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Focused efforts have confirmed the importance of plasma current 
scaling for both pedestal gradients and divertor heat flux widths 
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•  Results of coordinated U.S. effort on the scaling of the divertor 
power flux width  
-  Main finding: heat flux width λq

mid ~ a/Ip ~ Bpol
mid (in near 

separatrix channel)  

•  Results of coordinated U.S. effort on the physics of the H-
mode pedestal  

•  Correlations between the H-mode pedestal scalings and SOL 
heat flux footprints 
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Coordinated effort on SOL power flux width measurements 
emphasized common measurement/analysis techniques 
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•  Common, parallel experiments in Alcator C-Mod, DIII-D, and 
NSTX with some level of cross-coordination 

•  Focus was on using IR thermography to measure heat flux 
profiles, and analyze midplane-mapped widths (integral power 
widths f/Loarte, exponentials, FWHM, Eich functions) 
-  Outer divertor heat flux profiles in attached plasmas 

•  ELM-averaged and inter-ELM heat flux analysis done (EDA H-
mode, ohmic, L-mode, I-mode in C-Mod) 

•  Main finding: heat flux width in near separatrix channel        
λq

mid ~ a/Ip ~ Bpol
mid 
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NSTX fast IR setup and view 
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•  SBF focal plane array 
-  1.6 kHz 128 x 128 
-  6.2 kHz 96 x 32 
-  LN2 cooled 

•  Retrofitted with home-made 
dual-band adapter to better 
account for emissivity effects 

•  Heat flux computed via 1-D 
conduction model and 2-D 
THEODOR model (in 
collaboration w/A. Herrmann 
and IPP) 
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Methods to characterize heat flux profile 

•  IR thermography measures heat flux profile qdiv
out(r) for calculation 

of divertor power loading:"
•  Define characteristic divertor heat flux scale length,       : "

•  Assume         related* to characteristic midplane scale length 
through flux expansion fexp: "

•  Determine dependence of λq
mid on external parameters (Ip, Ploss, Bt, flux 

expansion) from NSTX data"
-   Can re-arrange equation to project for future devices!

•  Other fitting functions used also: Eich functions, FWHM, exponential fit"
€ 

λq
mid = λq,div

out / fexp with fexp =
RmidBθ

mid

RdivBθ
div

*Loarte, JNM 1999 

€ 

Pdiv
out = 2πRdiv

outqdiv
outdr

Rmin

Rmax∫

€ 

λq,div
out

€ 

λq,div
out = Pdiv

out 2πRdiv,peak
out qdiv,peak

out( )   

€ 

λq,div
out
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Heat flux width λq
mid largely independent of Ploss in attached 

plasmas in NSTX  

Radiative/ 
Detached            Attached 

Radiative/ 
Detached            Attached 

δ  ~ 0.5, fexp ~ 6, Ip= 0.8 MA 
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Heat flux width λq
mid largely independent of Ploss in attached 

plasmas in NSTX  
δ  ~ 0.5, fexp ~ 6, Ip= 0.8 MA 

•  Narrow Ploss 
plot range  

•  Add in high δ 
data 

•  Apparent Ip 
or q95 effect 

+ δ ~ 0.7, fexp ~ 16, Ip= 1.2 MA 
Radiative/ 
Detached            Attached 

Radiative/ 
Detached            Attached 
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Heat flux width decreases with Ip in NSTX  

λq
mid = 0.9 Ip-1.6 

δ  ~ 0.5 
•  fexp~6  
•  PNBI=4 MW 

δ  ~ 0.7 
•  fexp~16 
•  PNBI=6 MW   

•  Combined data from dedicated Ip 
scans in low δ and high δ 
discharges "

-  Ip dependence also in DIII-D, JET"

- Different PNBI and fexp, but 
previous slides shows no Ploss or 
fexp effect on λq

mid "

- q95, || different "

•  Power law fit: λq
mid ~ 3 +/- 0.5 mm 

@ 2 MA (for NSTX-U)"
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No Bt dependence in near SOL heat flux profiles in NSTX, so 
Ip dependence is not a hidden q95 or l|| dependence 
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Heat flux profiles studied for several different scenarios in C-
Mod 
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LaBombard PoP 18 (2011) 056104"
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Two EDA H-modes had different pedestal performance 
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LaBombard PoP 18 (2011) 056104"
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Weak dependence of heat flux widths on plasma stored 
energy  
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LaBombard PoP 18 (2011) 056104"
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Strong dependence of near separatrix heat flux widths on Ip 
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LaBombard PoP 18 (2011) 056104"
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Strong inverse dependence of heat flux widths on Ip also 
observed in DIII-D 
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FY 2010 JRT report, Oct. 2010"
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Combined scaling from US tokamaks highlights the Ip and 
minor radius (a) dependence 
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€ 

λ fit = C ⋅ Ip
e I ⋅ Bt

eB ⋅ aea ⋅ fG
e f ,

fG = ne /(Ip /πa
2)

! 

