in Alcator C-Mod [5] and DIII-D [6]. The quasi-coherent modes (QCMs) are
observed during a short ELM-free period in EDA H-mode in Alcator C-Mod [7]. The
weakly coherent modes (WCMs) are observed in [-mode with relatively wide spectrum
in Alcator C-Mod [8] and ASDEX Upgrade [9].

For the physics characteristic of the edge coherent mode, the EAST tokamak
shows that it is a predominantly electrostatic mode [1]. In the Alcator C-Mod tokamak,
the QCF has the characteristics of ballooning mode and kinetic ballooning mode (KBM)
at the pedestal [5]. The ballooning mode is driven by the strong pressure gradient, which
will result in a large bootstrap current. The current can drive the instability of peeling
mode. The coupling of peeling and ballooning (P-B) modes drives the intermediate
wavelength macro-MHD instabilities in the pedestal [10][11]. As for the kinetic
ballooning modes (KBMs), it belongs to the micro-instability and begins to appear
when the pressure gradient is larger than the instability threshold of KBMs [5][11][12].
The BOUT++ code is used to simulate the QCFs in C-Mod and DIII-D [13], the WCMs
in C-Mod [13][14], the QCMs in C-Mod [15][16] and HL-2A[17]. The linear
simulations show that the QCFs are near the marginal instability threshold for ideal
ballooning modes and drift-Alfven wave (DAW)[13], while the instability of QCMs
and WCMs is resistive ballooning mode and DAW [13][14][15]. It indicates that the
QCFs have larger instability than QCMs and WCMs. A brief summary of the above
coherent modes are shown in Table I [18]. The ‘ECM’ and ‘CM’ in EAST seem little
difference, and both are just different from broadband turbulence. The QCM in HL-2A
appears both during ELM-free and inter-ELM phases, and it also just distinguishes from
broadband turbulence [19][20].

f(kHz) kg(cm™) | Fluctuation Characteristic Device
signals
QCF 250~330 0~1.5 Ng, Bg,etc. | 1. Inter-ELM phase. C-Mod
Rk OMP: 300 OMP: 0.7 2. Steep gradient
®R22H region, P-B or KBM
¥E. [5] instability
QCF 120-170 0.18~0.2 N, B, etc Inter-ELM phase. DIII-D
(6] (High (High Ballooning modes
current current and drift-Alfven
case) case) wave instability [13]
QCM 80~120 1.3~1.7 N, T, EDA H-mode after C-Mod
[71[21] @, By, etc. L-H transition
Resistive ballooning
mode and drift-
Alfven wave
instability [15]




QCM 50 (inter- 0.43(inter- | N, Bj,etc. | 1. ELM-free or inter- HL-2A
[19][20] | ELM phase) | ELM phase) ELM phase
20~120 0.2~1.5 2. Resistive ballooning
mode and drift-
Alfven wave
instability [17]
WCM 200~250 1~1.5 N, T, 1. InI-mode C-Mod
[81[22] B, etc. 2. Low N,, High T,,
Resistive ballooning
mode and drift-
Alfven wave
instability [13]
WCM 80~150 N,, etc. 1. InI-mode [24] ASDEX
[9]1[23] Upgrade
ECM/CM 15~150 0.5~0.7 N., By, etc. | 1. ELM-free or inter- EAST
[1][2][3] OMP: 23.5 OMP: 0.5 ELM phase
(ELM-free (ELM-free
phase) phase)

Table I: The simple features of different coherent modes. OMP represents the outer mid-plane.

In the simulation of edge coherent mode, the frequency, poloidal wavenumber and
transport coefficient are usually calculated for comparison with experiments
[13][14][16]. However, the physics analysis of turbulence in edge coherent mode is
rarely studied. As for the kinetic energy transfer rate, it has been used to analyze the
zonal flow regulating the micro-instabilities of kinetic ballooning modes and
suppressing the macro-MHD instability of double tearing mode [25][26]. In BOUT++
code, the kinetic energy transfer rate has been used to numerically calculate the growth
rate of each terms in linear simulations [27], and it is also used to study the energy
transfer to zonal flow in nonlinear simulations [28].

In this work, the EAST CM during the inter-ELM phase is simulated by the six-
field two-fluid module in BOUT++. Section 2 shows the physics model and simulation
equilibrium. Section 3 is the primary results of nonlinear simulations, which shows
frequency, poloidal wave number, fluctuation level and mode structure comparing with
the experimental diagnostics. In Section 4, the energy transfer and bispectral analysis
are applied to examine the process of mode coupling in EAST CM. This analysis is
helpful for the better understanding of the evolution of CM. Section 5 shows the
analysis of instability and turbulence driving by the kinetic and magnetic energy
transfer rates. The results clearly represent the driving mechanism of CM in our
simulations. The summary is given in section 6.

2. Physics model and simulation equilibrium

2.1 Physics model

The simulation is based on the electromagnetic six-field two-fluid module in
BOUT++ framework [28]. In this model, the vorticity @ equation and the parallel
magnetic vector potential A, equation are important, and written as
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vg and g are perturbed and equilibrium velocity respectively, and their expressions
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The equilibrium velocity vgq is balanced by the ion diamagnetic flow [29], and there
is no net flow in simulations. The vorticity @ and parallel current J; in these
equations are defined as

= mBnlo (qu,') + —qub Ving,+ VJ_Pll) 4)
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by is unit vector for the magnetic field. The other equations, such as n;, V;, T, Te Vjje,
of this model can be referred to Ref. [28]. In the first term of the right-hand side (RHS)

in Eq.(1), BOV"1(]"°) BOVHO(]'”) and B3V, (-2 "1) represent the peeling drive, Alfven

wave or line bendlng term (LB) and Maxwell stress respectively [25][27]. The second
RHS term in Eq. (1) represents the curvature driving. The third and fourth terms are
considered as the gyroviscous effect [30]. The last term u”iVﬁow is the parallel
viscosity. As for the Ohm’s Law, the RHS terms in Eq. (2) are the electrostatic potential
(ES), resistivity, DAW, thermal force and hyper-resistivity respectively.

In order to study the instability and turbulence in the pedestal region, the kinetic and
magnetic energy transfer rates are calculated based on the Ref. [25][27], and they are
written as
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Therefore, the Eq. (1) times o and Eq. (2) times J;; represent kinetic and magnetic
0

energy transfer rates respectively. The linear and nonlinear phase would be analyzed
separately using the above energy for the nonlinear simulations.

2.2 Simulation equilibrium

The EAST shots #62585 and #62961 with the plasma current of 600kA are shown in
Fig. 1. These two shots have the similar discharge parameters. Although the coherent
mode is not found in #62585 around 3.8s, it appeared in the inter-ELM phase of #62961
about t=3.1s~3.85s. The appearance of coherent mode has two characteristic. First, the
ELM burst frequency is low. The shot #62961 from 3.6s to 4s shows that the coherent
mode is disappeared as the ELM burst frequency increasing. In addition, the ELM burst



frequency of #62585 around 3.8s is much larger than that in #62961 during t=3.1s~3.4s
and 3.6s~3.8s, which may lead to the disappearance of coherent mode in #62585 at 3.8s.

