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Abstract 
 
Gyrokinetic simulations of DIII-D tokamak equilibrium find that resonant magnetic perturbation 

(RMP) drive a neoclassical non-ambipolar electron particle flux, which causes a rapid change of 

equilibrium radial electric fields consistent with experimental observations during the suppression 

of the edge localized mode (ELM). The simulation results provide a support for the conjecture that 

RMP-induced changes of radial electric fields lead to the enhanced turbulent transport at the 

pedestal top during the ELM suppression. Furthermore, gyrokinetic simulations of collisionless 

damping of zonal flows show that resonant responses to the RMP decrease the residual level of the 

zonal flows and damp the geodesic acoustic mode (GAM). 

 

1. Introduction 

In tokamak high-confinement regime (H-mode) with an edge transport barrier, edge localized 

modes (ELM) [1] are often observed to drive a large energy flux from the pedestal region to plasma-

facing components [2]. The resonant magnetic perturbations (RMP), produced by a set of external 

coils, have been showed to be effective for ELM suppression/mitigation [3-8]. The mode stability 

analysis [3, 4] shows that the RMP can stabilize the ELM by enhancing the radial particle transport 

at the pedestal top, thus preventing the pedestal from reaching the stability boundary. However, the 

mechanism for the enhanced particle transport at the pedestal top, i.e., density pump-out is not well 

understood [5, 9]. Meanwhile, a rapid damping of toroidal flows at the pedestal top [10] is often 

observed during the transition from ELMing to ELM suppression state. This flow damping plays an 

important role in the turbulent transport that causes the density pump-out at the pedestal top in a 
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DIII-D shot [11]. The flow damping is mostly caused by a rapid change of equilibrium radial electric 

fields since plasma pressure profiles change much more slowly during the transition to the ELM 

suppression. An outstanding issue is that how the 3D RMP causes the rapid change of the 

equilibrium radial electric fields.  

The short timescale of the rapid flow damping implies that the magnetohydrodynamic (MHD) 

braking effect [12] does not make the dominant contribution. Beyond the MHD theory, several 

kinetic theories have been proposed to explain the toroidal torque induced by the 3D RMP. In 

particular, neoclassical toroidal viscosity (NTV) theory [13] suggests that the 3D RMP can induce 

a radial transport of trapped particles, which generates a toroidal braking torque. Qualitative 

agreement has been obtained [14-18] between the NTV theory and the braking torque measured in 

the experiments, but a quantitative discrepancy persists. More importantly, prediction of the particle 

pump-out associated with the enhanced particle fluxes requires self-consistent calculation of the 

ambipolar electric fields, which have not been considered in the NTV theory [19].  

Recently, gyrokinetic simulations have made impressive progress studying neoclassical and 

turbulence transport in tokamak with 3D RMP. Gyrokinetic RMP simulations initially used vacuum 

magnetic field generated by the I-coil without plasma responses [20-23]. A gyrokinetic quasilinear 

theory [24] predicts an enhanced transport in the pedestal region due to the reduction of the RMP 

shielding by the reversal of the equilibrium radial electric field on a resonant surface. However, the 

plasma responses greatly affect the RMP penetration and magnetic island formation [25], which 

need to be taken into account in the gyrokinetic simulations of neoclassical and turbulent transport.  

Indeed, gyrokinetic GTC [26] simulations of a DIII-D tokamak equilibrium with plasma non-

resonant responses to the RMP find that the 3D equilibrium with closed flux-surfaces does not 

enhance turbulence transport since the RMP amplitude is too small to have significant effects on 

linear drift-wave instability or zonal flow damping [27]. Further GTC simulations find that the 

reduction of the radial electric field shear at the top of the pedestal during ELM suppression leads 

to enhanced drift-wave turbulence and extended turbulence spreading to the top of the pedestal 

relative to ELMing plasmas with similar RMP and pedestal parameters [11]. Subsequently, 

gyrokinetic XGC simulations of the DIII-D equilibrium with both resonant and non-resonant 

responses to the RMP show that non-ambipolar neoclassical transport can cause a rapid change of 
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radial electric fields near the magnetic separatrix [28] and that the enhanced turbulent transport can 

lead to the density pump-out [29].   

In this work, we use GTC simulations to study the RMP effects on the radial electric fields 

including both equilibrium electric fields associated with toroidal rotations and zonal flows 

generated by microturbulence, which greatly affect the turbulent transport in tokamaks. GTC 

simulations of the microturbulence and neoclassical transport in 3D toroidal geometry including 

stellarators [30, 31] and tokamaks with 3D magnetic fields [11, 27, 32-35] have been extensively 

verified. GTC simulations reported in this paper use realistic DIII-D tokamak equilibrium with both 

resonant and non-resonant responses to the 3D RMP calculated by the resistive MHD code M3D-

C1 [36]. Neoclassical simulation results show that RMP-induced magnetic islands and stochastic 

electron orbits drive a non-ambipolar electron particle flux, which leads to a rapid change of 

equilibrium radial electric fields consistent with experimental observations during the transition 

from the ELMing to ELM suppression state. The GTC neoclassical simulation results on the 

pedestal top are in qualitative agreement with the XGC neoclassical simulation results near the 

magnetic separatrix [28] and provide a support for the conjecture that RMP-induced changes of 

radial electric fields lead to enhanced turbulent transport at the pedestal top during the ELM 

suppression [11, 29]. Furthermore, GTC simulations of collisionless damping of zonal flows find 

that resonant responses to the RMP decrease the residual level and damp the geodesic acoustic mode 

(GAM).  

