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ITER start up and ramp down 
will be limited	


SOL width? 	


•  First-principles analytical scaling of SOL width	

• Theory vs experimental observations	

•  First-principles simulations	


•  Predictions and implications for ITER	

	




SOL width – first principles estimate  	


Ricci et al., PRL 2008; PoP 2013	


Γr

Γ�

∇rΓr∼∇�Γ�



SOL width – first principles estimate  	


Ricci et al., PRL 2008; PoP 2013	


∇rΓr∼∇�Γ�

Bohm’s	


∼ csp
Γ�

Γr



SOL width – first principles estimate  	

θ
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Ballooning scaling, good agreement with experiments	


In SI units:	
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SOL width – comparison with ITPA database	


[Experimental results: ITPA Divertor and SOL topical group, PPCF to be submitted, data courtesy of 
R.A. Pitts/J. Horacek; comparison with theoretical model: Halpern et al, PPCF, to be submitted] 	
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Understanding the quasi-linear theory
Some final remarks

Gradient removal theory describes λq

� Use quasi-linear code to compute Lp/ρs , compare with λq/ρs
� No free parameters, q, ρ�, ν are inputs, Lp is output
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116 discharges	

9 tokamaks 	

(EAST,  TCV, Compass, 
HL-2A, DIII-D, TEXTOR, 
JET, Castor, ToreSupra)	
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Recent measurements: 2 scale lengths	


Nespoli et al., JNM, submitted	

Kocan et al., NF, submitted	
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GBS code: a tool to simulate SOL plasmas	


Losses 
at the 
limiter	


Radial 
transport	


Flow	

 along B	


Plasma 
outflowing from 

the core	


3D drift-reduced Braginskii equations, 	

no separation between equilibrium and fluctuating quantities	


Ricci et al., PPCF 2012; Loizu et al., PoP 2012; Riva et al, PoP 2014	




GBS code: a tool to simulate SOL plasmas	
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Gas puff imaging 
diagnostic	


Experimental results provided by J. Terry, 
S. Zweben, B. LaBombard, and M. Podestà. 	


p̃/p

D̃α/Dα

Synthetic 
diagnostic	


Emission	


Photodiode	


Geometry	




C-Mod fluctuation properties well captured	


Alcator C-Mod, 	

B= 2.7 and 3.8 T, q=2.7,

…	

 	


Introduction
Global model for SOL turbulence

SOL turbulent dynamics
C-Mod Comparison

Conclusions

Turbulence levels
Dominant instabilities
Scrape-off layer width scaling

GBS agrees with [Zweben PoP 2009] within error bars

� Compare GBS radial/poloidal
average against GPI data

� Shot-to-shot variation indicated
with error bars

� GBS gives good match for
δDα/Dα and higher moments

� Previous gyrofluid simulations
gave δDα/Dα ≈ 5–10%
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Typical spatial, temporal turbulent scales give reasonable
agreement

� Compute τauto , Lrad , Lpol using
2 point correlations functions Cij

Cii (τauto) =
1

2

L = 1.66
δx�

− lnCij(t = 0)

� Good match for L ∼ 1.5cm,
τauto underpredicted by ∼2
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C-Mod simulations: pressure profile	
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C-Mod simulations: 2 pressure scale lengths	
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Different turbulent properties in near and far SOL	
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Turbulent modes in the near SOL

Use cross-correlation and phase between φ, p fluctuations to
understand nature of turbulent modes

� φ1, n1 well correlated → drift wave character

� Small phase shift → almost adiabatic mode→ drift wave
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Turbulent modes in the far SOL

Use cross-correlation and phase between φ, p fluctuations to
understand nature of turbulent modes

� Weak correlation between φ1, n1 → not a drift wave

� Phase shift ∼ π/2 → resistive ballooning mode
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Different turbulent properties in near and far SOL	


2014 C-Mod campaign and other 
tokamaks will allow further progress	
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Predictions and implications for ITER	


The ballooning scaling, in SI units:	


Lp � 7.22× 10−8q8/7R5/7B−4/7
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•  Use of a first-principles approach	

•  Analytical scaling derived, good agreement 

with one scale length fit of experiments and 
simulations	


•  Narrow feature recovered in simulations	

•  ITER prediction – one scale length fit of 

several centimeters; further analysis needed 
for narrow feature	
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SOL width? 	


Tools ready to investigate more 	

advanced SOL configurations	




The GBS code, a tool to simulate SOL turbulence  	
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Solved in 3D, dynamics resulting from: plasma 
outflow, turbulent transport, and parallel losses	
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Simulations contain physics of ballooning modes, drift waves, 	

Kelvin-Helmholtz, blobs, parallel flows, sheath losses… 	




RBM estimate works with ITPA database	


INERTIAL DRIFT WAVES	


RESISTIVE 
DRIFT WAVES	


Introduction
Understanding the ITPA database

Understanding the quasi-linear theory
Some final remarks

Theory vs. theory comparison
� Is RBM hypothesis sufficient to reproduce GBS results?

� Compare quasi-linear code with RBM theory
(Quasi-linear code matches Lp from NL sims with R2 = 0.95)

� Use q, ρ�, ν from ITPA database as inputs, obtain Lp
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� Reasonable agreement for many data points...
F.D. Halpern, P. Ricci 12 / 18 New dimensionless SOL width scaling of the ITER start-up phase
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Limited SOL transport increases with     and  	


Introduction
Global model for SOL turbulence

What have we learnt so far ?
Conclusions

Saturation mechanism
Dominant instabilities
Electromagnetic effects
Scrape-off layer width scaling
Intrinsic rotation

Electromagnetic phase space
� Build dimensionless phase space with full linear system...
� Verify turbulent saturation theory with GBS simulations

� R = 500, βe = 0 to 3× 10−3, ν = 0.01, 0.1, 1, q = 3, 4, 6
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(Contours of Lp given by theory, squares are GBS simulations)

F.D. Halpern et al. 23 / 36 Global EM simulations of tokamak SOL turbulence

Lβ

ν

β ν

Lp = R1/2[2π(1− αMHD)αd/q]
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(it is not possible to run GBS with yz4 and no 
filtering...)	




GBS code: a tool to simulate SOL-like plasmas	


LAPD, UCLA	


HelCat, UNM	

Helimak, UTexas	


Diverted	

SOL	


Motivation
The plasma-wall transition
GBS turbulence simulations
Sheath effects on turbulence

Conclusions

The GBS code
Examples of 3D simulations

The GBS code, a tool to simulate open field line turbulence

� Developed by steps of increasing complexity

� Drift-reduced Braginskii equations

� Global, 3D, Flux-driven, Full-n [Ricci et al PPCF 2012]

J. Loizu et al. 13 / 24 The role of the sheath in magnetized plasma fluid turbulence

TORPEX, CRPP	


Stellarator	

SOL	


Limited	

SOL	


Ricci et al, PPCF 2012	



