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Key Results

§ Reproduces several experimental observations qualitatively

§ Both ExB turbulent convection and parallel advection processes contribute to radial 
transport

— Edge turbulence dominates the cross-field transport and largely determines divertor heat load

— Amplified magnetic fluctuation (~10-4) results in stochastic magnetic field-lines that plays an 
important role of electron radial heat transport and contributes to heat flux width broadening 
(at the later stage)

— The (average) connection length of stochastic field-lines likely impacts the thermal quench energy 
deposition time
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Outline

§ Introduction

§ Numerical model and setup

§ Nonlinear simulation results
— Observation of divertor heat load surging and 

flux width broadening 
— Role of enhanced edge turbulence
— Role of enhanced magnetic perturbation

§ Summary
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Excessive flux driven simulations of DIII-D configuration

—
— equally partitioned between 

electrons and ions 
— radially Gaussian between 

psi=0.89-0.97
— toroidally and poloidally 

uniform
— last for 85us
— , roughly 15% of 

total stored plasma thermal 
energy

§ BOUT++ six-field electromagnetic turbulence model[1] is used to 
simulate DIII-D LSN H-mode plasma with transient but intense 
flux-driven energy (particle) source at pedestal top

[1] Zhu, Seto, Xu and Yagi, Comput. Phys. Commun. (2021)

energy (particle) 
injection region
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Outer divertor heat load evolution in BOUT++ simulation

Peak heat flux increases significantly as the 
pedestal top temperature rises.

From outer divertor parallel heat flux profiles:
§ 50x larger amplitude 40MW/m2 to 2GW/m2

§ 3-4x wider width – from 2mm to 6-8mm<latexit sha1_base64="xRi4ppSWNxNbCECmTz7euKP8j64=">AAACHHicbZBNS8MwGMfT+TbnW9Wjl+AQPI1282XHgRePG+wN1lLSLN3CkrYmqTDKPogXv4oXD4p48SD4bUy7Cbr5QOCf/+95SJ6/HzMqlWV9GYW19Y3NreJ2aWd3b//APDzqyigRmHRwxCLR95EkjIako6hipB8LgrjPSM+f3GS8d0+EpFHYVtOYuByNQhpQjJS2PLPmKJR4qZg5knJyB23bcngCZXaFc9Zu/cD6Zc48s2xVrLzgqrAXogwW1fTMD2cY4YSTUGGGpBzYVqzcFAlFMSOzkpNIEiM8QSMy0DJEnEg3zZebwTPtDGEQCX1CBXP390SKuJRT7utOjtRYLrPM/I8NEhXU3ZSGcaJIiOcPBQmDKoJZUnBIBcGKTbVAWFD9V4jHSCCsdJ4lHYK9vPKq6FYr9lWl1rooN6qLOIrgBJyCc2CDa9AAt6AJOgCDB/AEXsCr8Wg8G2/G+7y1YCxmjsGfMj6/ARc0oU4=</latexit>

⌧r ' 110µs ⇠ ⌧TQ ' 85µs
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Non-axisymmetric outer divertor heat flux footprint

Helical striation 
pattern appears 
at far SOL; while 
near SOL still 
quasi-coherent

Quasi-coherent 
structure at  
near SOL (n=15) 

Increased  
amplitude 
but no 
significant 
broadening

Striation 
pattern 
extends to 
near SOL 
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Enhanced instabilities and turbulence are developed 

Radial heat flux across the separatrix (10us 
average) exhibits “ballooning” structure – >80% 
of total heat flux enters SOL from LFS.

Pressure perturbation increases ~6x and spreads from 
near separatrix to the entire domain. 
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Violent edge turbulence activity once TQ onsets 
t=0.14ms

(before sourcing)
t=0.22ms

(sourcing end)
t=0.19ms t=0.25ms

§ ~6x increase in fluctuation level to O(1) in the pedestal region
§ spreading from near separatrix to the entire domain 
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Evolution of toroidal mode spectrum

Toroidal mode number analysis of normalized pressure perturbation at the outboard mid-plane 
at (a) the beginning, (b) the end of energy injection, and (c) the peak of heat load.

§ Dominant mode shifts to lower-k, i.e., larger eddies that are more resilient to shear
§ Turbulence spreading also occurs in k-space

This n=20 mode corresponds 
to the instability occurs at 
inboard side due to the  
reversed pressure gradient

n=15 mode 
dominates 
prior TQ 

n=10 mode 
becomes 
dominant at the 
end of sourcing

Dominant mode 
number further 
lowers to n=5



10
LLNL-PRES-843787

Evolution of outboard mid-plane pressure perturbation (in blue) just inside 
the separatrix (psin=0.995) and the outer divertor heat load (in red) just 
outside the separatrix (psin=1.005).