Second, the appearance of EAST CM is related to the relatively low pedestal pressure
as the Fig. 5 in Ref. [2]. In addition, the EAST CM is usually observed in ELM-free
phase after L-H transition [1][2]. The appearance of coherent mode is usually under
relatively low heating power [4][31]. For the shot #62961, it is a little special that the
coherent mode during inter-ELM phase is also found in the condition of high neutral
beam injection (NBI) heating power. The heating power of NBI is much larger than
lower hybrid wave (LHW) and electron-cyclontron resonance heating (ECRH), and this
heating is usually absent in ELM-free discharges with coherent mode [31]. The coherent
mode does not last long (3.6s~3.85s) in #62961 with 4. 7MW NBI heating power, and
it is eventually replaced by the broadband turbulence.

Compared to experiments, the coherent mode is found in the nonlinear simulations
of EAST shot #62585 at 3.8s as shown in Fig. 2. First, the pedestal is relaxed in
nonlinear saturation phase. The relatively low pedestal pressure is much easier to form
coherent mode [2]. Second, the occurrence of coherent mode is not affected by the ELM
burst frequency due to no pedestal recovery. Therefore, the appearance of coherent
mode in the nonlinear simulations of this paper is reasonable.

The equilibrium is averaged in a short time during some certain time which is longer
than the ELM cycle, so the profiles are more like the inter-ELM status rather than ELM
phase. Also in the simulations, we assume that the pedestal top is fixed by the heating
source in order to simulate the pedestal turbulence. It is close to the experimental results
during the inter-ELM phase in which the pedestal profiles are evolving slowly, so the
simulation represents the coherent mode in this phase. The EAST CM during inter-
ELM phase is also appeared in Fig. 6(b) in Ref. [2] and Fig. 6 in Ref. [3].
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Fig. 1. The EAST discharge with the shot number 62585 (left panels) and 62961 (right panels).
Panel (a), (b), (c) and (d) are the plasma heating power, plasma current, line averaged density and
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D, signal respectively. Panel (e) and the left contour panel are D, signal and the frequency
spectrum of electron density from 3.72s to 3.88s, which correspond to the black vertical dashed
curves labeled in Panel (a), (b), (c) and (d). The right panels are similar to the left. The red vertical
curves in Panel (f), (h), (i) and (j) represent the time 3.6s.

3. Nonlinear simulation of EAST coherent mode

The EAST shot #62585 at 3.8s, which has been reported in Ref. [32], is chosen for
this analysis. The quasi-neutral condition (N; = N, and N;j = N,g) is used in the
simulation, and the boundary condition can be referred to Ref. [32]. In the nonlinear
simulation of this equilibrium, the divertor heat fluxes and SOL width have been
calculated in Ref. [32], and the edge coherent modes are found. This paper focuses on
the physics analysis of edge coherent mode in this equilibrium. In addition, the
nonlinear simulations of EAST discharge #66553 at 6.0s and #62961 at 3.7s are used
to validate the simulation results of #62585 at 3.8s.

3.1 Nonlinear simulation of #62585 at 3.8s

In order to better compare with the diagnostics, we use the experimental method to
calculate the frequency and poloidal wave number of saturation phase 1130~1705t,
[15][17][33]. In this method, kg is calculated by the phase difference (kg = A¢p/d,
phase difference dividing by poloidal arc length) of the fluctuation at two adjacent grids
in poloidal near the outer mid-plane. In order to improve the accuracy of calculation,
we increase the number of data by repeating five times the time sequence of nonlinear
saturation phase 1130~1705t1,. In addition, the simulation results are projected to
poloidal cross section, which can increase poloidal resolution and calculate ky
precisely. The results are shown in Fig. 2. Obviously, the coherent mode is observed in
simulations. The poloidal wave number is about 0.2cm™%, and it is further illustrated
as below.
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Fig. 2 Panel (a) and (b) are the frequency and poloidal wave number of N; and T,, which are
calculated by the phase difference of fluctuation at two adjacent grids near the outer mid-plane.

Fig.3 (a) and (b) are kg (Z=-43.7~43.4cm) and the 2D mode structure of T, by
projecting the simulation results to the poloidal cross section. The poloidal wave
number is about 0.2cm™! in this region, and it is about 0.25~0.3cm™! in the upper
GPI position (Z = 32~44cm). In the lower GPI position (Z~-44~-32cm), the poloidal
wave number is about 0.6cm™1, which is close to experiments. The results in Fig. 3(a)
show that kg is a little smaller than experiments, and it is nonuniform along poloidal



direction. In Panel (b), the 2D mode structure is stretched and nonuniform along
poloidal direction, and it is changing with time. It indicates that kg varies within a
certain range. The mode structure of T, 1is similar to what is measured by the electron
cyclotron emission imaging (ECEI) system [34]. The poloidal mode number seems a
little smaller than experiments, which indicates that kg in simulations should be
smaller than experiments. In addition, the ECEI image reconstruction based on mode
structure has been studied in Ref. [34], which shows that the reconstructed image is
more extended than the real mode structure. At last, the simulation can show more
physical features besides frequency and poloidal wave number.

Ni & saturation phase
0.8 Ave.B05~855 Ave.1055~1105 Ave.1400~1450

25 ¥ 25 25
20t (b) 20 20 .\;_
15 15

:-10 ‘\ 10 -,I\
O 'R R

0.7}

0.6}

0.5F

k (em™1)

L]

04

z [em]

0.3} -5 -5 i -5
-10 -10 ] ' -10
0.2

-15 -15 -15

017 -20 { -20 -20
L /i Vi

0 -25 -25 -25

-40 -30 -20 -10 0 10 20 30 40 R [em] R [em] 210 220 230

Z (cm) R [em]

Fig. 3. (a) The poloidal wave number and (b) 2D mode structure of T, by projecting data to poloidal
cross section during saturation phase. The outer mid-plane is Z=0, and the upper and lower GPI
position is about Z=~32~40cm and Z~>-44~-32cm respectively.