"eich# int =
1
q||0

[q|| (s) # qbkg ]ds#$

$

%
& "sol +1.64wpvt

Makowski, PoP 19 (2012) at press "
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Combined scaling from US tokamaks highlights the Ip and 
minor radius (a) dependence 

16 

!
!!!
!
!!!!!!
!!

!
!!!!

!!!
!!
!
!

!
!

!

!!
!
!

!!
!

"

""
""

" "

""
"

""""

""

#
##

##

#
#

#
#

### #

#
# #

##

#

#

#

#

#
#
#

#
#

C Ipe
0.82 ! 0.08 "0.83 ! 0.32
2.67 ! 0.1 "0.84 ! 0.11
3.86 ! 0.18 "1.33 ! 0.16

! CMOD
" D3D
# NSTX

0.4 0.6 0.8 1.0 1.2 1.4 1.60

2

4

6

8

10

12

14

Ip !MA"

Λ s
ol
!mm"

!
!!!
!

!!
!!!!
!
!
!
!!!
!

!
!
!
!!

!
!

!

!

!

!!
!

!

!!
!

"
""

""""
"

"

"

""
""

"

"
"

""

""
"

""
""

""

#
##

#
#

#
#

#
#

####

#
##
##

#

#

#

#

#
#

#

#
#

R2! 0.838

C

Ip
Bt
a
fG

4.37 " 0.85
Exponent
#0.84 " 0.16
#0.35 " 0.07
1.07 " 0.13
#0.18 " 0.28

CMOD!
D3D"
NSTX#

0 2 4 6 8 100

2

4

6

8

10

Λfit !mm"
Λ s
ol
!mm"

! 

" fit = C # Ip
e I # Bt

eB # aea # fG
e f , fG = ne /(Ip /$a

2)

! 

"eich# int =
1
q||0

[q|| (s) # qbkg ]ds#$

$

%
& "sol +1.64wpvt

Makowski, PoP 19 (2012) at press "



PSI 2012 - Maingi May 21-25, 2012 

Combined US dataset in good agreement with Goldston 
heuristic drift model 
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•  Physics: Vdrift*2qR/cs results in SOL 
width ~ 2 * ρpol, with temp. set by 
Spitzer thermal cond. 

•  Reasonable agreement with data 
in both absolute values and 
scaling 

€ 

λGoldston
* = 5671⋅ Psol

1/ 8 (1+κ 2)5 / 8a17 / 8B1/ 4

Ip
9 / 8R
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fmp

Goldston, NF 52 (2012) 013009; P1-15 this conference "

Makowski, PoP 19 (2012) at press "
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Outline 
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•  Results of coordinated U.S. effort on the scaling of the divertor 
power flux width  

•  Results of coordinated U.S. effort on the physics of the H-
mode pedestal  
-  Main finding (1): peeling-ballooning modes limit pedestal height 

in all three devices 
-  Main finding (2): EPED model (using PB modes and Kinetic 

Ballooning Modes) predicts C-Mod and DIII-D pedestals, 
including observed increases in pressure gradients with Ip 

•  Correlations between the H-mode pedestal scalings and SOL 
heat flux footprints 
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Pedestal physics was the focus of a recent US national effort 
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High level summary of the effort, and outstanding issues 
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Type I ELM onset predicted by peeling-ballooning model for 
Alcator C-Mod, DIII-D, and NSTX 
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ELM-free operation in NSTX afforded by thick lithium wall 
coatings consistent with peeling-ballooning physics 
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A model for pedestal height has been developed and tested 
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EPED model predicts pressure gradient observed during 
pedestal buildup for a range of plasma currents 
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Osborne, H-mode WS 2011"
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Outline 
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•  Results of coordinated U.S. effort on the scaling of the divertor 
power flux width  

•  Results of coordinated U.S. effort on the physics of the H-
mode pedestal  

•  Correlations between the H-mode pedestal scalings and SOL 
heat flux footprints 
-  Does the KBM physics that appears to restrict gradients just 

inside the separatrix extend across the separatrix to the heat 
flux channel? 
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C-Mod: pressure gradients appear continuous across 
separatrix, with a strong Ip dependence 
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LaBombard PoP 18 (2011) 056104"
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C-Mod: Normalizing gradients to ballooning parameter αMHD aligns 
the Ip variations – importance of ballooning mode physics? 

