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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 𝑁𝑖 fluctuation tends to generate the ‘single-mode’ 

coupling and 𝑇𝑒 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. 
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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 𝑃𝐼𝐶𝑅𝐹/𝑃𝑡𝑜𝑡𝑎𝑙  

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 I-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) 𝑘𝜃(cm−1) Fluctuation 
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Nẽ, 𝐵1̃, 𝑒𝑡𝑐. 1. Inter-ELM phase. 

2. Ballooning modes 

and drift-Alfven 

wave instability [13] 

DIII-D 
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Alfven wave 

instability [15] 
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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 ϖ  equation and the parallel 

magnetic vector potential 𝐴∥ equation are important, and written as 

 

(
∂

∂t
+ (𝒗𝑬 + 𝒗𝑬𝟎) ⋅ 𝛁) 𝜛 = 𝐵0

2∇∥ (
𝐽∥

𝐵0
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ELM phase 
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𝒗𝑬 and 𝒗𝑬𝟎 are perturbed and equilibrium velocity respectively, and their expressions 

are 

𝒗𝑬 =
𝒃𝟎×𝛻𝜙

𝐵0
, 𝒗𝑬𝟎 =

𝒃𝟎×𝛻𝜙0

𝐵0
                    (3) 

The equilibrium velocity 𝒗𝑬𝟎 is balanced by the ion diamagnetic flow [29], and there 

is no net flow in simulations. The vorticity 𝜛  and parallel current 𝐽∥  in these 

equations are defined as 
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𝒃𝟎 is unit vector for the magnetic field. The other equations, such as 𝑛𝑖 , 𝑉∥𝑖, 𝑇𝑖, 𝑇𝑒 𝑉∥𝑒, 

of this model can be referred to Ref. [28]. In the first term of the right-hand side (RHS) 

in Eq.(1), B0
2∇∥1(

𝐽∥0

𝐵0
), B0

2∇∥0(
𝐽∥1

𝐵0
) and B0

2∇∥1(
𝐽∥1

𝐵0
) represent the peeling drive, Alfven 

wave or line bending 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 μ∥i∇∥0
2 ϖ  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 
𝜙

𝐵0
 and Eq. (2) times 𝐽∥1 represent kinetic and magnetic 

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]. 

 

 
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 



𝐷𝛼  signal respectively. Panel (e) and the left contour panel are 𝐷𝛼  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 (𝑁𝑖 = 𝑁𝑒  and 𝑁𝑖0 = 𝑁𝑒0 ) 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 1130~1705τA 

[15][17][33]. In this method, 𝑘𝜃 is calculated by the phase difference (𝑘𝜃 = 𝛥𝜙/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 1130~1705τA. In addition, the simulation results are projected to 

poloidal cross section, which can increase poloidal resolution and calculate 𝑘𝜃 

precisely. The results are shown in Fig. 2. Obviously, the coherent mode is observed in 

simulations. The poloidal wave number is about 0.2cm−1, and it is further illustrated 

as below. 

 
Fig. 2 Panel (a) and (b) are the frequency and poloidal wave number of 𝑁𝑖 and 𝑇𝑒, which are 

calculated by the phase difference of fluctuation at two adjacent grids near the outer mid-plane. 

 

Fig.3 (a) and (b) are 𝑘𝜃 (Z=-43.7~43.4cm) and the 2D mode structure of 𝑇𝑒 by 

projecting the simulation results to the poloidal cross section. The poloidal wave 

number is about 0.2cm−1 in this region, and it is about 0.25~0.3cm−1 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 𝑘𝜃 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 𝑘𝜃 varies within a 

certain range. The mode structure of 𝑇𝑒 is 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 𝑘𝜃  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. 

 
Fig. 3. (a) The poloidal wave number and (b) 2D mode structure of 𝑇𝑒 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 𝑘𝜃 and toroidal mode number (n) is derived as [3] 

𝑛 = 𝑅𝑘𝜃 ∗ tan(𝜒) , tan(χ) =
𝐵𝜃

𝐵𝜙
.                  (9) 

Here, χ 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 𝑘𝜃  is calculated as shown in Fig. 4. In experiments, the diagnostic 

measurement of 𝑘𝜃 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 𝑘𝜃 changes from 0.5cm−1 to 

0.7 cm−1  in EAST experiments ( y index ∈ [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, 𝑘𝜃 in low-field side should be much larger than high-field side. If 𝑘𝜃 is 

less than 1cm−1 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 (kθ = 0.5 → 0.2 cm−1) at outer mid-plane. 



 
Fig. 4. The poloidal wave number calculated based on 𝑘𝜃 =

𝑛

𝑅∗𝑡𝑎𝑛(𝜒)
 (𝜓𝑁 = 0.95) in #62585 at 

3.8s. The direction along y index is clockwise. The black vertical dashed curve represents outer mid-

plane. The red vertical dashed curves (left Z=41.7cm, right Z=-42.1cm) are near the position of GPI 

in Fig. 1 in Ref. [1], and they are also near the positon of POINT diagnostics 𝑁𝑒𝑙1 and 𝑁𝑒𝑙11 in Fig. 

1 in Ref. [3]. The blue vertical dashed curve represent the inner outer mid-plane. 

