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High-performance pellet discharges in W7-X

• Standard gas-puff discharges in W7-X do not

exceed ion temperatures of ~1.5 keV:

„𝑇𝑖“-clamping

• Fuelling the plasma with frozen hyrodgen

pellets+ increased heating: clamping is

broken



1. FT simulations with kinetic electrons:

Decrease of ηi closer to 1 ⇒Transition from ITG to iTEM mode,

which is stabilised by “max-J”-property
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1. FT simulations with kinetic electrons:

Decrease of ηi closer to 1 ⇒Transition from ITG to iTEM mode,

which is stabilised by “max-J”-property

2. FFS simulations with adiabatic electrons:

Radial electric field dislocates ITG into regions of better curvature, 

therefore providing less ITG drive; however, increase in E r not enough to

compensate increase in temperature gradient ⇒ secondary effect
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Limitations of current explanation

„Stability valley“ in nonlinear FFS
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• Use GENE-3D in flux-tube (FT) and full-flux-surface (FFS) mode

• Kinetic electrons in the collisionless, electrostatic (𝛽𝑒 = 10−4) limit

• Wendelstein 7-X (W7-X) Standard (EIM) and Low-mirror (AIM) configuration, 𝜌∗ = 1/200

(Xanthopoulos et al., PRL 2014)

• Consider the flux-surface at 𝜌𝑡𝑜𝑟 = 0.65, for FT simulations only bean-shaped tube (𝛼 = 0)

The setup

Case 𝒂/𝑳𝑻𝒊 𝒂/𝑳𝒏 𝜼𝒊

ITG 2.5 0.0 ∞

Mixed 2.5 2.5 1

TEM 0.0 2.5 0
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• FT: „established“ results (ITG strong, TEM weak, Mixed more stable than the others) (Alcuson et 

al., Xanthopoulos et al., Thienpondt et al., …)
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• FT: „established“ results (ITG strong, TEM weak, Mixed more stable than the others) (Alcuson et 

al., Xanthopoulos et al., Thienpondt et al., …)

• FFS simulations show same behaviour
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Standard configuration



• Heat flux spread homogeneously over

field lines in FFS (std < 20% of mean )

• Crosses indicate heat fluxes of FT 

simulation at the corresponding position
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• Heat flux spread homogeneously over

field lines in FFS (std < 20% of mean )

• Crosses indicate heat fluxes of FT 

simulation at the corresponding position

• Reasonable agreement between FT and 

FFS for Mixed and TEM case

• However, ion heat flux differs by ~30% for the ITG case

• => Even patching together multiple flux-tubes could still give different result (will be investigated

later in more detail)
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Variation across field lines
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• „Where do the experimentalists have to look?“

• Simulations show weak localisation, in line with global simulations by Euterpe and GENE-3D 

(Sanchez et al., NF 2023)  

• TEM and Mixed cases are more uniform than ITG
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Structure of turbulence



• AIM configuration also shows strong

reduction going from the ITG to Mixed,

while TEM is also much more benign than

ITG
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• Going back to EIM configuration and 

adding a radial electric field of 𝑀𝐸𝑥𝐵 = ±0.015

(~ ±19 𝑘𝑉/𝑚 for T=3.41 keV)
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• Going back to EIM configuration and 

adding a radial electric field of 𝑀𝐸𝑥𝐵 = ±0.015
(~ ±19 𝑘𝑉/𝑚 for T=3.41 keV)

• Heat fluxes fairly unaffected

by either sign of 𝐸𝑟

Explanation:

1) Turbulence is not localised, so

dislocation has no significant effect for

these cases (see Sanchez et al.)

2) Mach number too low to cause serious

dislocation (see later)
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Influence of electric field
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Adding an electron temperature graident

• ITG case seems to be further destabilised

• Possible reason: excitation of ITG/∇𝑇-TEM hybrid

• Look at structures along magnetic field lines:

• Ion heat flux structuer fairly unaffected

• Electron heat flux starts to develop local maxima

at positions of magnetic wells, just like

the TEM case



• FT simulations do not only produce

quantitative, but also qualitative differences
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• FT simulations do not only produce

quantitative, but also qualitative differences

• FT predicts that total transport of

TEM and Mixed case is very similar,

Mixed case has lower electron transport

• Mixed case in FFS has significantly more

transport in both channels than TEM
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Mixed and TEM: FT and FFS comparison
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Variation of fluxes across field lines

• Significant difference between heat fluxes

obtained by FT simulations in comparison

with the FFS fluxes evaluated at 𝛼 = 0

for all cases

• Averaging fluxes of multiple FT simulations

for ITG case still gives much more transport

than the FFS simulation

• Heat flux is spread fairly uniform for FFS over the field lines,

while highly localised for FT 

=> FT simualtions will not provide correct sptatial structure of heat flux

• Mixed case does not seem to have transport peaking at 𝛼 = 0 => using only one flux-tube might be

misleading
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Localisation of cases with electron temperature gradient

• ITG and TEM case show similar

structural behaviour compared to

the cases with 𝑎/𝐿𝑇𝑒=0

• Mixed case seems to be dominated

by a different type of turbulence than

before:

• Highly localised

• Seems to peak on the inboard-midplane

• Will be investigated in more detail in the future



• Heat flux changes from (𝑄𝑖𝑜𝑛𝑠 , 𝑄𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠)/𝑄𝐺𝐵 = 1.7,1.98 → (1.26,1.46)

• Despite strong localisation,

no significant displacement
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Mixed case with radial electric field



• Heat flux changes from (𝑄𝑖𝑜𝑛𝑠 , 𝑄𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠)/𝑄𝐺𝐵 = 1.7,1.98 → (1.26,1.46)

• Despite strong localisation,

no significant displacement

• Reason: 

if velocity in advective term is supposed

to cause dislocation on equilibrium

scales, then it should be comparable to

equilibrium-scale velocity, i.e. 𝑐𝑠
=> would require 𝑀𝐸𝑥𝐵 ~ 1
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Mixed case with radial electric field
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1)     Stability valley, proposed by linear flux-tube theory,

also seems to exist in nonlinear full-flux-surface setup

2.1) Turbulence is not heavily localised on the surface for

most cases, in agreement with global simulations

2.2) Radial electric field does not seem to cause severe

dislocation of fluctuations

3)    Low-mirror-ITG also seems to be stabilised for

experimentally relevant gradients

4)    FFS simulations with finite a/LTe show significant

disagreement with FT simulations, highlighting the

importance of surface-effects for realistic scenarios
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Summary

Probably encouraging for

experimentalists

Wait for OP2 experiments
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