7. Edge and scrape-off layer/divertor physics
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What are we simulating?
Scrape-oﬀ layer: All bad curvature region (around outboard mid-plane) of a tokamak
Credit: David T Xiong, MIT
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How are we simulating?
3X-2V gyrokinetic equations on magnetic field-line following coordinate
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Ref: D Carralero et al PRL (2015)

What are included?
Full-f (To capture turbulence better)
Electromagnetic (No Ampere cancellation) (N R Mandell et al, JPP, 86, 905860109 (2020))
Discontinuous Galerkin algorithm (A Hakim et. al. arXiv:1908.01814 (2019))
Helical

magnetic field-line following geometry

Lenard-Bernstein collision operator (M R Francisquez et. al. NF, 60, 096021 (2020))
Cross species collision (νii, νee, νie, νei)
Realistic deuterium mass ratio
Boundary conditions?
Perfectly conducting walls in radial direction (x-axis)
Periodic boundary condition in binormal direction (y-axis)
Conducting sheath model boundary along field line (z-axis)
Further details about DG algorithm and magnetic field geometry for tokamak SOL modeling:
Gkeyll website: Presentations by Noah Mandell (2020)
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The simulation has been performed for experimental parameters close to:
ASDEX-U Shot #33292 / #33341
Reference: D. Carralero et. al. Nuclear Fusion 57, 056044 (2017)

Numerical input parameters to Gkeyll:
Initial ion density (ni0) = 7x1018 m-3 (Low) & 2x1019 m-3 (High)
Initial ion & electron temp at separatrix = Ti0 = Te0 = 85 eV
SOL Power ~ 0.47 MW (Low) & 0.8 MW (High)
Source temperature inside separatrix = 90 eV
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Experimental inputs:
Baxis
= 2.45 Tesla
Major radius = 1.65 meter
Minor radius = 0.5 meter
Separatrix ~ 2.147 meter
Electron density (ne0) ~ 7x1018 m-3 (Low) & 2x1019 m-3 (High)
Ion temp at separatrix (Tisep) ~ 150 eV (Low) & 150 eV (High)
Electron temp at separatrix (Tesep) ~ 50 eV (Low) & 30 eV (High)
Input Heating Power ~ 0.47 MW (Low) & 0.8 MW (High)
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SOL plasma parameters:
Electron gyroradius (ρe)
Ion gyroradius (ρi)
Ion sound speed (cs)
Ion cyclotron frequency (Ωci)
Electron cyclotron frequency (Ωce)
Electron mean free path (λee)
Ion mean free path (λii)
Ion-ion collision frequency (νii)
Electron-electron collision frequency (νee)
Ion-electron collision frequency (νie)
Electron-ion collision frequency (νei)
Plasma beta (β)

1.17x10-5 m
7.11x10-4 m
6.3x104 m/s
8.9x107 s-1
3.3x1011 s-1
3.7 m
5.2 m
1.2x104 s-1
1x106 s-1
1.4x102 s-1
5.3x105 s-1
2x10-5

X-axis: Radial coordinate in meter
Y-axis: Binormal coordinate in meter
Z-axis: Coordinate along the field line in (meter/100)*
* Z-axis is squeezed by a factor of 100 for better visualization only

10.2 m
14.4 m
4.4x103 s-1
3.8x105 s-1
0.52x102 s-1
1.9x105 s-1
4x10-5

More information about the Gkeyll EMGK module

First full-f electromagnetic continuum
gyrokinetic simulation for tokamak SOL
Reference: N R Mandell et al, JPP, 86, 905860109 (2020)
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Density blobs (Iso-surfaces) elongated
along magnetic field direction (Z-axis)

View at the plane z = 0
*100
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Enhancement of turbulence
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Density blobs shear-oﬀ
and propagate radially
outwards
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Divertor heat-load reduction
Watt
Major radius (in meter)
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Simulated for experimental
parameters similar to
ASDEX-U Shot #33292

ASDEX-U Measurement*

Gkeyll Simulation

Shot #33292

Electron and
Ion density

Major radius (in meter)
Separatrix

Electron and
Ion temperature
Major radius (in meter)
Separatrix

Note: Ion temperature is more than
double of electron temperature
as found in experiment.
*all time averages are over 0.5 millisecond

*D. Carralero et. al. Nuclear Fusion, 58, 096015 (2018)
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Statistics of turbulence from Gkeyll

Parameters similar to
ASDEX-U Shot #33292

Radial particle flux

Separatrix

Major radius (in meter)

The high density results (orange)
are more intermittent than the
low density (blue) results.
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*all time averages are over 0.5 millisecond

Density blobs as carrier of heat and their dynamics
z = 0 plane

vion∇B ~ B×∇B

Binormal direction

E (polarization)

vdrift=E×B
velectron∇B ~ B×∇B

∇B
Radially outward direction in meter

Krasheninnikov, PLA 2001
If blobs are radially extended upto sheath [Sheath Limited]
vb ∝ L||δ−2
Garcia, PoP 2006
If blobs are detached from sheath (due to collisions etc) [Inertial]
vb ∝ δ1/2 (independent of L||)
Further details with shear around X-point: Krasheninnikov JPP 2008, Myra PoP 2005/2006
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ASDEX-U Measurement

Gkeyll Simulation

Shot #33292

Blob velocity

*D. Carralero et. al. Nuclear Fusion, 57, 056044 (2017)

Filament
packing fraction

*D. Carralero et. al. Nuclear Fusion, 58, 096015 (2018)
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ASDEX-U Measurement*

Gkeyll Simulation

Shot #33292

ffil = νdetect * τac

Filament
auto-correlation
time

*D. Carralero et. al. Nuclear Fusion, 58, 096015 (2018)
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Parallel ion heat flux normal to lower divertor plate
ASDEX-U Measurement*

Gkeyll Simulation

Shot #33292

Major radius (in meter)
Separatrix

R. Mukherjee et. al. Under preparation (2021)

*D. Carralero et. al. Nuclear Fusion, 58, 096015 (2018)
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Summary
Electromagnetic full-f gyrokinetic (EMGK) simulation using Gkeyll computational
plasma framework captures essential features of SOL turbulence for experimental
parameters close to ASDEX-U.
Even though the temperature of the ion and electron source are the same, the final
ion temperature is found to be more than double the electron temperature, as
observed in experiments.
Density blobs are found to scale approximately close to AUG measurements.
More realistic features, for example, shear in magnetic field, neutrals, improved
collision modules will be employed in Gkeyll EMGK simulation for ASDEX-U like
parameters soon for better comparison with the experiments.
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