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I. INTRODUCTION20

Non-inductive current is essential to magnetic fusion experiments, such as neutral beam injection21

current drive, lower hybrid current drive, electron cyclotron current drive and bootstrap current.22

Compared with the external current drive, the bootstrap current is driven by the radial density23

and temperature gradient, and thus is more economical.1,2 However, bootstrap current brings in24

Magnetohydrodynamic (MHD) instabilities such as neoclassical tearing modes (NTMs). Besides the25

bootstrap current, the turbulence driven current is also a kind of intrinsic current in tokamak plasma.26

Turbulence is widely observed in tokamak operations. It affects the electron parallel momentum27

transport through different mechanisms such as the electron momentum flux and the electron-ion28

momentum exchange. The spontaneous variation of electron momentum provides a current source29

which corrugates the current density profile and has significant impacts on the generation of the30

plasma self-driven mean current.3,4 The current induced by turbulence affects the MHD instabilities31

which can provide a way to study the interaction between the turbulence and the MHD instabilities.32

For example, this spontaneous current can enhance or reduce the onset threshold of NTMs depending33

on the direction of the turbulence intensity gradient.534

The current driven by turbulence has been discussed in detail using the analytical and numerical35

approaches.3,4,6–10 It has been shown by S. -I. Itoh and K. Itoh firstly with a slab model.6 Drift-36

wave fluctuations drive a net current when
〈
k‖
〉

is finite, where
〈
k‖
〉

is the averaged parallel wave37

number over the spectrum . Hinton proposed that turbulence drives current by providing a dynamo38

electromotive force (EMF).7 EMF is mainly produced by two mechanisms. One is the divergence39

of the electron parallel momentum flux which is produced by the magnetic flutter, and the other is40

the beating of the parallel electric field fluctuations with the electron density fluctuations.7 In the41

electrostatic turbulence, three mechanisms of the turbulence driven current have been analyzed by42

McDevitt,3 namely, (1) the electron residual stress, which causes a current redistribution, (2) the43

turbulent acceleration, which is the momentum exchange between ions and electrons and causes a44

net current, (3) the turbulence induced resonant electron scattering, which leads to the equilibrium45

between the trapped and passing electrons,11 similar to the mechanism of the bootstrap current.1,2
46

Electromagnetic simulations show that the dynamo current density has spike structures near the47

rational surface.7 The amplitude of the spike structures is about 150% of the Ohmic current density48

and the total current is about 1% of Ohmic current for DIII-D parameters. A direct calculation49

of electron and ion current generation by ITG and CTEM turbulence was reported in early global50

2



GK simulations.12 The connection between the electron flow generation and the residual stress and51

the turbulence acceleration is discussed by Wang.4 The electrostatic studies by Yi9 show that the52

net current induced by electron temperature gradient turbulence is approximately 20% of the local53

bootstrap current density. Most previous simulations of the current flow generation in tokamak54

plasmas are based on the long wave-length approximation in the quasi-neutrality equation, and the55

fine structures of the turbulence driven current have not been thoroughly investigated. In this work,56

the fine structures of the mode13,14 near the rational surfaces are observed using the gyrokinetic field57

solver.15,16 These spike structures of the current are investigated with the gyrokinetic simulation in58

electrostatic ITG turbulence.59

The gyrokinetic code GEM15,17 has been used to study the ITG turbulence induced current in60

the collisionless limit. The electron momentum flux and turbulent electron-ion momentum exchange61

have been analyzed for identifying the current driven mechanisms, to draw the connection with the62

theoretical analyses.3 The remainder of this paper is organized as follows. In Sec. II, numerical tools63

and the parameters are described in detail. In Sec. III, physical mechanisms of the turbulence driven64

current and the results of multiple mode simulations are discussed. Finally, the paper is concluded65

in Sec. IV.66

II. SIMULATION MODEL AND EMPLOYED PARAMETERS67

A. Simulation model68

This work is carried out by using the simulation code GEM.15,17 GEM is a δf gyrokinetic Particle-69

in-cell code for the study of low-frequency phenomenon such as the micro-turbulence and energetic70

particle driven Alfv́en modes in tokamak plasmas. It solves the gyrokinetic Vlasov-Maxwell equations71

with gyrokinetic ions and drift-kinetic electrons, and neglects the parallel magnetic perturbations.72

