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• Unoptimised stellarators: large neoclassical losses,  

 unfavourable scaling in reactor-relevant regimes
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 unfavourable scaling in reactor-relevant regimes 

• Wendelstein 7-X (W7-X): first large superconducting stellarator,  

 proved successful magnetic field optimisation [Beidler et al., Nature, 2021] 

• Considerably improved performances:           
 turbulent transport dominates ECRH plasmas  

 [Bozhenkov et al., NF, 2020; Wappl et al., PPCF, 2025]
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• Unoptimised stellarators: large neoclassical losses,  

 unfavourable scaling in reactor-relevant regimes 

• Wendelstein 7-X (W7-X): first large superconducting stellarator,  

 proved successful magnetic field optimisation [Beidler et al., Nature, 2021]

• Considerably improved performances:           
 turbulent transport dominates ECRH plasmas  

 [Bozhenkov et al., NF, 2020; Wappl et al., PPCF, 2025]

•  clamping at 1.6 keV regardless of heating power:  

inefficient electron-to-ion thermal coupling in an ITG-driven turbulence  

dominated regime with large  (as observed and reproduced in AUG) 
    [Beurskens et al., NF, 2021; Bañon Navarro et al., NF, 2023]
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• Density fluctuations relation to turbulence-relevant parameters consistent with ITG (Phase Contrast Imaging 
— PCI) [Carralero et al., NF, 2021; PPCF, 2022; Bähner, PhD Thesis, 2022] 

• Numerous gyrokinetic simulations predict ITG importance, validated by experimental observations [Bähner et al., 
JPP, 2021; González-Jerez et al., NF, 2024; Agapito Fernando et al., submitted to PoP, 2025]
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• Density fluctuations relation to turbulence-relevant parameters consistent with ITG (Phase Contrast Imaging 
— PCI) [Carralero et al., NF, 2021; PPCF, 2022; Bähner, PhD Thesis, 2022] 

• Numerous gyrokinetic simulations predict ITG importance, validated by experimental observations [Bähner et al., 
JPP, 2021; González-Jerez et al., NF, 2024; Agapito Fernando et al., submitted to PoP, 2025] 

How to exploit geometry and operational scenarios to reduce turbulence? 
What happens at a fundamental level when we know how to operationally suppress turbulence? 

Key aspects of these questions addressed with: 

➡ Direct numerical comparison with W7-X data  

➡ Gyrokinetic numerical experiments
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Turbulence characterisation in W7-X  
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• Flexible coil current system allows large variety  

 of configurations [Geiger et al., PPCF, 2015]

4

Magnetic configuration effects on W7-X turbulence

One field period of the 
W7-X coil system 
[courtesy of J. Geiger] 
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• Flexible coil current system allows large variety  

 of configurations [Geiger et al., PPCF, 2015] 

• Possible to scan rotational transform  and magnetic  

mirror ratio (ratio of neighbouring local minima and maxima of )
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• Possible to scan rotational transform  and magnetic  

mirror ratio (ratio of neighbouring local minima and maxima of ) 

PCI measures reduction of density fluctuations  
in ECRH plasmas when increasing iota and  
decreasing mirror ratio [Bähner, Podavini et al., submitted to NF, 2025]

ι = 1/q

|B |
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Magnetic configuration effects on W7-X turbulence
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6

Magnetic configuration effects on W7-X turbulence

stella nonlinear flux-tube simulations:  
➡ 6 flux-tubes crossing the PCI line of sight at , 

 poloidal turn long   

➡ Assumption of equal kinetic profiles to isolate  
geometry effects 

 fixed  and  
 

➡ Kinetic electrons included 

reff /a = 0.75
∼ 1

a /LTi = − aT−1
i dTi /dr

a /Ln = − an−1dn /dr
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Magnetic configuration effects on W7-X turbulence

stella nonlinear flux-tube simulations:  
➡ 6 flux-tubes crossing the PCI line of sight at , 

 poloidal turn long   

➡ Assumption of equal kinetic profiles to isolate  
geometry effects 

 fixed  and  
 

➡ Kinetic electrons included 

reff /a = 0.75
∼ 1

a /LTi = − aT−1
i dTi /dr

a /Ln = − an−1dn /dr
a /LTi = 5.4
a /Ln = 1.5

a /LTi = 5.0
a /Ln = 1.0

density fluctuations amplitude vs toroidal angle 

reduction∼ 10 %

reduction∼ 20 %
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Linear simulations identify turbulence drive

