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Abstract: 16 

 17 

Investigation of turbulent transport dynamics in Scrape-off-layer (SOL) and divertor heat flux width 18 

prediction is performed for ITER. Both BOUT++ transport and BOUT++ turbulence codes are applied 19 

to capture the physics on different temporal scales. Simulations start with an ITER 15MA baseline 20 

scenario profile generated by CORSICA [1]. In BOUT++ transport code, the plasma parameters (𝑛𝑖, 𝑇𝑖 , 21 

𝑇𝑒) and radial electric (𝐸𝑟) profiles are evolved to steady state. The initial plasma profiles inside the 22 

separatrix are taken from CORSICA scenario studies. Transport coefficients are calculated by inverting 23 

the plasma profiles inside the separatrix. SOL transport coefficients are assumed to be constants 24 

connected to the separatrix. A parametric scan for the anomalous thermal diffusivity (𝜒𝑖 , 𝜒𝑒) in the SOL 25 

is performed separately with 𝐸 × 𝐵  and magnetic drift included, and without any drift effects. The 26 

results show that when the diffusivity is smaller than a critical 𝜒𝑐𝑟𝑖𝑡, the heat flux width 𝜆𝑞 remains 27 

almost unchanged, which is roughly consistent with Goldston’s heuristic drift model[2]. Otherwise, it 28 

increases as a 𝜆𝑞 ∝ 𝜒1/2 scaling resulting in a larger 𝜆𝑞. BOUT++ six-field/two-fluid turbulence code 29 

is used to study pedestal and SOL turbulence dynamics and corresponding transport. In the turbulence 30 

simulation, pedestal is found to be peeling-ballooning unstable, which results in a larger 𝜆𝑞. Pedestal 31 

structure is also found to be important in determining the effective thermal diffusivity and could lead to 32 

changes in the divertor heat flux width.  33 

 34 

Key Words: ITER, heat flux width, transport, drift, turbulence 35 

  36 



1. Introduction 37 

 38 

One of great challenges to steady state operations of ITER and future magnetic confined fusion 39 

reactors is how to withstand the heat flux with the currently available materials, for both first 40 

walls and divertor targets. Design limit for maximum ITER divertor heat load is 10 MW m-2, 41 

which requires a sizeable heat load width 𝜆𝑞  to handle the 100MW fusion power. Recent 42 

experimental scaling on multi-machine H-mode discharges shows that the heat load width 43 

follows reasonably well the 𝜆𝑞~ 1
𝐵𝑝

𝛾⁄  scaling, where 𝛾 is in the range from 1.11 to 1.27[3-5]. 44 

If the scaling works for future large machines, however, it would yield a very small 𝜆𝑞 ≅ 1𝑚𝑚 45 

mapped back to the outer-mid-plane (OMP) for ITER 15MA/Q=10 baseline scenario with 46 

𝐵𝑝,𝑜𝑚𝑝 = 1.3𝑇, resulting in an intolerable heat load on the divertor target. Different theoretical 47 

models have also been derived. One of them is the well-known Heuristic Drift Model by R. J. 48 

Goldston[2], which can match pretty well with Eich’s scaling on present experiments[4]. 49 

Numerical simulations have also been carried out to identify the achievable ITER divertor heat 50 

load width by varying the scape-off-layer(SOL) anomalous thermal diffusivity within realistic 51 

constraints in 2D transport code SOLPS[6, 7]. Above discussions show that the heat load width 52 

can be extremely small to threaten the survivability of ITER divertor targets, which is becoming 53 

a main concern for ITER steady state operation. Meanwhile, theoretical turbulence estimation 54 

by J. R. Myra[8] shows that 𝜆𝑞 may be enlarged by turbulence, such as interchange driven 55 

instabilities. Recent gyro-kinetic simulation performed by XGC1[9] also shows that the heat flux 56 

width 𝜆𝑞 could be as large as 5.9 mm. The result suggests that turbulence is important under 57 

ITER condition, and responsible for the enhancement of the heat flux width. An open question 58 

is then what relative roles drift and turbulence play in determining the heat flux width, and if 59 

they act in concert, or does one dominate over the other under ITER relevant condition. 60 

BOUT++, a framework with a set of physics models[10,11], is widely used to simulate tokamak 61 

edge behavior, such as ELM dynamics[12, 13, 14] , SOL physics[15, 16, 17, 18] and neutral physics[19, 62 
20, 21]. To capture the different physics in different temporal-scales, BOUT++ six-fields 63 

turbulence and transport simulation modules are developed separately with a similar set of 64 

Braginskii equations[15, 18]. Different modules have different foci: turbulence code mainly 65 

focuses on fast turbulence dynamics and scale of up to a few hundred Alfvén times; while the 66 

BOUT++ transport module mainly focuses on 2D plasma evolution to steady state on a longer 67 

transport time scale and includes the necessary pellet injection and neutral physics. 68 



Nevertheless, coupling the two codes under a unified BOUT++ framework in the future could 69 

produce a promising integrated modeling platform[22]. We note that the ability to investigate 70 

divertor heat flux saturation is quite different for the two codes. BOUT++ transport module can 71 

reach both ion and electron heat flux saturation, while only the electron heat flux can reach 72 

saturation in BOUT++ turbulence code with realistic computing time due to the fast electron 73 

parallel thermal conduction[17]. The time solver becomes hard to converge if the simulation time 74 

is too long. Therefore within this limitation, we can get well-saturated electron divertor heat 75 

fluxes, but not easy for those of ions due to the slow ion parallel dynamics. 76 

For this reason, our paper mainly focuses on electron dynamics in order to connect the results 77 

of the two codes. Using BOUT++ turbulence code, comparisons between simulation results and 78 

experimental data are performed for multiple current tokamaks, such as C-Mod[16, 17], EAST,[15] 79 

and DIIID[23], which yield a good agreement between numerical simulations and experiments, 80 

especially for 𝜆𝑞. Similarly, the simulation results from BOUT++ transport code simulations 81 

also show a good agreement with C-Mod data, including 𝐸𝑟 and 𝜆𝑞
 [16, 17, 24]. These results 82 

contribute to the confidence in using both BOUT++ turbulence and transport codes to predict 83 

ITER heat flux width 𝜆𝑞. 84 

The layout of this letter is as follows. In section 2, we perform the BOUT++ transport 85 

simulations by changing anomalous thermal diffusivity. In section 3, BOUT++ six-field two-86 

fluid turbulent simulation is carried out, including different upstream pedestal parameters. The 87 

results elucidate how 𝜆𝑞  is influenced by peeling-ballooning turbulence. Finally, the 88 

conclusion and discussions are presented in section 4. 89 

  90 
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2. Different mechanisms in determining SOL heat flux width 93 