The rest of the paper is organized as follows. GTC neoclassical simulation model for the 

tokamak equilibrium with the 3D RMP is formulated in section 2. Simulations of neoclassical 

transport with the RMP without and with equilibrium electric field are presented in section 3 and 4, 

respectively. In section 5, we calculate the time rate of change of the equilibrium radial electric field 

due to the non-ambipolar electron particle fluxes. Effects of the 3D RMP on the collisionless 

damping of zonal flows are discussed in section 6. Finally, conclusions and discussions are 

discussed in section 7.  

 
2. Formulation of neoclassical simulation in tokamak with 3D RMP 

2.1 Implementation of tokamak equilibrium with 3D RMP in GTC 

In this work, GTC simulations use magnetic equilibrium with full plasma response to RMP, 
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including both non-resonant response (which preserves closed flux surfaces) and resonant response 

(which creates magnetic islands and/or magnetic stochasticity) calculated by the resistive MHD 

code M3D-C1 [36]. The equilibrium profiles [10, 11, 27] from the DIII-D discharge #158103 at 

3050ms, when ELM is suppressed by the n=2 RMP, is chosen as the base case for GTC simulations.  

 
Fig 1. (a) Poincare plots on the 𝜁 = 0 poloidal plane for magnetic field lines (small points), and 
deuterium gyrocenter orbits (red, blue and green big points) for three different pinch angles l with 
local thermal speed. Here, 𝜃!"# (rad) is geometric poloidal angle. (b) Spectrum of n=2 RMP 
magnetic field as a function of poloidal harmonic m and poloidal flux 𝜓. Dashed red line represents 
resonant response. (c) Radial profiles of perturbed magnetic fields 𝐵$%, where the red rectangular 
box is enlarged in panel (d).  

 

The equilibrium magnetic field can be written as 𝐁 = 𝐁𝟎 + δ𝐁, where 𝐁𝟎  represents the 

equilibrium magnetic field of an axisymmetric tokamak and δ𝐁 represents the 3D RMP. In GTC, 

the Boozer coordinate (𝜓, 𝜃, 𝜁) is used, corresponding to poloidal magnetic flux, poloidal and 

toroidal angles. The equilibrium magnetic field can then be represented in covariant form and 

contravariant form: 𝐁𝟎 = 𝛿𝛁𝜓 + 𝑔𝛁𝜁 + 𝐼𝛁𝜃 = 𝑞𝛁𝜓 × 𝛁𝜃 + 𝛁𝜁 × 𝛁𝜓 . Here, 𝑞  is the safety 
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factor, 2𝜋𝑔 and 2𝜋𝐼 are poloidal and toroidal currents, and 𝛿 represents the components of the 

currents that depend on the poloidal angle. The perturbed magnetic field is cast in GTC using a 

reduced form δ𝐁 = 𝛁 × (𝛼𝐁𝟎), which preserves the radial component of perturbed field. The 

M3D-C1 provides the Fourier series 𝛼 = ∑ 𝛼$%$,% 𝑒(%)*($+, where	𝛼$% is the coefficient of the 

Fourier series. The function a calculated by this Fourier series is then converted to a 3D spline 

function in GTC [27] [37].  

Fig. 1(a) shows the Poincare plot of the equilibrium magnetic field with the 3D RMP at the 

𝜁 = 0 poloidal plane, where 𝜓 is normalized with its value 𝜓, at the last closed flux surface. In 

the region between 𝜓 = 0.87~0.97𝜓, , three island chains (𝑚/𝑛) = (−7/2), (−8/2), (−9/2) 

are clearly separated by Kolmogorov-Arnold-Moser (KAM) surfaces. While there is very little 

stochasticity of the magnetic field lines, the particle orbits may still possess some stochasticity due 

to the cross-field guiding center drifts that sample multiple magnetic islands. The island widths in 

the high field side are, respectively, 0.5, 1.5 and 1 in the unit of local proton Larmor radius. Since 

the 8/2 island is the largest, we focus on the physics around the 𝑞 = 4 rational flux surface (𝜓 =

0.93𝜓,).  

Fig. 1(a) also shows the Poincare plot for deuterium gyrocenter orbits around the 𝜓 = 0.95𝜓, 

flux surface with three different pinch angles λ ≡ -.
/

 = 0.26, 0.5 and 0.92, which correspond to the 

typical passing particle, barely trapped particle, and deeply trapped particle, respectively. The 

guiding center orbits in the region outside of 𝜓 = 0.95𝜓,  could be strongly affected by the 

magnetic separatrix of the divertor, which is then expected to play the dominant role in the ion 

neoclassical transport in the pedestal [28]. Since the ion guiding center orbits widths are much larger 

than the RMP island width around the 𝑞 = 4 rational flux surface, the RMP islands should not 

affect the ion neoclassical transport significantly [38], especially when comparing with the dominant 

role of the magnetic separatrix. Therefore, we neglect the effect of RMP on the ion dynamics, and 

only study the single-species neoclassical transport of the electron in this work.  

Fig. 1(b) shows the poloidal spectrum of the perturbed magnetic field 𝐵$% =

0
1∬d𝜁	d𝜃	𝐽	(δ𝐁 ∙ 𝛁𝜓)𝑒2$+*%) , where 𝐴 is the surface area of the magnetic flux surface and 𝐽 is 

the Jacobi of the coordinates. The plasma response could be separated into the resonant response 

and non-resonant response. The resonant response could be quantified by the magnitude of the 
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perturbed magnetic field at rational surfaces, represented by the red dashed line where	𝑞 = 𝑚/𝑛. 

The negative m of resonant responses indicates the left-handed helicity of the plasma currents. 

