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The Problem: Small SOL Width for Current Day H-mode
discharges

¢ GOldS‘[OIl’S Scaling: 2012, Goldston, Nucl. Fusion
— _ -1
* A =vpT = pge ~ By

Note:

« Based on drifts, no turbulent transport

« Size independent

« Produce very narrow A

« Small layer for large device with high current
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gjtline — Overview of the Talk

« SOL stable due to E X B shear and sheath resistivity:
* Point to Turbulent Spreading from Pedestal

* Influence of Spreading: 2Box model: Pedestal - SOL

« SOL as a flux (Q, I}, I,) driven Boundary Layer  TI,: Turbulence Intensity Flux
* I, from pedestal: Spreading with shearing

* New Trade Off: Layer Broadening v.s. Confinement (Can turbulent
pedestal broaden A while maintaining adequate confinement?)
« SOL width A as a function of I,

* Estimate Minimal level of Pedestal Fluctuation Needed to Broaden the SOL
(Scaling)

* Implication for HDL and H—L back transition
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Why does Goldston’s Scaling Work?
SOL E X B shearing ~ 172



Linear Analysis: SOL Stability

Model: (Linear Perturbation of the model by Myra. et. al. 2002):

(0:A8¢ + Arwse /4T3, N8P — e */*1 88, 6n (T Prio file
< = ae*?M§¢ + vA? S —~
0:6n + Arwge ™/, 6n + 0,6¢0,Inng B E
L = DAén/n+ 2D0,.Inny0,6n O |
v
Note: |
[ = 2p/R. Usual: denoted by f; | .
E X B Shearing Rate: wg = j;—il, determined by the width :
T . |
Y = ¢s/VAR — ws Small Heat Load Width
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Linear Analysis: SOL Stability
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Interchange mode is stabilized by the
combination of shear, sheath resistivity
and plateau region diffusion:
Goldston Scaling Works

e —

(T) Profile

Origin of SOL fluctuations:
* Local Instability X

« Spreading vV
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Edge-SOL Connection Already Indicated

L mOde: HL-2A Ting Wu, et. al., 2021, Plasma Sci. Technol.
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AT TIoE 4 Figure 7. The power of relative density fluctuation level at
= - r—riers ~ —15 to —10 mm versus SOL width with different
i B plasma currents.
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F iy PSD 7i/n inside separatrix vs. SOL width
* Flux of turbulence energy into the
SOL indicated
* Turbulence spreading reduced at
larger current
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Erbulence IN Pedestal

* Reduced but Finite Fluctuation

] _ 3.5 ] U T T
« Wide Pedestal QH Regime g o : .
M | |
 Grassy ELM Regime 55k : :
S | |
® ~ JETTTTTS T e =S :_ I .>_<l
o o 0 @ .L-mode \OE 2.0: : %:
T H- d < [ —
é 3E| 0 H-mode { { = 1.5 : 8:
: - v
22 } 1.0F : v,
- [I] ( B | I
o 1 [I] N I |
S (€) m 129143, AP, Cn. 1.59.13.25, RA:10-250; 0.5¢ I
B QB 1. . BK22500 NPIC2ATS. ST:1600/1700 0 O: p=0.9 !
0.92 0.96 1.00 .0t = P TP T
Minor Radius (r/a) 22 224 226 228 230

R(cm
Figure 4. Density fluctuation characteristics measured near the edge (cm)
(0.9 <r/a < 1.0) of an upper-single-null discharge: (a) frequency Figure 9. Radial profile of relative density fluctuations integrated

and time resolved spectrogram of density fluctuations at r/a = 0.95 over 10kHz through 80kHz from BES measurements around
showing rapid fluctuation suppression at the L—H transition at 4300ms in discharge 163518 )

t = 1696 ms, (b) spectra of fluctuations before and after the L-H
transition, (c) the integrated fluctuation amplitude edge profile in L

and H-mode. Xi Chen, et. al., 2018, Nucl. Fusion
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How Spreading Modifies SOL Width