 
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 ∼ 300τA, and then  

the density profile collapses largely during t = 300~730τA  labeled as the yellow 

vertical dashed curves. The nonlinear saturation phase is about 730 ∼ 1705τA. 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, 𝑘𝜃  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 𝑘𝜃  is calculated. It is a little different from experiments. In 

nonlinear simulation, 𝑘𝜃 is a little smaller than experiments(𝑘𝜃 = 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 = 170𝜏𝐴  and 

nonlinear phase 𝑡 = 1240𝜏𝐴 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.  



 
FIG.5: Panel (a) is the total density evolution at outer mid-plane. Panel (b) and (c) are the evolution 

of 𝑁𝑖 and 𝑇𝑒 fluctuation with different toroidal mode number (n) respectively, and they are shown 

at the outer mid-plane and the maximum gradient position of 𝑁𝑖0  and 𝑇𝑒0 . 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 = 170τA and nonlinear phase t = 1240τA respectively. 

The horizontal and vertical yellow dashed lines in Panel (e) and (f) represent the outer mid-plane 

and maximum gradient position of 𝑃0. 

 
The evolution of electrostatic potential perturbation 𝑒𝛿𝜙/𝑇𝑒0 , electron pressure 

perturbation 𝛿𝑝𝑒/𝑝𝑒0  and electron density perturbation 𝛿𝑛𝑒/𝑛𝑒0  at 𝛹𝑁 = 0.985 

and outer mid-plane are shown in Fig. 6(a). The amplitude of 𝑒𝛿𝜙/𝑇𝑒0 and 𝛿𝑝𝑒/𝑝𝑒0 

are similar and larger than 𝛿𝑛𝑒/𝑛𝑒0, and the average value of 𝑒𝛿𝜙/𝑇𝑒0, 𝛿𝑝𝑒/𝑝𝑒0 and 

𝛿𝑛𝑒/𝑛𝑒0  are 0.3093, 0.3364 and 0.1795 in nonlinear phase from 550𝜏𝐴 to 1700𝜏𝐴 

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 𝛹𝑁 = 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 550𝜏𝐴 to 1700𝜏𝐴  is about 𝑒𝛿𝜙/𝑇𝑒0  = 0.3093  and |𝒃𝟏| |𝒃𝟎|⁄ =
0.0012 , where 𝒃𝟎  is unit vector. The magnetic fluctuation ( ~0.0012 ) in the 

simulation is larger than experiments, such as |𝒃𝟏|/|𝒃𝟎| ~10−4 in the QCM of C-Mod 

during the ELM-free phase [35]. In addition, |𝒃𝟏|/|𝒃𝟎| in the simulation of #66553 at 

6.0s is about 10−4, and the relevant analysis is shown below.  



 
FIG.6: The evolution of the RMS of fluctuations at separatrix and outer mid-plane. (a) The 

fluctuation level of eδϕ/Te0, δpe/𝑝𝑒0 and δne/𝑛𝑒0. (b) The comparison of the fluctuation level 

of perturbative potential eδϕ/Te0 and perturbative magnetic field |𝐛𝟏|/|𝒃𝟎|.  

 

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 380τA. 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. 



 

Fig. 7. Panel (a) to (d) are the heating power, plasma current, line averaged density and Dα signal 

about EAST discharge 66553. Panel (e) and contour figure below are Dα signal and frequency 

spectral between two dashed curves in Panel (a), (b), (c) and (d). Right panels are the nonlinear 

simulation of #66553 at 6.0s. Panel (f) and (g) are the evolutions of mode structure about 𝑁𝑖 and 

𝑇𝑒 fluctuations respectively, and Panel (h) and (i) are the change of 𝑁𝑖 and 𝑇𝑒 profiles. 

 

     The normalized magnetic and electrostatic fluctuations in the nonlinear simulation 

are shown in Fig. 8(a). The average value of |𝒃𝟏|/|𝒃𝟎| and 𝑒𝛿𝜙/𝑇𝑒0 in the nonlinear 

phase are about 0.074 and 1.4 × 10−4 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 𝑁𝑖  and 𝑇𝑒  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 𝑘𝜃 (~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]. 

 



Fig. 8. Panel (a) is the evolution of normalized magnetic and electrostatic fluctuations at ΨN =

0.985 and outer mid-plane. Panel (b) and (c) are the frequency and poloidal wave number of 𝑁𝑖 

and 𝑇𝑒 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 𝑁𝑖 and 𝑇𝑒 profiles, the electrostatic fluctuation 

(eδϕ/Te0 ~0.1633)  and magnetic fluctuation (|𝒃𝟏 |/|𝒃𝟎| ~0.0022)  averaged 

during 550~722τA   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 𝑁𝑖  fluctuation during 

550~722𝜏𝐴 , and the dominant frequency and 𝑘𝜃  are about 25.8kHz and 0.53cm−1 

respectively. The frequency and 𝑘𝜃  of 𝑇𝑒  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. 