Fig 1(c) shows the radial profiles of several poloidal harmonics of the RMP. The vertical dashed 

lines correspond to the radial positions of different rational surfaces. The horizontal short lines 

correspond to the vacuum RMP field values at the rational surfaces. Fig. 1(d) shows the enlarged 

red rectangular region in fig. 1(c), where the ratio between the resonant response and the vacuum 

RMP field value at the 𝑞 = 4 rational surface is about 0.1, which indicates that the resonant 

magnetic perturbation is strongly screened by the plasma response.  

 

2.2. GTC simulation model of neoclassical transport with RMP and radial electric field  

In the GTC neoclassical simulations, the dynamics of electron gyrocenter are calculated by the 

Hamiltonian [39] in the phase space (𝐗, 𝐸, 𝜇),  

𝐻 = 𝐸 − 𝑒𝜙 = 0
3
𝑚"𝑣∥3 + 𝜇𝐵 − 𝑒𝜙, 

where 𝐗 is the spatial coordinates, 𝐸 is the particle kinetic energy,	𝜇 is the magnetic moment. 

𝑚" is the mass of electron, −𝑒 is the charge of electron, 𝑣∥ is the parallel velocity along the field 

line, 𝐵 is the amplitude of magnetic field, and 𝜙 is the electrostatic potential.  

The drift kinetic equation describing the guiding center equations of motion based on this 
Hamiltonian with static magnetic perturbations takes the form  

  𝐿(𝑓") ≡
56!
57
+ T𝑣∥𝐛𝟎 + 𝐯𝐝 + 𝐯𝐄 + 𝑣∥

:𝐁
."
W ∙ XT56!

5𝐗
W
/,-

+ 𝑒𝛁𝜙 T56!
5/
W
𝐗,-
Y − 𝐶(𝑓") = 0,  (1) 

where 𝑓" is the electron gyrocenter distribution function, 𝐛𝟎 =
𝑩𝟎
."

, 𝐶 denotes the Fokker-Plank 

collision operators, which include inter-species and like-species collisions that conserve particle 

number, momentum and energy [40]. The drift velocity 𝐯𝐝 denotes the magnetic curvature and 

gradient drifts, and 𝐯𝐄 denotes the 𝐄 × 𝐁 drift. In the absence of magnetic perturbations 𝛿𝐁, the 

drift velocity could be written as: 𝐯𝐝 = − >$!?∥
%𝛁×𝐛"
"."∗

− >-𝐛𝟎×𝛁."
"."∗

, and 𝐯𝐄 =
>𝐛"×𝛁C

."∗
. Here, 𝑐 

denotes the speed of light, 𝐁D∗ = 𝐁𝟎 +
.?∥
F'
𝛁 × 𝐛𝟎, 𝐵D∗ = 𝐛𝟎 ∙ 𝐁D∗ . 

In GTC, the perturbative 𝛿𝑓 method is used in the simulation of neoclassical transport [40] to 

reduce the particle noise. The total distribution function could be separated into equilibrium and 

perturbation part: 𝑓" = 𝑓DG + δ𝑓". We also expand the 𝐿 into two parts, that is 𝐿 = 𝐿D + δ𝐿, and  



7 
 

  𝐿D = (𝑣∥𝐛𝟎 + 𝐯𝐄) ∙ T
H
H𝐗
W
/,-

+ 𝑒(𝑣∥𝐛𝟎 + 𝐯𝐝) ∙ 𝛁𝜙 T
5
5/
W
𝐗,-

− 𝐶(𝑓DG), 

  𝛿𝐿 = H
H7
+ 𝑣∥

I𝐁
."
∙ XT 5

5𝐗
W
/,-

− 𝑞J𝛁𝜙 T
5
5/
W
𝐗,-
Y + 𝐯𝐝 ∙ T

H
5𝐗
W
/,-

− 𝐶(δ𝑓"). 

Here, we assume that the potential 𝜙(𝜓) is only the function of flux surface.  

The equilibrium distribution function is defined by  

 𝐿D𝑓DG = 0.	 	 	 	 	 	 	 	 	 (2)	

Since the collision operator in 𝐿D will relax the electron distribution function to the Maxwellian in 

the ion frame, the solution of 𝑓DG is a shifted Maxwellian  

𝑓DG = 𝑓KL = 𝑛" T
$!
3MN"!

W
(
% exp `− 3-."O$!P?∥*?∥"Q

%

3N"!
a,  

where 𝑛"(𝜓, 𝜃) = 𝑛D"(𝜓)exp T
$!?∥"

%

3N"!
W and 𝑇D"(𝜓) are the equilibrium density and temperature 

profiles. The 𝑣∥D is the equilibrium ion toroidal rotation, which is determined by the ion radial 

force balance 𝑣∥D =
!
."
𝛺7 = − >!

."
(5C
5R
), where the ion pressure gradient is neglected, 𝑔 = 𝑅𝐵) , 𝑅 

is the major radius, 𝐵)  is the toroidal component of the magnetic field 𝐁𝟎, 𝛺7  is the angular 

velocity of the ion toroidal rotation. For single-species simulations of the electrons, the density 𝑛" 

is assumed to be a function of flux surface only, since 𝑣∥D ≪ 𝑣∥" 	.  

The perturbed distribution function obeys the following perturbed drift kinetic equation  

 𝐿(𝛿𝑓") = −δ𝐿𝑓DG = 𝐯𝐝 ∙ 𝛋𝑓KL + 𝑣∥
I𝑩
."
∙ T𝛋 + "

N"!
𝛁𝜙W 𝑓KL.	 	 	 	 (3)	

Here, higher order terms in 𝑣∥D/𝑣∥"  are neglected and the equilibrium gradient parameter is 

defined as	

𝛋 ≡ `𝜅% + `
3-."O$P?∥*?∥"Q

%

3N"!
− S

3
a𝜅7 +

$P?∥*?∥"Q?∥"
N"!

