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 Some features particular to KSTAR H-mode

− Slow L-H transitions

− Multiple type of ELMs and effect of ECH

 Diagnostic results of H-mode plasmas

− Profile measurement of Te (ECE) and Ti (CES)

− Temporal evolution of Te, Ti, and Vt (XICS)

− Zeff from VB measurement by ORNL filterscope

− 2-D ECEI measurement

 Power threshold, confinement, and ELM loss estimation

 Summary and conclusions
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Background

 First H-mode plasmas were achieved in 2010 campaign, 1 year ahead of 

schedule, with only minor heating power (Paux ≤ 1.6MW) 

 Major upgrades during 2009-2010 outage: 

− Full carbon PFCs and baking capability up to 200ºC

− Installation of upper and lower divertors

− Installation of NBI injector

− Plasma shaping capability (DN, SN, rt-EFIT, Vertical control, etc)

− Establishment of boronization technique with carborane

 Around 30 ELMy H-mode discharges have been achieved with 

combination of NBI and ECH

 KSTAR and EAST joined the new ‘H-mode tokamaks club’ nearly at the 

same time
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Summary of characteristics of first H-mode plasmas

 Ip=600kA, R~1.8 m, a~0.5 m, 1.2 ≤ ne ≤ 3x1019 m-3, κ~1.7, close to DN,

BT=2.0T (constrained by ECH frequency, 110GHz)

 Clear indication of L-H transition from Dα, WMHD, XICS, ECE, CES, etc

 Many L-H transitions feature dithering or slow transition of 10-30ms

 Low threshold power, PLH < 1.5 MW, and deviation from scaling prediction

in the low density regime

 Confinement and ELM loss characteristics in line with traditional trends

 Many transitions appear to have been induced by a giant sawtooth crash

 Various types of ELMs observed (depending on heating method)

 ECH was found to change the sawtooth and ELM characteristics

 ELM filament dynamics revealed by 2-D ECEI measurement

S.W. Yoon, J-W. Ahn, et al, submitted to Nucl. Fusion (2011)
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Fast CCD images of KSTAR plasmas

Shot 4232

Diverted L-mode

(t=1.229s)

H-mode

(t=1.354s)

During the ELM

(t=1.838s)
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 Highly shaped plasma

κ~1.7, δ~0.6

Rinner,gap~2cm

Router,gap~10cm

 Slightly unbalanced DN

(Lower Single Null)

 Primary and secondary

separatrices visible

 Ion ∇B toward lower

divertor

EFIT is in good agreement with CCD image

Inner strike point Outer strike point

Another strike point

from upper X-point

EFIT reconstruction by Y.S. Park, Columbia Univ
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 Fresh boronization helped

achieve L-H transition

 Transition immediately after Ip
ramp-up phase, during rapid

rise of κ (1.31.7) for

many discharges

 Transition during steady state

was also achieved

 Up to ~70-80% of increase

observed for Wtot and βp

 Low threshold power

– PNBI~1.3 MW (80 keV, co-Ip)

– PECH~0.2 MW (cntr-Ip)

– POH~0.2 MW

Time traces for a typical H-mode in KSTAR
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 Very slow L-H transition for

most KSTAR H-mode shots

 Transition time from midplane

Da (~50ms) is longer than

divertor Da (~10ms)

 Contrary to previous

explanation for DIII-D case,

based on phase transition

model using X-point MARFE to

access marginal transition

regime (Ploss~Pthres)

 Sawtooth is observed to

trigger fast L-H transition

(<1ms) in other machines

KSTAR L-H transition is very slow

H-modeL-mode

4333
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Multiple types of ELMs observed depending on 

heating method

4333
NBI+ECH (25º)

4356
NBI

H-mode

 NBI heated plasmas:

 H-mode begins with dithers

and medium amplitude and

frequency (fELM=70-100Hz)

ELMs occur

 ELM-free period follows

 Then large ELMs with long

inter-ELM period

 NBI+ECH heated plasmas:

 Initial ELM-free period

 Low frequency (fELM=15-30Hz)

and large amplitude ELMs

 Higher frequency (fELM=200-

300Hz) and very small

amplitude ELMs between large

ELMs

Paux=1.5MW for both
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 Perpendicular (0º) ECH

injection produced an H-mode

with dominant grassy ELMs

 Raised sawtooth frequency

and amplitude (ECE signal)

 Localized ECH heating may

have led to a specific pedestal

change necessary for grassy

ELM regime???

