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The optimized W7-X stellarator and the finding of an optimized configuration in LHD (the

"inward-shifted" configuration) have shown a considerable reduction in neoclassical transport

comparable to Tokamaks. However, W7-X exhibit higher transport levels than the expected

from neoclassical calculations [1]. PCI experiments are indicating that microturbulence could

be the main contributor to transport [2]. The 3D geometry of these devices complicates the the-

oretical analysis and a numerical approach is needed. Flux-tube gyrokinetic codes have been a

useful tool that have provided some insight of microturbulence in stellarators. However, some

of the assumptions in flux-tube geometry (axisymmetry, high-n balloning mode. . . ) are, in gen-

eral, not valid in stellarators. For example, the helical trapping due to the main helical mag-

netic components of the W7-X may not be correctly obtained depending on the flux-tube one

chooses because not all the flux tubes are equivalent. In that sense, full flux-surface simulations

are needed. In recent years, first principles global gyrokinetic codes (EUTERPE[3], XGC[4],

GTC[5], GENE3D[6]) have performed ion temperature gradient (ITG) turbulence simulations

with adiabatic electrons. These global codes have shown a good agreement in ITG simulations

but there are still open questions as for example the effect of kinetic electrons in turbulence, the

trapped-electron mode (TEM) or neoclassical effects in microturbulence. In this work we report

the recent progress in microturbulence in W7-X and LHD using the GTC code [7].

ITG Turbulence - First, we have performed linear simulations of ITG turbulence in LHD

and W7-X using adiabatic electrons [5]. In the simulations, a prescribed temperature gradient

is set while keeping the density profile homogeneous so an ITG instability emerges. In W7-X,

the eigenmode is peaking at the outer side of the torus and is localized in discrete field lines

in the "bean-shaped" region (see Fig. 1). In LHD, the mode is also localized at the outer side

region but toroidally extended along the magnetic field lines as in Tokamaks. The perturbed
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electrostatic potential is plotted in a poloidal cross-section in Fig. 2 for both LHD and W7-X.

Figure 1: The perturbed electrostatic potential in a

flux surface for an ITG simulation in W7-X.

W7-X linear simulations have been bench-

marked with EUTERPE showing a good

agreement between the codes. Then, non-

linear simulations were carried out show-

ing that the main saturation mechanism for

ITG turbulence in both devices are the self-

generated zonal flows. Furthermore, during

the non-linear phase, turbulence spreading is

observed in all directions. A linear toroidal coupling between zonal flows an low-n harmonics

has bee detected in the toroidal spectrum. Such low-n modes may enhance the inverse cascade

during saturation.

Figure 2: Perturbed electrostatic potential in a

cross section in the LHD (left) and W7-X (right).

Later, the analysis has been expanded to

simulations including kinetic electrons. Ki-

netic electrons in GTC are treated using the

drift-kinetic equation with real electron mass

[8]. The linear results show similar eigen-

mode structure in both devices but more than

a 10% increase in growth rate and frequency.

Non-linear simulations with kinetic electrons

show around 2∼ 3 times higher transport than

the case with adiabatic electrons. Neverthe-

less, zonal flow is still the main saturation

mechanism in ITG simulations with kinetic

electrons.

Zonal Flow damping - The zonal flow dy-

namics in LHD and W7-X has been analyzed using the GTC code. We have carried out sim-

ulations of collisionless damping of zonal flows and have been able to recover the low fre-

quency oscillations (LFO), a characteristic behavour in three-dimensional devices [9]. GAM

frequency has been detected in LHD but not in W7-X because it is strongly damped due to

the safety factor q being close to unity. LFO are damped for low values of the radial wave-

length. In earlier works, LFO was suggested to be caused by the radial drift of helically-

trapped particles in these stellarators. To prove it, we performed three different simulations

in W7-X (see Fig. 3) with three different equilibria : (a) the full 3D equilibrium, (b) only
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the n=0 harmonics of the magnetic field strength and (c) only the n=0 and n=5 harmonics

of the magnetic field. Absence of LFO is observed in the axisymmetric case (n=0). How-

ever, when the n=5 (n=10 in LHD) harmonics are included in the equilibrium the LFO is re-

covered showing that the main helical harmonics of the magnetic field strength induce LFO.

Then, the impact of kinetic electrons on the collisionless damping of zonal flows has been ana-

lyzed. The hellicaly-trapped electrons increase the LFO frequency, enhance zonal flow damping

and reduce the residual level. However kinetic electrons show no impact on GAM-induced os-

cillations in LHD. Finally, in Ref.[5], the excitation of low-n harmonics because a linear toroidal

coupling with the zonal flow in ITG turbulence was suggested. We have analyzed the non-zonal

(n 6= 0) components of the electrostatic potential during collisionless simulations of zonal flow

damping and found a significant excitation of the n=5 (n=10 in LHD) components which are

generated by the main helical components of the magnetic field equilibrium. These low-n har-

monics can enhance the inverse cascade during microturbulence non-linear saturation.

Figure 3: Time evolution of the zonal electric

field for a simulation with the full equilibrium

(green), only the n=0 axisymmetric compo-

nents (red) and only the n=0 and n=5 com-

ponents of the equilibrium (blue).

Helically-Trapped Electron Mode (HTEM) in

W7-X - GTC simulations with kinetic electrons

have been carried out in W7-X using a non-uniform

density profile but no temperature gradient. An in-

stability appears in the low magnetic field region

(the “straight section”) of the W7-X in the inner

side of the torus but is more prominent in the up-

per and lower areas (see the cross section in Fig. 4).

The mode is extended along the field lines but lo-

calized to discrete field lines in the low magnetic

field region. The eigenmode is excited in that low

magnetic field region because it overlaps with re-

gions of unfavorable curvature (curvature pointing

to the magnetic axis). The HTEM is induced by the

helically-trapped electrons due to the main helical magnetic components of the W7-X. In con-

trast to tokamaks, where the conventional TEM is induced by the toroidally-trapped electrons.

Note that the location of HTEM and ITG are different in W7-X. Further nonlinear GTC simu-

lations show that the saturation mechanism is an inverse cascade enhanced by low-n harmonics

excitation and the zonal flows appear to be subdominant Turbulence spreading is observed in

the poloidal and radial direction. HTEM exhibit significant transport level, comparable to trans-

port in ITG simulations with analogous normalized gradient. However, preliminary results in a
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gradient scan indicate that, when both temperature and density gradients are similar, a reduction

of transport is observed which agrees with the “stability valley” observed in W7-X [10].

Figure 4: Perturbed electrostatic potential in

a HTEM simulation in a cross section in W7-

X.

Neoclassical Transport - GTC is able to sim-

ulate neoclassical transport in the W7-X. Am-

bipolarity (Γi ∼ Γe) is achieved after ∼ 0.5τi.

Two solutions for the ambipolar electric field

(ion and electron root) have been found depend-

ing on the temperature ratio. The electron root

case, which has an electron temperature five times

larger than ions, exhibits a larger ambipolar elec-

tric field than the ion root simulation (see Fig. 5).

The ion root case has a flat small radial electric field

but the electron root shows a much large radial elec-

tric field with a large shear around ψ = 0.5ψW . The

results qualitatively agree with other codes. Then, we include the radial electric field to the ITG

microturbulence simulations. The ion root case shows large turbulent transport levels and is

barely affected by the electric field. However, in the electron root case, the turbulent transport

is significantly reduced in ψ ∼ 0.5ψW due to the large shear in the radial electric field.

Figure 5: Ambiploar electric field self-

generated in the ion (blue) and electron (red)

root GTC simulations.
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