𝜅?a𝛁𝜓	 ,	 	

where 𝜅%𝛁𝜓 = − 𝛁%"!
%"!

,  𝜅7𝛁𝜓 = − 𝛁N"!
N"!

, 𝜅?𝛁𝜓 = − !𝛁T)
."?∥"

.  

 
2.3 Verification of GTC simulation of neoclassical transport 

In this subsection, we verify simulation results of neoclassical transport for both an 

axisymmetric circular cross section tokamak and the DIII-D tokamak. In the neoclassical simulation, 

uniform Maxwellian distribution of electron markers are loaded over an annulus of a tokamak. 

Based on convergent studies, a total of 4.23	 × 10U  particles are used in all the neoclassical 

simulations in this paper. Ions are treated as the cold, fixed background.  
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For the circular cross section tokamak, we use the representative parameters with a major 

radius 𝑅D = 1.86	m , a minor radius 𝑎 =0.246𝑅D , the magnetic field strength on axis 𝐵D =

1.35	T,	 uniform electron temperature profile with 𝑇" = 5.0	keV, electric filed 𝐸V = 0, a safety 

factor profile 𝑞 = 1.475 + 1.1 R
R*
+ 1.0 R%

R*
% , a density profile 𝑛" = 𝑛D o1.0 +

0.205 Ttanh T0.75 − 2.5 R
R*
W − 1.0Wt. At 𝑟 = 0.5𝑎, 𝑞 = 2, 𝑍"66 = 1, and 𝑅D/𝐿% = 2.2 (𝐿%  is 

the radial density gradient scale length). The effective electron collision frequency 𝜈∗ =

𝜀*S/3𝜈𝑞𝑅D/𝑣7X  is defined as the physical collision frequency 𝜈  normalized by the bounce 

frequency, where 𝜀 = 𝑟/𝑅D  is the local inverse aspect ratio, 𝑣7X = y𝑇D"/𝑚"  is the electron 

thermal velocity.  

For the DIII-D tokamak, figure 2 shows the equilibrium cross section and profiles after the 

ELM suppression. The 2D plot of the simulation domain is shown in the fig. 2(a). The equilibrium 

𝑛" and 𝑇" profiles are plotted in fig. 2(b), 𝑞 profile and 𝜈∗ profiles of electron are shown in fig. 

2(c), respectively. At the 𝑞 = 4  rational surface, the density to temperature gradient ratio is 

𝜅%/𝜅7~0.5, 𝜈∗ = 0.24, 𝑍"66 = 3, and 𝜀 = 0.27 is evaluated on the outmost midplane. In this 

verification simulation, the 𝜅% of electron and 𝑇" are set to be uniform by using the value at 𝑞 =

4 rational surface (𝜓 = 0.935𝜓,), which is referred to as the rigid rotation case. Other important 

parameters are 𝐸V = 0, 𝑅D = 1.76	m, the magnetic field strength on axis 𝐵D = 1.8	T. 	  
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Fig 2. Axisymmetric equilibria of DIII-D discharge #158103 at 3050 ms: (a) Cross section 

between	𝜓 = 0.984𝜓,  (solid line) and 𝜓 = 0.86𝜓,  (dashed line). (b) Electron density ne and 

temperature Te profiles, values on 𝜓 = 0.86𝜓,  are 2.4 × 100Scm*S and 1.45	kev. (c) Safety 

factor q and electron effective collision frequency n* profiles.  

 

The neoclassical particle fluxes in the absence of the RMP and electric field are simulated for 

various collision frequencies to verify the neoclassical simulation model. The relation between 

electron particle flux 𝛤"  at steady state versus 𝜈∗  is plotted in the fig. 3, where 𝛤" =

⟨∫𝐯𝐝 ∙ 𝛁𝜓	𝛿𝑓" 𝑑S𝑣⟩. For comparison, the analytic values of 𝛤" in the banana regime and collisional 

regime are also plotted. For the circular cross section tokamak, the GTC neoclassical simulation 

results agree well with the analytic results for [40, 41] in both low and high frequency regimes. For 

the DIII-D tokamak, the simulation results are slightly smaller than the analytic results in both 

frequency regimes, presumably due to the shaping and finite aspect ratio effects neglected in the 
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analytic theory.  

 

 

 
Fig 3. Neoclassical particle flux 𝛤" dependence on effective collision frequency 𝜈∗ without RMP 
and electric field under circular cross section tokamak (panel a) and DIII-D tokamak (panel b). The 
solid line is analytic expression in banana regime (red line) and collision regime (blue line).  
 

3. Effects of RMP on neoclassical particle flux without equilibrium electric field 

We now study effects of the RMP on electron particle fluxes 𝛤" using the equilibrium and 

plasma parameters of the DIII-D discharge #158103 as described in section 2. For simplicity, only 

the electrons are simulated, assuming that effects of the RMP on the ion transport is much smaller 

than the electron transport.  

3.1 Verification of RMP effects with rigid rotation case 

In this subsection, we use the rigid rotation case to verify the effects of the RMP on neoclassical 
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transport, where the particle fluxes in the presence of the RMP are measured by 𝛤" =

�∫ T𝐯𝐝 + 𝑣∥
I𝐁
."
W ∙ 𝛁𝜓	𝛿𝑓" 𝑑S𝑣�. Define the non-ambipolar particle flux induced by the RMP ∆𝛤" ≡

𝛤YZ[ − 𝛤D, where 𝛤YZ[ and 𝛤D are the neoclassical electron particle fluxes with and without the 

RMP. Theoretically, 𝛤D is intrinsically ambipolar in the limit of small orbit width [38, 40]. However, 

𝛤YZ[ is not ambipolar and ∆𝛤" can induce an ambipolar electric field to restore the ambipolarity, 

similar to the neoclassical transport in stellarators [31].  