 ECH can be used as a

means to access different

ELM types?

4364
NBI+ECH (0º)

H-mode Many grassy ELMs

ECH injection angle changed H-mode characteristics
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 Vertical profiles from the 

midplane (z=0, -6, -13, -19 cm)

 Factor of ~2 increase of Ti & VT

after the transition

 Relatively smaller increase of Te

Time trace of Te, Ti & VT shows clear increase 

after L-H transition
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H-mode L-mode

 Large uncertainty on 3rd harmonics components on ECE intensity near

pedestal due to overlap with 2nd harmonics

 However, relative increase of pedestal Te in H-mode appears robust

 No discernable increase of Te in the core region (similar to XICS data)

Increase of Te

in pedestal

Clear Te increase in the pedestal region

ECE data by K-D. Lee, NFRI

H-mode
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 Ti increase mainly at R=2~2.25m (pedestal region)

 Overall VT profile rises rapidly during the κ rise even in L-mode

 Increase of VT during the H-mode observed in both core and pedestal regions
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 Absolutely calibrated Visible 
Bremsstrahlung measurement for 5 
channels out of 12 filterscope
channels along tangential chord 
(λ=523.3nm)

 A Labview program automatically 
takes VB data to store them in the 
MDS+ tree

 Te and ne data from XICS and 
interferometer measurement

 Zeff is derived with assumptions of 
Te and ne profiles, and calculated 
Gaunt factor

VB Chord

Visible Bremsstrahlung measurement 

By ORNL Filterscope
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4316, L-mode
4318, H-mode

L-H transition

Measured Zeff very high (Zeff~5) 
before the L-H transition (Ip still 
ramping up). Possibly because of 
the impurity influx while the plasma 
shaping is being established??

 Once the plasma shaping is 
complete and the plasma becomes 
detached from the inboard limiter, 
Zeff drops to ~2

 No significant difference in Zeff

between L-mode and H-mode 
phases

Zeff data have been derived for L- and H-mode
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Clear Evidence of Filaments during ELMs by ECEI

Courtesy by G.S. Yun, Postech

5 2

t=1740ms

R (cm)

Z
 (cm

)

ELMy H-mode

EFIT/TV

 Growth, interim steady phase, and bursts of edge localized filaments

LCFS
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Large ELM event consists of multiple crashes

 Initial large crash followed by multiple small bursts (~0.5 ms apart)

 Similar to the primary and secondary filaments in NSTX1 and C-mod2

1 2 3 4

1Maqueda, Phys. Plasmas 16 (2009), 2 Terry et al, J. Nucl. Mat. 363-365 (2007)

1 2 3 4

Courtesy by G.S. Yun, Postech



NSTX H-mode characteristics in KSTAR and effect of 3-D fields on divertor plasma in NSTX (Ahn) July 08, 2011 21

Outline

 Introduction to first H-mode plasmas

 Some features particular to KSTAR H-mode

− Slow L-H transitions

− Multiple type of ELMs and effect of ECH

 Diagnostic results of H-mode plasmas

− Profile measurement of Te (ECE) and Ti (CES)

− Temporal evolution of Te, Ti, and Vt (XCIS)

− Zeff from VB measurement by ORNL filterscope

− 2-D ECEI measurement

 Power threshold, confinement, and ELM loss estimation

 Summary and conclusions



NSTX H-mode characteristics in KSTAR and effect of 3-D fields on divertor plasma in NSTX (Ahn) July 08, 2011 22