It is well known that SOL heat flux width is determined by the competition between 94 

perpendicular cross field transport and parallel transport in SOL[25]. Different mechanisms 95 

contribute to the perpendicular cross field transport, such as drift, turbulence, collisions and ion 96 

orbit losses, etc., with the first two being the main contributors . To evaluate the impact of 97 

different mechanisms, theoretical models have been developed by separately considering drift[2] 98 

and turbulence[8], and numerical simulations are being carried out with 2D transport code 99 

SOLPS[6, 7],UEDGE[26] and reduced model[27], fluid code GBS[28], GDB[29,30] and gyro-kinetic 100 

code XGC1[9]. In this section, we present results from BOUT++ transport code, which includes 101 

𝐸 × 𝐵  and magnetic drift physics, and ad hoc radial transport coefficients to model the 102 

turbulence cross field transport. The ITER geometry, simulation settings and transport 103 

coefficient scan in the SOL are shown in Sec. 2.1. Separatrix temperature scan and implications 104 

of results would be discussed in Sec. 2.2 and Sec. 2.3, respectively. 105 

2.1 Anomalous thermal diffusivity scan in SOL 106 

(a) (b) (c)  107 

Figure 1. (a) ITER 15MA baseline scenario geometry and grid setting in BOUT++ 108 

simulation; (b) ITER plasma kinetic profiles including ion density, ion and electron 109 

temperature profile used in simulation; (c) Anomalous electron thermal diffusivity setting and 110 

scan in SOL. 111 

 112 

The simulation grid-file and plasma profiles are generated from the 2015 ITER 15MA 113 

baseline scenario with Be/Ar impurities case previously constructed by CORSICA[1], which 114 

has a steeper pedestal density gradient compared with previous ITER profiles[31]. Fig. 1 (a) 115 

shows the geometry with radial and poloidal grid cells in the simulation. Simulation domain 116 

in normalized poloidal flux is 0.9 < 𝛹𝑁 < 1.05 and grid resolution is 𝑛𝜓 = 256, 𝑛𝑦 = 64, 117 

shown as the short blue lines in Fig. 1 (a), which is fine enough to capture the physics in fluid 118 

model, 𝜌𝑖 𝛿𝑥⁄ ~1. CVODE is used as the time solver for time evolution[32]. Plasma kinetic 119 

profiles are shown in Fig. 1 (b), where density and temperature profiles inside the separatrix 120 



are taken from a previous scenario study and extrapolated into the SOL region. Sheath 121 

boundary conditions are applied on the both divertor target[16-18] and inner boundary in radial 122 

direction of density and temperatures are set to be same as initial value 𝑛𝑖𝑛 = 𝑛𝑖𝑛,𝑡=0, while 123 

outer boundaries are set to be Neumann, i.e. 𝜕𝑛 𝜕𝜓⁄ = 0 to let them freely evolve. Radial 124 

thermal diffusivity 𝜒𝑒 is shown in Fig. 1 (c), which are inverted from steady state transport 125 

equations without drifts using initial plasma kinetic profiles and are assumed to be unchanged 126 

in the core/pedestal region[18]. Meanwhile they are varied over a wide range in the SOL, from 127 

0.01 to 10.0, to study the effects of changing turbulence transport magnitude on divertor heat 128 

flux width 𝜆𝑞, where we do not specify what kind of turbulence it is. Ion thermal transport 129 

coefficient 𝜒𝑖 , in the core/pedestal region is also inverted from ion density and temperature 130 

profiles and takes on the same value as 𝜒𝑒 in SOL. Anomalous particle thermal diffusivity 131 

𝐷⊥ is inverted from steady state continuity equation using initial density profile and kept 132 

fixed in the whole simulation domain when doing the 𝜒𝑖,𝑒 scan. 133 

 134 

Figure 2. The outer divertor heat flux width 𝜆𝑞vs the SOL anomalous thermal diffusivity 135 

𝜒𝑖,𝑒. The outer divertor heat flux width is mapped to outer-mid-plane (OMP) for 𝑇𝑠𝑒𝑝 =136 

500eV. 137 

 138 

In Fig. 2, the horizontal axis shows anomalous thermal diffusivity setting in our simulation 139 

and the vertical axis is the outer divertor electron heat flux width mapped back to the outer-140 

mid-plane (OMP), which is fitted using Eich’s fitting formula given by Eq. (1), and parallel 141 

heat flux and the distance in the OMP are used in the fitting. The definitions of various 142 

quantities are given in[3]. 143 
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Where 𝑠̅ = s − 𝑠0 = (𝑅 − 𝑅𝑠𝑒𝑝) ∙ 𝑓𝑥, 𝑠 is the radial path length along target, 𝑠0, the strike 145 

line position at target, 𝑓𝑥 , magnetic flux expansion factor, 𝑞𝐵𝐺 , background heat flux, 𝑆 , 146 

divertor spreading factor and the peak heat flux 𝑞0. The solid black curve with squares shows 147 

the case without drifts, i.e. we turned off the 𝐸 × 𝐵 and magnetic drifts and we only keep the 148 

anomalous thermal diffusion as the source of perpendicular cross field particle/heat flux. The 149 

curve has a monotonically increase as 𝜒𝑖,𝑒 increases. It agrees quite well with a  𝜒1/2 scaling 150 

depicted by the cyan dashed curve. This scaling can be simply derived by a balance between 151 

radial and parallel fluxes in steady state, i.e. 𝛻 ∙ 𝑞 = 0, and assuming the linear relation 𝜆𝑞 =152 

2

7
𝜆𝑇 in the conduction-limit[5, 7]. The blue solid curve with circles is the result when taking the 153 

drift terms into consideration and it shows a small deviation at the small 𝜒⊥ regime. When 154 

𝜒⊥ < 0.1 𝑚2 𝑠⁄  , 𝜆𝑞  stays nearly unchanged; while for 𝜒⊥  exceeding 0.1 𝑚2 𝑠⁄  , the solid 155 

blue curve would increase monotonically and show the same trend as the case without drifts. 156 

The flat region is clearly visible if we doubled the drift effect by multiplying the 𝐸 × 𝐵 and 157 

magnetic drift terms by a factor of 2, as shown by the red solid curve with triangles in Fig. 2. 158 

