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Background: The SOL Width Problem

• Long history, Key: Open field lines

• H-mode  HD Model (Goldston +)

𝜆𝑞 ~ 𝜀 𝜌𝜃𝑖 - pathetically small, unfavorable 𝐵𝜃 scaling

• Why?  ExB shear quenches SOL modes

• Calculate SOL width for turbulent pedestal but locally stable SOL

– Penetration depth of turbulence spreading ?!

– See Chu, PD, Guo ‘22 NF

• N.B.: Many visualizations from simulation available

See Nami Li +, this meeing, for analysis
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Summary: Chu, P.D., Guo ‘22 NF
• Turbulent scattering broadens stable SOL

𝜆 = 𝜆𝐻𝐷
2 + 𝜀𝜏∥

2 1/2

• Separatrix turbulence energy flux specifies SOL turbulence drive

• Γ0,𝑒 must overcome shear layer barrier

Yes – can broaden SOL to 𝜆/𝜆𝑀𝐻𝐷 > 1 at tolerable fluctuation levels

Spreading Calculation for 𝜀 :

Γ0,𝑒 = 𝜆𝑒 𝛾 𝜀 + 𝜆𝑒𝜎𝜀
1+𝜅

Broadening increases with Γ0,𝑒

Non-trivial dependence

𝜀 ≈ Turbulence energy intensity



Fundamental Physics of Turbulence Spreading

- Structure of the intensity flux-gradient relation ?

- Experiments: Ancient and Modern

- Pulsation Model of Spreading (New)



On Spreading: A Familiar Phenomenon

• Turbulence spreading underpins turbulent wake  central example in high 𝑅𝑒 fluids

• Spreading fundamental to 𝑘 − 𝜀 type models, as 𝜀 evolved as unresolved energy field 

subgrid models

𝜕𝜀

𝜕𝑡
+ 𝛻 ⋅ ෨𝑉𝜀 + ⋯ = 0

𝑥

𝑤 Mixing length model

Similarity theory
𝑤 ~ 𝐹𝑑/𝜌𝑈

2 1/3𝑥1/3

𝐹𝑑 ~ 𝜌𝑈2𝑆𝐶𝐷;

𝐶𝐷  indep 𝜈

How render tractable ?



On Spreading: cont’d

• What you get (usually):

𝜕𝑡𝜀 + 𝑉𝐷 ⋅ 𝛻𝜀 + 𝑉𝐸 𝑟 ⋅ 𝛻𝜀 − 𝜕𝑟 𝐷 𝜀 𝜕𝑟𝜀 = 𝑃 𝜀 − 𝑃damp 𝜀 → 𝛾 Ԧ𝑥 𝜀

𝐷 𝜀 ≈ 𝐷0𝜀 , et. seq.  nonlinear diffusion

 𝜀 evolution as nonlinear Reaction-Diffusion Problem! 

(P.D., Garbet, Hahm, Gurcan, Sarazin, Singh, Naulin…)

• Used also in: 

– Multi-scale style layering models (Ashourvan +)

– 1D LH models (Miki +)

𝛾 = 𝛾(gradients, etc)drift shear turbulent mixing via closure



On Spreading: cont’d

• Spreading as Front  Fast Propagation

i.e.   𝑉𝑓 ~ 𝛾𝐷 1/2, etc   i.e. Fisher

• Key component:

𝛻 ⋅ 𝑉𝜀 → −𝛻 ⋅ 𝐷 𝜀 ⋅ 𝛻𝜀

Expectation:  𝐷 𝜀 ~ 𝜒 , 𝐷𝑛 etc. for electrostatic turbulence

• Copious simulations: Z. Lin, W.X. Wang, S. Yi, Jae-Min Kwon, Y. Sarazin, …

 Observations of front tracking but critical analysis of model absent

No test of Fickian flux-gradient model

[Fickian Model]



Experiments: Ancient

• Not exactly a new idea …   See Townsend ‘49 and book

 Wake flow intermittently turbulent

 Compare transport of momentum 

and energy (spreading)



Experiments: Ancient, cont’d

 Fickian model for turbulent energy transport

 “It must be concluded that the use of a 

diffusion coefficient to describe the transport of 

turbulent energy is not justified and that energy 

diffusion is a process independent of momentum 

diffusion”



Experiments: Modern (c.f. Ting Long) 1

• HL-2A

• Aims:

– Exploration of intensity flux – intensity gradient relation in edge 

turbulence (exploits spreading, shear layer collapse and density limit 

studies Long + NF’21)

– Physics of “Jet Velocity” profile

𝑉𝐼 = ෨𝑉𝑟 ෤𝑛
2 / ෤𝑛2

N.B. Identified by Townsend



For close ഥ𝒏𝒆

• Lower current,

width of region is ~ 5 𝑚𝑚

(𝑙𝑐𝑟 ~ 4.5 𝑚𝑚)

• Higher current, 

width of region is < 1 𝑚𝑚

(𝜌𝑖 ~ 0.25 𝑚𝑚)

• Notice: spreading diffusivity

𝜒𝐼 = −
෤𝑣𝑟 ෤𝑛

2

𝜕𝑟 ෤𝑛2

• There exits a region in plasma edge, where the turbulence spreading flux 

෥𝒗𝒓෥𝒏
𝟐 /𝟐 is large, but the turbulence intensity gradient 𝝏𝒓 ෥𝒏𝟐 is near zero

*

Experiments: Modern 2



• The “mean jet velocity”of turbulence spreading 𝑉𝐼 =
෤𝑣𝑟 ෤𝑛

2

෤𝑛2

and skewness of density fluctuations show strong correlation

• Their trends and signs 
are consistent

• More work is being done 
on the correlation 
between “blobs/holes” 
and turbulence 
spreading

• 𝑉𝐼 - skewness trend 
follows joint reflection 
symmetry relation

Experiments: Modern 3



Spreading Pulses

• Avalanches, pulses are natural description

𝛿𝑃 ≡ deviation of profile from criticality

𝛿𝑃 ↔ 𝛻𝑃 − 𝛻𝑃𝑐𝑟𝑖𝑡 /𝑃

𝛿𝑃 ~ 𝛿𝜀

 Spreading as intensity pulses dynamics

(after PD, Hahm ‘95)  

• New:

– Order parameter not conserved  finite SOL dwell time

– 𝑉𝐷 - mean curvature drift

– หΓ0,𝑒 𝑠𝑒𝑝
drives system

Γ𝑒 = Γ𝑒 + ෨Γ𝑒

Pulsation, void symmetry argument



Fluctuation Energy Pulses, cont’d

• Pulse model:

𝜕𝑡 ǁ𝜀 + 𝑉𝐷𝜕𝑥 ǁ𝜀 + 𝛼 ǁ𝜀𝜕𝑥 ǁ𝜀 − 𝐷0𝜕𝑥
2 ǁ𝜀 +

ǁ𝜀

𝜏
= 0

ǁ𝜀 0, 𝑡 ↔ ෨Γ𝑠𝑒𝑝 𝑡

• Some limits:

– 𝜀 → 0 ,  𝑉𝐷𝜕𝑥 ǁ𝜀 ~
෤𝜀

𝜏
→ 𝜆~𝜆𝐻𝐷 scale      (       vs       )

– For 𝜀 to “matter” – i.e. broadening significant:   

𝛼 ǁ𝜀 > 𝑉𝐷  amplitude vs neo drift comparison   (       vs      )

regularization

1 23

1 2

31

1

2

3

drift

dwell time decay

spreading

• Structure is Burgers + Krook  ‘Crooked Burgers’

𝜏 ≡ SOL dwell time



Fluctuation Energy Pulses, cont’d

• Predictions ?  Goal Pdf(𝑙 | ෨Γ0,𝑒)

 Pulse equation characteristics:  
𝑑𝑥

𝑑𝑡
= 𝛼𝜀,

𝑑𝜀

𝑑𝑡
≈ −

𝜀

𝜏

Solution: Shock for 𝑓′ 𝑧 < −1/𝜏

Initial slope steep enough to shock before damping by 1/𝜏

 𝛼
𝜕𝜀

𝜕𝑥
< −

1

𝜏
 separatrix intensity gradient defines pulse formation criterion

 pulse evolution   penetration depth



Broader Messages

• Turbulence spreading is important – even dominant – process in setting 

SOL width

• Spreading dynamics best treated statistically. Pdf(𝑙pene) is goal. Traditional 

mean field approach problematic.

• Simulation should stress calculation of spreading flux Pdf over 

visualizations

• Turbulent pedestal states attractive for heat load management