 
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 𝑁𝑖  and 𝑇𝑒 

fluctuations. Panel (e) is the frequency and 𝑘𝜃 of 𝑁𝑖 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] 
𝜕𝑓(𝑛,𝑡)

𝜕𝑡
= Λn

𝐿 (𝑛, 𝑡) + ∑ Λ𝑛
𝑄(𝑛1, 𝑛2)𝑓(𝑛1, 𝑡)𝑓(𝑛2, 𝑡)𝑛1≥𝑛2

𝑛=𝑛1+𝑛2

,       (10) 

where 𝑓(𝑛, 𝑡) is the density, temperature or other fluctuations with the toroidal mode 

number n 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  
𝜕𝑃𝑛

𝜕𝑡
≈ 𝛾𝑛𝑃𝑛 + 𝑇𝑛1 + 𝑇𝑛2,    𝑃𝑛 = 〈𝑓𝑛𝑓𝑛

∗〉              (11) 

𝛾𝑛 =
|𝐿𝑛|2−1

𝜏𝐴
                             (12) 

𝑇𝑛1 = 2𝑅𝑒 (𝐿𝑛
∗ ∑

Q𝑛
𝑛1,𝑛2〈𝑓𝑛1𝑓𝑛2𝑓𝑛

∗〉

𝜏𝐴
𝑛1≥𝑛2

𝑛=𝑛1+𝑛2

 )              (13) 

𝑇𝑛2 = ∑ 𝑛1
′ ≥𝑛2

′

𝑛=𝑛1
′ +𝑛2

′

∑
Q𝑛

𝑛1,𝑛2(Q𝑛
𝑛1

′ ,𝑛2
′

)

∗

〈𝑓𝑛1𝑓𝑛2𝑓𝑛1
∗ 𝑓𝑛2

∗ 〉

𝜏𝐴
𝑛1≥𝑛2

𝑛=𝑛1+𝑛2

      (14) 

𝑓𝑛  represents 𝑁𝑖 , 𝑇𝑒  or other fluctuations with the toroidal mode number n. The 

angular brackets represent ensemble averaging. 𝐿𝑛  and 𝑄𝑛
𝑛1,𝑛2  are unknown 

variables. The positive 𝑇𝑛1 represents a net energy flow of (𝑛1, 𝑛2) modes coupling 

into the mode n, the negative 𝑇𝑛1 represents the energy outflow. However, it should 

be noted that the 𝑇𝑛1  can be used to judge the direction of total energy flow from 

modes (𝑛1, 𝑛2) to the mode n if the fourth-order cumulant in 𝑇𝑛2 is negligible. Tn2 

also represents five-wave coupling. 𝑇𝑛1 + 𝑇𝑛2 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 𝐿𝑛, 𝑄𝑛
𝑛1,𝑛2, 

〈𝛼𝑛𝛼𝑛
∗ 〉 and 〈𝛽𝑛𝛽𝑛

∗〉. Based on Eq. (3) and Eq. (9) in Ref. [36], the variables 𝑋𝑛 and 

𝑌𝑛 are written as  

𝑋𝑛 = 𝑓𝑛(𝑡), 𝑌𝑛 = 𝑓𝑛(𝑡 + 𝜏𝐴)                  (15) 

𝑋𝑛 = 𝛽𝑛 + 𝑋𝑛
𝑛𝑖 , 𝑌𝑛 = 𝛼𝑛 + 𝑌𝑛

𝑛𝑖                (16) 

𝑓𝑛(t) and 𝑓𝑛(𝑡 + 𝜏𝐴) are the known variables. 𝑋𝑛 and 𝑌𝑛 in Eq. (16) are equal to 

ideal spectrum (𝛽𝑛, 𝛼𝑛), which represents linear and three-wave coupling processes in 

Eq. (10), plus nonideal spectrum (𝑋𝑛
𝑛𝑖, 𝑌𝑛

𝑛𝑖). The matrix A, B and F in Eq. (11) to Eq. 

(14) in Ref. [36] can be calculated by (𝑋𝑛, 𝑌𝑛) in Eq. (15). Therefore, solving Eq. (11) 

to Eq. (14) in Ref. [36] numerically can get 𝐿𝑛 , 𝑄𝑛
𝑛1,𝑛2 , 〈𝛽𝑛𝛽𝑛

∗〉 , 〈𝛼𝑛𝛼𝑛
∗ 〉 , 𝑇𝑛1  and 

𝑇𝑛2.  

  The results indicate 𝑋𝑛𝑋𝑛
∗ ≈ 𝛽𝑛𝛽𝑛

∗  as shown in Fig. 10(a), and the nonideal 

spectrum (𝑋𝑛
𝑛𝑖, 𝑌𝑛

𝑛𝑖) is a small quantity. In the model of Ref. [36], the power spectrum 

is forced to be fully saturated with 𝛾𝑛𝑃𝑛 + 𝑇𝑛1 + 𝑇𝑛2 ≈ 0  by 〈𝛽𝑛𝛽𝑛
∗〉 =〈𝛼𝑛𝛼𝑛

∗ 〉 , as 

shown in Fig. 3 and Fig. 10 of Ref.[36]. The analysis of 𝑁𝑖 and 𝑇𝑒 also has the same 

conclusion. However, the total energy change (∂𝑃𝑛/𝜕𝑡 ) is close to 𝑇𝑛1 + 𝑇𝑛2  after 

linear growing phase as shown in Fig. 10(b), so it just needs to show 𝑇𝑛1 and 𝑇𝑛2. It 

should be noted that the Eq. (11) is not used to the model in Eq. (11) to Eq. (14) in Ref 

[36].  



 
Fig. 10 (a) The energy of density fluctuation 〈(𝑁𝑖)𝑛

∗ ⋅ (𝑁𝑖)𝑛〉  and the ideal spectrum 〈𝛽𝑛
∗ ⋅ 𝛽𝑛〉 

about the mode n=5. (b) The time derivation of total energy 𝑃𝑛 = 〈(𝑁𝑖)𝑛
∗ ⋅ (𝑁𝑖)𝑛〉 and 𝑇𝑛1 + 𝑇𝑛2 

in Eq. (13) and (14). 