Fig 4(a) shows the time history of volume-averaged electron particle fluxes 𝛤" around 8/2 and 

7/2 island regions. The electron particle fluxes reach a steady state after a few collision times 𝜏" =

1/𝜈. In the simulation without the RMP, there is no obvious difference between the 𝛤" in these two 

regions. However, in the simulation with the RMP, compared with the 7/2 island, the wider 8/2 

island induces a much larger increase of electron particle flux ∆𝛤" at steady state 𝑡 = 40	𝜏". The 

∆𝛤"  induced by the 8/2 island is comparable to the 𝛤D , but is much smaller than the turbulent 

transport level and therefore does not contribute to the density pump out. However, the non-

ambipolar particle fluxes can induce an ambipolar electric field, which will be calculated in the 

section 5.  

Fig 4(b) shows the 𝛤" radial profiles averaged over 𝑡 = [40,80]	𝜏" in the simulations with 

and without the RMP. Three regions, the 7/2 island region (𝑞 = 3.44~3.55), the 8/2 island region 

(𝑞 = 3.84~4.15), and the non-resonant region (𝑞 = 3.55~3.84), are separated by the island 

separatrices. The larger 8/2 island induces a much larger ∆𝛤" than that in the 7/2 island region and 

in the non-resonant region, which suggests that the non-ambipolar electron particle flux is mostly 

driven by the resonant component of the RMP.  

Fig 4(c) shows the ∆𝛤" in the simulations varying the collision frequency 𝜈∗ = [0, 0.5] in 

the two island regions. The ∆𝛤" in the collisionless case is much smaller than that in the simulations 

with collisions, which indicates that the flutter transport due to magnetic stochasticity is not 

dominant [42]. The ∆𝛤" in both the 7/2 and 8/2 island regions slightly decreases with the collision 

frequency in the banana regime.  
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Fig 4. Neoclassical electron particle flux in rigid rotation case. (a) Time history of 𝛤" at 7/2 and 8/2 
island region in simulations with and without RMP. (b) 𝛤" profile averaged over 𝑡 = [40,80]	𝜏" 
in simulations with and without RMP. Vertical dashed lines represent island separatrices. (c) 
Dependence of Δ𝛤" on collision frequency 𝜈∗ at 7/2 and 8/2 island region.  
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Fig 5. Electron density profiles 𝑛" (panel a) and diamagnetic frequency 𝜔"∗ profiles (panel b) in 
rigid rotation case in 8/2 island region in collisionless simulations after profile relaxation. Red-
dashed and black line are density profiles on low field side and high field side with RMP. Blue-
dashed line is density profile without RMP. Vertical dashed lines represent island separatrices.  
 

Fig 5(a) shows the relaxation of electron density profiles in the 8/2 island region in the 

collisionless simulations with and without the RMP. On the high field side, the electron density 

profile is locally flattened inside the 8/2 island region and reach the steady state after some bounce 

times. On the low field side, the electron density profile is less affected by the RMP, because the 

trapped particles on the low field side do not follow the field line around the magnetic island. In the 

collisional simulations, the collisions could further modify the density profiles [33].  

Fig 5(b) shows the relaxation of electron diamagnetic frequency 𝜔"∗ = − 0
\%!"

H%!N!
HR

 profiles in 

the 8/2 island region in the collisionless simulations with and without the RMP. On the low field 

side, the electron diamagnetic frequency is only slightly affected by the RMP, which is consistent 
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with the change of density profile on the low field side. On the high field side, the electron 

diamagnetic frequency is significantly changed across the 8/2 island region, because the density 

profile is flattened locally.  

 
3.2 Simulation with the experimental equilibrium profiles  

We now use experimental 𝑛" and 𝑇" profiles described in sec. 2.3. Two sets of simulations 

are carried out with or without the RMP. The first set uses the experimental 𝑛"  profile and a 

uniform 𝑇" = 𝑇"(𝑞 = 4), thus 𝜅7 = 0. The second set uses both the experimental 𝑛"  and 𝑇" 

profiles as the equilibrium profiles.  

Fig 6 shows the steady state 𝛤" profiles in the simulations. In the simulations without the RMP, 

the ambipolar 𝛤"  in the case with experimental 𝑇"  (𝜅7>0) is slightly smaller than that in the 

uniform 𝑇" (𝜅7=0) case, which qualitatively agrees with the standard neoclassical theory [41]. In 

the simulations with the RMP, both uniform 𝑇" and experimental 𝑇" profiles can induce the non-

ambipolar particle fluxes ∆𝛤". We rewrite the non-ambipolar particle flux ∆𝛤" = 𝐷D(𝜅% + 𝛽𝜅7), 

where 𝐷D is the transport coefficient in the uniform 𝑇" (𝜅7=0) case, 𝛽 denotes the ratio between 

the contribution from temperature and density gradients. We find that 𝛽 = 0.56 , which is 

qualitatively consistent with the NTV theory [13].  

 

 

Fig 6. Electron particle flux 𝛤" profiles from neoclassical simulations using experimental density 

profile, experimental 𝑇" (red line) or uniform 𝑇" profiles (blue line), with (solid line) and without 

(dashed line) RMP. Vertical dashed lines represent island separatrices.  
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The neoclassical simulations use the RMP equilibrium calculated by the M3D-C1, which could 

have a large uncertainty in the magnetic island width. Therefore, we perform a sensitivity study for 

the RMP amplitude	𝛼. Fig 7 shows the dependence of ∆𝛤" on the α on the q=4 surface from GTC 

neoclassical simulations using experimental equilibrium profiles, where αD is the original RMP 

amplitude calculated by the M3D-C1. It is clear that ∆𝛤" follows a quadratic relation with 𝛼, i.e., 

the non-ambipolar flux is proportional to the magnetic island width.  

