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The reduction of neoclassical transport in W7-X stellarator to tokomak levels is one of

the great achievements of the optimized quasi-isodynamic stellarator design [1]. However,

as the neoclassical transport reduces, turbulence may account for a significant portion of the

total transport. Core fluctuations consistent with microturbulence have been experimentally

measured[2]. In recent years, advances in gyrokinetic simulations have allowed the analysis

of ion temperature gradient (ITG) turbulence in W7-X. Most of the previous simulations fo-

cused only on ITG turbulence and assumed adiabatic electrons. The effect of kinetic electrons,

which may excite the trapped electron mode (TEM), has been theorized and some flux-tube

simulations show a weak or even a stabilizing effect[3, 4]. Global simulations are necessary

to study key physics of the non-axisymmetric stellarator such as linear toroidal coupling of

multiple-n toroidal harmonics (e.g., localization of eigenmodes to discrete magnetic field lines,

linear coupling between zonal flows and low-n harmonics, etc), turbulence spreading, and sec-

ular radial drift of helically-trapped particles. The characteristics of TEM in W7-X are still not

well understood. In this work, global gyrokinetic simulations using the GTC code [5] find a new

electrostatic helically trapped electron mode (HTEM) driven by a realistic density gradient in

the W7-X.

We perform nonlinear gyrokinetic simulations using a prescribed density gradient while keep-

ing homogeneous temperature profiles. The equilibrium magnetic field is obtained from VMEC

code and, in this case, it corresponds to the high mirror configuration of the W7-X. Ion dynam-

ics is governed by the gyrokinetic model and kinetic electrons are included in the simulation

using the fluid-kinetic hybrid model [6]. The model has been previously applied to LHD and

W7-X geometries for the analysis of collisionless zonal flow damping [7] and to study micro-

turbulence (ITG and TEM) in LHD[8]. We set the electron temperature and ion to be 1KeV and

the density gradient to be
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where ne is the electron density (equal to ion density), s = ψ/ψX , ψ is the poloidal magnetic

flux and ψX is the flux at the last closed flux surface. We set d (ln ne)/ds = 1 at ψ = 0.5ψX

so the normalized gradient is a/Lne = 1.41 where a is the average minor radius and 1/Lne =

d (ln ne)/dr. After a convergence scan of parameters, the simulation domain has 121 radial



grid points, 4400 poloidal grid points and 27 parallel grid points. These simulations are only

computationally feasible thanks to the field-aligned mesh in GTC. Otherwise we would require

∼ 4000 grid points in the toroidal direction since the toroidal harmonic range n = [0,300].

Figure 1: (a) Magnetic field, (b) Curvature (c) Elec-

trostatic potential in the linear phase and (d) elec-

trostatic potential after non-linear saturation.

Non-linear simulations require 200 particles

per cell. The time step is ∆t = 0.008R0/cs

where R0 is the major radius and cs =√
Te/mi, the electron temperature is Te and

mi the ion mass. In this work, R0/cs = 1.81×

105s.

Figure 1(a) shows the magnetic field

strength in the ψ = 0.5ψX surface in 1/5 of

the torus along a black line which illustrates

an arbitrary magnetic field line. Figure 1(b)

shows the curvature κ in the normal direc-

tion κ ·∇ψ . At the edges of this partial torus,

in the “bean shaped” section, the curvature is

similar as in tokamaks, that is, unfavorable

at the outer side and favorable in the inner

side. However, in the “triangular section” of

the W7-X, where the magnetic field strength is weak, the inner side also shows unfavorable cur-

vature. Hence, there is some overlap of low magnetic field regions with unfavorable curvature.

Non-linear GTC simulation are carried out using the given parameters. An HTEM instabil-

ity is excited by helically trapped electrons at the toroidal section with a weak magnetic field.

Figure 1(c) shows the 3D eigenmode structure of the absolute value of electrostatic potential

φ during the linear phase. The mode amplitude peaks in the low magnetic field side (with

unfavourable curvature) and the structure is extended along the magnetic field line. The eigen-

mode structure is toroidally localized as it was in ITG simulations [9] but HTEM appears in

the low magnetic field region. The most unstable mode exhibits a growth rate γ = 0.52cs/R0

and frequency ω = 1.40cs/R0. Kinetic electrons are essential for HTEM, simulations with adia-

batic electrons do not show any instability for the current parameters. Helically-trapped electron

mode is found to propagate in the ion diamagnetic frequency.

Figure 2(a) shows the electrostatic potential during the linear phase in a poloidal cross section

located in the low magnetic field region in the “triangular region” of the W7-X. HTEM peaks

in the inner (left in Fig.2) side of the plane where the magnetic field is low and curvature is



unfavourable but is more intense on the upper and lower corners because that is where the

curvature is more unfavorable in this cross-section. Note that the particle trap that yields to the

trapped electron mode is different to Tokamaks. In Tokamaks, particles are toroidally trapped

due the variation of magnetic field in the poloidal direction, usually the Bm=1,n=0 harmonics of

the magnetic field. In W7-X, there is a ripple/helical trapping due the main harmonics B0,5 and

B1,5 and that is the reason of the HTEM.

Figure 2: Electrostatic potential during the (a) lin-

ear and (n) non-linear phases at poloidal cross sec-

tion in the “triangular region” of the W7-X.

After the initial linear phase, the nonlin-

ear simulation saturates, the radially elon-

gated mode structures appear to be broken

and the turbulence spreads along all direc-

tions as can be seen in Fig.1(d) and 2(b). The

time evolution of the flux-surface averaged

diffusivity (in gyro-bohm units) is shown as

a solid red line in Fig.3 and exhibits linear

exponential growth followed by a saturation.

The noise-driven diffusivity (augmented 100

times) in the same simulation is plot as dotted

line to show that particle noise has no influ-

ence on the total diffusivity. For comparison,

the dashed green line illustrates the ion heat

conductivity from an ITG simulation with

kinetic electrons, d (ln Ti)/ds = 1 (a/LTi =

1.41) and homogeneous densities. Both sim-

ulations have similar normalized gradient and

exhibit similar transport level.

Nonlinear simulations find that the HTEM

saturates by inverse cascade of the toroidal harmonics from a linear range of n=[100,300] to

a nonlinear range of n=[0,200] and by turbulence spreading to the damped region across the

whole flux-surface and in the radial direction. Zonal flows play a secondary role in the HTEM

saturation.The toroidal spectrum of the non-zonal potential at a given flux surface is shown in

Fig.4 at different time steps during the nonlinear saturation. At early times, during the linear

phase, two peaks can be observed in the range n≈ 180 to n≈ 300. As the simulations saturates,

an excitation of low-n modes can be seen in Fig.4 (at times 20R0/cs and 24R0/cs ). The linear

coupling of low-n n toroidal modes with the zonal flow has been also observed in ITG [9] and



collisonless zonal flow damping [7] simulations. These low-n modes act as an energy sink and

increase an inverse cascade, and energy flow, from high harmonics to low harmonics.

Figure 3: Time evolution of flux-surface aver-

aged diffusivity (solid red) in a HTEM simu-

lation, noise-driven diffusivity (dotted red) in

a HTEM simulation and ion heat conductivity

(dashed green) in an ITG simulation.

Figure 4: Nonlinear toroidal spectrum of the

electrostatic potential at different time steps

during saturation.

Future work will focus on the role of both tem-

perature and density gradients on turbulent trans-

port and the possible stabilization of ITG due to

density gradients [4]. Neoclassical radial electric

field caused by the ambipolarity of particle fluxes in

stellarators should also be included in further sim-

ulations as they may partially suppress microturbu-

lent transport [10].
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