 

The energy transfer of three-wave coupling is shown in Fig. 11. Panel (a) is the 

energy transfer of 𝑁𝑖 fluctuation during the early nonlinear phase 300~450τA. 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 = 925~1060τA. 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 𝑁𝑖 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 

𝑇𝑛1 + 𝑇𝑛2 and 𝑇𝑛1 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.  



 
Fig. 11 The energy transfer of 𝑁𝑖 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 (𝑛1, 𝑛2 ) coupling to the mode 𝑛  in 𝑇𝑛1  can be 

calculated easily, while it is not obvious to calculate the rest in 𝑇𝑛2. Fig. 12 shows the 

energy transfer of three-wave coupling calculated by 𝑇𝑛1  about the 𝑁𝑖  and Te 

fluctuations. In the early nonlinear phase of 𝑁𝑖 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 𝑇𝑛1 in 

Fig. 11 (a). In Panel (b), the energy of medium-n mode n=25 transfer to the modes 
(n1, 𝑛2) = (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 𝑇𝑒  than that in 𝑁𝑖 , 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 (𝑇𝑛2 ) 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 𝑇𝑒 fluctuation is larger than 𝑁𝑖 fluctuation. 



 
Fig. 12 The energy transfer (𝑇𝑛1) of Panel (a) 𝑁𝑖 and Panel (b) 𝑇𝑒 fluctuations between three-

wave coupling during t = 300 ∼ 450𝜏𝐴. Panel (c) and (d) are the energy transfer (𝑇𝑛1) of 𝑁𝑖 

and 𝑇𝑒 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(𝑛1, 𝑛2) = 〈𝑌∗(𝑛3)𝑌(𝑛1)𝑌(𝑛2)〉,   𝑛3 = 𝑛1 + 𝑛2.           (17) 

The 𝑌(𝑛) represents the Fourier transform of 𝑁𝑖 or 𝑇𝑒 in toroidal direction, where 

n is the toroidal mode number, and 𝑌∗(𝑛)  is the conjugate of 𝑌(𝑛) . The angular 

brackets in Eq. (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 

𝑏(𝑛1, 𝑛2) =
|𝑆(𝑛1,𝑛2)|

√|𝑌(𝑛3)|2√|𝑌(𝑛1)𝑌(𝑛2)|2
.                 (18) 

The value of 𝑏(𝑛1, 𝑛2) near unity means that the mode n3 (𝑛3 = 𝑛1 + 𝑛2) may have 

large correlation with the modes (𝑛1, 𝑛2) [39][40]. When the 𝑏(𝑛1, 𝑛2) is close to 

zero, the modes of 𝑛1, 𝑛2 and n3 lack coupling and interaction. 



   Fig.13 shows the radial distributions of the mode structure at the outer mid-plane 

and the bicoherence spectrum of 𝑁𝑖 and 𝑇𝑒 fluctuations. The bicoherence of 𝑁𝑖 and 

𝑇𝑒 fluctuations are calculated during a quasi-period in the nonlinear saturation phase. 

Panel (b) and (d) are the bicoherence of 𝑁𝑖  during 925~1060τA  and 𝑇𝑒  during 

900~1085τA  respectively. There are the similar characteristics in the other time 

periods. Panel (a) shows that the axisymmetric mode n=0 of 𝑁𝑖  fluctuation is 

dominant, which can cause the collapse of the profile. In addition, the amplitude of the 

mode n=0 is large near 𝛹𝑁 = 1 which indicates that the particles are transported out 

through the separatrix. Panel (b) is the auto-bicoherence of 𝑁𝑖 calculated from 𝛹𝑁 =
0.96 to 𝛹𝑁 = 1.05. It shows that the mode 𝑛 = 0 may have large correlation with 

the modes (𝑛1, 𝑛2) = (5, −5) , (10, −10)  and so on. The mode coupling of 
(𝑛1, 𝑛2) = (10, −5)  is the mirror of (𝑛1, 𝑛2) = (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 (𝑛1, 𝑛2) = (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=10 to (𝑛1, 𝑛2) = (5,5) in Fig. 12(c). 

   The Fig. 13(c) shows that the modes of 𝑛 = 0 and 𝑛 = 5 are important for the 

𝑇𝑒 fluctuation, but the amplitude near separatrix is small. It indicates that the collapse 

of 𝑇𝑒 profile and the electron heat flux transported outwards through the separatrix are 

weak. The Fig. 13(d) is the auto-bicoherence of 𝑇𝑒  calculated from 𝛹𝑁 = 0.87  to 

𝛹𝑁 = 1.01 . It shows that the medium-n modes, such as (𝑛1, 𝑛2) = (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 𝑇𝑒  potentially has more modes coupling than 𝑁𝑖  fluctuation. In 

addition, the energy transfer in Fig. 12(c) and (d) also show that modes coupling in 𝑁𝑖 

fluctuation larger than that in 𝑇𝑒. Therefore, the results indicate that 𝑁𝑖 tends to be 

‘single-mode’, and 𝑇𝑒  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 𝑇𝑒 is less collapsed than 𝑁𝑖.  