 
Fig 7. Dependence of non-ambipolar electron particle flux ∆𝛤"(𝑞 = 4) on RMP amplitude α from 
neoclassical simulation. The blue line is a quadratic fit.  
 

 

 
4. Effect of RMP on neoclassical particle flux with equilibrium electric field  

In this section, the effects of equilibrium electric field 𝐸V  on the neoclassical transport is 

studied. During the time scale of the ELM suppression (~1 ms), the equilibrium density and 

temperature profiles do not change much, but the equilibrium electric field 𝐸V  can change 

significantly, which can affect the neoclassical and turbulent transport [11, 29].  

Fig 8(a) shows the radial profiles of the experimental equilibrium Er on the outer midplane 

during the ELMing (3796ms) and ELM suppression (3050ms) in the DIII-D discharge #158103. In 

this section, these two Er profiles, together with the 𝑛" and 𝑇" profiles at 3050 ms, are used as the 

equilibrium.  

First, we verify the effects of the equilibrium electric field 𝐸V  using the uniform 𝜅%  and 𝑇" 
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profiles with the value at the 𝑞 = 4 flux surface. Uniform 𝐸R = − HC
HR

 profiles (rigid rotation case) 

or experimental 𝐸V profiles are used in the simulations separately. Fig 8(b) shows the ∆𝛤" near 

the 𝑞 = 4 surface at the steady state of neoclassical simulations using the equilibrium with the 

RMP and the uniform electric field 𝐸R	 . Here, we use 𝐸] ≡ − HC
HR
/ N'
\'
𝜅%  to represent the 

amplitude of the electric field, which corresponds to the ratio between the 𝐄 × 𝐁 and diamagnetic 

flows. The 𝐸] values of 2.9 and -0.22 correspond to the local value of the electric field during the 

ELMing and the ELM suppression, respectively. The value of 𝐸] = −1 corresponds to the toroidal 

rotation frequency 𝛺7" = 0. In the rigid rotation case, when 𝐸] = −1, the Δ𝛤" is three orders of 

magnitude smaller than the neoclassical particle flux without the effect of RMP. When the 𝐸] ≠

−1, the absolute value of the ∆𝛤" begins to increase, which can change the radial electric field and 

damp the rotation, in qualitative agreement with the neoclassical theory [41, 43] predicting the 

toroidal flow damping by the toroidal viscosity due to the 3D magnetic fields.  

In the simulations using the experimental 𝐸V  profiles without the RMP, the shear of the 

equilibrium electric field 𝐸V has little effects on the 𝛤", because the electrons banana orbit width 

is much smaller than the radial scale length of the electric field. In the simulations with the RMP, 

both the experimental 𝐸V profiles during the ELMing and the ELM suppression are found to induce 

additional positive ∆𝛤" when compared with the uniform electric field. The value of ∆𝛤" in the 

simulation with the 𝐸V during the ELMing is much larger than that during the ELM suppression, 

which indicates that the rotation damping during the ELMing is much larger than that during the 

ELM suppression.  
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Fig 8. (a) Equilibrium electric field Er profiles of DIII-D for 158103 discharge during ELMing and 
ELM suppression. (b) Dependence of non-ambipolar particle flux Δ𝛤" on electric field amplitude 
𝐸]  in simulations with uniform and experimental 𝐸V  profiles, using the uniform 𝜅%  and 𝑇" 
profiles. (c) Profiles of 𝛤"  at steady state of neoclassical simulations with 𝐸V  profiles during 
ELMing (blue line) and ELM suppression (red line), and without RMP (yellow line), using 
experimental density and temperature profiles. (d) Dependence of time rate of change of 𝐸V on 
RMP amplitude α  from simulations without equilibrium 𝐸V  and with equilibrium 𝐸V  during 
ELMing and ELM suppression. Error bar represents experimental value with 50% uncertainty 
range.  
 

Finally, to compare with the experimental measurements of rotation damping, we carry out 

simulations using the experimental 𝑛" , 𝑇" , and the two 𝐸V  profiles. Fig 8 (c) shows the 𝛤" 

profiles at the steady state of these neoclassical simulations with or without the RMP. In the 

simulations without the RMP, the shear of 𝐸V has little effects on the 𝛤", same as the simulation 

results in the rigid rotation case. In the simulations with the RMP, the 𝐸V profile during the ELMing 

induces a much larger non-ambipolar particle flux Δ𝛤" than that during the ELM suppression. This 

indicates that the non-ambipolar particle flux Δ𝛤" can drop drastically during the ELM suppression, 

which is mainly due to the rapid change of the equilibrium electric field 𝐸V. The sensitivity of the 
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electron flux on the equilibrium electric field indicates that some electron orbits become stochastic 

due to the RMP. 

