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Abstract

How the magnetic geometry of a magnetic confinement fusion device affects the levels of turbulent trans-

port has long been an open question and first results have only recently started to emerge. Here exten-

sive simulation results of collisionless, electrostatic trapped-electron-mode (TEM) and ion-temperature-

gradient mode (ITG) turbulence obtained with the GENE code in different magnetic geometries are pre-

sented. Among the three devices under investigation, the nearly quasi-isodynamic stellarator Wendelstein

7-X has the lowest TEM heat flux compared with the quasi-symmetric stellarator HSX and the tokamak

DIII-D. The enhanced stability is in line with previous analytical predictions and also with previous linear

simulation results, where it was shown that, in exactly and nearly quasi-isodynamic configurations with

the maximum-J property, the classical electron-driven TEM is stable in a large part of parameter space.

Additional investigations into the saturation mechanism for TEM turbulence in Wendelstein 7-X reveal that

zonal flows, which are thought to be the main saturation mechanism in tokamak geometry, are much weaker

in the Wendelstein 7-X geometry and it must thus be other mechanisms that provide the saturation.
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INTRODUCTION

In magnetic confinement fusion devices, there are usually three processes limiting the energy

confinement: radiation losses, collisional diffusion, including the effect of particle drifts that arise

due to gradients and curvature of the confining magnetic field, and turbulence. While tokamaks

were never critically affected by the collisional transport thanks to their axisymmetry, stellarators

historically suffered from bad confinement due to the lack of symmetry and the resulting high

neoclassical transport losses. Optimised stellarators using the concepts of quasi-symmetry [1, 2]

- like the quasi-helically symmetric experiment HSX [3] in Madison, Wisconsin, USA - or quasi-

isodynamicity [4, 5] - like the newly operational superconducting stellarator Wendelstein 7-X

[6, 7] in Greifswald, Germany - are designed to overcome the problem of the neoclassical trans-

port [8, 9]. In tokamaks the remaining problem of turbulence has already been studied extensively,

and some of the most impressive theoretical results include fully-radial turbulence simulations

[10], the matching of calculated fluxes with experimental results [11], multi-scale simulations in-

cluding both the ion- and the electron scale [12], and faster-than-real-time modelling of turbulence

using neural networks [13]. In stellarators with their more complex three-dimensional geometry,

the most recent advances do not go quite as far.

As in tokamaks, ion-temperature-gradient modes (ITGs) and trapped-electron modes (TEM) have

been identified as the most transport-relevant amongst the electrostatic modes. ITG-ae - ITGs with

adiabatic electrons (which is usually considered a fair approximation) - have been studied thor-

oughly both analytically [14] and numerically in different geometries [15–17] and most recently

some new findings about their saturation mechanism have been published [18, 19]. Furthermore,

simulations covering an entire flux-surface have revealed an enhanced stability for strongly shaped

plasmas like that of W7-X [20], and optimisation strategies towards stellarators with reduced ITG-

turbulence have been demonstrated [21–24].

Due to the enhanced complexity of the system, analytical calculations as well as numerical sim-

ulations including kinetic electrons, are less numerous. In [25, 26] it was shown analytically that

quasi-isodynamic stellarators with the maximum-J property (where J is the second adiabatic in-

variant, which is constant on flux surfaces and has a maximum on the magnetic axis) are stable

towards collisionless electron-driven trapped-electron modes for 0 < ηe = Ln/LTe < 2/3. Here

LTe or Ln are the electron-temperature gradient scale length or density gradient scale length re-

spectively. Later it was shown [27] that this enhanced stability also holds for W7-X, which is
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ITG-ae ITG-ke TEM a/Ln TEM a/LTe