 



 
Fig. 13 Panel (a) and (c) are the radial distributions of 𝑁𝑖 and 𝑇𝑒 fluctuations. The dominant 

mode of 𝑁𝑖 is 𝑛 = 0, and the mode 𝑛 = 5 and 𝑛 = 0 are important in 𝑇𝑒. Panel (b) and (d) are 

the auto-bicoherence of 𝑁𝑖  and 𝑇𝑒  respectively. There are much more modes coupling in 𝑇𝑒 

fluctuation than 𝑁𝑖. 
 

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 𝑁𝑖 and 𝑇𝑒 are calculated by 

𝛿𝜙(𝑁𝑖)𝑛 = arg[(𝑁𝑖)𝑛/𝜙𝑛]                    (19) 

𝛿𝜙(𝑇𝑒)𝑛 = arg [(𝑇𝑒)𝑛/𝜙𝑛]                    (20) 

The (𝑁𝑖)𝑛, (𝑇𝑒)𝑛 and 𝜙𝑛 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 𝜋 . Panel (a)(b) and (c)(d) are the relative phase during 

300~600τA and 730~113τA respectively. Most of the time, the mode of (𝑁𝑖)5 are 

growing ( (d(𝑁𝑖)5)/𝑑𝑡 > 0)  when 0 < 𝛿𝜙(𝑁𝑖) < 𝜋  and damping ( (d(𝑁𝑖)5)/𝑑𝑡 < 0) 

when −𝜋 < 𝛿𝜙(𝑁𝑖) < 0  in Panel (a) and (c). It is similar to the 𝑇𝑒  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 𝑁𝑖 (𝛿𝜙(𝑁𝑖)5) and 𝑇𝑒 (𝛿𝜙(𝑇𝑒)5) 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 𝑁𝑖 is larger than 𝑇𝑒 about 30𝜏𝐴 during t = 730~1705τA. The results 

indicate that the energy transfer between 𝑁𝑖 , 𝑇𝑒  and 𝜙  is more important in the 

nonlinear saturation phase than the early nonlinear phase. The larger PCT of 𝑁𝑖 

fluctuation implies that the turbulence extracts more energy from density profile. The 

𝑁𝑖 fluctuation tends to be ‘single-mode’ coupling in Fig. 13(b), and it has larger PCT 

than 𝑇𝑒 . Therefore, the collapse of density profile is much larger than electron 

temperature profile. We just show the relative phase during t = 300~600τA  and  

730~1130τA, and the rest of time has the similar characteristics. 

 
Fig. 14 The red curves in Panel (a)(c) and (b)(d) are d(𝑁𝑖)n/𝑑𝑡  and d(𝑇𝑒)n/dt  (n=5) 

respectively, which are normalized to 𝜋. The green curves represent relative phase. Panel (a) and 

(b) show the relative phase during 300~600𝜏𝐴, and Panel (c) and (d) are the relative phase during 

the time period with relatively large turbulence as shown in Fig. 18. 

 

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  

𝛾𝑐𝑢𝑟 =
∫

𝜙

𝐵0
∗(2𝒃𝟎×𝜿⋅𝜵𝑃)𝑑𝑉

∫
𝜙

𝐵0
∗𝜛′𝑑𝑉

, 𝜛′ =
𝑚𝑖𝑛𝑖0

𝐵0
(𝛻⊥

2𝜙)            (21) 

𝛾𝐿𝐵 =
∫

𝜙

𝐵0
∗(𝐵0

2𝜵∥0(
𝐽∥1
𝐵0

))𝑑𝑉

∫
𝜙

𝐵0
∗𝜛′𝑑𝑉

                     (22) 

𝛾𝑃𝑒𝑒𝑙𝑖𝑛𝑔 =
∫

𝜙

𝐵0
∗(𝐵0

2𝜵∥1(
𝐽∥0
𝐵0

))𝑑𝑉

∫
𝜙

𝐵0
∗𝜛′𝑑𝑉

                 (23) 



𝛾𝐸𝑟0 =
∫

𝜙

𝐵0
∗(−𝒗𝑬𝟎)⋅𝜵𝜛𝑑𝑉

 ∫
𝜙

𝐵0
∗𝜛′𝑑𝑉

                   (24) 

𝛾𝑀 =
∫

𝜙

𝐵0
∗(𝐵0

2𝜵∥1(
𝐽∥1
𝐵0

))𝑑𝑉

∫
𝜙

𝐵0
∗𝜛′𝑑𝑉

                 (25) 

𝛾𝑅 =
∫

𝜙

𝐵0
∗(−𝒗𝑬⋅𝜵𝜛′)𝑑𝑉

∫
𝜙

𝐵0
∗𝜛′𝑑𝑉

                   (26) 

𝛾𝐼𝐷 =
∫

𝜙

𝐵0
∗(−𝒗𝑬⋅𝜵(

𝑚𝑖
𝑍𝑖𝑒𝐵0

𝜵⊥
2 𝑃𝑖1))𝑑𝑉

∫
𝜙

𝐵0
∗𝜛′𝑑𝑉

            (27) 

𝛾𝐺 = ∫
𝜙

𝐵0
⋅ {

1

2Ω𝑖
[

1

𝐵0
𝒃 × 𝛁𝑃𝑖 ⋅ 𝛁(𝛁⊥

2𝜙) − 𝑍𝑖𝑒𝐵0𝒃 × 𝛁𝑛𝑖 ⋅ 𝛁 (
𝛁⊥𝜙

𝐵0
)