27 

•  αMHD =4Rµ0q95
2(dP/dr)/Bt

2 

(MHD ballooning parameter) 

Connor, PRL 1978 

•  New data on C-Mod I-mode 

SOL widths: Terry, O-14   

LaBombard PoP 18 (2011) 056104"
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DIII-D: measured gradients near separatrix very close to 
those predicted to destabilize Kinetic Ballooning Modes 
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Makowski, PoP 19 (2012) at press "
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NSTX: Electron and Ion pressure profiles strongly depend on 
Ip 
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NSTX: pressure gradients strongly scale with Ip, but 
normalizing with αMHD aligns profiles, as in C-Mod 
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Units conversion factors will be fixed!
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Recent model by Whyte predicts a much wider footprint in 
ITER: λq

mid ~ 1-3 cm 
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•  λq
mid ~ Bpol

mid results in a 1 mm 
SOL width for ITER (i.e. 
assuming no KBM effects) 

•  Recent model by D. Whyte 
(P1-37) predicts a much wider 
ITER SOL heat flux footprint 
-  Assumes a 5% ratio of pedestal 

to separatrix pressure  
-  Assumes pressure balance on 

the open field lines 
-  Assumes collisionless sheath 

power transmission in a high 
recycling, attached divertor with 
Tdiv ~ 5-20 eV 
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Summary and Conclusions 
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•  Results of coordinated U.S. effort on the scaling of the divertor 
power flux width identified an a/Ip ~ Bpol

mid dependence of the 
mapped SOL heat flux width 
-  Data agree well with Goldston drift-based model 

•  Results of coordinated U.S. effort on the physics of the H-
mode pedestal confirmed the importance of Ip in pedestal 
scalings 
-  Confirmed the importance of EPED/KBM physics in C-mod 

and DIII-D, with continuing assessment for NSTX 
•  Ip dependence of upstream profiles appears to be organized 

by αMHD  
-  Not inconsistent with ballooning mode physics playing a 

key role in extending ‘pedestal physics’ into the SOL 
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Backup 
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Many new diagnostics installed in Alcator C-Mod for this 
study 
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LaBombard PoP 18 (2011) 056104"
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Peak heat flux decreases inversely with flux 
expansion with roughly constant λq

mid in NSTX  

•  λq
div increases with flux expansion"

•  λq
mid stays approximately constant 

during the scan 

Gray, JNM 2011"
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Goldston model 
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•  Heuristic drift-based model derived (NF 52 2012 013009) 
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Summary of FY2010 JRT main modeling results 
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•  Modeling of Alcator C-Mod and DIII-D with UEDGE 
–  Modeled similarity expt. discharges 
–  C-Mod profiles matched with transport coefficients that increased wih 

radius 
–  Drift effects important in both devices  

•  Modeling of Alcator C-Mod and NSTX with SOLT 
–  In C-Mod, computed SOL width was ~ 1mm, less than data; single 

mode found unstable that may correspond to QC mode 
–  In NSTX, trend of heat flux width decreasing with Ip reproduced, but 

not as strong as data: importance of X-point spreading identified 
–  Transition from diffusive to convective radial transport identified 

•  Modeling of DIII-D and NSTX with XGC0 
–  1/Ip scaling of heat flux width with neoclassical transport alone  
–  Heat flux widths 50% smaller than measured ones 
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Follow-on work in FY2011 and FY2012 to date: Eich 
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•  ASDEX-Upgrade and JET: 
–  Eich (PRL 107 (2011) 215001) 

described new formula and 1/Ip scaling 

–  good agreement with Goldston drift-
based model (NF 52 2012 013009) 
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Neoclassical simulations with XGC-0 code 

• Pankin IAEA 2010, G-Y Park!
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Summary of FY2010 JRT main experimental results 
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•  Alcator C-Mod: EDA H-mode, L-mode, Ohmic 
–  In FY2010 report: found a 1/Ip scaling of heat flux width near the 

separatrix in L-mode; H-mode scaling weaker because of far SOL 
–  Just after JRT (APS 2010), reported 1/Ip in near SOL H-mode 
–  Installed large number of new diagnostics  

•  DIII-D: ELMy H-mode with NBI or ECH 
–  In FY2010 report: found a 1/Ip scaling of heat flux width near the 

separatrix in H-mode 
•  NSTX: ELMy H-mode and ELM-free H-mode 

–  In FY2010 report: found a 1/Ipα scaling of heat flux width near the 
separatrix in H-mode, α ~ 1.6 

–  No appreciable Bt or Pheat dependence 