 
5. Rotation damping rate due to non-ambipolar particle flux 

In this section, we calculate the damping rate of the toroidal rotation by calculating the time 

rate of change of the electric field 𝐸V using the non-ambipolar particle flux Δ𝛤" measured in the 

steady state of the neoclassical simulations in the previous sections. Combining	the	gyrokinetic	

Poisson’s	 equation	 and	 guiding	 center	 continuity	 equation,	 the	 quasi-neutrality	 condition	

takes	the	form	[44],	 	

^/+
^7
�|𝛁𝝍|

𝟐

.%
� = − 0

$-%->%
∑ 𝑞JJ �∫ 𝑑S𝑣	 𝑓J T𝐯𝐝 + 𝐯𝐄 + 𝑣∥

I𝐁
."
W ∙ 𝛁𝜓�.   (4) 

Here, the subscript 𝑠 denotes the particle species (i for ion and e for electron). The	flux-surface-

averaged	polarization	current	on	the	left	hand	side	cancels	out	with	the	guiding	center	current	

on	the	right	hand	side.	The	relation	between	 𝐸R ≡ − HC
HR

 and radial electric field 𝐸V is 𝐸V =

𝐸R|𝛁𝜓|. The 𝛤2 and 𝛤" are assumed to be ambipolar without the effects of RMP. For the non-

ambipolar particle fluxes, only the electron contribution is taken into account by assuming that the 

ion contribution is negligible. Equation (4) is then used to calculate the damping rate of the toroidal 

rotation. 

Fig. 7(d) shows the damping rate calculated from the simulations using the experimental 𝑛", 

𝑇" and the two experimental 𝐸V profiles plotted in Fig. 7(a). When comparing simulation results 

with the experimental measurement of the damping rate during the ELM suppression, two aspects 

of uncertainty should be considered. The first one comes from the MHD simulations of the RMP 

amplitude α. In the α amplitude scanning, the damping rate is about one third of the experimental 

level when 𝛼 = 𝛼D , but reaches the experimental level when using 𝛼 = 2𝛼D . The second 

uncertainty comes from the rapid change of the 𝐸V during the transition from ELMing to ELM 

suppression. The damping rate is proportional to the non-ambipolar particle fluxes Δ𝛤" , which 

depends on the 𝐸V  amplitude and shear. From the ELMing and ELM suppression state, the 

damping rate decreases drastically due to the change of the equilibrium electric fields. This result is 

consistent with the experiment, in which the toroidal rotation experiences a large torque before the 

onset of the ELM suppression, followed by relatively small torque after the transition to the ELM 
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suppression state. The simulated damping rate during the ELM suppression qualitatively agrees with 

the experimental value. 

 

6. Effects of RMP on collisionless damping of zonal flows 
To understand the RMP effects on zonal flow dynamics, collisionless zonal flow damping and 

geodesic acoustic mode (GAM) are simulated by using two types of the 3D RMP fields. Besides the 

RMP equilibrium described above, another equilibrium is obtained from the ideal MHD code 

VMEC [45][27], which includes only the non-resonant response of the RMP and thus preserves the 

closed flux surfaces. For the VMEC equilibrium, an electrostatic version of the fluid-kinetic hybrid 

electron model [46] is used to treat the kinetic electrons. In this model, the perturbed electron 

distribution function is represented by 𝛿𝑓" = 𝛿𝑓"
(D) + 𝛿ℎ", where 𝛿𝑓"

(D) is the adiabatic response 

to the non-zonal electric field, and 𝛿ℎ" is the nonadiabatic response. For the M3D-C1 equilibrium 

with magnetic islands, the drift kinetic equation DKE [34] is used for solving the electron perturbed 

distribution function. Both the zonal and nonzonal electric field components are solved together in 

the presence of magnetic islands. The ion dynamics is simulated by solving the standard gyrokinetic 

equation. The radial particle flux in this section is defined as 

𝛤" = �£𝑑S𝑣	 𝛿ℎ"(𝐯𝐝 + 𝐯𝐄) ∙ 𝛁𝜓� 

for the electrons in the hybrid model using the VMEC equilibrium, and  

𝛤J = �£𝑑S𝑣	 𝛿𝑓" `𝐯𝐝 + 𝐯𝐄 + 𝑣∥
δ𝐁
𝐵D
a ∙ 𝛁𝜓� , (𝑠 = 𝑖, 𝑒) 

for the ions and the electrons in the DKE model using the M3D-C1 equilibrium. Here the term 

𝛿𝑓"
(D) is not included in the 𝛤"  diagnostic in the hybrid model, which does not affect the self-

consistent simulations.  

In these simulations, a flux-surface-averaged ion guiding center density perturbation is initiated 

to generate the zonal flows. The radial profile of the zonal flows is set to be a sin-function with a 

radial wavevector 𝑘V𝜌2 = 0.4. The density perturbation is set to be zero at the inner and outer 

boundaries of the simulation domain 𝜓 = [0.90,0.97]	𝜓,. Simulations in this section use uniform 

equilibrium density and temperature profiles for both ions and electrons (𝑇2 ≈ 1.7𝑇"), corresponding 

to the local parameters at the 𝑞 = 4 surface of the DIII-D experiment.  

Fig 9(a) shows the time evolution of the radial electric field 𝐸V of the zonal flows on the q=4 
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surface in the simulation using adiabatic electrons and the VMEC equilibrium without RMP, with 

RMP and with RMP*10 (by artificially amplifying ten times the RMP field amplitude). We can see 

that the radial electric field evolves with a finite frequency, i.e., damped GAM oscillation, and then 

reaches a steady state. In the simulation with the RMP, the residual flow is only slightly affected. 

However, the simulation with the RMP*10 has a 27% reduction of the residual level after 𝑡 =

50	𝑅D/𝑐J. Here, the 𝑅D is the major radius at magnetic axis, 𝑐J = y𝑇"/𝑚2 is the speed of ion 

acoustic wave. The zonal flow residual level is much higher than the Rosenbluth-Hinton theory [47], 

which neglects shaping effect and finite aspect ratio.  