2

] +           

1

2Ω𝑖
[

1

𝐵0
𝒃 × 𝛁𝜙 ⋅ 𝛁(𝛁⊥

2𝑃𝑖) − 𝛁⊥
2 (

1

𝐵0
𝒃 × 𝛁𝜙 ⋅ 𝛁𝑃𝑖)]}𝑑𝑉/(∫

𝜙

𝐵0
∗ 𝜛′𝑑𝑉)  (28) 

Eqs. (21) to (24) are the linear terms, and represent the curvature driving, line bending 

or shear Alfven wave, peeling and 𝑬 × 𝑩 shear flow respectively. Eqs. (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 to t = 200τA. 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 × 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 

𝑩𝟎 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 γG 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.  
  

 



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 × 𝑩 shear flow and line bending term 

obtain the negative growth rate. The growth rate of nonlinear terms and gyroviscosity term γG 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] 

𝛾𝐿𝐸𝑆 =
∫ 𝐽∥1∗(−𝜵∥0𝜙)𝑑𝑉

∫ 𝐽∥1∗𝐴∥𝑑𝑉
                       (29) 

𝛾𝐷𝐴𝑊_𝐿𝑃 =
∫ 𝐽∥1∗

1

𝑒𝑛𝑒0
𝜵∥0𝑃𝑒𝑑𝑉

∫ 𝐽∥1∗𝐴∥𝑑𝑉
                      (30) 

𝛾𝐷𝐴𝑊_𝐿𝐷𝑃 =
∫ 𝐽∥1∗

1

𝑒𝑛𝑒0
𝜵∥1𝑃𝑒0𝑑𝑉

∫ 𝐽∥1∗𝐴∥𝑑𝑉
                     (31) 

𝛾𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝑇 =
∫ 𝐽∥1∗

0.71𝑘𝐵
𝑒𝐵0

𝜵∥0𝑇𝑒𝑑𝑉

∫ 𝐽∥1∗𝐴∥𝑑𝑉
                    (32) 

𝛾𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝐷𝑇 =
∫ 𝐽∥1∗

0.71𝑘𝐵
𝑒𝐵0

𝜵∥1𝑇𝑒0𝑑𝑉

∫ 𝐽∥1∗𝐴∥𝑑𝑉
                   (33) 

𝛾𝑅𝑒𝑠𝑖𝑠𝑡 =
∫ 𝐽∥1∗(−𝜂𝐽∥1)𝑑𝑉

∫ 𝐽∥1∗𝐴∥𝑑𝑉
                      (34) 

𝛾𝐸𝑟0_𝑀𝑎𝑔 =
∫ 𝐽∥1∗(−𝒗𝑬𝟎⋅𝜵𝐴∥)𝑑𝑉

∫ 𝐽∥1∗𝐴∥𝑑𝑉
                    (35) 

𝛾𝐸𝑆 =
∫ 𝐽∥1∗(−𝜵∥1𝜙)𝑑𝑉

∫ 𝐽∥1∗𝐴∥𝑑𝑉
                      (36) 

𝛾𝐷𝐴𝑊_𝑛𝑜𝑛 =
∫ 𝐽∥1∗

1

𝑒𝑛𝑒0
𝜵∥1𝑃𝑒𝑑𝑉

∫ 𝐽∥1∗𝐴∥𝑑𝑉
                     (37) 

𝛾𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝑛𝑜𝑛 =
∫ 𝐽∥1∗

0.78𝑘𝐵
𝑒𝐵0

𝜵∥1𝑇𝑒𝑑𝑉

∫ 𝐽∥1∗𝐴∥𝑑𝑉
                    (38) 

Eqs. (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 × 𝑩  flow 

respectively. The Eqs. (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 𝛾𝐿𝐸𝑆  contributes the largest positive growth rate. The 

magnetic energy provided by 𝛾𝐿𝐸𝑆  comes from the gradient of the electrostatic 

potential 𝜙, 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 (𝛾𝐷𝐴𝑊_𝐿𝑃)  has large growth rate in Panel (a), and the contribution is 

related to 𝛻∥0𝑃𝑒. However, the electromagnetic part of DAW 𝛾𝐷𝐴𝑊_𝐿𝐷𝑃~(𝒃𝟏 ⋅ 𝛻)𝑃𝑒0 

is nearly zero. It seems to be related to the amplitude of magnetic perturbation 𝒃𝟏 

which is much smaller than 𝜙 and 𝑃e fluctuations as shown in Fig. 6. Panel (b) shows 

that the resistivity and 𝑬 × 𝑩  flow have slight suppressing effect. In addition, the 

𝛾𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝑇  has suppressing effect with large negative growth rate, and the 

𝛾𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝐷𝑇 is small which is similar to 𝛾𝐷𝐴𝑊_𝐿𝐷𝑃. Panel (c) is the main part of the 

growth rate based on the magnetic energy transfer rate. The 𝛾𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝑇 is opposite to 

𝛾𝐷𝐴𝑊_𝐿𝑃, and the absolute value of 𝛾𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝑇 is much smaller than 𝛾𝐷𝐴𝑊_𝐿𝑃. The 



growth rate of vorticity 𝜛 and 𝜓 (𝜓 = 𝐴∥/𝐵0) are shown in Panel (d), which are 

related to kinetic and magnetic components separately. In linear phase, the perturbation 

variable 𝑓  satisfies 𝑓 = 𝑓𝑒𝛾𝑡  and 𝑙𝑛𝑓 = 𝑙𝑛𝑓 + 𝛾𝑡 . Therefore, the slope of the 

curves in Panel (d) represents the growth rate. The growth rate of kinetic component 

(𝛾𝜛) is larger than magnetic one (𝛾𝜓), 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. 