7

Magnetic configuration effects on W7-X turbulence

∼ 10 %
∼ 10 %

∼ 10 %
∼ 5 %

IOTA SCAN MIRROR SCAN
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• Same suppression trends as nonlinear simulations  

• Trend still visible with  variation  

•  variation does not affect growth rate

±20 % a /LTi

±20 % a /Ln
7

Magnetic configuration effects on W7-X turbulence

Linear simulations identify turbulence drive

turbulence is ITG dominated}

∼ 10 %
∼ 10 %

∼ 10 %
∼ 5 %

IOTA SCAN MIRROR SCAN

M A X - P L A N C K - I N S T I T U T F Ü R  P L A S M A P H Y S I K  |  L I N D A P O D AV I N I  |  11 . 0 9 . 2 0 2 5 G E O M E T RY E F F E C T S  O N  I N S TA B I L I T I E S  A N D  T U R B U L E N C E  I N  W 7 - X

PCI

iota

mirror

NL L

matches PCI does not match PCI



8

Magnetic configuration effects on W7-X turbulence

Parallel structure of electrostatic potential  vs geometry gives a hint on linear drive suppression 
mechanisms

| φ̃ |

IOTA SCAN
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Magnetic configuration effects on W7-X turbulence

Parallel structure of electrostatic potential  vs geometry gives a hint on linear drive suppression 
mechanisms

| φ̃ |

• Increased local shear effect  produces FLR 
stabilisation + marginal reduction of curvature drive with 
increasing  

• Effect also exploited in critical gradient optimisation [Roberg-
Clark et al., PRR, 2023]

( ∝ |∇α |2 )

ι

IOTA SCAN

J0 ( k⊥v⊥

Ωi ) ≈ J0 ( kα |∇α |v⊥

Ωi )
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Parallel structure of electrostatic potential  vs geometry gives a hint on linear drive suppression 
mechanisms

| φ̃ |
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Magnetic configuration effects on W7-X turbulence

MIRROR SCAN
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Parallel structure of electrostatic potential  vs geometry gives a hint on linear drive suppression 
mechanisms

| φ̃ |

9

Magnetic configuration effects on W7-X turbulence

• Displacement of magnetic wells from bad curvature 
regions – more robust reduction of curvature drive but 
no significant  change 

• Trapped particles can further stabilise/destabilise ITG 
[Costello et al., JPP, 2024]

|∇α |2

MIRROR SCAN
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Nonlinear global GENE-3D simulations including  
all effects: 
➡  profiles from neoclassical transport calculations  

➡ Electromagnetic 

➡ Kinetic electrons 

➡ Collisions 

Er

1 0

Magnetic configuration effects on W7-X turbulence
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density fluctuations vs normalised radius 



Nonlinear global GENE-3D simulations including  
all effects: 
➡  profiles from neoclassical transport calculations  

➡ Electromagnetic 

➡ Kinetic electrons 

➡ Collisions 

• Global results align with the flux-tube simulations, though effects are less pronounced

• Trends are not radially unique

• Future work: evaluate impact on confinement and address unresolved disagreement for mirror ratio scan

Er

1 0

Magnetic configuration effects on W7-X turbulence
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density fluctuations vs normalised radius 



• Experimentally, the dependence of turbulence on the global value of  can be studied 

• What about the shape of ? 
➡ Can be used to reduce turbulence in near-marginal or 

high performance discharges

ι

ι
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Tailoring  for turbulence control ι
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• Experimentally, the dependence of turbulence on the global value of  can be studied 

• What about the shape of ? 
➡ Can be used to reduce turbulence in near-marginal or 

high performance discharges

• Smaller  pushes ITG towards marginality 

➡ Behaviour of ITG close to critical threshold?