In the δf -PIC method, the perturbed distribution is sampled by the marker particles in the 5D73

phase space. GEM evolves the orbit of marker particles in the Lagrangian frame and calculates the74

weight w = δf/f at each time step. The charge and the current density are calculated using the75

weight and the coordinates of marker particles, and are used to solve the quasi-neutrality and Ampère76

equations. In the quasi-neutrality equation −qinp = qiδni−eδne, the electric potential φ is calculated77

with arbitrary wavelength solver np ∝
∑

k⊥
eik⊥·xφk⊥ [1− Γ0(b)],15 where b = k2

⊥v
2
T/Ω

2
i denotes the78

ion finite Larmor radius effects, Γ is the Gamma function , φk⊥ represents the perpendicular Fourier79
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components of φ, qi is the ion charge, np is the polarization density, δni is the perturbed density of80

guiding centers and δne is the perturbed density of electron guiding centers. The perturbed electron81

distribution function δfe is split into the adiabatic and non-adiabatic parts15,18 for treating the fast82

parallel dynamics of electrons,83

δfe = εg
eδφ

Te
f0e + δhe , (1)

where εg is an adjustable parameter, ef0eεgδφ/Te and δhe are the adiabatic part and non-adiabatic84

part of δfe. GEM uses the parallel canonical momentum as a velocity coordinate p‖ = v‖+q/m
〈
A‖
〉
,85

where v‖ is the parallel guiding center velocity, A‖ is the fluctuating parallel vector potential, 〈· · · 〉86

represents the gyro-average. The field-aligned coordinates (x, y, z) are used to push the marker87

particles,88

x = r − rc , y =
rc
qc

(∫ θ

0

q̂ (r, θ′) dθ′ − ζ
)

, z = qcR0θ (2)

where, q̂ (r, θ) = B ·∇ζ/B ·∇θ, (r, θ, ζ) denote the minor radius, the poloidal angle and the toroidal89

angle respectively, rc and qc are the minor radius and safety factor at the center of the simulation90

domain.91

B. Parameters setting and benchmark92

In the following simulations, the DIII-D Cyclone Base Case (CBC)19 parameters are adopted.93

The parameters are the same as those in a previous benchmark work.20 The deuterium (mi/mp = 2)94

is the only ion species and the kinetic electrons with an electron mass of me/mp = 1/1837 are95

considered. The concentric circular magnetic equilibrium with inverse aspect ratio a/R0 = 0.36 is96

adopted for simplicity. The safety factor profile is20 q(r) = 2.52(r/a)2 − 0.16(r/a) + 0.86, where a97

and R0 denote the minor and major radius, r is the local minor radius and the magnetic shear is98

defined as ŝ = d ln q/d ln r. The equilibrium density and temperature profiles are indicated by A(r)99

and the normalized logarithmic gradients are defined as Lref/LA100
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A(r)

A(r0)
= exp

[
−κAwA

a

Lref

tanh

(
r − r0

wAa

)]
, (3)

Lref

LA
= −Lref

d lnA(r)

dr
= κA cosh−2

(
r − r0

wAa

)
, (4)

where Lref is the macroscopic reference length which is equal to R0 in the following, and LA =101

− (d lnA(r)/dr)−1. At the reference radius r0 (r0/a = 0.5), density and temperature profiles have a102

peaked normalized logarithmic gradient with the characteristic width wA and the maximum ampli-103

tude κA. Other reference parameters are listed in Table I. The dimensionless parameter ρ∗ = ρs/a =104

(cs/Ωi)/a is approximately 1/180, where cs =
√
Tref/mi is the ion sound speed and Ωi = eB0/mi105

is the ion cyclotron frequency at the magnetic axis and B0 is the toroidal magnetic field on axis.106

βe is calculated according to βe = neTe/(B
2
0/2µ0) and scanned by varying ne, where ne and Te107

are the elctron density and temperature taken at r0 respectively. The βe scan of GEM with fixed108

toroidal mode number (n = 19) is performed in Ref. 21. The linear frequency and growth rate of109

the ITG modes and KBMs are very close to the GENE results in the range of βe < 2.5%. In the110

following studies of the current generation, we focus on the ITG turbulence in the electrostatic limit111

(βe = 0.1% by default except clarified) and the electromagnetic effects will be studied in future work.112

TABLE I. Parameters of Cyclone Base Case, R0 and B0 denote major radius and magnetic field on the

magnetic axis, νcoll = 0 represents the collisionless simulation in this work.