DIII-D 192,64,64,48,20,0.05 192,64,64,48,20,0.05 192,48,64,48,20,0.05 192,48,64,32,10,0.05

HSX 128,32,64,36,16,0.05 384,72,64,36,8,0.05 192,48,64,36,16,0.01 192,48,128,48,10,0.1

W7-X 384,64,128,48,20,0.05 256,64,96,48,10,0.05 256,64,96,48,10,0.05 256,256,96,48,10,0.05

TABLE I: Resolution for turbulence simulations (nkx, nky, nz, nv, nw, kymin)

only approximately quasi-isodynamic. All these results were, however, only linear results and the

question arose whether the enhanced stability also holds nonlinearly. (Very recently, a nonlinear

stability result has been obtained analytically [? ]). First simulations have confirmed that this is

indeed the case [29] and the present paper presents more extensive and thorough investigations

into how the geometry affects TEM turbulence and ITG-ke turbulence (i.e. ITGs with kinetic elec-

trons) by comparing extensive simulation results obtained in W7-X, HSX and the shaped tokamak

DIII-D [30].

GYROKINETIC MODEL

The collisionless electrostatic simulations were performed with the Eulerian code GENE [31],

which solves the gyrokinetic equation together with Maxwell’s equations and is able to treat re-

alistic geometry when coupled to the GIST code [32]. For W7-X and HSX the flux tubes studied

were the so-called bean-flux tubes (i.e. where the outboard midplane of the bean cross section is

passed at the centre of the flux tube), and in all three devices the flux surface chosen was at half

normalised flux, i.e. s = ψ/ψ0 = 0.5. For more information about the geometries studied the

reader is referred to [27] for DIII-D and W7-X and to [33] for HSX. After extensive convergence

tests, the resolution was chosen as seen in Table I. For the TEMs in HSX kyρs = 0.1 was found

to be sufficient as a smallest wave number. More details can be found in [34]. For the electron-

temperature-gradient-driven TEM with a/LTe = 3 and a/Ln = 0 the temperature ratio was chosen

as Te/Ti = 7. This way small-scale ETGs were suppressed while (at least linearly) the TEMs were

not affected and the simulations were doable - otherwise the number of modes needed would have

been too large in order to also consider the smaller but still contributing scales.
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FIG. 1: Heat fluxes Q (given in gyro-bohm units) in W7-X, HSX and DIII-D for ion-temperature-gradient-

driven turbulence with kinetic electrons. The full circles show how the heat fluxes change for an ion-

temperature gradient of a/LTi = 3 once a small density gradient a/Ln = 1 is present.

NONLINEAR SIMULATION RESULTS

Ion-temperature-gradient modes (ITG)

First, we study the effect of the geometry on ITGs by setting the electron-temperature gradient

and the density gradient to zero and by varying the ion temperature gradient a/LTi
. It is observed

that the heat flux (normalised to the gyro-Bohm value) of ITG-ke is smaller in both stellarators than

in DIII-D, see Fig. 1. For W7-X, this had already been observed linearly [27]. As soon as there

is a small density gradient of a/Ln = 1 present, the heat flux in W7-X is reduced significantly.

Even though a reduction is also observed for HSX, it is less strong, while a strong increase in

the heat flux is observed in DIII-D. Although kinetic electrons are generally destabilising in all

three cases, they are less so in W7-X once a density gradient is present due to the fact that the

electrons are linearly stabilising in that case [25, 26]. If we compare Figs. 1 and 2 we note that

the heat fluxes of ITG-ke are much larger than those of the ITG-ae. This is rather surprising since

linearly the ITG-ke (see Fig. 4) are only slightly more unstable than ITG-ae (see Fig. 3) and it is

not clear where this large difference in the heat flux comes from. Since it is usually the ITG-ae

case that is studied extensively, one should always keep this expected increase of the heat flux in

mind. General dependencies and trends regarding the influence of the magnetic geometry on the

heat fluxes are however very similar for ITG-ae and ITG-ke. For all three devices, the particle

fluxes are observed to be very small and changes little for the two stellarators even if a density
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FIG. 2: Heat fluxes Q (given in gyro-bohm units) in W7-X, HSX and DIII-D for ion-temperature-gradient-

driven turbulence with adiabatic electrons. The squares show how the heat fluxes change for an ion-

temperature gradient of a/LTi = 3 once a small density gradient a/Ln = 1 is present.
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FIG. 3: Growth rates γ and real frequencies ω of ITGs with adiabatic electrons (ITG-ae) in W7-X, HSX

and DIII-D.