This results in a clearly visible flat region with 𝜆𝑞 increasing by a factor of 2, and the turning 159 

point for 𝜒⊥ corresponding to the upturn in 𝜆𝑞 increases to 0.5𝑚2 𝑠⁄ . This heuristic exercise 160 

shows that larger drifts can increase 𝜆𝑞  and expand the drift-dominated region by moving the 161 

transition 𝜒⊥  to a larger value. A competition exists between drift and turbulence in 162 

determining the perpendicular cross field thermal transport. The drifts set a lower limit 𝜆𝑞 for 163 

a quiescent SOL when 𝜒⊥ is small, which is narrow for realistic drifts and detrimental to a 164 

divertor. Conversely, a turbulence dominated SOL could enlarge 𝜆𝑞 and spread the heat load 165 

to the divertor plate. The conditions under which the SOL would transition into a turbulent 166 

regime are thus crucial for developing a divertor heat exhaust solution. 167 

 168 

2.2 Separatrix temperature scan and comparison with Heuristic Drift Model 169 

In the previous section 2.1, we showed the thermal diffusivity scan for 𝑇𝑠𝑒𝑝 = 500eV and 170 

increased the drift effect by a constant value of 2 to illustrate the transition. A physical 171 

mechanism to affect the magnetic drift will be discussed in this section. We know that the 172 



drift contributes to perpendicular cross field transport is proportional to the Maxwellian-173 

averaged magnetic drift velocity 〈𝑣grad𝐵+curv𝐵〉 =
2𝑇𝑠𝑒𝑝

𝑒𝐵𝑅⁄ [2], where 𝑣grad𝐵+curv𝐵 is the 174 

drift velocity due to gradient B and curvature B drift, B and R are the toroidal magnetic field 175 

in Tesla and major radius in meters, respectively, and 
𝑇𝑠𝑒𝑝

𝑒⁄  is the temperature in electron-176 

volts at the separatrix. It is well established that gas puffing and controlled impurity injection 177 

in the SOL could modify 𝑇𝑠𝑒𝑝  and hence the drift behavior. To study this effect, we keep the 178 

core temperature unchanged while varying the separatrix temperature, which extrapolates into 179 

the SOL region to change the drift magnitude, and its impaction on Goldston’s heuristic drift 180 

model. 181 

(a) (b)  182 

Figure 3. (a) Divertor heat flux width as a function of anomalous thermal diffusivity 𝜒𝑖,𝑒 183 

with different separatrix temperature. (b) Comparison with Goldston’s heuristic drift model. 184 

 185 

The result from different separatrix temperature scan is shown in Fig. 3 (a). Different color 186 

curves, green, red, blue and black, correspond to separatrix temperatures of 100eV, 200eV, 187 

300eV and 500eV, respectively. We can see a clear trend that the flat region becomes larger 188 

and more obvious when the temperature increases, which means the drift becomes more 189 

important in the radial transport. In Fig. 3 (b), a 𝜆𝑞 comparison between simulated with 190 

BOUT++ at 𝜒⊥ = 0.01 𝑚2 𝑠⁄  and Goldston’s heuristic drift model for different separatrix 191 

temperature is presented. These two curves bear a similar trend, with the BOUT++ 𝜆𝑞 192 

diverging to higher values as 𝑇𝑠𝑒𝑝 becomes large. In the simulation, the averaged parallel 193 

flow from OMP to X-point is calculated to be around 0.3 − 0.4𝐶𝑠, which is smaller 194 

compared with an estimate of 0.5𝐶𝑠 in Goldston’s model. A slower parallel flow would result 195 

in a longer transit time in the SOL, because of 𝜆𝑞~〈𝑉𝑑𝑟〉𝜏𝑡𝑟𝑎𝑛, where 〈𝑉𝑑𝑟〉 is the averaged 196 

radial drift velocity and 𝜏𝑡𝑟𝑎𝑛 is the transit time. 197 



 198 

2.3 Simple scaling from drift dominated to turbulence dominated regime 199 

 In Sec. 2.1, we have identified a drift dominated and a turbulence dominated regime in 200 

determining the divertor heat flux width 𝜆𝑞. In the small 𝜒⊥ limit, 𝜆𝑞 can roughly match 201 

Goldston’s heuristic drift model. In the large 𝜒⊥ regime, 𝜆𝑞 would follow a scaling of 202 

~𝜒⊥
1/2. Here we derive a simple scaling for the critical 𝜒⊥,𝑐𝑟𝑖𝑡 for turbulence at the 203 

transition between drift and turbulence dominated regime, which is used to highlight the 204 

influence of key plasma parameters. 205 

 The effective thermal diffusivity for radial drift flux is,  206 

𝑛𝑣gradB+curv𝐵𝑇~ − 𝑛𝜒𝑒𝑓𝑓𝛻⊥𝑇~𝑛𝜒𝑒𝑓𝑓𝑇/𝜆𝑇                      (2), 207 

where n and T are the separatrix density and temperature, respectively, 𝜆𝑇 is the temperature 208 

fall of length, and using the electron drift velocity 〈𝑣grad𝐵+curv𝐵〉 =
2𝑇𝑠𝑒𝑝

𝑒𝐵𝑅⁄  from 209 

previous section, we can get the critical 𝜒⊥,𝑐𝑟𝑖𝑡 for turbulence by assuming the balance 210 

between turbulence and drift radial flux, 211 

𝜒𝑐𝑟𝑖𝑡~𝜒𝑒𝑓𝑓~
2𝑇

𝑒𝐵𝑅
𝜆𝑇                                (3) 212 

In the SOL, we use a relationship between 𝜆𝑇 and 𝜆𝑞
[5, 7]. For example, by considering a 213 

fully convective and a fully conductive parallel transport, there are two different limits, 214 

𝜆𝑞 = {
(

1

𝜆𝑛
+

3

2

1

𝜆𝑇
)

−1
<

2

3
𝜆𝑇 , 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑙𝑖𝑚𝑖𝑡

2

7
𝜆𝑇 , 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑙𝑖𝑚𝑖𝑡

                   (4) 215 

For simplicity, we assume Goldston’s heuristic drift model remains valid up to the critical 216 

value 𝜒𝑐𝑟𝑖𝑡 , i.e. 𝜆𝑞~
4𝑎

𝐵𝑝𝑅
(

𝑚𝑝

𝑒
)

1

2𝑇
1

2. By substituting this expression into Eq. (4) to solve for 217 

𝜆𝑇, we can get an expression for 𝜒𝑐𝑟𝑖𝑡 using Eq. (3) as, 218 

𝜒𝑐𝑟𝑖𝑡 ∈ [
12𝑎

𝐵𝐵𝑝𝑅2 (
𝑚𝑝

𝑒3 )