L-H transition in low density regime and low power

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.5

1.0

1.5

2.0

2.5

[1020 m-3]

P
lo

s
s

[M
W

]

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.5

1.0

1.5

2.0

2.5

Exp. L-H power threshold (PLH)

Scaling L-H power threshold (PTH)

PTH = 0.042±0.002 ne20
0.73±0.07 BT

0.74±0.07 S0.98±0.03

en

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

[1020 m-3]
P

L
H

/ 
P

T
H

en

 L-H power threshold was investigated in low density regime 

 PLH decreases with increasing density

 Deviation from the prediction of scaling law gets smaller in higher density

 Need data points for density beyond 2x1019m-3
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L-H transition in low density regime and low power

Ryter, Nucl. Fusion 49 (2009) 062003
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 L-H power threshold was investigated in low density regime 

 PLH decreases with increasing density

 Deviation from the prediction of scaling law gets smaller in higher density

 Need data points for density beyond 2x1019m-3

 Same trend for the low density regime to recent data from other machines
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KSTAR Energy confinement time is in line with 

predictions of scaling law
 Global thermal energy confinement time

 tE, exp =Wth/Ploss

Wth=Wtot-Wfast

 Wfast contribution can be significant in low density  

NBI heated plasmas

 ASTRA calc. indicates 20-40% of Wtot

 Comparison with L- and H-mode scaling laws 

(ITER Physics Basis, 1999)

− L-mode (7 shots)

τE, ITERL 96=0.023Ip
0.96B0.03P-0.73n0.4M0.2R1.83ε-0.06κ0.64

− H-mode (6 shots)

τE, IPB98(y,2)=0.0562Ip
0.93B0.15P-0.69n0.41M0.19R1.39κa

0.78

 Maximum measured tE is higher than prediction 

from scaling law for both L-mode (86ms vs 69ms) 

and H-mode (130ms vs 115ms)

 HL96~1.3 and HH98~1.1

a)

b)
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 ELM size (fraction of pedestal stored 

energy) decreases with increasing  

pedestal Greenwald fraction1

 No density profile available for

KSTAR, but assumes      is

strongly correlated with pedestal

density in H-mode because of the

broad profile shape expected in H-mode

 drop measured by interferometer 

indicates ELM particle loss 

 ∆ne/ne decreases with increasing 

Greenwald fraction even with limited 

variation

 Some deviation for largest ELMs

∆
n

e
/n

e
(%

)

nebar/nG

PECH=200kW
PNBI~1.2-1.5MW

KSTAR large ELMs

Multi-machine
Type-I ELMs

ELM particle loss in KSTAR consistent with trend 

from multi-machine database for ELM energy loss

1Loarte, Plasma Phys. Control. Fusion (2003), 1560

en

en
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Summary and conclusions

 First KSTAR H-mode plasmas feature low power threshold, slow L-H 
transition, and various ELM types

 ECH injection strongly affected characteristics of ELM and sawtooth

 The measured Te, Ti, and VT profiles show strong increase in pedestal, but 
no significant change in the core except for VT

 PLH at low density shows deviation from the Pthr scaling law and is 
consistent with recent results from other tokamaks

 Estimated thermal energy confinement time is in line with the H98 scaling 
and H-factor of up to ~1.1 was achieved

More detailed characterization of KSTAR H-mode is planned for the 2011 
campaign, focusing on the profile measurements and parameter scans
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Motivation

• Small external magnetic perturbations used for ELM control

– ELM suppression (DIII-D) and mitigation (JET)

– ELM triggering (NSTX, MAST)

• 3-D magnetic perturbations can cause toroidally asymmetric 
heat and particle deposition

• The formation of 3-D magnetic field structures, and the 
transport of heat and particles through those structures are 
poorly understood

Understanding the 3-D field effects on the divertor profile is 
crucial for future machines, where such 3-D fields are 
probably unavoidable and likely to be imposed intentionally
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Outline