ι

ι

ηi = Ln /LTi
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W7-X suffers from (linear and nonlinear) small  
critical threshold for ITG destabilisation 

[Zocco et al., PPCF, 2015; JPP, 2018;  
PRE, 2022; Podavini et al., JPP, 2024]

a /Ln = 0

nonlinear energy fluxes

[a /LTi]crit < 1
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High-performance discharges in W7-X
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a /Ln = 0

nonlinear energy fluxes

Extended (Floquet-like) modes  
dominate close to the threshold 

[Zocco et al., PPCF, 2015; JPP, 2018;  
PRE, 2022; Podavini et al., JPP, 2024]

[a /LTi]crit < 1

electrostatic potential vs toroidal angle 
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High-performance discharges in W7-X
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a /Ln = 0

nonlinear energy fluxes

Small but finite energy flux due 
to smaller radial structure of  

fluctuations  
[Zocco et al., PPCF, 2015; JPP, 2018;  
PRE, 2022; Podavini et al., JPP, 2024]

[a /LTi]crit < 1

a /LTi = 0.9 a /LTi = 2.0

φ φ

≈ 25ρi ≳ 50ρi



• Expected dependence of transport on the -profile, as experimentally observed in tokamaks 
➡ Can  tailoring be used to suppress extended modes? 

ι
ι

1 3

Tailoring  for turbulence control ι
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• Expected dependence of transport on the -profile, as experimentally observed in tokamaks 
➡ Can  tailoring be used to suppress extended modes?  

• -profile distortion more experimentally challenging for W7-X, but can achieved through Electron Cyclotron Current 
Drive (ECCD) — already used for bootstrap current control [Zanini et al., NF, 2020; NF, 2021; Geiger et al., PPCF, 2015]

ι
ι

ι
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Tailoring  for turbulence control ι
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• Unrealistic but not unphysical  tailoring where normalised ion temperature gradient is largest ι

1 4

Tailoring  for turbulence control ι
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• Unrealistic but not unphysical  tailoring where normalised ion temperature gradient is largest ι

ion temperature and iota radial profiles

1 4

Tailoring  for turbulence control ι

̂s = − 0.25

̂s = 3.45

[a /LTi]crit < 1

[a /LTi]crit > 1
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Large magnetic global shear  can suppress extended modes and increase the threshold ̂s



• Turbulence modelling of W7-X important to understand confinement and improve performances  

• Dependence on magnetic configuration is small but both predicted by gyrokinetics and 
experimentally observed 

• 3D geometry makes turbulence studies difficult, but it can be exploited, e.g. 

➡ FLR suppression of ITG achieved via local or global shear 

➡ Displacement of trapped particles from regions of bad curvature 

➡ New operational scenarios, exploiting  tailoring, to increase the pathologically small critical 
gradient in W7-X

ι

1 5

Conclusions

new W7-X configuration  
with better performance? }
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Additional material
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Geometry
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Plasma discharges and kinetic profiles - iota scan
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Plasma discharges and kinetic profiles - mirror scan
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PCI density fluctuations spectra + linear  spectrakxρi = 0



2 1

Linear  spectra w/ kxρi = 0 a /LTe = a /LTi

Everything more unstable but turbulence drive qualitatively equal



2 2

Linear  scans(kx, ky)
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Eigenfunctions vs geometry



2 3

ITG modes inertia
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Iota tailoring

Consistent linear simulations
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Iota tailoring

• Eigenfunctions at  with global  
shear effect on  and localisation 

• Nonlinear results of 

r/a = 0.85
|∇α |2

Qi /QGB

r/a AIM reversed iota

0.75 4.9 6.7

0.85 15 2