Spreading Model Overview

e Pedestal Model

 Relating pedestal
parameters to intensity
flux

* Intensity gradient
combined with pedestal
E X B shear

e Consider
microturbulence and
MHD (ballooning)

New Trade off:
Layer Broadening v.s. Confinement
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SOL

I,: Turbulent Intensity Flux from
Pedestal
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SOL Model: Theory

* Turbulent Intensity Equation: Hanhm, biamond, et. al.
- d,e =ye —oel™ —9,I',, Spatial 1D: e(x, t)

Y

* Integrate radially over the SOL

* Turbulent Energy Balance:
e T',o = 2,lyle + oel™™A, L, e

* [,o: Intensity flux from pedestal (at the
separatrix)

\)

Y

A
Note: LA,
* No assumptions on the form of intensity flux .
* Heat flux Q determines (T'),, and enters the model from ¢ in y R 24170
* SOL as a BL with 2 drives (Q, I',) Pedestal SOL
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SOL Model: Linear and Nonlinear Damping

* Linear Damping:

¥ =%, — 3T,/eBA% ~ —3T,/eBA%

* Yo = Cs/VRA

* Nonlinear Damping:
 General Form: gelt¥

e Cascade: x = 1/3, 0 = a'/3 (One
possibility)
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Numerical Result of y v. s. wq
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SOL A — T, Relation: Unified Relation

10:

°r, = —(\/M - 3//12)e/1 +oe'™ 2
| /

Linear Damping Nonlinear Damping

I |
| |
| | |
. o | | |
o ACCOunt fOI' bOth dI'lft and U 8 Linear : Cross : Nonlinear
. -over
| |
. _ 71— |92 2 |
Ae—ﬂ—\/AHD+T||€ 06: : |
,<I , |
=< I
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|

Note:
Shape of the curve is sensitive 0o 1.x10®  2.x10°  3.x10° 4.x10°  5.x10°
to linear and nonlinear damping loe

— Linear+Nonlinear Keep only Nonlinear Damping
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he Cost —

How Strong Pedestal Fluctuation is needed to Broaden the Layer
(Calculate Iy, from Pedestal)




Pedestal Model: Spreading with E X B Shear

e [, = —1.K0, K (interpreted coarse grained)

*[,p ~ TcKz/Wped Tc: 3 processes
* Wave Interaction
* Shearing(w,) modifies 7, | Spoinear Decorrelaton

« 171 = Dk?(1 + wit?)
« Strong Shear Limit: 7, = (Dkz)_l/gws_z/g’

* D= fooowm)v(r))df — fooo dt Y| v |? e~ kywsDT*~k*Dt (Kubo formular)
e Strong Shear Limit: D ~ |v|1 k705w 0>

* In strong shear limit: 7, = 70> w; %, 7, is eddy turnover rate, or the 7, when w, = 0, denoted

by Tco

Note: Strong shear reduces 7., reflects transport barrier

ARG
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Estimation of Intensity Flux from Pedestal

* Drift Wave: (microturbulence) * Ballooning Mode: (MHD)
° ~ 0.5

[~ 1KoK ¢ T~ yA, = Lyw, (@_ ) Ar

* K:turbulent kinetic energy Ly Lp

* TooUi =P * L, is estimated by pedestal width w4

. ~ 2 ~
* Weak Shear Limit: e ~ TcK*/Wpea)Tco ~ 1/y
e T, ~ aé—’; K2/Wpeq. a of O(1) * Weak Shear Limit: y
Ly '
* In strong shear limit: * Lo~ %(VAr)4/ Wpea ~ w4 (ﬁ - 1) AY/Wped
0.5 .
L _ * In strong shear limit:
*[e~a (9_7;) Wg O'SKZ/Wped < (L 1.75
* I ~ wS_O'Swfl' (ﬁ - 1) Aﬁ/Wped
. Vp p2Q
Analogue: Spreading of a turbulent spot E.~—,ws ~—
ne Whed
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Spreading: I';,;», Microturbulence (DW)

* What’s the minimal pedestal fluctuation needed to broaden the SOL?