R0 1.67m
B0 2.0T

Ti(r0) = Te(r0) = Tref 2.14 keV
κT i = κTe 6.96
wT i = wTe 0.3

ni(r0) = ne(r0) = nref 4.66× 1019m−3

κni = κne 2.23
wni = wne 0.3

νcoll 0
q(r0) 1.4

ρ∗ = ρs/a 5.56× 10−3
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III. TURBULENCE DRIVEN CURRENT MECHANISMS AND SIMULATION113

RESULTS114

A. Turbulence driven current mechanisms115

Turbulence has effects on the electron parallel momentum transport and drives the so-called116

“spontaneous” current.9 In the collisionless and electrostatic limit, the electron parallel momentum117

equation3,22 can be written as118

∂

∂t
j‖e = − qe

me

∇ · Π‖e −
qe
me

M‖e , (5)

where j‖e = −e
∫
d3vv‖δfe is the parallel electron current produced by turbulence, Π‖e is the electron119

parallel momentum flux and M‖e denotes the turbulence acceleration. Equation (5) demonstrates120

that the variation of turbulence driven current is produced by the divergence of Reynolds stress and121

the turbulence acceleration. In the electrostatic limit, the electron parallel momentum flux Π‖e can122

be expressed as123

Π‖e = me<
〈∫

d3vv‖δfeδvEB · r̂
〉
FS

, (6)

where (· · ·) is the temporal average and 〈· · ·〉FS =
∫∫

(· · · )J dθdζ/
∫∫
J dθdζ represents the flux124

surface average. δfe is the perturbed electron distribution function, v‖ is the electron parallel velocity,125

δvEB denotes the E×B drift velocity and r̂ is the unit vector in radial direction. The second term of126

the right hand side of Eq. (5), the electron-ion momentum exchange M‖e, can produce a net current127

by modifying the electron momentum. In the electrostatic limit, it is given by128

M‖e = qe

〈∫
d3vδfeb̂ · ∇δφ

〉
FS

, (7)

where b̂ = B/|B| and δφ is the perturbed electric potential.129
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B. Simulation results and analyses130

In the following simulations, a simplified model with single ITG mode (n = 20) and zonal mode131

(n = 0) are used, where the simulation domain is 1/20th of torus. The full dynamics of gyrokinetic132

ions and drift-kinetic electrons are included with realistic electron-ion mass ratio. The grid numbers133

for (x, y, z) are set as nx = 256, ny = 64 and nz = 64 respectively. Convergence studies have been134

done by comparing cases with nx = 256, 384, 512 and good convergence has been observed when135

nx ≥ 256. The time steps considered is ∆t = 1/Ωp, where Ωp is the proton cyclotron frequency136

Ωp = eB0/mp. The marker number per cell is 32 for both ions and electrons.137

1. Time evolution of the physical quantities138

To understand the mechanism of turbulence driven current, it is necessary to consider the time139

evolution of the physical quantities in Eq. (5). Since δFe ∝ δφ and δvEB = b̂ × ∇δφ/B ∝ δφ, it140

is expected that {I, qe/me∇ · Π‖e, qe/meM‖e} are proportional to δφ2 and grow up at about twice141

ITG growth rate in the linear stage before the saturation in nonlinear regimes. Here, I denotes the142

flux surface averaged turbulence intensity I = 〈δφ2〉FS. In Fig. 1, physical quantities evolve with143

time near the rational surface (q(r) = 1.3) where the turbulence signal is strong. The blue line144

represents ∂δj‖e/∂t, the yellow line is the turbulent intensity I, the green line denotes qe/me∇ ·Π‖e,145

the red line is qe/meM‖e and the black lines are their exponential fitting in the linear stage. They grow146

exponentially at almost the same growth rate in linear stage, and reach saturation after t = 18R0/cs.147

2. Spatial structures of Π‖e and M‖e in the linear stage148

In this section, the radial profile of Π‖e and M‖e are discussed. With electrostatic approximation,149

the electron parallel momentum flux can be written as3,8,23
150

Π‖e = −χφ
∂v̄‖e
∂r

+ V v̄‖e + π‖e , (8)

where v̄‖e is the mean electron parallel flow velocity. The first term on the right hand side is the151

electron viscosity with χφ being the turbulent viscosity coefficient, the second term is a pinch of152

electron momentum with V being the coefficient of the electron momentum pinch and the last term153
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is regarded as the electron residual stress which is independent of parallel flow and its gradient. In154

our particle simulation with Maxwellian electron distribution as the initial condition, the first and155

second terms do not contribute to the v‖e generation at the beginning, and the residual stress π‖e156

is the key to initial the v‖e generation due to turbulence. The turbulence intensity gradient induced157

residual stress has been studied in the ion rotation problems,24,25 and we analyze the variable ∂I/∂r158

to identify its contribution to the generation of electron residual stress (Π‖e ∼ π‖e).159