The relationship between kg and toroidal mode number (n) is derived as [3]
n = Rkg *tan(y), tan(y) = g—i. 9)

Here, x is magnetic pitch angle, and R is the major radius. This method has been used
to estimate the toroidal mode number as shown in Fig. 3(e) in Ref.[3]. Here, the poloidal
distribution of kg is calculated as shown in Fig. 4. In experiments, the diagnostic
measurement of kg is close to the outer mid-plane. For example, the position of the
GPI is near Z = 32~44cm and Z = —44~ —32cm [1], which are near the red
vertical dashed curves in Fig. 4. The reflectometry measurement of density fluctuation
is near the outer mid-plane (Z = 0) [2]. In general, the kg changes from 0.5cm™! to
0.7 cm™! in EAST experiments (yindex € [21,30]) [1][2][3]. Therefore, the
estimation of toroidal mode number is about n=15 as shown the green curve in Fig. 4.
However, kg in low-field side should be much larger than high-field side. If kg is
less than 1cm™?! in low-field side, the toroidal mode number should be smaller than
10. In addition, the toroidal mode number changes greatly (n = 15 — 5) with small
difference of poloidal wave number (kg = 0.5 - 0.2 cm™1) at outer mid-plane.
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Fig. 4. The poloidal wave number calculated based on kg =

The characteristic of mode structures is shown in Fig. 5. Panel (a) is the evolution of
density profile over time. It shows that the linear phase is about 0 ~ 300t,, and then
the density profile collapses largely during t = 300~730t, labeled as the yellow
vertical dashed curves. The nonlinear saturation phase is about 730 ~ 1705t,. The
evolution of the density and electron temperature profiles at the outer mid-plane are
presented in Fig. 5(a) in Ref. [32], and it shows that the collapse of density profile is
much larger than the electron temperature. Panel (b) and (c) show the evolution of
density and electron temperature fluctuations with different toroidal mode number (n)
respectively. From the early nonlinear phase to saturation phase, the predominant
modes are changed from medium-n (n = 15~30) to low-n (n = 0~5) modes. In the
nonlinear saturation phase, the predominant mode of density fluctuation is n=0 and n=5,
while it is n=5 for the electron temperature fluctuation. The axisymmetric mode (n=0)
will cause the profile collapse, so the mode structure indicates that the collapse of the
density profile is larger than electron temperature. Panel (d) is the electrostatic potential
fluctuation at separatrix, and the medium-n modes are not important in the early
nonlinear phase. The dominant modes are n=0 and n=5 in the nonlinear saturation phase.

In experiments, kg is calculated or measured firstly, and then the predominant
toroidal mode number is obtained. It is about n = 16 ~ 20 in EAST CM [1][31]. In
simulations, the predominant toroidal mode number is easily obtained, and then the
poloidal wave number kg is calculated. It is a little different from experiments. In
nonlinear simulation, kg is a little smaller than experiments(ky = 0.5 - 0.2 cm™1),
which leads to the dominant toroidal mode number smaller than experiments (n =
15 — 5) as shown in Fig. 4.

Fig. 5(e) and (f) are the cross-section of rmsp at linear phase t = 17074 and
nonlinear phase t = 12407, respectively. The yellow vertical dashed curves in Fig.
5(e) and (f) represent the maximum pressure gradient position, and the horizontal
dashed curves represent the outer mid-plane. Fig. 5(e) shows that the mode in the linear
phase grows from the maximum pressure gradient position at outer mid-plane. Fig. 5(f)
shows that the mode deviates and stretches radially from the maximum pressure
gradient position, which indicates that the turbulence radial transport is important in the
nonlinear phase. It should be noted that the mode is concentrated on the bad curvature
region both in linear and nonlinear phases.
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FIG.5: Panel (a) is the total density evolution at outer mid-plane. Panel (b) and (c) are the evolution
of N; and T, fluctuation with different toroidal mode number (n) respectively, and they are shown
at the outer mid-plane and the maximum gradient position of N;; and T,y. Panel (d) is the
electrostatic potential fluctuation at separatrix and the outer mid-plane. Panel (e) and (f) are the
cross section of rmsp at linear phase t = 170t, and nonlinear phase t = 124071, respectively.
The horizontal and vertical yellow dashed lines in Panel (e) and (f) represent the outer mid-plane
and maximum gradient position of Py.

The evolution of electrostatic potential perturbation ed¢/T,y, electron pressure
perturbation &p,/p.o and electron density perturbation 6n,/n,, at ¥y = 0.985
and outer mid-plane are shown in Fig. 6(a). The amplitude of ed¢ /T,y and 6pe/peo
are similar and larger than dn,/n.q, and the average value of ed¢/T,, OP./Peo and
on,/n,y are 0.3093, 0.3364 and 0.1795 in nonlinear phase from 55074 to 17007,
respectively. It is comparable to the results of edge coherent mode of EAST shot #40847
in Fig. 3(f) in Ref. [1], which is also measured near the ¥ = 0.985. Panel (b) shows
that the electrostatic potential perturbation is more than two orders of magnitude larger
than the magnetic fluctuation, and the average value of them in the nonlinear saturation
phase from 5507, to 17007, is about ed¢/T,, = 0.3093 and |bq1|/|bo| =
0.0012, where by is unit vector. The magnetic fluctuation (~0.0012) in the
simulation is larger than experiments, such as |bq|/|bg| ~10~* in the QCM of C-Mod
during the ELM-free phase [35]. In addition, |bq|/|bg| in the simulation of #66553 at
6.0s is about 10™*, and the relevant analysis is shown below.
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3.2 Simulation of #66553 at 6.0s and #62961 at 3.7s

The EAST discharge #66553 and some simulation results of #66553 at 6.0s are
shown in Fig.7. There is no NBI heating in Panel (a), and the plasma current is about
450kA as shown in Panel (b). The coherent modes appear during the inter-ELM phase
as shown by the frequency spectral figure below Panel (e), and the frequency ranges
from 32kHz to 48kHz.

Fig. 7(f) and (g) are the evolutions of the density and electron temperature
fluctuations with toroidal mode numbers. The dominant modes are n=0, 5 and 10, and
the mode n=0 becomes predominant after 380t,. Panel (h) and (i) are the evolutions of
the density and electron temperature profiles respectively. Similarly to the simulation
of #62585 at 3.8s, the collapse of the density profile is larger than the electron
temperature.
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Fig. 7. Panel (a) to (d) are the heating power, plasma current, line averaged density and D, signal
about EAST discharge 66553. Panel (e) and contour figure below are D, signal and frequency
spectral between two dashed curves in Panel (a), (b), (¢) and (d). Right panels are the nonlinear
simulation of #66553 at 6.0s. Panel (f) and (g) are the evolutions of mode structure about N; and
T, fluctuations respectively, and Panel (h) and (i) are the change of N; and T, profiles.

The normalized magnetic and electrostatic fluctuations in the nonlinear simulation
are shown in Fig. 8(a). The average value of |b¢|/|bg| and ed¢ /T,y in the nonlinear
phase are about 0.074 and 1.4 X 10~* respectively. Both of these two fluctuations are
smaller than that in the simulation of #62585 at 3.8s. It may be caused by the relatively
smaller heating power and plasma current in #66553. Fig. 8(b) and (c) are the frequency
and poloidal wave number of N; and T, fluctuations in the nonlinear phase. The
frequency is about 51kHz, and the poloidal wave number is about 0.4cm™1. The
simulation results of this shot are closer to the experiment of EAST CM than that in
#62585 at 3.8s. It should be noted that kg (~0.5cm™1) in experiments is usually
measured during ELM-free phase, such as Fig. 4 in Ref. [2] and Fig. 3 in Ref. [3].
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Fig. 8. Panel (a) is the evolution of normalized magnetic and electrostatic fluctuations at Wy =
0.985 and outer mid-plane. Panel (b) and (c) are the frequency and poloidal wave number of N;
and T, fluctuations.