* The criterion: 1, = A, or equivalently ¥ = vp when 7 = 7.(4, = 729°)

For small scale fluctuations: 1. Balance Linear Damping:
T (D = P * Ip = |V|/1}?){DT||_2
s Wped Balancing with the estimation in the pedestal
0.25
. edp |6v| 3Le _
Effect of shear is not strong PE~ T~ (a_Ln> g=°25(p/R)%S

2. Balance Nonlinear Damping:
FO == a3/19HD
Balancing with the estimation in the pedestal

esp _18vl _ ( Le )0'25 415 (p/R)07S

Te Cs aly
THE Question:
Is the turbulence level in pedestal to broaden the layer
compatible with good confinement? — ed¢p/T, small
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Spreading: I';,i», MHD (Ballooning)

» For Ballooning: w,z. = \/B.apr/ ( 2 )

Weak Shear Limit:

1. Balance Linear Damping:
« Iy~ lylAupvs

L R2/3 L8/3
L, 1~ (ap) 22 8/3 t

2. Balance Nonlinear Dampmg.
379
* 1_'0 ~a AHD
8/3
Loc . _ p*q®Ly /
Ly Lz 8/3 IBt

Lyc/Ly ~ 1+ €, weakly unstable — Grassy ELM

Strong Shear Limit:
1. Balance Linear Damping:

* Iy~ |V|/1HDU12)

16/9
o (Lpc 14/9 R*/° (L
(ﬁ— )~(qp) E (Ap) Bt

p
2. Balance Nonlinear Damping:

i I_'O ~ a3/19HD

16/9
. (ﬁ_ 1) N p2q14/3R2/3 (L_p) / 5
Lp L8/3 AT t

p
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SOL Layer Width — Unified Estimation

10

le =21 = \/Afw +1fe

r, = (VB/A —3/2")ex

+oeltk)
oc=0.6x=05

The fluctuation level is o
converted from intensity flux <

. . . ~<
using DW estimation

Effective critical fluctuation
level is required.

Critical
Pedestal
Fluctuation
Level

0.00 0.01 0.02 0.03

0.04

Pedestal ed¢/T
— Linear+Nonlinear Keep only Nonlinear Damping

Maybe not so bad but soft pedestal

0.05

0.06 0.07
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Conclusions

« SOL is linearly stable in H mode due to large E X B shear and sheath resistivity

 Turbulent spreading from the pedestal can broaden the layer and should be
considered

« SOL width is related to intensity flux across the separatrix which is in turn
determined by pedestal parameters

* Intensity flux balances linear and nonlinear damping in the SOL
 There exist a minimal intensity flux for spreading such that A > Ay,

* ldentifies the key question: Can turbulent pedestal broaden A while maintaining
adequate confinement?)

« Point to turbulent pedestal states
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‘For Experimentalists

* Direct Measurement of Turbulence Spreading at Separatrix (Ting Wu)

* Correlation of Spreading, Edge Intensity Levels to SOL Width
 Special Attention to Heat Load Width in Turbulent Pedestal States

 Connection between Spreading and Blob Generation
* Is blob simply the end state of turbulent spreading event?
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@ck transition and HDL

e Future research:

« HDL.: Strong layer broadening weakens shear stabilization and makes SOL
Interchange unstable.

* Does SOL turbulence then invade pedestal, cause H—L, defining HDL?
* From Dog—Tail to Tail-=Dog

» Two levels: onset and invasion, Gap?

[’q, broadens the SOL width and makes SOL linearly marginally
stable: y(1,,,) = 0

. /’tm — ,8_1/332/3:Fmax — O'€1+K/13
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