For the cyclone base case studied here, there is no up-down asymmetry in the equilibrium,26
160

and there is no equilibrium flow shear effects.27 During the linear stage, residual stress is mainly161

produced by symmetry breaking mechanisms such as the intensity gradient mechanism and the162

poloidal tilt of the global mode structure. Formally, the residual stress can be described as π‖e =163

αŝ∂I/∂r + πtilt‖e ,24,28–30 where α is a coefficient determined by the equilibrium parameters and the164

fluctuation properties, and πtilt‖e is the residual stress induced by the profile shearing effects, related165

to the “tilting angle” of the two dimensional mode structure. The gradient of turbulence intensity166

breaks the symmetry property of the parallel mode structure and leads to the net residual stress.24,30
167

Figure 2(a) and Fig. 2(b) are the structures of turbulence intensity and its radial gradient in linear168

stage. GEM solves the quasi-neutrality equation with arbitrary wavelength solver,15,16 and the fine169

structures near the rational surface are captured. In addition, drift kinetic electrons with realistic170

mass ratio are included in the simulations. Thus the resonance between the ITG mode and the fast171

moving electrons near the rational surface is included in the simulations, which can be an important172

ingredient of the fine structures generation. Figure 2(b) and Fig. 2(c) show that the turbulence173

intensity gradient and electron residual stress have odd parity and increase sharply near the rational174

surface. The blue line of Fig. 2(c) and Fig. 2(d) are the radial profile of the Reynolds stress Π‖e and175

its divergence a∇ · Π‖e. Along the radial direction, Π‖e increases sharply near the rational surface176

and decreases more slowly between two rational surface. Near the rational surface, the magnitude177

of a∇ ·Π‖e is about 170 times of the variation of Π‖e. Since a∇ ·Π‖e ∼ a/LΠΠ‖e, it is obtained that178

Π‖e/(a∇·Π‖e) ∼ LΠ/a ∼ 1/170, where LΠ denotes the characteristic length of Π‖e near the rational179

surface. The characteristic length of Π‖e (LΠ) is the scale of the ion Larmor radius (ρi) near the180

rational surface. Hence ∇·Π‖e has fine structures in the vicinity of the rational surface. The width of181

the fine structures is close to ρi, which is consistent with the theoretical analyses of previous work.7182

Besides these, the fine structures of ∇ · Π‖e broaden slightly with time as Fig. 3 shows.183

Residual stress redistributes the profile of electron parallel momentum but does not change the184
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total electron parallel momentum. The turbulent acceleration term describes the turbulence induced185

momentum exchange between ions and electrons3 and acts as a local source or sink.31 Therefore, its186

effects on turbulence driven current are meaningful and potentially important. In Fig. 2(d), the blue187

line is the divergence of Reynolds stress (∇·Π‖e) and the red line denotes the turbulence acceleration188

(M‖e). aM‖e is much smaller than a∇ ·Π‖e which shows that the ITG turbulence induced current is189

mainly produced by the divergence of electron Reynolds stress in linear stage.190

3. Analyses of the current generation mechanism due to ∇ · Π‖e and M‖e191

The dominant mechanism of the turbulence driven current is identified by analyzing the contri-192

butions from ∇ · Π‖e and M‖e. Figures 4(a), 4(b) and 4(c) show the linear radial structures of the193

divergence of electron parallel momentum flux ∇ · Π‖e, the electron-ion momentum exchange M‖e194

and the time variation of turbulence driven current ∂j‖e/∂t in r/a ∈ [0.3, 0.65]. The fine structures195

of ∇ · Π‖e, M‖e and ∂j‖e/∂t centered around the rational surface are evident. The radial scale of196

the fine structures is about ρi which is discussed above. For r/a < 0.47, M‖e is positive and for197

r/a > 0.47, M‖e is mainly negative except that it is near the rational surface. The divergence of198

Reynolds stress has a large value on the rational surface and its contribution to ∂j‖e/∂t is much199

larger than that from M‖e. Figure 4 (d) shows the quantitative comparison of the left and right hand200

side terms of Eq. (5). Near the rational surface, −qe/me

(
∇ · Π‖e +M‖e

)
(blue line) and ∂j‖e/∂t201

(red line) have similar spike structures and the same magnitude in linear regime. The ratio between202