 
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 × 𝐁 shear flow and thermal force. Panel (c) is the main part of the growth rate. (d) In linear phase, 

the growth rate of ϖ and 𝜓 (𝜓 = 𝐴∥/𝐵0) 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] 

𝑇𝑐𝑢𝑟 = ∫
𝜙

𝐵0
∗ (2𝒃𝟎 × 𝜿 ⋅ 𝜵𝑃)𝑑𝑉                 (39) 

𝑇𝐿𝐸𝑆 = ∫ 𝐽∥1 ∗ (−𝜵∥0𝜙)𝑑𝑉                     (40) 

They are the numerators of the Eqs. (21) and (29) respectively. The other terms of 

kinetic energy transfer rate 𝑇𝐿𝐵 , 𝑇𝑃𝑒𝑒𝑙𝑖𝑛𝑔 , 𝑇𝐸𝑟0 , 𝑇𝑀 , 𝑇𝑅 , 𝑇𝐼𝐷  and 𝑇𝐺  are also the 

numerators of Eqs. (22) to (28). The terms of magnetic energy transfer rate 𝑇𝐷𝐴𝑊_𝐿𝑃,
𝑇𝐷𝐴𝑊_𝐿𝐷𝑃 , 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝑇 , 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝐷𝑇 , 𝑇𝑅𝑒𝑠𝑖𝑠𝑡 , 𝑇𝐸𝑟0_𝑀𝑎𝑔 , 𝑇𝐸𝑆 , 𝑇𝐷𝐴𝑊_𝑛𝑜𝑛  and 

𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝑛𝑜𝑛 are the numerators of Eqs. (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 = 550τA to t = 1705τA. Panel (a) shows that the Reynolds 

stress 𝑇𝑅 is positive and redistributes energy to turbulence, while the ion diamagnetic 

term 𝑇𝐼𝐷 has the opposite sign and suppresses turbulence as shown in Panel (b). The 

residual energy transfer rate of 𝑇𝑅 + 𝑇𝐼𝐷  can still drive the turbulence since the 

average value of 𝑇𝑅 in nonlinear phase is larger than |𝑇𝐼𝐷| from Table II. The line 

bending term (𝑇𝐿𝐵~𝒃𝟎 ⋅ 𝛻𝐽∥1) can suppress the turbulence with a large negative energy 

transfer rate. The Maxwell stress 𝑇𝑀  (𝑇𝑀~𝒃𝟏 ⋅ 𝛻𝐽∥1 ) can redistribute energy to the 

turbulence with the positive sign at most of the simulation time. The amplitude of 𝑇𝑀 

is less than 𝑇𝐿𝐵 in Table II. The Reynolds stress is related to the electric potential 𝜙, 

and 𝑇𝑀  is related to 𝒃𝟏  and 𝐽∥1 . Here 𝐽∥1  is related to shear Alfven wave and 

magnetic fluctuation, which is an important variable like the electrostatic potential 𝜙. 

𝑇𝑅 is about seven times larger than 𝑇𝑀 in Table II, which implies that the electrostatic 

potential perturbation is much larger than magnetic perturbation. The gyroviscosity 

effect 𝑇𝐺 is weak as shown the green curve in Panel (b), and the value of it is small in 

Table 1I. The linear terms other than the line bending term, such as 𝑇𝑐𝑢𝑟 , 𝑇𝑃𝑒𝑒𝑙𝑖𝑛𝑔 and 

𝑇𝐸𝑟0, 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.  

 



 
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 × 𝑩 shear flow. The contribution of nonlinear terms (𝑇𝑅, 𝑇𝑀, 𝑇𝐼𝐷) are large, and the linear 

terms (𝑇𝑐𝑢𝑟 , 𝑇𝑃𝑒𝑒𝑙𝑖𝑛𝑔, 𝑇𝐸𝑟0) are small except line bending term 𝑇𝐿𝐵.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 

Transfer Rate 

(MW) 

𝑇𝑅 𝑇𝑀 𝑇𝐿𝐵 𝑇𝐼𝐷 𝑇𝐺 𝑇𝑐𝑢𝑟 𝑇𝑃𝑒𝑒𝑙𝑖𝑛𝑔 𝑇𝐸𝑟0 

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 𝑁𝑖 + 𝑁0 averaged 

near the outer mid-plane, the Reynolds stress 𝑇𝑅, particle flux 𝛤𝑖𝑟 and electron heat 

flux 𝑞𝑒𝑟  crossing the flux surface at separatrix are shown in Fig. 18. The 𝛤𝑖𝑟  is 

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

𝛤𝑖𝑟 = 〈𝑛𝑖 (
𝒃𝟎×𝛁𝝓

𝐵0
)

𝑟
〉 + 〈𝑛𝑖𝑉∥𝑖𝑏1𝑟〉.                   (41) 