1

2
𝑇𝑠𝑒𝑝

3

2 ,   
28𝑎

𝐵𝐵𝑝𝑅2 (
𝑚𝑝

𝑒3 )

1

2
𝑇𝑠𝑒𝑝

3

2 ]                 (5) 219 

       220 



  221 

Figure 4. Blue curve shows the scan of transport coefficient for 𝑇𝑠𝑒𝑝 = 200𝑒𝑉 and the pink 222 

shade region shows estimated transition region between drift and turbulence. 223 

 224 

 The region specified by Eq. (5) is highlighted by the pink shaded region in Fig. 4. It sits 225 

roughly at the transition region as expected. This simple model can apply to different 226 

separatrix temperatures 𝑇𝑠𝑒𝑝, like for 𝑇𝑠𝑒𝑝 = 500𝑒𝑉, the estimated critical 𝜒⊥ would be in 227 

the range of [0.12, 0.28], which can roughly cover the turning point of the black curve in Fig. 228 

3 (a). From Eq. (5), 𝜒𝑐𝑟𝑖𝑡 is proportional to 𝑇𝑠𝑒𝑝

3

2 , indicating that the drift dominated region 229 

would be larger if 𝑇𝑠𝑒𝑝 increases, which is consistent with Fig 2 and Fig. 3 (a). Other 230 

important geometric parameters are B, 𝐵𝑝 and R in the denominator, hence 𝜒𝑐𝑟𝑖𝑡 would 231 

decrease when B, 𝐵𝑝 and R increase. It suggests that ITER might have a relatively small 232 

𝜒𝑐𝑟𝑖𝑡 and turbulence would likely dominate cross-field transport in the SOL for ITER. To 233 

provide a more quantitative value of turbulent 𝜒⊥ for ITER SOL, we will use BOUT++ six-234 

field two-fluid module to conduct the simulations in section 3. 235 

 236 

  237 



3. Turbulence dynamics for ITER 15MA baseline scenario 238 

 In this section, we will use BOUT++ six-field two-fluid turbulence model to simulate the same 239 

ITER 15MA baseline scenario geometry and study the turbulence dynamics. Density 𝑛 , 240 

ion/electron temperature 𝑇𝑖 / 𝑇𝑒 , ion parallel velocity 𝑉𝑖∥ , vorticity 𝜛 = 𝒃𝟎 ∙ ∇ × 𝑽⊥  and 241 

parallel magnetic vector potential 𝐴∥ are evolving variables in BOUT++ six-field turbulence 242 

model. Simulation grid and geometry are the same as those used in the BOUT++ transport 243 

module in Sec. 2, and the boundary conditions are also the same, with a sheath boundary 244 

condition applied at the divertor target. In the core inner boundary at 𝜓𝑁 = 0.90 , a self-245 

adjusted heat flux is applied to keep the pedestal top profile approximately unchanged while 246 

the pedestal and SOL profiles can freely evolve. The turbulence dynamics of ITER 15MA 247 

baseline scenario will be discussed in Sec. 3.1. Effect of different upstream pedestal height on 248 

the divertor heat flux width will be elucidated in Sec. 3.2. 249 

 250 

3.1 Turbulence dynamics of ITER 15MA baseline scenario 251 

 The BOUT++ six-field two-fluid module, which is based on Braginskii equations, includes a 252 

variety of physics processes, such as peeling-ballooning mode, acoustic wave and drift Alfvén 253 

wave. The parallel thermal conductivity in the flux limited form is given by, 254 

𝜅𝑒𝑓𝑓,𝑗 =
𝜅∥,𝑗

𝑆𝐻𝜅∥,𝑗
𝐹𝑆

𝜅∥,𝑗
𝑆𝐻+𝜅∥,𝑗

𝐹𝑆                             (6) 255 

, where j signifies ion or electron, 𝜅∥,𝑖
𝑆𝐻 = 3.9𝑛𝑖 𝑣𝑡ℎ,𝑖

2 𝜈𝑖⁄  and 𝜅∥,𝑒
𝑆𝐻 = 3.2𝑛𝑒 𝑣𝑡ℎ,𝑒

2 𝜈𝑒⁄  are the 256 

Spitzer-Härm parallel thermal conductivities, 𝑣𝑡ℎ,𝑗 and 𝜈𝑗 are the thermal velocity and 257 

collision rate for the j species. 𝜅∥,𝑗
𝐹𝑆 = 𝛼𝑗𝑛𝑗𝑣𝑡ℎ,𝑗𝑞𝑅0 is the free streaming parallel thermal 258 

conductivity, where q is the safety factor and 𝑅0 is the major radius.Here, 𝛼𝑗 is a free-259 

streaming factor, which is typically in the range of [0.03, 0.3] from kinetic simulations[33]. 260 

We assume 𝛼𝑖 = 𝛼𝑒 = 0.1 in our simulations, which means more toward to the collisonless 261 

regime. A detailed scan for this parameter can be found in previous papers[15, 16]. Resistivity 𝜂 262 

is considered as Spitzer-Härm resistivity and hyper-resistivity is taken as a constant value 263 

𝜂𝐻 = 10−16 in generalized Ohm’s law for current diffusion. The 𝐸𝑟 calculated from ion 264 

pressure gradient (diamagnetic 𝐸𝑟) is also used in the simulation. 265 



(a) (b)  266 

Figure 5. (a) Linear growth rate of ITER 15MA baseline scenario. (b) Outer-mid-plane 267 

pressure profile evolution at different time slices. 268 

 269 

From linear simulation results in Fig. 5 (a), where the blue curve with triangles is the linear 270 

growth rate of ideal peeling-ballooning mode using six-field two-fluid code, red curve with 271 

circles is the linear growth rate taking Spitzer resistivity into consideration. We further 272 

consider the parallel gradient of electron pressure in magnetic vector perturbation equation to 273 

capture the drift-alfvén instability in green curve with cross and the black cure with squares 274 

including the full fluid physics. We find that the ideal ballooning and drift-alfvén instability 275 

are the dominated instabilities and the most unstable toroidal mode numbers are at high n. We 276 

cut off the toroidal mode at n=80 because 𝑘𝜃𝜌𝑖 is around 0.3 for n=80, which means the 277 

fluid reduction might be invalid when n becomes larger. Therefore, initially the ITER 15 MA 278 

baseline scenario is driven unstable by a ballooning-drift mixed type mode with the most 279 

unstable mode at the outer-mid-plane. A similar feature can be also found in the linear stage 280 

of our nonlinear simulation, Fig. 6 (a). Fig. 5 (b) shows the pressure profile evolution at the 281 

outer-mid-plane and as stated the pedestal top is kept unchanged, while the outer profile 282 

freely evolves and finally crashes to flatten the pedestal gradient in ~0.4ms. This indicates a 283 

lot of thermal energy irreversibly escapes from the pedestal region to the SOL, the detailed 284 

amount of which will be evaluated next. 285 



 286 

Figure 6. Contour plot of perturbed pressure in ζ = 0 poloidal slice at different time slices. 287 