−qe/me

(
∇ · Π‖e +M‖e

)
and ∂j‖e/∂t (at r/a = 0.43) fluctuates and increases gradually around 1 as203

Fig. 5 shows. These indicate that the time variation of the intrinsic current is mainly produced by204

∇ · Π‖e and M‖e.205

Besides the linear analyses, nonlinear behaviors are studied in the following, by calculating the206

correlations among different variables. The correlation coefficient between two profiles at the same207

time is expressed as follows:208

C[A,B] =

∑
i[A(ri)− Ā][B(ri)− B̄]√∑

i[A(ri)− Ā]2
∑

i[B(ri)− B̄]2
. (9)

Ā and B̄ are the mean value over r where the fluctuations are more intensive. The closer the absolute209

value of the coefficient is to 1, the stronger the correlation between A and B is. The coefficient less210
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than 0 indicates that A and B are negatively correlated. Figure 6 shows the correlations among211

the time variation of the turbulence induced current (∂j‖e/∂t), the divergence of the Reynolds stress212

(∇·Π‖e), the turbulence acceleration (M‖e), the turbulence intensity gradient (∂I/∂r) and the second213

derivative of the turbulence intensity (∂2I/∂r2). For the current generation problem in this work,214

significant correlation between the ∇ ·Π‖e and ∂j‖e/∂t has been observed as shown by the blue line215

in Fig. 6. From Eq. (5), in collisionless limit, turbulence induced current is contributed by ∇ · Π‖e216

and M‖e. Due to the fast variation of Π‖e (LΠ ∼ ρi) near the rational surface, the divergence of Π‖e217

is much greater than M‖e. Hence, it is expected that ∂j‖e/∂t is mainly produced by ∇·Π‖e, which is218

consistent with the low correlation between M‖e and ∂j‖e/∂t as indicated by the red line. In previous219

work24,25,27,28,30,32 of the ion toroidal intrinsic rotation of thermal ions, it is demonstrated that the220

residual stress can be produced by the turbulence intensity gradient and the mode structure ’tilting’221

effect. In Fig. 6, from t = 7000tu to t = 15000tu, the correlation between Π‖e and ∂I/∂r (yellow line)222

indicates that a significant portion of Π‖e is due to the turbulent intensity gradient in linear stage.223

After the saturation of the ITG modes, the correlation C[Π‖e, ∂I/∂r] becomes lower. Because the224

turbulence intensity gradient decreases as nonlinear turbulence spreading occurs, other symmetry225

breaking mechanism become important, such as the symmetry breaking effects due to the zonal226

flow shear.27 The strong correlation between ∂j‖e/∂t and ∂2I/∂r2 (purple line) suggests that the227

curvature (second derivative) of the turbulence intensity significantly contributes to the generation228

of the spontaneous current. Note that even in the linear stage, the correlation varies along time. One229

possible reason is the time variation of the radial width of the fine structures in δφ. In the early230

linear stage, the width of the fine structure is smaller than that in later stage and thus, the turbulent231

viscosity can mitigate the generation of the parallel momentum flux more significantly.232

The generation of the electron parallel momentum flux Π‖e is related to the symmetry breaking233

of the mode structures.24,30,33 With δvEB = b̂ × ∇δφ/B, Π‖e can be expressed as Π‖e ∝
〈
k‖δφ

2
k

〉
.234 〈

k‖δφ
2
k

〉
denotes the spectrum weighted parallel wave vector, and is produced by the gradient of235

the turbulence intensity envelope.24 Hence, to ignore the effects of the fine structures on
〈
k‖δφ

2
k

〉
,236

the window average method are used. For a radial profile G(r), 〈G〉win represents its large scale237

structure computed by window average. The width of the windows are about the distance between238

the rational surface (∼ 1/nq′). Figure 7 indicates the correlation of the large scale structure between239

Π‖e and
〈
k‖δφ

2
k

〉
versus time. The strong correlation between

〈
Π‖e
〉

win
and

〈
k‖
〉

win
in linear stage240

shows that the averaged k‖ symmetry breaking leads to the net electron momentum flux. In nonlinear241
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stage, the effects of the symmetry breaking produced by the up-down asymmetry of the magnetic242

equilibrium,26 profile shearing28 and zonal flow shear27 are also important. Hence the correlation243

between
〈
Π‖e
〉

win
and

〈
k‖
〉

win
decreases. In this work, we have closely followed the equations in244

the theoretical derivation3 for diagnosis and more comprehensive analyses with the consideration of245

nonlinear dynamics such as the ZFs rely on the further development in that model in the future.246