• Background and diagnostics

• 3-D fields cause divertor profile splitting, largely consistent 

with vacuum field line tracing

− Non-axisymmetric divertor profiles (n=1, 3)

− q95 dependence

− Pedestal collisionality dependence

− Increase of turbulence by applied 3-D fields

• Ideal plasma response does not change calculated splitting 

patterns substantially

• ELM heat flux follows imposed 3-D field patterns

• Effects of 3-D fields on divertor detachment

• Summary and conclusion 
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Outline
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− q95 dependence
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How do non-axisymmetric magnetic perturbations 
modify divertor heat and particle flux profiles?

• Interaction of non-axisymmetric

magnetic perturbation with 2-D 

equilibrium field  3-D topology of 

perturbed field lines in the edge1

• Stochastic plasma boundary and 

enhanced radial transport due to high 

diffusivity of magnetic field lines

• Poloidal magnetic flux is organized by 

complex topological structures known 

as homoclinic tangles 

 Strike point splitting

 Modification of divertor profiles

1T.E. Evans, Contrib. Plasma Phys. 44 (2004), 235T.E. Evans, J. Nucl. Mater. 390-391 (2009), 789
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Divertor heat flux and Dα measurement in NSTX

IR Camera, Φ=135º

Dα Camera Φ=255º

3-D field coil

100

170
Thermography details: J-W. Ahn. RSI (2010), 023501

• Wavelength range: 8-10μm  3-10μm

• Frame speed: 1.6 (128x128) – 6.3 (96x32) kHz

• Spatial resolution : 5-7mm

• 2-color IR data becoming available (A. McLean, 
RSI (2011))

• 2-D heat conduction model (THEODOR)1 for 
heat flux calculation

Gap between 

inner and outer 

tiles

1Collaboration with IPP Garching, A. Herrmann
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Strike point splitting is predicted by 
3-D field application

Br sensors  

Bp sensors

Error Field Correction (EFC) coils

• 3-D fields (n=1, 2, 3) applied by 

midplane EFC coils
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Strike point splitting is predicted by 
3-D field application

• Connection length for field lines at divertor target, 

computed by vacuum field line tracing

• Field line tracing uses superposition of vacuum 

n=3 fields and 2-D equilibrium fields

IR view Dα view

n=3
135183

t=408ms

• 3-D fields (n=1, 2, 3) applied by 

midplane EFC coils

Br sensors  

Bp sensors

Error Field Correction (EFC) coils



NSTX H-mode characteristics in KSTAR and effect of 3-D fields on divertor plasma in NSTX (Ahn) July 08, 2011 36

Outline

• Background and diagnostics

• 3-D fields cause divertor profile splitting, largely consistent 

with vacuum field line tracing

− Non-axisymmetric divertor profiles (n=1, 3)

− q95 dependence

− Pedestal collisionality dependence

− Increase of turbulence by applied 3-D fields

• Ideal plasma response does not change calculated splitting 

patterns substantially

• ELM heat flux follows imposed 3-D field patterns

• Effects of 3-D fields on divertor detachment

• Summary and conclusion 
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n=1 field application produces clear 
non-axisymmetric divertor profiles

• Application of n=1 field is expected to produce less splittings in the 

divertor profiles and different splitting patterns at different toroidal

angles  Static rotation of applied n=1 field

• Comparison with field line tracing shows good agreement

J-W. Ahn, Phys. Plasmas 18 (2011), 506108 
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Distribution of splitting locations from measurement 
and vacuum field line tracing in good agreement

• Measured heat flux profile 

(orange) overlaid with vacuum 

field line tracing plot

• Dense regions in the puncture 

plot correspond to long 

connection length lobes from 

the pedestal region, therefore 

expected to have higher heat 

and particle fluxes

135185, 433ms

n=3 applied

J-W. Ahn, Nucl. Fusion 50 (2010) 045010 



NSTX H-mode characteristics in KSTAR and effect of 3-D fields on divertor plasma in NSTX (Ahn) July 08, 2011 39