The simulation results of EAST discharge #62961 at 3.7s are shown in Fig. 9. Panel
(a) and (b) show that the density profile collapses larger than the electron temperature
profile, which is similar to the simulation of EAST discharge #66553 at 6.0s and #62585
at 3.8s. In addition, the collapse of N; and T, profiles, the electrostatic fluctuation
(edd/Tey ~0.1633) and magnetic fluctuation (|bq |/|bg| ~0.0022) averaged
during 550~7221, in this equilibrium are larger than that in #66553 at 6.0s. It
indicates that the instability or turbulence in this case with NBI heating is larger than
#66553 without NBI heating.

Fig. 9(c) and (d) are the evolutions of the density and electron temperature
fluctuations with different toroidal mode numbers. Similarly to the simulation of
#66553 at 6.0s and #62585 at 3.8s, the dominant modes are shifted from the medium-n
modes to the low-n modes as the simulation entering the nonlinear saturation phase.
Panel (e) shows the frequency and poloidal wave number of N; fluctuation during
550~72274, and the dominant frequency and kg are about 25.8kHz and 0.53cm™?!
respectively. The frequency and kg of T, fluctuation are about 25.8kHz and
0.25cm™1, which are similar to Panel (e) and not shown again. The results are close to
the experiments, and the characteristics of the simulation results are similar to the case
of #62585 at 3.8s except the value of frequency and poloidal wave number.
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Fig. 9. The simulation of EAST discharge #62961 at 3.7s. Panel (a) and (b) are the evolution of
density and electron temperature profiles. Panel (c) and (d) are the evolution of N; and T,
fluctuations. Panel (e) is the frequency and kg of N; fluctuation.

4. The energy transfer and modes coupling in EAST coherent mode

From early nonlinear phase to saturation phase, the dominant modes are shifted from
medium-n to low-n modes as shown in Fig. 5(b) and (c). In addition, there is just one
dominant mode n=5 besides n=0 in nonlinear saturation phase, which indicates the
appearance of coherent mode. In order to analyze the evolution of mode coupling in
EAST CM, the energy transfer and bispectral analysis between three-wave coupling are
used to study this process.

4.1 Energy transfer between three-wave coupling



The energy transfer between three-wave coupling is calculated based on the method
of Kim J. S. et al [36][37]. Here, we study the process of modes coupling. The nonlinear
mode coupling equation is written as [36]

or(nt) AL, t) + X ngen, A2y, ny)f(ng, £ f(ny, t), (10)

ot n=n;+n,
where f(n,t) is the density, temperature or other fluctuations with the toroidal mode
number # in simulatins. In the right hand side of Eq. (10), the first term represents the
linear growth or damping, and the second term represents the nonlinear modes coupling.

In Eq. (4) and (5) in Ref.[36], the energy flow equation is written as
aPy,

ot RYnPy+ Ty +Tha, By = (fnfn*) (11)
|Lp|?-1
y = Ll (12)
A
niny *

I . =2Re <L; S e, O <fn1fn2fn>> (13)

n=n;+n, Ta

Q,’iil'“Z(QZl'”z) (Fna g vy Fovp)

Tn2 = Z nizn) Z nizn; (14)

- TA
n=n;+n
n=nj+n} e

fn represents N;, T, or other fluctuations with the toroidal mode number n. The
angular brackets represent ensemble averaging. L, and Q,*"? are unknown
variables. The positive T,; represents a net energy flow of (n4,n,) modes coupling
into the mode n, the negative T, represents the energy outflow. However, it should
be noted that the T,; can be used to judge the direction of total energy flow from
modes (n4,n,) to the mode n if the fourth-order cumulant in T, is negligible. T,
also represents five-wave coupling. T,; + T,, can still be used to analyze the total
energy inflow or outflow to the mode n.

In Eq. (11) to Eq. (14) in Ref. [36], there are four unknown variables L,, Q,%"2,
(a,an) and (B,By). Based on Eq. (3) and Eq. (9) in Ref. [36], the variables X,, and
Y, are written as

Xn = fa(O), Yn_ = fu(t +74) ' (15)

Xp=Pn+ X3 Yy =a, + V1 (16)
fn(®) and f,(t +14) are the known variables. X,, and Y, in Eq. (16) are equal to
ideal spectrum (f,,, &), which represents linear and three-wave coupling processes in
Eq. (10), plus nonideal spectrum (X2, Y;*). The matrix A, B and F in Eq. (11) to Eq.
(14) in Ref. [36] can be calculated by (X,,, ¥;,) in Eq. (15). Therefore, solving Eq. (11)
to Eq. (14) in Ref. [36] numerically can get L,, Q;*"2, (Bnfn). (ana}), Tny and
Ths.

The results indicate X,X;, = [,B, as shown in Fig. 10(a), and the nonideal
spectrum (X7, ¥;*) is a small quantity. In the model of Ref. [36], the power spectrum
is forced to be fully saturated with y,B, + Tp1 + Ty = 0 by (Bnfn)={(a,a;,), as
shown in Fig. 3 and Fig. 10 of Ref.[36]. The analysis of N; and T, also has the same
conclusion. However, the total energy change (dP,/dt) is close to Ty,q + Ty, after
linear growing phase as shown in Fig. 10(b), so it just needs to show T,,; and T,,. It
should be noted that the Eq. (11) is not used to the model in Eq. (11) to Eq. (14) in Ref
[36].
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Fig. 10 (a) The energy of density fluctuation ((N;);, - (N;);,) and the ideal spectrum (B;; - By)
about the mode n=5. (b) The time derivation of total energy B, = ((N;), - (N;),) and Ty + Typ
in Eq. (13) and (14).

The energy transfer of three-wave coupling is shown in Fig. 11. Panel (a) is the
energy transfer of N; fluctuation during the early nonlinear phase 300~450t,. The
medium-n modes (n=20,25) lose energy. It indicates that the ballooning modes begin
to become less unstable due to the energy loss of medium-n modes. The mode n=0 gets
large energy, which will lead to the profile collapse. Panel (b) shows that the low-n
modes (n=0,5) obtain a lot of energy (red curve), and the mode n=10 loses energy
during t = 925~10607,. In this phase, the Reynolds stress resdistributes large energy
to turbulence as shown in Fig. 18, which may lead to the low-n modes getting energy.
In the later nonlinear phase, almost all modes lose energy as shown in Panel (c), and it
has no dominant modes to drive the turbulence. Panel (d) is the energy transfer of
electron temperature during the early nonlinear phase. Similar to N; fluctuation, the
medium-n modes (n=20,25) lose energy. However, the mode n=0 does not get large
enegy, so the electron temperature profile collapses a little. At last, the difference of
Ty1 + Ty, and T,; is small in Panel (a) and (d), while it is relatively large in Panel (b)
and (c). It indicates that the effect of the fourth-order cumulant is small just at the early
nonlinear phase.
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Fig. 11 The energy transfer of N; between three-wave coupling at (a) early nonlinear phase, (b)
the phase with relatively large turbulence as shown in Fig. 18 and (c) later nonliner phase. (d) The
energy transfer of electron temperature at the early nonlinear phase.