Next, we study effects of kinetic electrons by using gyrokinetic ions and fluid-kinetic hybrid 

electron model [46]. The time evolution of the radial electric field 𝐸V of the zonal flows using the 

VMEC equilibrium with various RMP amplitudes (without RMP, or amplified by 1, 2, 5, 10 times) 

are shown in the fig 9(b). In the simulation without the RMP, the zonal flow residual level is very 

close to that in the simulation with the adiabatic electrons, which indicates that the effect of the 

kinetic electrons in zonal flow damping could be neglected without the RMP. In the simulations 

with different RMP amplitudes, the change of the residual flow ∆𝐸V is defined as the difference 

between the 𝐸V and that in the simulation without the RMP at the same simulation time. The ∆𝐸V 

is found to depend quadratically on the RMP amplitude, which is consistent with that in the section 

3.3. As shown in the fig 9(c), the change of the residual flow ∆𝐸V at 𝑡 = 50	𝑅D/𝑐J could reach 

60%, when the RMP amplitude is amplified by 10 times.  

Fig 9(d) shows the time history of radial particle fluxes for the ion 𝛤2 	 and electron 𝛤" 	 in 

simulations without RMP and RMP*10. The 𝛤2 oscillates with the GAM frequency before 𝑡 =

10	𝑅D/𝑐J. Subsequently, the 𝛤2 gradually drops to a much lower level in both the simulations. On 

the other hand, the 𝛤" stays at a high level before 𝑡 = 40	𝑅D/𝑐J in the simulation with RMP*10, 

but is always very small in the simulation without the RMP. This indicates that electron orbits could 

become stochastic due to the large RMP amplitude, and the residual flow damping is mainly induced 

by electrons, rather than ions. This result may have implications on zonal flow dynamics in the 

tokamaks with ripple fields and in the stellarators.  

Finally, to study the effects of the RMP islands on zonal flow damping, the M3D-C1 

equilibrium is used. The time evolution of the radial electric field 𝐸V  of the zonal flows with 
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various RMP amplitudes (without RMP, with RMP and RMP*2) are shown in the fig 10(a). In the 

simulation without the RMP, the residual zonal flow is close to the result of the VMEC equilibrium 

within a difference of 20%, which could be due to the differences in the equilibrium and simulation 

model. The GAM oscillation (during 0~5 𝑅D/𝑐J) is strongly damped when the RMP amplitude 

increases. The residual flow in the simulation with the RMP*2 amplitude with the magnetic islands 

has a 30% reduction, which is much larger than that in the simulation using the VMEC equilibrium 

without magnetic islands.  

Fig 10(b) shows the ion and electron particle fluxes in simulations without RMP and with 

RMP*2 using the M3D-C1 equilibrium with magnetic islands. In the simulation without the RMP, 

the electron particle flux 𝛤" oscillation is strong during the GAM oscillation, which is mainly due 

to the non-zonal electric fields (𝑚 ≠ 0, 𝑛 = 0). This electron flux is not visible in Fig. 8d, where we 

do not include the adiabatic response 𝛿𝑓"
(D) in the diagnostic of 𝛤". However, this electron flux 

does exist in the simulations using the hybrid model through the product of 𝛿𝑓"
(D) with 𝐯𝐝. In the 

simulation with RMP*2, the electron particle flux 𝛤" changes strongly at the early time (< 2 𝑅D/𝑐J), 

which is mainly due to the magnetic flutter effect from the fast parallel motion of the elections. The 

GAM oscillation is then strongly damped by this radial transport.  
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Fig 9. In simulations using VMEC equilibrium with closed flux surfaces, time evolution of  

radial electric field 𝐸V of zonal flow with adiabatic electrons (panel a) and kinetic electrons (panel 

b) with various RMP amplitudes, (c) relation between change of the residual flow ∆𝐸V  at 𝑡 =

50	𝑅D/𝑐J and RMP amplitude α, (d) radial particle flux (arbitrary unit) of ion Γ2 (solid lines) and 

electron Γ" (dashed lines) during zonal flow damping process without RMP (blue lines) and with 

RMP*10 (red lines). 𝐸V is normalized with initial value, ∆𝐸V is normalized with residual flow 

without RMP, and particle flux is normalized with maximal value of Γ" in simulation with RMP*10.  
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Fig 10. Time evolution of radial electric field 𝐸V of zonal flows (panel a), ion and electron 

radial particle fluxes (panel b), with various RMP amplitudes in simulations using M3D-C1 

equilibrium including magnetic islands. 𝐸V  is normalized with initial value, particle fluxes are 

normalized with maximal value of ion particle flux Γ2 in simulation without RMP.  

 

7. Conclusion and discussion 
In this paper, we use GTC simulations to study the RMP effects on radial electric fields, 

including both equilibrium electric fields associated with toroidal rotation and zonal flows. The 

GTC simulations use realistic DIII-D tokamak equilibrium with both resonant and non-resonant 

responses to 3D RMP calculated by resistive MHD code M3D-C1. Neoclassical simulations show 

that the 3D RMP-induced magnetic islands and stochastic electron orbits can drive non-ambipolar 

electron particle fluxes, which lead to a rapid change of equilibrium radial electric field, consistent 

with the experimental observations during the transition from ELMing to ELM suppression state. 

The GTC neoclassical simulation results provide a support for the conjecture that the RMP-induced 
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change of radial electric fields lead to enhanced turbulent transport at the pedestal top during ELM 

suppression. Furthermore, GTC simulations of collisionless damping of zonal flows find that 

resonant response to the RMP can decrease the residual level and damp the GAM.  

In future simulations, we will couple tokamak core with scrape-off layer (SOL) including 

magnetic separatrix, which could incorporate ion orbit loss near the separatrix. We will also develop 

the coupled neoclassical and turbulence simulations. Furthermore, the RMP-induced energetic 

particles transport will also be studied by GTC.  
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