 288 

Figure 7. The contour plot for root mean square of pressure perturbation at outer-mid-plane 289 

(OMP). 290 

 291 

Fig. 6 and Fig. 7 show the turbulence spreading process in our simulation, where 1𝜏𝐴 =292 

0.608𝜇𝑠. In Fig. 6 (a), the initial perturbation is localized at the low field side (LFS) inside 293 

the separatrix and shows a ballooning type mode, where the dominated toroidal mode number 294 

𝑛~45. At later time, turbulent fluctuation then spread across the separatrix and go into the 295 



SOL region in Fig. 6 (b). At even longer time, SOL parallel transport along the open field 296 

lines carries energy and particles towards the divertor in Fig. 6 (c). Fig. 7 clearly shows that 297 

the perturbation at the outer-mid-plane (OMP) is generated at the peak pedestal gradient 298 

location and spreads into the SOL, and similar trend is found at other poloidal locations, such 299 

as upper and lower part of low-field-side and mid-plane of high-field-side. This indicates that, 300 

for the ITER 15MA baseline scenario, the SOL turbulence is generated from the upstream 301 

pedestal region, and not by local instabilities in our simulation. 302 

(a) (b)  303 

Figure 8. (a) 𝐸 × 𝐵 turbulence induced power across separatrix; (b) Effective electron 304 

thermal diffusivity as a function of time. 305 

 306 

Fig. 8 (a) shows the heat power across separatrix by 𝐸 × 𝐵 turbulent convection. The 307 

definition of perpendicular ion and electron heat flux is, 308 

𝑞𝑖𝑟,𝑡𝑢𝑟 = 𝑛𝑖𝑇𝑖
(𝒃𝟎×𝛻𝜙)𝑟

𝐵0
, 𝑞𝑒𝑟,𝑡𝑢𝑟 = 𝑛𝑒𝑇𝑒

(𝒃𝟎×𝛻𝜙)𝑟

𝐵0
               (7) 309 

, where, 𝒃𝟎 is the unit vector of magnetic field and 𝜙 is electric potential. Power across 310 

separatrix is the integral of flux over the separatrix surface in poloidal and toroidal direction, 311 

𝑄𝑠𝑒𝑝,𝑗 = ∯ 𝑞𝑗𝑟,𝑡𝑢𝑟. Taking an average over the saturated time period of the turbulence from 312 

200𝜏𝐴(0.122ms) to 700𝜏𝐴(0.426ms), we get 〈𝑄𝑠𝑒𝑝,𝑡〉𝑡 = 1.758𝐺𝑊, which is much larger than 313 

the injected power ~100MW for the scenario being considered. The loss of such a large 314 

amount of thermal energy in a short time period ~0.4ms implies that the pedestal cannot be 315 

re-established quickly. This is a typical characteristic of Type-I ELMs. In Fig. 8 (b), the 316 

effective electron thermal diffusivity is calculated, where the blue solid curve is 𝜒𝑒 as a 317 

function of time and the brown dash-dotted line is the time averaged 𝜒𝑒 = − ⟨
⟨𝒒𝑡𝑢𝑟⟩𝜽,𝜻

⟨𝑛𝛻𝑇⟩𝜽,𝜻
⟩

𝒕

=318 

5.15 𝑚2 𝑠⁄  over the same period as the heat power calculation. A large 𝜒𝑒 ≫319 



𝜒𝑐𝑟𝑖𝑡~0.05 𝑚2 𝑠⁄    indicates that the ITER 15MA baseline scenario is likely in the turbulence 320 

dominated regime. 321 

(a) (b)  322 

Figure 9. (a) Calculated 𝜆𝑞 vs. simulation time; (b) Outer divertor heat flux mapped back to 323 

outer-mid-plane(OMP). 324 

 325 

 The evolution of 𝜆𝑞 in time is given in Fig. 9 (a), showing that 𝜆𝑞 saturates around 326 

0.35ms. In Fig. 9 (b), the horizontal axis is the distance away from the separatrix at the OMP 327 

and the vertical axis is divertor electron heat flux. The small black dots are simulation results 328 

and the red solid curve is the fitting curve using Eich’s fitting shown in Eq. (1). Eich’s fitting 329 

formula yields a 𝜆𝑞 = 11.28𝑚𝑚 and a spreading factor 𝑆 = 5.05𝑚𝑚. Our results show that 330 

a ballooning type instability would produce a large effective electron thermal diffusivity 𝜒𝑒 331 

and consequently increase the peak heat flux and broaden the divertor heat flux decay width 332 

𝜆𝑞. This has also been predicted in J. R. Myra’s paper[8], where an interchange driven 333 

instability would result in a much larger divertor heat flux decay width 𝜆𝑞 for ITER. 334 

 335 

3.2 Effect of upstream pedestal height on determining 𝜆𝑞 336 

 It is also of interest to ask what the value of 𝜆𝑞 would be if the energy loss by ELM is 337 

weak such as in a small-ELM regime. To investigate that, we lower the pedestal height to vary 338 

the peeling-ballooning turbulent drive and calculate the corresponding divertor heat flux and 339 

𝜆𝑞. We decrease the pedestal height by multiplying a factor, from 1.00 to 0.80, in front of the 340 

pressure and parallel current, and recalculate the MHD equilibrium using CORSICA. The 341 

poloidally averaged pressure and parallel current profiles are shown in Fig. 10 (a). In Fig. 10 342 

(b), the linear growth rate with different pedestal heights are presented. The most unstable 343 



mode would change in the range of n=50-80 for different pedestal heights but high-n 344 

ballooning mode would dominate in these cases. 345 

(a) (b)  346 

Figure 10. (a) Pressure and parallel current profile with different pedestal heights; (b) linear 347 

growth vs. toroidal mode number for different pedestal heights. 348 

(a)  (b)349 

(c)  350 

Figure 11. (a) Electron pressure (blue) and radial 𝐸 × 𝐵 velocity (red) perturbation and 351 

effective thermal diffusivity 𝜒𝑒 (green) at separatrix for different pedestal heights; 352 