The energy transfer of modes (n4,n,) coupling to the mode n in T,; can be
calculated easily, while it is not obvious to calculate the rest in T,,,. Fig. 12 shows the
energy transfer of three-wave coupling calculated by T,; about the N; and T,
fluctuations. In the early nonlinear phase of N; fluctuation, the modes (5, -5) (20, -20)
and (25, -25) transfer a lot of energy to the mode n=0, and the mode n=25 transfers
large energy to modes (10, 15) as shown in Panel (a). It is consistent with the T,,; in
Fig. 11 (a). In Panel (b), the energy of medium-n mode n=25 transfer to the modes
(nq,n,) = (10,15) is also large, and the modes (10, 5), (20, -5) and (30, -15) transfer
a lot of energy to the mode n=15. There are relatively smaller energy transfered to the
mode n=0 in T, than that in N;, which indicates that the profile of electron
temperature is less collapsed than density. In addition, the results imply that the energy
has the trend shifting from medium-n to low-n modes in the early nonlinear phase. Then,
there is just one dominant mode n=5 besides n=0, which indicates the appearance of
the coherent mode.

Fig. 12(c) and (d) are the energy transfer during the nonlinear saturation phase. It
should be noted that the energy transfer between three-wave coupling is not accuracy
because the fourth-order cumulant (T},,) cannot be ignored as shown in Fig. 11(b).
However, we can still conclude qualitatively that the modes coupling in the nonlinear
saturation phase is larger than that in the early nonlinear phase. In addition, the modes
coupling effect of T, fluctuation is larger than N; fluctuation.
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Fig. 12 The energy transfer (T,;) of Panel (a) N; and Panel (b) T, fluctuations between three-
wave coupling during t = 300 ~ 4507,4. Panel (c) and (d) are the energy transfer (T,;) of N;

and T, during nonlinear saturation phase.

4.2 The Bispectral analysis for the modes coupling

The bispectrum is a useful method to measure the statistical dependence of three-
wave interactions [38][39][40]. In this work, it is used to analyze the spatial mode
correlations instead of the frequency coupling. Here, we calculate the auto-bispectrum
of ion density and electron temperature, and it is defined as

S(ny,ny) =(Y"(n3)Y(n)Y(np)), ng =ny +n,. (17)
The Y(n) represents the Fourier transform of N; or T, in toroidal direction, where
n is the toroidal mode number, and Y*(n) is the conjugate of Y(n). The angular
brackets in Eqg. (17) represents the ensemble average, which is obtained by the
quantities from different time and position of the simulation data. It is the average of
time during a quasi-period in nonlinear phase and of poloidal position near the outer
mid-plane. In the toroidal direction, it has to do Fourier transform to obtain the mode
number n. The mode structure has large difference along the poloidal direction as
shown in Fig. 5(f), and we just average it near the outer mid-plane. The sequence in
radial is used to calculate the bicoherence directly. The bicoherence spectrum is
calculated by
[S(ny,n;)|
VIY(3) 12V [Y (n1)Y (n2) 12 (18)
The value of b(n,,n,) near unity means that the mode n3 (n; = n; + n,) may have
large correlation with the modes (n4,n,) [39][40]. When the b(n,,n,) is close to
zero, the modes of ny,n, and njz lack coupling and interaction.

b(nlﬂnZ) =



Fig.13 shows the radial distributions of the mode structure at the outer mid-plane
and the bicoherence spectrum of N; and T, fluctuations. The bicoherence of N; and
T, fluctuations are calculated during a quasi-period in the nonlinear saturation phase.
Panel (b) and (d) are the bicoherence of N; during 925~1060t, and T, during
900~1085t, respectively. There are the similar characteristics in the other time
periods. Panel (a) shows that the axisymmetric mode n=0 of N; fluctuation is
dominant, which can cause the collapse of the profile. In addition, the amplitude of the
mode n=0 is large near ¥y = 1 which indicates that the particles are transported out
through the separatrix. Panel (b) is the auto-bicoherence of N; calculated from ¥y =
0.96 to Wy = 1.05. It shows that the mode n = 0 may have large correlation with
the modes (ny,n,) =(5,—5), (10,—10) and so on. The mode coupling of
(nq,n,) = (10,—=5) is the mirror of (ny,n,) = (5,5). Notice that the value of
bicoherence is not related to the amplitude of mode structure. Instead, it represents the
correlation of two modes coupling to another mode. Therefore, the large bicoherence
of modes coupling (ny,n,) = (5,5) does not represent the large amplitude of the
mode structure of n = 10. It is consistent with large energy transferred from the mode
n=10to (ny,n,) = (5,5) in Fig. 12(c).

The Fig. 13(c) shows that the modes of n =0 and n =5 are important for the
T, fluctuation, but the amplitude near separatrix is small. It indicates that the collapse
of T, profile and the electron heat flux transported outwards through the separatrix are
weak. The Fig. 13(d) is the auto-bicoherence of T, calculated from ¥y = 0.87 to
Yy =1.01. It shows that the medium-n modes, such as (n,,n,) = (15,—15),
(15,-10),(20,—10) and so on, coupling to lower-n modes, such as n=0, 5 and 10,
may be important. In addition, the red region in Panel (d) is larger than Panel (b), which
indicates that the T, potentially has more modes coupling than N; fluctuation. In
addition, the energy transfer in Fig. 12(c) and (d) also show that modes coupling in N;
fluctuation larger than that in T,. Therefore, the results indicate that N; tends to be
‘single-mode’, and T, tends to be ‘multiple-mode’ coupling. The multiple-mode
coupling will cause the profile less collapse than single-modes coupling [41], so it is
consistent with the results that the profile of T, is less collapsed than N;.
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Fig. 13 Panel (a) and (c) are the radial distributions of N; and T, fluctuations. The dominant
mode of N; is n = 0,and the mode n =5 and n = 0 are important in T,. Panel (b) and (d) are
the auto-bicoherence of N; and T, respectively. There are much more modes coupling in T,
fluctuation than N;.

4.3 Relative phase

The relative phase is an important parameter to judge whether the mode can extract
the energy from the profile [41]. The relative phase of N; and T, are calculated by

8PNy = arg[(Ny)n/dn] (19)

8¢ (T,) = arg [(T.)n/ sl (20)

The (N;)n, (T,), and ¢, are the nth mode of ion density, electron temperature
and electrostatic potential fluctuations respectively after the Fourier transform, and they
are averaged at the radial and poloidal direction. Here, the mode n =5 is studied
because it is the dominant mode in the nonlinear phase besides the mode n = 0. The
Fig. 14 shows the relative phase of the mode n = 5 and the time derivation of mode
structure normalized to m. Panel (a)(b) and (c)(d) are the relative phase during
300~600t, and 730~113t, respectively. Most of the time, the mode of (N;)s are
growing ((d(N;)s)/dt >0) when 0 < §¢(N;) <m and damping ((d(N;)s)/dt < 0)
when —m < §¢p(N;) < 0 in Panel (a) and (c). It is similar to the T, fluctuation in
Panel (b) and (d).

