
J.T. Wai/ APS 2020 / 11.10.2020

Infrared constrained equilibrium reconstruction and 
application to snowflake divertor studies

by
J.T. Wai
with

P.J. Vail, A.O. Nelson, Z.A. Xing, 
C. Lasnier, E. Kolemen

APS – DPP 2020

Nov 10, 2020



J.T. Wai/ APS 2020 / 11.10.2020

Equilibrium geometry is difficult to resolve in advanced 
divertors

⦁ Some advanced divertors (e.g. snowflake, x-divertor, 
nearby-double-null) introduce another x-point into the 
divertor region. 

⦁ At the x-point, ∇𝜓 = 𝐵! = 0 ⇒ there is a large region of 
low magnetic field. Equilibrium geometry is sensitive to 
external measurements and variations from the Grad-
Shafranov equation. 

⦁ Divertor heat flux q⟂ measured from infrared-
thermography (IRTV) diagnostic inconsistent with 
equilibrium. 
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IRTV diagnostic can be used to resolve inconsistencies 
in the snowflake divertor equilibrium

⦁ Snowflake plus: secondary x-point lies in the private flux 
region. Scrape-off layer (SOL) fieldlines directly 
intersect divertor in 2 locations ⇒ 2 heat flux peaks.

⦁ Snowflake minus: secondary x-point lies in the SOL. 
Fieldlines directly intersect divertor in 3 locations ⇒ 3 
heat flux peaks.

⦁ Equilibrium vs. IRTV inconsistencies
– Strike point location mismatch
– Occasionally, incorrect # of heat flux peaks for the 

snowflake type 

⦁ IRTV used to improve equilibrium
– Useful for control (feedback on x-point locations 

[Kolemen, 2018])
– Geometry sensitive to unmeasured divertor currents. 

Potential use as diagnostic for bootstrap current.

EFIT01 indicates SFD+, but 3 heat flux 
peaks (SFD-)
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Algorithm developed to infer SFD x-point locations from 
IRTV characteristics

⦁ Snowflake minus: 4 quantities are derived from heat 
flux profile: 3 strike points + flux coordinate of 
secondary x-point 𝜓𝑥𝑝2

⦁ Used to match 4 degrees of freedom in x-points: (r,z) 
at 2 x-points

⦁ “True” strike points identified from fit to Eich profile 
[Eich, 2013]

⦁ Snowflake plus: similar procedure but less information 
available. See [Wai, 2020] for details. 

Measure mismatch

Use IRTV to measure strike points 
and𝜓𝑥𝑝2. Compare to equilibrium 

(from EFIT). 

Identify x-points

Use algorithm to update the x-point 
spatial positions.  

Solve for new equilibrium
Solve free boundary Grad-

Shafranov equation (using Toksys
[Walker, 2015]) with hard 

constraints on x-point positions.    

~4-5 iterations to converge
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Outboard power fraction identifies midplane radial 
coordinate for the secondary separatrix

⦁ At midplane, exponentially decaying heat flux 

⦁ Midplane radius of secondary separatrix 
𝑟𝑚𝑖𝑑, 𝑥𝑝2 related to the power splitting in the 2 
outboard SFD-minus heat peaks. 

⦁ However, first need to measure the λq,eff for 
power splitting which is 2-3x larger than λq

from Eich. [Maurizio, 2018] 
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λq,eff measured by fitting power fraction to multiple 
equilbria

⦁ Power fraction 𝑓()* measured from the divertor heat 
flux profile. At each peak, 𝑃)+ = ∫2𝜋𝑅 𝑠 𝑞, 𝑠 𝑑𝑠

⦁ Secondary separatrix position 𝑟𝑚𝑖𝑑, 𝑥𝑝2 measured from 
EFIT equilibrium. 

⦁ Data is selected from subset of shots that have wide 
range of x-point separation and fit to:
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⦁ 𝜖 is a fitting parameter to account for systematic bias in 
the reconstruction 

⦁ λq,eff = 5.6mm versus λq = 1.9mm from Eich fit

Midplane separatrix separation, rmid, xp2 + ϵ [mm]
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Algorithm converges and simulations match heat profile
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⦁ Simple assumptions and geometry used to update 
x-point positions. See [Wai, 2020] for derivation. 

⦁ Example: EFIT01 equilibrium indicates SFD-plus, but 3 
heat flux peaks indicates SFD-minus. 

⦁ Converged equilibrium is SFD-minus

⦁ Simulated heat flux, obtained using SFD power flux 
model [Vail, 2019], agrees with IRTV. 
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Preliminary: bootstrap current decreases ~16% to match 
new equilibrium shape. 

⦁ Unmeasured divertor currents can alter divertor 
flux surfaces significantly [Ryutov, 2010] ⇒
potential to use change in flux surfaces from 
IRTV to infer these currents. 

⦁ SFD algorithm performed on kinetic equilibria 
obtained from CAKE [Xing, 2020]. 

⦁ Preliminary: 16% reduction in edge current due 
to shape change. 
– Need to incorporate algorithm directly into kinetic 

solvers (vice TokSys)
– Not all available diagnostics used for fit. 

⦁ Edge current reduction linearly correlated with 
change in x-points.
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IRTV constraint must be balanced against other 
diagnostics

⦁ Algorithm can be used as a virtual diagnostic for x-
point positions. However, must balance this against 
other equilibrium diagnostics. 

⦁ Fitting trade-off example: 155354
– Original eq is SFD-plus, but IRTV shows 3 peaks (SFD-

minus)
– Fitting weight is applied to x-point constraint 

(Δ𝑥𝑝 driven to zero)
– wt=0.45, equilibrium prediction is SFD-minus. B-probe 

error increased by 30%.
– wt=1.0, Δ𝑥𝑝 driven to zero. Strike point and flux errors 

concurrently become zero. But B-probe error has 
increased by 2.5x
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Future Work

⦁ Incorporate algorithm directly into EFIT / kinetic EFIT 
codes for higher confidence in edge current 
modifications

⦁ DIII-D may develop real-time 1D heat flux capabilities è
use for advanced divertor control. 
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