4. Magnitude and scaling of current generation due to turbulence247

The simplified model included single ITG mode (n = 20) and zonal mode (n = 0) aims for248

demonstrating the underlying physics. However, this model is not accurate enough for predicting249

the amplitude of turbulence induced current. For example, the fine structures become less visible250

as more and more toroidal modes are included.13,14 In this subsection, in order to understand the251

impact of turbulence induced current on the equilibrium current, multiple toroidal modes n are252

simulated. To suppress the TEM instabilities of CBC, the multiple-n simulations are carried out253

by using the lower electron temperature gradient (κTe = 2.23). Beside this, since we focus on the254

electrostatic ITG studies, a lower β value is chosen (βe = 0.01%). From the toroidal mode number255

scan shown in Fig. 8, the most unstable mode is n = 25 and when n ≥ 50, the ITG modes are stable.256

For the multiple-n simulations, it is cheaper to perform a “partial torus” instead of “full torus” .257

GEM simulations are normally performed in a “partial torus”. For example, a 1/2th “partial torus”258

(∆n = 2) means that the simulations include modes n = 0, 2, 4, . . . only (in practical simulations,259

low-n modes with 0 < n < 5 are filtered out, as the field solvers assume a high-n approximation). We260

chose the maximum toroidal number nmax = 45 for ∆n = 15, 9, 5, 3 and nmax = 44 for ∆n = 2. The261

convergence results are shown in Fig. 9. The turbulence time evolution is converged when ∆n ≤ 5262

as Fig. 9(a) shows. jrms =
√∑

i j
2
‖e(ri) · ri/

∑
i ri is the root mean square of j‖e (the annulus volume263

at each radial location is approximately ∝ r) which measures the magnitude of turbulence induced264

current. Figure 9(b) shows the root mean square of the spontaneous current jrms in “partial torus”265

and “full torus”. It is converged to a fixed value when ∆n ≤ 5. The time averaged current profiles266

in Fig. 11 show that simulation results of 1/5th torus are a reasonable approximation of the “full267

torus”.268

In linear stage, all modes exist and the unstable eigenmodes grow up from the initial noise.269

Nonlinearly, the most unstable mode is saturated firstly with the generation of zonal flows,34 and270

the eigenmodes with lower growth rate subseque developed and saturated (Fig. 10).271
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The radial profiles of the time averaged spontaneous current over the saturation stage are shown272

in Fig. 11. The blue line is the multiple toroidal mode simulation results which includes n =273

0, 5, 10, . . . , 45, the red line includes n = 0, 6, 9, . . . , 45, the yellow line includes n = 0, 6, 8, . . . , 44,274

the purple line includes 0, 5, 6, . . . , 45 and the black line denotes the reference bootstrap current. The275

radial profiles of these four cases are not exactly the same, but they all have peaks near the ratio-276

nal mode surfaces q = 1(r/a = 0.270) and q = 2(r/a = 0.705). The fine structures can be observed277

clearly at the exact resonance surface q = 5/5, 6/5(r/a = 0.402), 9/5(r/a = 0.642), 10/5 for the 1/5th278

torus simulation, q = 3/3, 4/3, 5/3, 6/3 for the 1/3th torus simulation, q = 2/2, 3/2(r/a = 0.537), 4/2279

for the half torus simulation and q = 1/1, 2/2 for the “full torus” simulation. The ITG harmonic280

(n,m) is located at q(r) = m/n and the parallel wave number is k‖ = (m − nq(r))/qR0 which has281

opposite direction at two sides of q(r) = m/n. The turbulence induced current is the total contribu-282

tions of each harmonic. At the exact resonance surface, the resonant harmonic has much bigger net283

contribution to the turbulence induced current and the contribution from all harmonics leads to the284

net current profiles. For example, at the q = 4/3, 5/3 surfaces, the fine structures can be observed285

clearly only for the 1/3th torus cases, but are less significant for the 1/5th and 1/2th torus cases286

since q = 4/3, 5/3 are not their exact resonance surfaces. As more toroidal harmonics are included,287

the contribution of harmonics on turbulence induced current is canceled partially and the current288

fine structures become less visible for most rational mode surfaces.13,14 The turbulence induced cur-289

rent at q = 1, 2 is not significantly reduced when more harmonics are included, because q = 1, 2290

surfaces are rational surfaces for each toroidal harmonic. The peaks corrugate the bootstrap current291

profile, especially in the outer region r/a > 0.5. For this cyclone base case with βe = 0.01%, the292

magnitude of the turbulence driven current (∆n = 1) is about 1.4 times of the bootstrap current,293

namely, j‖e/jbs ∼ 1.4 at r/a = 0.705 (q = 2).294

In the low β limit, two cases with β1 = 0.01% and β2 = 0.03% are performed using 1/5th torus295