gradient is present (Fig. 5). In DIII-D a strong increase in the particle flux is observed when

a/LTi
= 3, a/Ln = 1.

Trapped-electron modes (TEM)

For the TEM studies both temperature gradients are set to zero and only the density gradient

is varied. It is found that the analytically and linearly numerically predicted enhanced stability of
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FIG. 4: Growth rates γ and real frequencies ω of ITGs with kinetic electrons (ITG-ke) in W7-X, HSX and

DIII-D.
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FIG. 5: Particle fluxes G (given in gyro-bohm units) in W7-X, HSX and DIII-D for ion-temperature-

gradient-driven turbulence with kinetic electrons. The full circles show how the particle fluxes change

for an ion-temperature gradient of a/LTi = 3 once a small density gradient a/Ln = 1 is present.

W7-X towards TEMs also prevails nonlinearly and that the heat flux is lower by up to two orders

of magnitude compared with DIII-D, see Fig. 6. Even though the heat flux is small compared

with DIII-D, it is still large compared with the neoclassical flux at typical parameters of density

n = 1 − 1.510?20/m?3 and temperature T = 1 − 3keV which is only around Q ≈ 0.1QGB and

lower [35], establishing turbulent transport as the dominant transport channel in W7-X. Compared

with HSX the (turbulent) heat flux in W7-X is not much lower. This can partly be explained by

the difference in linear growth rates (see Fig. 7) - HSX has maximum growth rates comparable

to those of DIII-D, however, the peak occurs at much higher wave number ky, and the more
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FIG. 7: Growth rates γ and real frequencies ω for density-gradient-driven modes in W7-X, HSX and DIII-D

over the transport-relevant range of wave numbers ky. The density gradient here is a/Ln = 3.

transport-relevant large scales at small ky are more stable than for DIII-D. W7-X has growth rates

only about a factor three lower than DIII-D. This disproportionately strong nonlinear stabilisation

in W7-X becomes especially apparent when comparing the multiplying factors used in the

quasi-linear estimates QQL ∝ γ/ < k2⊥ > (Fig. 10) - the factor used for DIII-D is 44.11, while it

is only 0.923 for W7-X. It is not yet clear where the strong difference comes from. There seems to

be a transition to another kind of mode - the ion-driven trapped electron mode (ITEM) described

recently by Plunk et al. in [36] - which might have different nonlinear properties. If we assume

that the enhanced stability of W7-X in indeed thanks to its high degree of quasi-isodynamicity
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and the lack of resonance between trapped particles and the propagation of the drift waves, one

could expect an increased TEM activity when the drift wave propagation is reversed, i.e. for

negative density gradients. This is however not observed (even though W7-X is not completely

stable as DIII-D is in that case). Also for electron-temperature-gradient-driven TEM turbulence

(! with Te/Ti = 7 to ensure the suppression of ETG modes) W7-X has significantly lower heat

flux than both DIII-D and HSX. This suggests that the stabilisation seems to hold even outside

the analytically guaranteed stable region in parameter space with 0 < η < 2/3 . This extension

of the stable region to all η > 0 was in fact recently shown in [36] for ωd � ω∗, where ωd is the

magnetic drift frequency and ω∗ the drift-wave frequency. The large disparity between DIII-D

and the two stellarators is also seen in the particle flux, Fig. 8. In contrast to the heat fluxes,

the particle fluxes for purely electron-temperature-gradient-driven turbulence are lower than

those for the density-gradient-driven turbulence. One observation that is very surprising is that