In addition, the phase coherence time (PCT), which represents the duration of mode
growing [41], is evaluated by the period of relative phase fluctuation in nonlinear phase.
It is calculated using the fast Fourier transform (FFT) of relative phase. The difference
of the relative phase between N; (8¢ (N;)s) and T, (8¢ (T,)s) is small in Panel (a)
and (b), while it is relatively large in the nonlinear saturation phase in Panel (c) and (d).



The PCT of N; is larger than T, about 3074 during t = 730~170514. The results
indicate that the energy transfer between N;, T, and ¢ is more important in the
nonlinear saturation phase than the early nonlinear phase. The larger PCT of N;
fluctuation implies that the turbulence extracts more energy from density profile. The
N; fluctuation tends to be ‘single-mode’ coupling in Fig. 13(b), and it has larger PCT
than T,. Therefore, the collapse of density profile is much larger than electron
temperature profile. We just show the relative phase during t = 300~600t, and

730~11301,, and the rest of time has the similar characteristics.
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Fig. 14 The red curves in Panel (a)(c) and (b)(d) are d(N;),/dt and d(T,),/dt (n=5)
respectively, which are normalized to 7. The green curves represent relative phase. Panel (a) and
(b) show the relative phase during 300~6007,4, and Panel (c) and (d) are the relative phase during
the time period with relatively large turbulence as shown in Fig. 18.
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5. The driving mechanism of instability and turbulence in EAST CM

In order to study the instability of EAST CM, the growth rate of different physics
terms is calculated by the kinetic and magnetic energy transfer rates. In addition, the
energy transfer rates are able to reveal the mechanism of turbulence driving in EAST
CM, such as the effect of electrostatic and magnetic fluctuations. The nonlinear
simulations have three stages including the linear growing phase, profiles fast collapse
phase and saturation phase as shown in Fig. 5(a). The nonlinear interaction is important
in the second and third phases, and they are analyzed separately from the linear phase.

5.1 The instability analysis in the linear phase

In the linear growing phase, the growth rate of different physics terms based on
kinetic energy transfer rate is calculated using the Eq. (1) and Eq.(7) [25][27], and
written as
j;io*(Zboxx-VP)dV

= 1 — Miltio (72
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20; LB,
Egs. (21) to (24) are the linear terms, and represent the curvature driving, line bending
or shear Alfven wave, peeling and E X B shear flow respectively. Egs. (25) to (27) are
the nonlinear terms and represent the Maxwell stress, Reynolds stress and ion
diamagnetic effect respectively. Eq. (28) represents the gyroviscosity effect, in which
the linear and nonlinear terms are added together. The gyroviscosity terms are based on
the electromagnetic gyro-fluid model [30].

The Fig. 15 shows the growth rate of the above terms in the linear phase from t =
0 tot = 200t,. It is obvious that the curvature driving and peeling terms contribute
the positive growth rate, which indicates that the peeling-ballooning mode is important.
It is consistent with the mode structure in Fig. 5(e) which is concentrated at the
maximum pressure gradient position in the outer mid-plane. In addition, the medium-n
modes (n=10~30) are dominant in linear phase in Fig. 5(b) and (c). However, the line
bending term and the E X B shear flow have obviously suppressing effects which are
represented by the negative growth rate. The line bending term represents the Alfven
wave, and its suppressing effect is positively related to the equilibrium magnetic field
B, based on the dispersion relation [30]. The suppressing effect of shear flow is related
to the narrowing and stretching the mode structure [29]. The growth rate of all the
nonlinear terms and gyroviscosity yg are nearly zero. They are overlapped as shown
by the dashed lines in Fig. 15. The influence of the nonlinear terms can be ignored due
to their small amplitudes in the linear phase.
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FIG.15: The growth rate calculated based on the kinetic energy transfer rate. The curvature driving
and peeling term get the positive growth rate, and the E X B shear flow and line bending term
obtain the negative growth rate. The growth rate of nonlinear terms and gyroviscosity term yg are
overlapped by the dashed curves with nearly zero value.

The growth rate based on the magnetic energy transfer rate using Eq. (2) and Eq. (8)
are written as [25] [27]
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Egs. (29) to (35) are linear terms and represent the electrostatic potential, the
electrostatic part of DAW, the electromagnetic part of DAW, the electrostatic part of
thermal force, the electromagnetic part of thermal force, resist and E X B flow
respectively. The Egs. (36) to (38) are nonlinear terms and represent the electrostatic
potential, DAW and thermal force respectively. The instability of DAW is driven by the
parallel gradient of electron pressure coupling with density and temperature gradient
[42].

The growth rates of the above terms are shown in Fig. 16. Panel (a) shows that the
linear electrostatic term y;gs contributes the largest positive growth rate. The
magnetic energy provided by y;gs comes from the gradient of the electrostatic
potential ¢, which is the variable connected with kinetic energy. In addition, this term
also represents the shear Alfven wave by cooperating with the line bending term [25].
As for the DAW, it is able to generate a large instability [42][43][44]. The electrostatic
part of DAW (ypaw rp) has large growth rate in Panel (a), and the contribution is
related to V) oP,. However, the electromagnetic part of DAW ypay 1pp~(bq - V)Peg
is nearly zero. It seems to be related to the amplitude of magnetic perturbation by
which is much smaller than ¢ and P, fluctuations as shown in Fig. 6. Panel (b) shows
that the resistivity and E X B flow have slight suppressing effect. In addition, the
YThermaiLr has suppressing effect with large negative growth rate, and the
YThermai_Lpr 18 small which is similar to ypaw 1pp. Panel (c) is the main part of the
growth rate based on the magnetic energy transfer rate. The Yrpermai 17 1S Opposite to
Ypaw rp» and the absolute value of Yrpermar pr 1S much smaller than yp4y 1p. The



growth rate of vorticity @ and y (3 = A,/B,) are shown in Panel (d), which are
related to kinetic and magnetic components separately. In linear phase, the perturbation
variable f satisfies f = fe'® and Inf = Inf + yt. Therefore, the slope of the
curves in Panel (d) represents the growth rate. The growth rate of kinetic component
(¥w) is larger than magnetic one (y,,), which leads to the vorticity entering nonlinear
phase earlier. It is consistent with the results that the electrostatic perturbation is larger
than electro-magnetic component.
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FIG.16: The growth rate of different terms calculated based on magnetic energy transfer rate. Panel
(a) is the effect of electrostatic potential and DAW. Panel (b) is the growth rate of resistivity effect,
E X B shear flow and thermal force. Panel (c) is the main part of the growth rate. (d) In linear phase,
the growth rate of @ and ¢ (3 = A;/B,) are about 0.18 and 0.14 respectively.

The instability analysis in the linear phase of nonlinear simulation is much better than
that just in linear simulation. For the linear simulation, there is just one toroidal mode
number and no modes coupling effect. However, the present nonlinear simulation has
multiple modes and includes the mode coupling effects, and this is much closer to the
experiments. The analysis shows that the peeling-ballooning mode and DAW are
dominant for the instability in EAST CM, which is better understood in experiments.