(by varying density). The ITG growth rate20 and the the magnitude of the turbulence intensity (as296

shown in Fig. 12(a)) of these two cases are almost the same. The turbulence induced current is297

simply proportional to the density as shown in Fig. 12(b) where the amplitude of normalized current298

j‖e/enrefcs are similar. According to the amplitude of the turbulence induced current and bootstrap299

current in the outer region (r/a > 0.5) of Fig. 11, in the electrostatic limit, the turbulence induced300

current also corrugates the bootstrap current density profile significantly at the resonance surface in301

higher plasma density devices.302
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IV. CONCLUSIONS303

In this work, the current driven by the ion temperature gradient turbulence has been studied304

using the gyrokinetic code GEM in the collisionless limit. The principal results of this work are305

summarized as follows:306

(1) On account of the high charge-to-mass ratio of electrons, turbulence corrugates the current307

density profile through changing the electron parallel momentum transport by two mechanisms.308

One is the electron momentum flux Π‖e and the other is the electron-ion momentum exchange309

M‖e.310

(2) In linear stage, Π‖e is proportional to the gradient of turbulence intensity. It traverses the311

rational surface on few ρi scale and ∇ · Π‖e has peaks at these surfaces.312

(3) Radial profile and correlation analyses show that the divergence of Π‖e has the dominant313

contribution to the current generation over M‖e with the fine structure of Π‖e in the vicinity314

of rational surface.315

(4) The multiple mode simulation results show that the ITG turbulence driven current has peaks316

on the rational surface which corrugate the reference bootstrap current especially in the outer317

region. In electrostatic limit, the magnitude of turbulence induced current increase in higher318

plasma density tokamaks.319

In this work, we focused on the electrostatic ITG modes, and the current driven by trapped320

electron modes (TEMs) also merits more effort in our future work. Previous work on ion intrinsic ro-321

tation demonstrates the rotation reversal as the turbulence changes from ITG modes to TEMs.25,28,35
322

The current drive efficiency of TEMs can also be different considering its different mode structure323

and frequency properties compared with ITG modes. Beside the TEMs in the electrostatic limit, the324

electromagnetic effects or other electromagnetic modes such as KBMs, can also bring new features325

of the current drive and will be studied in our future works.326

ACKNOWLEDGMENTS327

This work is supported by the National Natural Science Foundation of China (Grant Nos.328

11822505, 11835016, and 11675257), the Youth Innovation Promotion Association CAS, the Users329

13



with Excellence Program of Hefei Science Center CAS (Grant No. 2019HSC-UE013), the Fundamen-330

tal Research Funds for the Central Universities (Grant No. WK3420000008), and the Collaborative331

Innovation Program of Hefei Science Center CAS (Grant No. 2019HSC-CIP014). The numerical332

calculations in this paper were performed on the ShenMa High Performance Computing Cluster in333

Institute of Plasma Physics, Chinese Academy of Sciences and Hefei advanced computing center.334

DATA AVAILABILITY335

The data that support the findings of this study are available from the corresponding author336

upon reasonable request.337

REFERENCES338

1R. J. Bickrton, J. W. Connor, and J. B. Taylor, Nat. Phys. Sci. 229, 110 (1971).339

2A. G. Peeters, Plasma Phys. Controlled Fusion 42, B231 (2000).340

3C. J. McDevitt, X. Z. Tang, and Z. H. Guo, Phys. Plasmas 24, 082307 (2017).341

4W. X. Wang, T. S. Hahm, E. A. Startsev, S. Ethier, J. Chen, M. G. Yoo, and C. H. Ma, Nucl.342