Here angular brackets mean flux surface average. The 𝑞𝑒𝑟 is the electron heat flux 

crossing the flux surface at separatrix, and it is written as 

𝑞𝑒𝑟 = ∫ ∫ 𝑛𝑒𝑇𝑒 (
𝒃𝟎×𝛁𝝓

𝐵0
⋅ 𝛁𝑥) 𝐽𝑑𝑦𝑑𝑧.                 (42) 

Here the 𝐽  represents Jacobian, and the integral is based on the field-aligned 

coordinate [46]. In the phase 300~730τA, the density profile collapses fast as shown 

in Fig. 18(a), and then the turbulence enters the nonlinear saturation phase (t = 730 ∼

1705τA) . In 730~1130τA , the Reynolds stress 𝑇𝑅  contributes large energy to 

turbulence, which corresponds to large 𝛤𝑖𝑟 and 𝑞𝑒𝑟 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). 𝑇𝑅 , 𝛤𝑖𝑟 and 𝑞𝑒𝑟 enter the saturation phase (t = 1130~1705τA) without 

large fluctuation. In addition, the 𝑇𝑅  and  𝛤𝑖𝑟  seem to change with the density 

fluctuation 𝑁𝑖 + 𝑁0  during t = 1200 ∼ 1400𝜏𝐴 . 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 𝛤𝑖𝑟 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. 

 
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 = 550~1705𝜏𝐴)  are 

calculated in Table III. Panel (a) shows that the 𝑇𝐿𝐸𝑆, 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 𝑇𝑅𝑒𝑠𝑖𝑠𝑡  and 𝑬 × 𝑩  shear flow 𝑇𝐸𝑟0_𝑚𝑎𝑔  are small. Panel (b) and (c) are 

the magnetic energy transfer rate of linear and nonlinear terms about DAW and thermal 

force respectively. The |𝑇𝐷𝐴𝑊_𝐿𝐷𝑃|  and |𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝐷𝑇|  are smaller than |𝑇𝐷𝐴𝑊_𝐿𝑃| 
and |𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝑇| in Table III. It seems to be due to the magnetic perturbative |𝑏1| 
( 𝑇𝐷𝐴𝑊_𝐿𝐷𝑃~𝒃𝟏 ⋅ 𝛻𝑃𝑒0 , 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝐷𝑇~𝒃𝟏 ⋅ 𝛻𝑇𝑒0 ) smaller than 𝑃𝑒  and 𝑇𝑒 

perturbations (𝑇𝐷𝐴𝑊_𝐿𝑃~𝒃𝟎 ⋅ 𝛻𝑃𝑒, 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝑇~𝒃𝟎 ⋅ 𝛻𝑇𝑒) as in Fig. 6, and the results 

are similar to |𝛾𝐷𝐴𝑊_𝐿𝐷𝑃|  and |𝛾𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝐷𝑇|  smaller than |𝛾𝐷𝐴𝑊_𝐿𝑃|  and 

|𝛾𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝑇|  in linear phase in Fig. 16. It indicates that the electromagnetic 

perturbation is smaller than the electrostatic one. The nonlinear terms 𝑇𝐸𝑆, 𝑇𝐷𝐴𝑊_𝑛𝑜𝑛 

and 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_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 |𝑇𝐿𝐸𝑆| in Tbale III is 

much smaller than |𝑇𝑅| in Table II. 

 
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 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙 = 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝑇 + 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝐷𝑇 +
𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝑛𝑜𝑛 and 𝑇𝐷𝐴𝑊=𝑇𝐷𝐴𝑊_𝐿𝑃+𝑇𝐷𝐴𝑊_𝐿𝐷𝑃+𝑇𝐷𝐴𝑊_𝑛𝑜𝑛. 

 

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

 𝑇𝐿𝐸𝑆 𝑇𝐸𝑆 𝑇𝑅𝑒𝑠𝑖𝑠𝑡 𝑇𝐸𝑟0_𝑀𝑎𝑔 𝑇𝐷𝐴𝑊_𝐿𝑃 

Magnetic 

Energy Transfer 

Rate (MW) 
-0.672 0.139 -0.064 0.023 0.191 

 𝑇𝐷𝐴𝑊_𝐿𝐷𝑃 𝑇𝐷𝐴𝑊_𝑛𝑜𝑛 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝑇 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝐿𝐷𝑇 𝑇𝑇ℎ𝑒𝑟𝑚𝑎𝑙_𝑛𝑜𝑛 

Magnetic 

Energy Transfer 

Rate (MW) 
0.048 0.144 -0.192 0.022 -0.107 

 

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 (𝑇𝑚𝑛
𝐾𝐼 ∼ (𝛻∥)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 𝑇𝐷𝐴𝑊_𝐿𝐷𝑃 in Fig. 19, while 𝑇21
𝐿𝐷𝑃 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 𝑁𝑖  fluctuation tends to ‘single-mode’ coupling, while the 

‘multiple-mode’ coupling is predominant in 𝑇𝑒  fluctuation. The ‘single-mode’ 

coupling is more easily to cause the profile collapse. The relative phase 𝛿𝜙 determines 

whether the turbulence can extract energy from profiles. The modes are growing when 

the relative phase 0 < 𝛿𝜙 < 𝜋  and damping when −𝜋 < 𝛿𝜙 < 0 . The phase 

coherence time (PCT) represents the duration of mode growing. The relative phase 

indicates that the PCT of 𝑁𝑖  is about 30τA  larger than 𝑇𝑒 . 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 × 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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