In the EAST linear simulations, the ideal ballooning mode is stable, and the DAW
is also important as shown in Fig. 2 in Ref. [45]. This shot in Ref. [45] is considered as
the existence of coherent mode in Ref. [32]. The linear simulation about QCM in C-
Mod [15] and HL-2A [17] also have similar results that the instability of ballooning is
small while the effect of DAW is large. In other words, the difference of linear
simulations between QCM and EAST CM is small. However, the ballooning mode
produces large instability in the linear simulation of QCF [13], which is a little different
from the ballooning instability in the linear phase of nonlinear simulation.



5.2 The analysis in nonlinear phase

5.2.1 Kinetic energy transfer rate

In the nonlinear phase, the fluctuations get crashed and saturated. The coherent
mode appears, and then get the particles, as well as heat, out of the separatrix through
turbulence transport. Therefore, the energy transfer rate is helpful for the analysis of the
turbulence transport. The calculation of the energy transfer rate is similar to the linear
growth rate. For example, the kinetic energy transfer rate of curvature driving and the
magnetic energy transfer rate of linear electrostatic potential term are written as [25][28]

Tor = fl;i;* (2bg X K - VP)dV (39)

Tigs = [Jin * (=Vyop)dV (40)
They are the numerators of the Eqs. (21) and (29) respectively. The other terms of
kinetic energy transfer rate Ty, Tpeeiing: Tero» Tm. Tr, Tip and T are also the
numerators of Eqs. (22) to (28). The terms of magnetic energy transfer rate Tpay 1p,
Tpaw 1op» Trrermairr Trnermaiipr Tresist» Teromag. Tes. Tpaw non and
Trhermai non are the numerators of Egs. (30) to (38).

Fig. 17 is the evolution of the kinetic energy transfer rate for different physical terms,
and the Table II is the average value of the corresponding terms in the nonlinear
saturation stage from t = 550t, to t = 17051,. Panel (a) shows that the Reynolds
stress Ty is positive and redistributes energy to turbulence, while the ion diamagnetic
term T;p has the opposite sign and suppresses turbulence as shown in Panel (b). The
residual energy transfer rate of Ty + T);p can still drive the turbulence since the
average value of Ty in nonlinear phase is larger than |T;p| from Table II. The line
bending term (T g~bg - V];1) can suppress the turbulence with a large negative energy
transfer rate. The Maxwell stress Ty, (Ty~by - V];1) can redistribute energy to the
turbulence with the positive sign at most of the simulation time. The amplitude of T,
is less than T;p in Table II. The Reynolds stress is related to the electric potential ¢,
and Ty, is related to by and Jj;. Here J;; is related to shear Alfven wave and
magnetic fluctuation, which is an important variable like the electrostatic potential ¢.
Tr 1is about seven times larger than Ty, in Table II, which implies that the electrostatic
potential perturbation is much larger than magnetic perturbation. The gyroviscosity
effect T; is weak as shown the green curve in Panel (b), and the value of it is small in
Table 11. The linear terms other than the line bending term, such as Ty, Tpeering and
Tgro, have little contributions to the energy transfer rate as shown the dashed curves in
Panel (b), while these terms are important in linear phase in Fig. 15.
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FIG.17: The kinetic energy transfer rate of different physical terms. Panel (a) is the energy
transfer rate of Reynolds stress, Maxwell stress and line bending term. Panel (b) is energy transfer
rate of Reynolds stress, ion diamagnetic effect, gyroviscous effect, curvature driving, peeling term
and E X B shear flow. The contribution of nonlinear terms (T, Ty, T;p) are large, and the linear
terms (Teyrs Tpeetings Tero) are small except line bending term T, . The linear and nonlinear parts
are added together for the gyroviscosity term Tg,.

TABLE II: Kinetic energy transfer rate average in nonlinear saturation phase
Kinetic Energy TR TM TLB TID TG Tcur TPeeling TErO
Tral(lﬁiiﬁate 1.228 | 0.167 | -1.101 | -0.772 | 0.093 | -0.111 | -0.048 | 0.074

5.2.2 The effect of Reynolds stress

The Reynolds stress redistributes large energy to the turbulence, and it is necessary
to be studied further. Fig. 18 shows the time evolution of density N; + N, averaged
near the outer mid-plane, the Reynolds stress Tg, particle flux [}, and electron heat
flux q., crossing the flux surface at separatrix are shown in Fig. 18. The [}, is

calculated by the flux surface average at separatrix [28], and the expression is

ly = (n (P272) )+ (nVhibr ), (1)

Here angular brackets mean flux surface average. The q., is the electron heat flux
crossing the flux surface at separatrix, and it is written as

by %V
Qer = ffneTe( 0><0 ¢. VX)]dde. (42)

B

Here the | represents Jacobian, and the integral is based on the field-aligned
coordinate [46]. In the phase 300~730t,, the density profile collapses fast as shown
in Fig. 18(a), and then the turbulence enters the nonlinear saturation phase (t =730 ~
1705t,). In 730~113071,, the Reynolds stress Ty contributes large energy to
turbulence, which corresponds to large [;;,- and q., as shown in Panel (b), (c) and (d).
It is mainly caused by the electrostatic potential fluctuation based on Eq. (26), Eq. (41)
and Eq. (42). Tg, I}, and q,., enter the saturation phase (t = 1130~17051,) without
large fluctuation. In addition, the T, and I} seem to change with the density
fluctuation N; + N, during t = 1200 ~ 14007, . At last, the electron heat flux
crossing the flux surface at separatrix is about 1MW, and the peak power is about
2.5MW.

The results are different from the evolution of density and particle flux in Fig. 8 in
Ref. [28], which shows that the [}, is maximum after the density profile collapse, and



then it enters saturation phase. This is mainly due to the difference of equilibrium. In
Ref. [28], the shifted circular equilibrium is far away from the stability boundary of
peeling-ballooning modes, while it is near the stability boundary for the EAST one.
Therefore, the equilibrium in Ref. [28] produces large ELM burst with the particle flux
about three orders of magnitude larger than EAST. The turbulence in EAST equilibrium
is much smaller than the shifted circle equilibrium, which leads to the turbulence
characteristic of EAST CM much different from the later one.

0.6 0.7 0.8 0.9 1 1.1 1.2

BT : |

Ni+NOD

. (1/m? 1/s)

ir

a,, (MW)
N W

.._____
-

=]
I
I
I
|
r

200 400 600 800 1000 1200 1400 1600
t(t,)
A

Fig. 18: The evolution of (a) density averaged near the outer mid-plane, (b) Reynolds stress, (c)
particle flux and (d) electron heat flux crossing the flux surface at separatrix.