Fusion 59, 084002 (2019).343

5H. S. Cai, Nucl. Fusion 59, 026009 (2018).344

6S.-I. Itoh and K. Itoh, Phys. Lett. A 127, 267 (1988).345

7F. L. Hinton, R. E. Waltz, and J. Candy, Phys. Plasmas 11, 2433 (2004).346

8X. Garbet, D. Esteve, Y. Sarazin, G. Dif-Pradalier, P. Ghendrih, V. Grandgirard, G. Latu, and347

A. Smolyakov, J. Phys.: Conf. Ser. 561, 012007 (2014).348

9S. Yi, H. Jhang, and J. M. Kwon, Phys. Plasmas 23, 102514 (2016).349

10W. He, L. Wang, S. T. Peng, W. X. Guo, and G. Zhuang, Nucl. Fusion 58, 106004 (2018).350

11C. J. McDevitt, X. Z. Tang, and Z. H. Guo, Phys. Rev. Lett. 111, 205002 (2013).351

12W. W. Wang, S. Ethier, F. L. Hinton, T. S. Hahm, A. Boozer, P. H. Diamond, W. M. Tang, and352

Z. Q. Li, in 24th Int. Conf. on Fusion Energy (San Diego, 2012),TH/P7-14 (2012).353

13R. E. Waltz, M. E. Austin, K. H. Burrell, and J. Candy, Phys. of Plasmas 13, 052301 (2006).354

14J. Dominski, B. F. McMillan, S. Brunner, G. Merlo, T. M. Tran, and L. Villard, Phys. of Plasmas355

24, 022308 (2017).356

15Y. Chen and S. E. Parker, J. Comput. Phys. 220, 839 (2007).357

14



16Y. Chen, S. E. Parker, J. Y. Lang, and G. Y. Fu, Phys. Plasmas 17, 102504 (2010).358

17Y. Chen and S. E. Parker, J. Comput. Phys. 189, 463 (2003).359

18W. W. Lee, J. L. V. Lewandowski, T. S. Hahm, and Z. Lin, Phys. Plasmas 8, 4435 (2001).360

19A. M. Dimits, G. Bateman, M. A. Beer, B. I. Cohen, W. Dorland, G. W. Hammett, C. Kim, J. E.361

Kinsey, M. Kotschenreuther, A. H. Kritz, L. L. Lao, J. Mandrekas, W. M. Nevins, S. E. Parker,362

A. J. Redd, D. E. Shumaker, R. Sydora, and J. Weiland, Phys. Plasmas 7, 969 (2000).363

20T. Görler, N. Tronko, W. A. Hornsby, A. Bottino, R. Kleiber, C. Norscini, V. Grandgirard, F. Jenko,364

and E. Sonnendrcker, Phys. Plasmas 23, 072503 (2016).365

21L. Ye and Y. Chen, Comp. Phys. Comm. 250, 107050 (2020).366

22J. Abiteboul, X. Garbet, V. Grandgirard, S. J. Allfrey, P. Ghendrih, G. Latu, Y. Sarazin, and367

A. Strugarek, Phys. Plasmas 18, 082503 (2011).368
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23O. D. Gürcan, P. H. Diamond, T. S. Hahm, and R. Singh, Phys. Plasmas 14, 042306 (2007).425
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line), turbulence intensity I (yellow line), the divergence of electron momentum flux ∇·Π‖e (green line) and

electron-ion momentum exchange M‖e (red line) at fixed minor radius where q(r) = 1.3, for single mode

(n = 0, 20) and low β (β = 0.1%) simulation. After saturation, ∂j‖e/∂t at a radial location changes its sign

during its evolution.
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FIG. 2. Radial profile of fluctuation intensity I (a), the radial gradient of fluctuation intensity ∂I/∂r (b),

the electron momentum flux Π‖e (c), the divergence of electron momentum flux ∇ ·Π‖e (blue line) (d) and

the turbulence induced electron ion momentum exchange M‖e (red line) (d) at t = 14R0/cs. The vertical

black lines represent rational surfaces at rs = m/n and m,n are poloidal and toroidal mode numbers.
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FIG. 10. Mode spectra |δφm,n(r)| of “full torus” simulation (∆n = 1, n = 0, 5, 6, . . . , 45) at r/a = 0.45

(q = 1.3) in nonlinear stage , the slope of the red line is equal to m/n = 1.3.
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surfaces of n = 3 (q = 3/3, 4/3, 5/3, 6/3, 7/3).
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FIG. 12. Time averaged turbulence intensity (a) and turbulence induced current (b) with different βe value

(by varying density, β1/β2 = nref1/nref2 = 1/3).
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