(b)Electrostatic potential, radial 𝐸 × 𝐵 velocity and effective poloidal correlation length at 353 

separatrix for different pedestal heights; (c) Heat flux width 𝜆𝑞, spreading factor 𝑆 and 354 

integrated heat flux width 𝜆𝑖𝑛𝑡 for different pedestal heights. 355 

 356 

Turbulence perturbation at separatrix is shown in Fig. 11 (a), where subscript rms means 357 

root-mean-square average in toroidal direction and bracket <…> is taking poloidal and time 358 



average during saturated state for each case. Blue line with squares shows the electron 359 

pressure perturbation, red line with triangles shows the radial 𝐸 × 𝐵 velocity perturbation 360 

and effective electron thermal diffusivity 𝜒𝑒 is shown as green curve with circles. These 361 

indicate that turbulence intensity and radial 𝐸 × 𝐵 velocity work together in determining the 362 

radial thermal transport. Radial 𝐸 × 𝐵 velocity would be determined by electrostatic 363 

potential and poloidal correlation length of electrostatic potential 𝑉𝑟,𝐸×𝐵 =364 

𝒃 × ∇𝜙
𝐵⁄ ~

𝜙
𝛿𝑙𝑝𝐵𝑇

⁄ . In Fig.11 (b), we show the electrostatic potential 𝜙 (blue curve with 365 

squares), radial 𝐸 × 𝐵 velocity (red curve with triangles) and effective poloidal correlation 366 

length 𝛿𝑙𝑝 (green curve with circles) ,which is defined as 〈𝛿𝑙𝑝〉 = 〈
𝜙𝑟𝑚𝑠

𝑉𝑟,𝐸×𝐵,𝑟𝑚𝑠 × 𝐵𝑇
⁄ 〉 367 

and <…> also means poloidal and time average. We can see a weak decreasing trend in 〈𝛿𝑙𝑝〉 368 

when pedestal height increases. We know that 𝛿𝑙𝑝 related to the saturated toroidal mode 369 

number n 𝛿𝑙𝑝~
2𝜋𝑎√

1+𝜅2

2
𝑚

⁄
~

2𝜋𝑎√
1+𝜅2

2
𝑛𝑞

⁄
, it means that different pedestal condition 370 

would have different toroidal n in saturation state. A more detailed analysis of turbulence 371 

including toroidal n mode number in saturated state, relative phase between pressure and 372 

electrostatic potential and their effects on determining radial thermal transport would be 373 

shown in the future. In Fig. 11 (c), the red solid curve with circles heat flux width 𝜆𝑞 374 

mapped to the OMP, the blue curve with squares is the spreading factor in Eich’s fitting 375 

formula and the black curve with triangles is the integral heat flux width at the outer divertor 376 

target, which is defined by a simple form 𝜆𝑖𝑛𝑡 = 𝜆𝑞 + 1.64𝑆 [34]. All three curves exhibit a 377 

similar trend that the width increases with pedestal height, with a range from 4mm to 12mm. 378 

For the low pedestal height, 0.80/0.85 of the original pedestal height, 𝜆𝑞 lie in the weak 379 

turbulence regime, although it is still twice as large as the value from Goldston’s model. The 380 

other three cases with factors of 0.90, 0.95 and 1.00 probably would fall into the peeling-381 

ballooning turbulence dominated regime. For each pedestal height, we can calculate the 382 

turbulent thermal diffusivity as shown in Fig.8 (b) and the divertor heat flux width as shown 383 

in Fig. 9 (b). The combined 𝜆𝑞 from turbulence and transport simulations are shown in Fig. 384 

12. 385 



 386 

Figure 12. Comparison between BOUT++ transport and BOUT++ turbulence results. 387 

 388 

Figure 13. Pressure Profile evolution in the Out-mid-plane(OMP) for 0.85 pedestal case. 389 

 The blue solid curve with squares is the result with a separartrix temperature equals to 390 

200eV, which is the same as the curve in Fig. 3 (a) and Fig. 4. The red bullets are the results 391 

with corresponding effective thermal diffusivity 𝜒⊥ and heat flux width 𝜆𝑞 from turbulence 392 

simulation with different pedestal heights. For the pedestal height with a factor of 0.80/0.85, 393 

where turbulence transport becomes weaker and weaker, the 𝜆𝑞 points lie on the transport 394 

curve, and they are in the weak turbulence regime, where the pedestal plasma profiles are 395 

marginal unstable, which leads to continuous turbulence transport. Although the other three 396 

red bullets show a similar trend as the blue curve, instead they lie below the transport blue 397 

curve. There are two possible reasons for this deviation: 398 

(1) In BOUT++ transport code, the core/pedestal transport coefficients are kept unchanged 399 

implying that the plasma is still in an original H-mode state in the scan of transport 400 

coefficient 𝜒⊥ in SOL; whereas, in turbulence code, they are no longer in the original 401 

H-mode state and large ELM crash would cause the profile in the bottom of pedestal to 402 

be flattened. Hence, it may not be an apple-to-apple comparison for the last three points, 403 



0.90/0.95/1.00. The fact that the first two points lie on the blue curve supports this 404 

argument, because their pressure profiles are almost unchanged during simulation, as 405 

Fig. 13 shows for 0.85 times pedestal height case; 406 

(2) Another possibility is that turbulence generated by nonlocal transport may not follow the 407 

Ficksian transport model used in Sec 2.  408 

 409 

These two conjectures would be interesting topics for future investigations[35].  410 

  411 



4. Summary and Conclusion 412 

 A detailed study of divertor heat flux width for ITER 15MA baseline scenario is performed 413 

on both BOUT++ transport and BOUT++ six-field turbulence module, with an objective to 414 

improve the prediction on the important issue of ITER divertor heat flux width. In Sec. 2, we 415 

found that drift and turbulence tend to compete in determining the perpendicular cross field 416 

transport and as a result produce very different heat flux widths in the region where they are 417 

dominant. The connection between the two might bridge the gap between the small 𝜆𝑞 given 418 

by experimental scaling and large 𝜆𝑞 from turbulence theory and simulation. Specifically, 419 

when 𝜒⊥ is smaller than a critical value 𝜒⊥,𝑐𝑟𝑖𝑡, drift would dominate the perpendicular 420 

transport and 𝜆𝑞 can roughly match the Goldston’s heuristic drift model; when 𝜒⊥ is greater 421 

than 𝜒⊥,𝑐𝑟𝑖𝑡, turbulence would take over and 𝜆𝑞 would increase monotonically and follows 422 

the simple scaling 𝜆𝑞~𝜒⊥
1/2

. A simple model is derived to determine the critical thermal 423 

diffusivity for the transition region between drift and turbulence dominated regime, 424 