5.2.3 Magnetic energy transfer rate

The evolution of magnetic energy transfer rate are shown in Fig. 19, and the
corresponding average value of nonlinear saturation phase (t = 550~1705t,) are
calculated in Table III. Panel (a) shows that the T; g, which represents the Alfven wave
propagation by coupling with the line bending term, produces a large negative magnetic
energy transfer rate to suppress the turbulence. In addition, the contribution of the
resistivity Tresise and E X B shear flow Tgpq mqg are small. Panel (b) and (c) are
the magnetic energy transfer rate of linear and nonlinear terms about DAW and thermal
force respectively. The |Tpaw rpp| and |Trpermar pr| are smaller than |Tpay 1p|
and |Trpermar 1| in Table III. It seems to be due to the magnetic perturbative |b; |
( Toaw op~b1-VPeo , Trhermaiipr~b1-VTe ) smaller than F, and T,
perturbations (Tpaw p~bo * VPe, Trhermaitr~bo - VTe) as in Fig. 6, and the results
are similar to  [Ypaw rop| and |Vrrermairpr| smaller than |ypaw pp| and
|YThermar Lr| 1n linear phase in Fig. 16. It indicates that the electromagnetic
perturbation is smaller than the electrostatic one. The nonlinear terms Tgs, Tpaw non
and Trpermai non become important in nonlinear phase. Panel (d) is the magnetic
energy transfer rate of different driving cell. The results show the DAW provides
positive magnetic energy to drive the turbulence, while the electrostatic potential and



thermal force can suppress the turbulence. At last, the magnetic energy transfer rate is
much smaller than kinetic energy transfer rate, for example, the |T;gs| in Tbale III is
much smaller than |Tg| in Table II.
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FIG.19: The evolution of magnetic energy transfer rate about different physics terms. Panel (a)
is the contribution of electrostatic potential, resist and ExB shear flow. Panel (b) and (c) are the
contribution of linear and nonlinear terms in DAW and thermal force. Panel (d) is the magnetic
energy transfer rate of different driving cell such as Trpermar = Trhermai it + TThermai Lot +

Trhermainon a4 Tpaw=Tpaw 1p+Tpaw LoptToaw non-

TABLE III: Magnetic energy transfer rate average in nonlinear saturation phase

Tis Tgs TResist Teromag | Tpaw.ir
Magnetic
Energy Transfer |  -0.672 0.139 -0.064 0.023 0.191
Rate (MW)
TDAW_LDP TDAW_non TThermal_LT TThermal_LDT TThermal_non
Magnetic
Energy Transfer 0.048 0.144 -0.192 0.022 -0.107
Rate (MW)

The electrostatic potential fluctuation is much larger than magnetic fluctuation as
shown in Fig. 6(b), which can also be inferred from the kinetic and magnetic energy
transfer rates. The results indicate that the EAST CM is electrostatic mode. In order to
understand the results of energy analysis, we make a comparison with double tearing
mode [25]. In Ref. [25], the profiles are fixed and the double tearing mode is unstable.
The kink term (T, ~ (V})mnJeq) drives large instability as shown Fig. 11(b) in Ref.
[25]. In addition, the magnetic islands are observed in simulations as shown in Fig. 6
in Ref. [25]. The double tearing mode is growing after the quasi-steady turbulence.



In EAST CM, the Reynolds stress and Maxwell stress are dominant in the
electrostatic and magnetic fluctuations respectively, and the Reynolds stress is much
larger than Maxwell stress. As for the double tearing mode, the Maxwell stress is large
as shown in Fig. 11(a) in Ref. [25]. The effect of electro-magnetic perturbation in EAST
CM is small as Tpay 1pp in Fig. 19, while TZP* in double tearing mode is important
as in Fig. 13(b) in Ref. [25]. Therefore, the analysis of energy transfer rate indicates
that the electrostatic fluctuation is predominant in EAST CM simulations, while the

magnetic fluctuation is dominant in double tearing mode in Ref. [25].

6. Summary

Based on the EAST typical H-mode discharges, we use the six-field two-fluid code
in BOUT++ framework to simulate the turbulence in the plasma edge region. The
coherent mode is observed in the simulations. The poloidal wave number is a little
smaller than experiments within the same analysis method as the EAST measurements,
which leads to the predominant toroidal mode number smaller than experiments. The
fluctuation level of electrostatic potential, electron pressure and density are comparable
to experiments. In addition, the simulation results of EAST discharge #66553 at 6.0s
and #62961 at 3.7s with coherent mode are closer to experiments than that in #62585
at 3.8s. All three cases show a similar mode coupling process, and the collapse of
density profile larger than electron temperature.

In order to understand the generation and evolution of the coherent modes, the
analysis of energy transfer between three-wave coupling is adopted. There are multiple
predominant medium-n modes in the early nonlinear phase. The energy tends to transfer
from medium-n turbulence to low-n modes in the early nonlinear phase. Then, there is
just one predominant mode n=5 besides n=0, which indicates the appearance of the
coherent mode.

This method also shows that the effect of mode coupling in the nonlinear saturation
phase is much larger than that in the early nonlinear phase. The bispectral reflects the
potentially interaction between three-wave coupling. Both energy transfer and
bispectral show that the N; fluctuation tends to ‘single-mode’ coupling, while the
‘multiple-mode’ coupling is predominant in T, fluctuation. The °‘single-mode’
coupling is more easily to cause the profile collapse. The relative phase d¢ determines
whether the turbulence can extract energy from profiles. The modes are growing when
the relative phase 0 <8¢ <m and damping when —m < 8¢ < 0. The phase
coherence time (PCT) represents the duration of mode growing. The relative phase
indicates that the PCT of N; is about 30t, larger than T,. Therefore, the density
profile collapse is larger than the electron temperature, and the turbulence extracts more
energy from density channel. It is consistent with the EAST experiments that the
existence of coherent mode corresponds to higher divertor particle flux [3].

For the instability analysis of EAST CM, the growth rate of different terms is
calculated in linear phase of nonlinear simulation based on the kinetic and magnetic
energy transfer rate. The instability is mainly driven by the peeling-ballooning mode
and DAW, while the shear Alfven wave and E X B shear flow have suppressing effect.
The mode structure has the characteristic of ballooning mode, which is concentrated at
the maximum pressure gradient position in the outer mid-plane. The instability in the
linear phase of nonlinear simulation is different from linear simulation, which shows
that the ballooning has small instability while DAW drives large instability. The
difference is because that there are multiple modes and modes coupling effects existing
in the linear phase of nonlinear simulation, which is closer to experiments than linear



simulation that just includes single mode.

In addition, the EAST ECM and CM are considered to be similar, and they
are just different from the broadband turbulence. The difference between EAST ECM/
CM and QCM requires further research. The DAW is important in these coherent
modes, which is driven by the gradient of parallel electron pressure fluctuation
coupling with density and temperature gradients. It belongs to the part of magnetic
energy. However, the instability of QCF in C-Mod and DIII-D is driven by ideal
ballooning or KBM, which should be much unstable than QCM and ECM/CM.

The electrostatic perturbation is dominant in EAST CM. The Reynolds
stress and Maxwell stress correspond to the electrostatic and magnetic fluctuations
respectively, and they redistribute positive energy to the turbulence. However, the
Reynolds stress is about seven times larger than Maxwell stress, so the
electrostatic potential fluctuation is much larger than the electromagnetic one. In
addition, the contribution of the electrostatic part of DAW and thermal force
are also larger than the electromagnetic part. Since the electrostatic fluctuation
is dominant, the kinetic energy transfer to the turbulence is much larger than the
magnetic energy. At last, the linear terms, such as shear flow, peeling and
curvature driving terms, have small influence in the nonlinear phase.
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