Q(a/Ln = 1) > Q(a/Ln = 2) (Fig. 6). The fact that the heat flux at a/Ln = 1 is slightly larger

than that at a/Ln = 2 cannot be explained by the difference in linear growth rates, as can be

seen in Fig. 9. The linear growth rates increase monotonically with increasing density gradient,

as expected. Also the most unstable mode remains at a the same length scale, and the resulting

quasi-linear estimate for the heat flux using QQL ∝ γ/ < k2⊥ > (shown in Fig. 10 the dotted

line) therefore also increases monotonically with the gradients. This could point towards a change

in the saturation mechanism - either in its type or in its strength. Another possibility is that the
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(”w/o ZF” in contrast to the normal simulations ”w/ ZF”).

change in flux is due to phasings that are neglected in the currently-used quasi-linear estimate.

For tokamaks it seems safe to assume that nothing much changes in the saturation mechanism

since the quasi-linear estimate in Fig. 10 matches the true nonlinear results very well - in spite

of keeping the factor multiplying γ/ < k2⊥ > constant, which implicitly contains the information

about saturation.

One method of studying the potential effect of zonal flows as a saturation mechanism is the
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built-in capability of GENE to run a simulation without these flows - after each time step the

zonal component is zeroed out. The heat fluxes are found to be about 10 times higher for all

three gradients in W7-X ( see Fig. 10. Also for ITGs this increase of the heat flux in W7-X by

a factor of 10 has been observed [16]. However, the feature that Q(a/Ln = 1) > Q(a/Ln = 2)

remains, which might mean that zonal flows are not the saturation mechanism responsible for this

difference in W7-X. Also, the absolute increase in heat flux when the zonal flows are zeroed out

is much higher in DIII-D (not shown here) than in W7X and HSX (also not shown here, in all

three cases it is a factor of about 10, which of course results in a much larger absolute increase for

DIII-D) , which again supports the hypothesis that zonal flows might play a less important role in

W7-X and possibly also in HSX. A similar result for ITGs were recently published in [19].

Another measure of the zonal flow strength is the normalised shearing rate ωZF/γ, where γ is

chosen to be either the maximum growth rate in a scan over wave numbers or the growth rate

of the nonlinearly dominant mode. For both choices, the difference between the devices is quite

striking (Fig. 11): for DIII-D the normalised shearing rate and therefore also the zonal flow

strength remain approximately constant for the different gradients. This is very much in line with

the observations that the pre-factor in the quasi-linear estimate does not seem to change. In W7-X

on the other hand, we observe a strong increase of the shearing rate, and thus the zonal-flow

strength, with increasing gradients. This matches at least partly the observation that the absolute

increase of heat flux when the zonal flows are zeroed out is highest for the density gradient
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a/Ln = 3, which is exactly where the shearing rate is also highest.

This still does not explain why the heat flux reaches a minimum at a/Ln = 2, since the shearing

rate there is higher than at a/Ln = 1. One possible explanation might come from looking at the

real frequencies in Fig. 9: For both a/Ln = 2 and a/Ln = 3, modes propagating in the electron

diamagnetic direction are observed at low wave numbers. At a/Ln = 1, however, these modes

are completely absent and only modes with an almost vanishing frequency are observed. These

modes might have different phasings, which would result in a wrong quasi-linear estimate, or

other fundamentally different nonlinear properties and might therefore lead to an unexpected

nonlinear heat flux. This could also explain why in Fig. 6 the heat fluxes of W7-X are not much

lower than those in HSX.

In summary we find that the enhanced stability of W7-X prevails also nonlinearly, for both

TEMs as well as ITGs when there is a density gradient present, especially when compared

with DIII-D, where a disproportionately large stabilisation is observed. It seems, however, that

the behaviour of the zonal flows does not sufficiently explain the trends observed in the heat fluxes.
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