𝜒⊥,𝑐𝑟𝑖𝑡~
𝑇𝑠𝑒𝑝

3

2

𝐵𝐵𝑝𝑅2
⁄ , which indicates that the current machines with smaller major radius and 425 

lower current or poloidal magnetic field might have a larger 𝜒⊥,𝑐𝑟𝑖𝑡 and probably lie in the 426 

drift dominated region. For future machines, with a larger major radius and a higher magnetic 427 

field, 𝜒⊥,𝑐𝑟𝑖𝑡 is reduced and turbulence might become the main contributor to the 428 

perpendicular transport and hence the main determinator of 𝜆𝑞. 429 

In Sec. 3, the BOUT++ six-field two-fluid turbulence code is applied to the ITER 15MA 430 

baseline scenario. We find that the pedestal is unstable by ballooning-drift mixed type 431 

instability and a large ELM crash would occur. This pushes ITER into the turbulence 432 

dominated regime and results in a large 𝜆𝑞 = 11.28𝑚𝑚, which has been predicted by 433 

previous turbulence theory. We also carried out a pedestal height scan and find that both heat 434 

flux across separatrix and heat flux width 𝜆𝑞 are sensitive to upstream pedestal height. 435 

Comparison is also made between BOUT++ transport and turbulence code. The two code 436 

results can roughly match each other with some deviations. 437 

Last but not the least, we find that the peak heat flux on the divertor target is still large even 438 

with an enhanced 𝜆𝑞. This is caused by an increase of total heat power across separatrix from 439 



the type-I ELMy H-mode plasmas. Two approaches are strong candidates to mitigate this 440 

issue: (1) Operate with grassy-ELMs where the energy escaping the core is frequent but 441 

small; and (2) Operate with divertor detachment using gas puffing and control impurity 442 

injection, which can further reduce the peak heat flux at the divertor target. 443 

  444 



Appendix: Six-fields equations used in BOUT++ transport and turbulence model 445 

1. BOUT++ transport model 446 

𝜕𝑁𝑖

𝜕𝑡
= −𝛻∥(𝑉∥𝑖𝑁𝑖) + 𝜵⊥ ∙ (𝐷⊥𝜵⊥𝑁𝑖) − 𝜵 ∙ (𝑁𝑖𝑽𝑬×𝑩) − 𝜵 ∙ (𝑁𝑖𝑽𝒅𝒊𝒂

𝒊 )             (App. Eq. 1) 447 

𝜕𝑇𝑖

𝜕𝑡
= −𝑉∥𝑖𝛻∥𝑇𝑖 −

2

3
𝑇𝑖𝛻∥𝑉∥𝑖 +

2

3𝑁𝑖
𝛻∥(𝑘∥𝑖𝛻∥𝑇𝑖) +

2

3𝑁𝑖
𝜵⊥(𝑁𝑖𝜒⊥𝑖𝜵⊥𝑇𝑖) +

2𝑇𝑖

3
𝜵⊥ ∙ (

𝐷⊥

𝑁𝑖
𝜵⊥𝑁𝑖) +448 

𝐷⊥

𝑁𝑖
𝜵⊥𝑁𝑖 ∙ 𝜵⊥𝑇𝑖 − 𝑽𝑬×𝑩 ∙ 𝜵𝑇𝑖  −

2

3
𝑇𝑖𝛻 ∙ 𝑽𝑬×𝑩 −

2

3
𝑇𝑖𝛻 ∙ 𝑽𝒅𝒊𝒂

𝒊 −
5𝑇𝑖

3𝑍𝑖𝑒
𝜵 ∙ (

1

𝐵0
𝒃𝟎 × 𝜵𝑇𝑖) +449 

(
2𝑚𝑒

𝑀𝑖
)

𝑇𝑒−𝑇𝑖

𝜏𝑒
                                                           (App. Eq. 2) 450 

𝜕𝑇𝑒

𝜕𝑡
=

2

3𝑁𝑖
𝛻∥(𝑘∥𝑒𝛻∥𝑇𝑒) +

2

3𝑁𝑖
𝜵⊥(𝑁𝑖𝜒⊥𝑒𝜵⊥𝑇𝑒) +

2𝑇𝑒

3
𝜵⊥ ∙ (

𝐷⊥

𝑁𝑖
𝜵⊥𝑁𝑖) +

𝐷⊥

𝑁𝑖
𝜵⊥𝑁𝑖 ∙ 𝜵⊥𝑇𝑒 − 𝑽𝑬×𝑩 ∙451 

𝜵𝑇𝑒 −
2

3
𝑇𝑒𝜵 ∙ 𝑽𝑬×𝑩 −

2

3
𝑇𝑒𝜵 ∙ 𝑽𝒅𝒊𝒂

𝒆 +
5𝑇𝑒

3𝑒
𝜵 ∙ (

1

𝐵0
𝒃𝟎 × 𝜵𝑇𝑒) − (

2𝑚𝑒

𝑀𝑖
)

𝑇𝑒−𝑇𝑖

𝜏𝑒
          (App. Eq. 3) 452 

𝜕𝑉∥𝑖

𝜕𝑡
= −𝑉∥𝑖𝛻∥𝑉∥𝑖 +

4

3𝑁𝑖𝑀𝑖
𝛻∥(𝜂𝑖𝛻∥𝑉∥𝑖) +

𝐷⊥

𝑁𝑖
𝜵⊥𝑁𝑖 ∙ 𝜵⊥𝑉∥𝑖 −

𝛻∥𝑃

𝑁𝑖𝑀𝑖
− 𝑽𝑬𝒙𝑩 ∙ 𝜵𝑉∥𝑖      (App. Eq. 4) 453 

𝜕𝜛

𝜕𝑡
= 𝐵0𝛻∥𝐽∥ + 𝜇𝑖,∥𝛻∥

2𝜛 + 𝜇𝑖,⊥𝜵⊥
𝟐 𝜛 + 𝜵 ∙ (2𝑃𝜵 × 𝒃𝟎) − 𝑽𝑬𝒙𝑩 ∙ 𝜵𝜛 +

𝐷⊥

𝑁𝑖
𝜵⊥𝑁𝑖 ∙ 𝜵⊥𝜛  454 

(App. Eq. 5) 455 

𝐽∥ = −
1

𝜂
∇∥𝜙 +

1

𝜂𝑒𝑁𝑖
∇∥𝑃𝑒 +

0.71𝑘𝐵

𝜂𝑒
∇∥𝑇𝑒                                     (App. Eq. 6) 456 

Where, density 𝑁𝑖, ion/electron temperature 𝑇𝑖/𝑇𝑒, ion parallel velocity 𝑉∥𝑖, parallel current 𝐽∥ 457 