Outer divertor heat load correlated with OMP turbulence

45us lag suggests that divertor heat 
load is largely influenced by electron 
parallel heat conduction.

Normalized perturbed pressure 
at outboard midplane

outer divertor heat flux 
profiles mapped back to 
outboard midplane

[1] Goldston, Nucl. Fusion (2011) 
[2] Xu et al, Nucl. Fusion (2019)

The classical HD scaling[1] is no longer 
valid for this over-driven system.
An example of      scaling transits from 
drift to turbulence dominated regime[2].
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e
k ' 3⇥ 106m2/s
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Order of magnitude increasing of magnetic fluctuation

Poloidal snapshots of radial component of perturbed magnetic field at (a) the 
beginning, (b) the end of energy injection, and (c) the peak of heat load.

§ Radial magnetic field perturbation increased for 10x to 10-4 level; and once again it 
spreads from near separatrix to the entire simulation domain. 
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Evolution of Poincaré plots

§ Intact magnetic flux surface at 
the early linear stage

§ Weakly stochastic layer near 
the separatrix but most of the 
inner closed flux surfaces are 
still closed (e.g., normal 
BOUT++ turbulence runs)

§ Inner magnetic flux surfaces 
start to break down as the 
magnetic perturbation 
enhances

§ Almost completely broken 
magnetic flux surfaces
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Temporal evolution of OMP magnetic field-lines

CFR: closed flux region; 
IB/OB: outer/inner boundary;
ID/OD: outer/inner divertor target

Around t=0.2ms, inner magnetic 
flux surfaces are completely 
destroyed; pedestal top can 
directly connect to divertor 
target plate!

Tracing 
starts at 
OMP
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Pedestal top region directly connects to PFC in TQ 

Tracing 3564 field-lines uniformly distributed along field-line and toroidal directions on psin=0.95 surface

§ Psin=0.95 surface breaks shortly after TQ onsets 
and won’t heal.

§ Magnetic connection length (open field-lines) 
decreases as stochasticity increases 
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Contributions of power across the separatrix

§ Overall, turbulent ExB convection dominates 
electron and ion cross-field transport.

§ EM effects has substantial influence on electrons 
(10~30%) but not much on ions.

§ For electrons, EM effect becomes more important 
as the field stochasticity increases.

§ The roles of ExB turbulent transport and flutter 
contribution is case- and time- dependent

~2

>10
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Stochastic field has limited impact on particle transport

~2

>10

§ Advection vs conduction
§ Ions are heavy

~100



17
LLNL-PRES-843787

Estimate of energy deposition time

§ only a few percent of injected energy across 
separatrix during TQ 

§ 85kJ injected energy takes ~1ms to be radially 
transported and deposited to divertor
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@Te

@t
= � 2

3ne
rkqke � VkerkTe

<latexit sha1_base64="oiGoFKXDdWOmMz7sDbuTbM3TsQc=">AAACE3icbVDLSsNAFJ3UV62vqks3g0UQFyXRom6EQjcuK9gHNCFMprft0EkyzEzEEvIPbvwVNy4UcevGnX/j9LGwrQcuHM65l3vvCQRnStv2j5VbWV1b38hvFra2d3b3ivsHTRUnkkKDxjyW7YAo4CyChmaaQ1tIIGHAoRUMa2O/9QBSsTi61yMBXkj6EesxSrSR/OJZ009dQSThHDiGzCVCyPgRz8ksu6n5yi+W7LI9AV4mzoyU0Ax1v/jtdmOahBBpyolSHccW2kuJ1IxyyApuokAQOiR96BgakRCUl05+yvCJUbq4F0tTkcYT9e9ESkKlRmFgOkOiB2rRG4v/eZ1E9669lEUi0RDR6aJewrGO8Tgg3GUSqOYjQwiVzNyK6cAkQbWJsWBCcBZfXibN87JzWb64q5SqlVkceXSEjtEpctAVqqJbVEcNRNETekFv6N16tl6tD+tz2pqzZjOHaA7W1y9eCp5r</latexit>

Vke ⇡ Vki = Cs

Approach 1: radial energy outflow rate Approach 2: 1D parallel thermal decay

§ exponential decay                               with

§ for 
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Summary 

§ BOUT++ TQ simulation observed signatures in agreement with experiments: surge of 
divertor heat load and edge temperature; broadening of heat flux width; prolonged 
energy deposition time; …

§ Elevated pedestal pressure excites low-n ballooning-type instability/turbulence
— Enhances radial heat transport across the entire domain significantly; 
— Determines downstream divertor heat load (i.e., drift->turbulent scaling)

§ Large magnetic fluctuation (10-4) results in stochastic magnetic field-lines that 
contributes to electron radial heat transport (10~30% of total heat flux across the 
separatrix) and heat flux width broadening (at the later stage)

Thank you for listening!