and vorticity 𝜛 are evolved to steady state and vorticity is defined as 𝜛 =
𝑁𝑖𝑀𝑖

𝐵0
(∇⊥

2 𝜙 +458 

1

𝑍𝑖𝑒𝑁𝑖
∇⊥

2 𝑃𝑖 +
1

𝑁𝑖
𝛻⊥𝑁𝑖 ∙ 𝛻⊥𝜙). 𝑽𝑬×𝑩 =

1

𝐵0
𝒃𝟎 × 𝛁𝜙 is the ExB velocity and 𝑽𝒅𝒊𝒂

𝒋=𝒊,𝒆
=

1

𝑍𝑗𝑞𝑗𝑁𝑗𝐵0
=459 

𝒃𝟎 × 𝛁𝑃𝑗 is the diamagnetic drift of ion and electron. 𝑘∥𝑖 =
125𝑃𝑖

32𝑀𝑖𝜈𝑖
 and 𝑘∥𝑒 = 3.16

𝑃𝑒

𝑚𝑒𝜈𝑒
 are 460 

the Spitzer-Härm parallel thermal diffusivity. 𝐷⊥, 𝜒⊥𝑖 and 𝜒⊥𝑒 are the artificial 461 

particle/thermal perpendicular diffusivity to the represent turbulence effect. More details about 462 

BOUT++ transport model can be found in Ref. [18]. 463 

 464 

2. BOUT++ turbulence model 465 

𝜕𝑛𝑖

𝜕𝑡
= − (

1

𝐵0
𝒃 × 𝜵⊥𝜙 + 𝑉∥𝑖𝑏) ∙ 𝜵𝑛𝑖 −

2𝑛𝑖

𝐵0
𝒃 × 𝜿 ∙ (𝜵⊥𝜙 +

1

𝑍𝑖𝑒𝑛𝑖
𝜵𝑃𝑖) − 𝑛𝑖𝐵0𝛻∥ (

𝑉∥𝑖

𝐵0
)   466 

(App. Eq. 7) 467 

𝜕𝑇𝑖

𝜕𝑡
= − (

1

𝐵0
𝒃 × 𝜵⊥𝜙 + 𝑉∥𝑖𝑏) ∙ 𝜵𝑇𝑖 −

2

3
𝑇𝑖 [

2𝑛𝑖

𝐵0
𝒃 × 𝜿 ∙ (𝜵⊥𝜙 +

1

𝑍𝑖𝑒𝑛𝑖
𝜵𝑃𝑖 +

5𝑘𝐵

2𝑍𝑖𝑒
𝜵𝑇𝑖) +468 

𝐵0𝛻∥ (
𝑉∥𝑖

𝐵0
)] +   

2

3𝑛𝑖𝑘𝐵
𝛻∥(𝑘∥𝑖𝛻∥𝑇𝑖) +

2

3𝑛𝑖𝑘𝐵
𝜵⊥(𝜅⊥𝑖𝜵⊥𝑇𝑖) + (

2𝑚𝑒

𝑀𝑖
)

𝑇𝑒−𝑇𝑖

𝜏𝑒
              (App. Eq. 8) 469 



𝜕𝑇𝑒

𝜕𝑡
= − (

1

𝐵0
𝒃 × 𝜵⊥𝜙 + 𝑉∥𝑒𝑏) ∙ 𝛻𝑇𝑒 −

2

3
𝑇𝑒 [

2𝑛𝑒

𝐵0
𝒃 × 𝜿 ∙ (𝜵⊥𝜙 −

1

𝑒𝑛𝑒
𝜵𝑃𝑒 −

5𝑘𝐵

2𝑒
𝜵𝑇𝑒) +470 

𝐵0𝛻∥ (
𝑉∥𝑒

𝐵0
)] + 0.71

2𝑇𝑒

3𝑒𝑛𝑒
𝐵0𝛻∥ (

𝐽∥

𝐵0
) +

2

3𝑛𝑒𝑘𝐵
𝜂∥𝐽∥

2 +
2

3𝑛𝑒𝑘𝐵
𝛻∥(𝑘∥𝑒𝛻∥𝑇𝑒) +

2

3𝑛𝑒𝑘𝐵
𝜵⊥(𝜅⊥𝑒𝜵⊥𝑇𝑒) −471 

(
2𝑚𝑒

𝑀𝑖
)

𝑇𝑒−𝑇𝑖

𝜏𝑒
                                                              (App. Eq. 9) 472 

𝜕𝑉∥𝑖

𝜕𝑡
= − (

1

𝐵0
𝑏 × 𝜵⊥𝜙 + 𝑉∥𝑖𝑏) ∙ 𝜵𝑉∥𝑖 −

𝛻∥(𝑃𝑖+𝑃𝑒)

𝑛𝑖𝑀𝑖
                              (App. Eq. 10) 473 

𝜕𝜛

𝜕𝑡
= −

1

𝐵0
𝒃 × 𝜵⊥𝜙 ∙ 𝛻𝜛 + 𝐵0

2𝛻∥ (
𝐽∥

𝐵0
) + 2𝒃 × 𝜿 ∙ 𝜵𝑃 + 𝜇𝑖,∥𝛻∥0

2 𝜛                (App. Eq. 11) 474 

𝜕𝜓

𝜕𝑡
=

1

𝐵0
𝛻∥𝜙 +

𝜂

𝜇0
𝜵⊥

𝟐 𝜓 +
𝜂𝐻

𝜇0
𝜵⊥

𝟒 𝜓 +
1

𝑒𝑛𝑒𝐵0
𝛻∥𝑃𝑒 + 0.71

1

𝑒𝐵0
𝛻∥𝑇𝑒                  (App. Eq. 12) 475 

Similar, density 𝑛𝑖, ion/electron temperature 𝑇𝑖/𝑇𝑒, ion parallel velocity 𝑉∥𝑖, vorticity 𝜛 and 476 

parallel magnetic vector potential are evolved. One thing should be noticed that, in our 477 

current turbulence model, we only evolve the perturbation part and treat the equilibrium (zero 478 

order) variables balanced and unchanged during this simulation, instead of evolving the total 479 

(equilibrium+fluctuation), which is different from the transport code. More details about 480 

BOUT++ turbulence model can be found in Ref. [15]. 481 
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Deleted: in BOUT++ turbulence model, equilibrium and 483 
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transport model. So the contribution of zero order drift 486 
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turbulence model. …488 
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