Strike point splitting is consistent with n=3 
periodicity for n=3 applied fields

• The profile modification is 

expected to have n=3 periodicity 

(120º) due to the imposed n=3 

field structure

• Locations of local peaks and 

valleys in the heat flux (IR camera 

at 135º) and Dα (at 255º) profiles 

are similar

n=3 applied

IR heat flux (a.u.), Φ=135 deg

Dα profile (a.u.), Φ=255 deg

J-W. Ahn, J. Nucl. Mater. (2011)
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Fraction of heat flux through split strike point 
channel is higher in higher q95 case

• Effect of 3-D field on the strike point splitting in heat flux profile 

becomes stronger with increasing q95

• Intrinsic strike point splitting in heat flux profile is also stronger in 

high q95
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Splitting in Dα profile does not show as strong 
dependence on q95 as in heat flux

• Splitting in Dα profile by applied 3-D field shows less dependence 

on q95 than in heat flux profile

• Low q95 produces more pronounced strike point splitting, ie 

opposite trend to the heat flux profile???
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Higher pedestal collisionality helps produce 
stronger profile splitting

• Pedestal electron collisionality is high (ν*ee, q95=2-6) and shows clear 

correlation with pedestal Te

• Splitting in Dα profile becomes stronger with higher collisionality
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Higher pedestal collisionality helps produce 
stronger profile splitting

• Pedestal electron collisionality is high (ν*ee, q95=2-6) and shows clear 

correlation with pedestal Te

• Splitting in Dα profile becomes stronger with higher collisionality

• Heat flux profile splitting shows less consistent trend with collisionality
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Change in turbulence during 3-D field application

• Reflectometer measurement at multiple

fixed frequencies (S. Kubota, UCLA)

• ν/σ signal for the outer most edge channel   

shows clear decrease during the 3-D field 

application  increase of high k turbulence

• Analysis for discharges with different q95 

and pedestal collisionality is under way

44

62.5 GHz

60.0 GHz

57.5 GHz

55.0 GHz
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Outline

• Background and diagnostics

• 3-D fields cause divertor profile splitting, largely consistent 

with vacuum field line tracing

− Non-axisymmetric divertor profiles (n=1, 3)

− q95 dependence

− Pedestal collisionality dependence

− Increase of turbulence by applied 3-D fields

• Ideal plasma response does not change calculated splitting 

patterns substantially

• ELM heat flux follows imposed 3-D field patterns

• Effects of 3-D fields on divertor detachment

• Summary and conclusion 



NSTX H-mode characteristics in KSTAR and effect of 3-D fields on divertor plasma in NSTX (Ahn) July 08, 2011 46

Radial location and spacing of profile splitting little 
affected by plasma response inside the separatrix

Vacuum n=3 IPEC n=3, ΨN=0.97

NSTX #135185@409ms

• Plasma response computed by Ideal Perturbed Equilibrium Code (IPEC)1, 

an ideal MHD code capable of solving 3-D equilibrium with free boundary

1J.-K. Park, Phys. Plasmas (2007), 052110
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Heat flux from ELMs triggered by n=3 fields follows 
imposed field structure

• Striations in the heat flux profile appear in the same locations as 

was before the ELM

• 3-D field (n=3) triggered ELMs are phase-locked to the externally 

applied perturbation structure (also seen in DIII-D1)

qIR/3

n=3 applied

1M. Jakubowski, NF 49 (2009), 095013

n=3 field

Inner

tile gap
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Applied 3-D fields can reattach detached plasma but 
it can be avoided by high gas puffing

• Divertor plasma was made detached by 

raising divertor gas puffing

• Divertor plasma regime was monitored 

by multiple diagnostics (divertor 

spectroscopy, Langmuir probe, IR 

camera, etc)

• Balmer 10 line intensity: good indicative 

of volume recombination, characteristic 

of divertor detachment

Divertor 

gas puffing
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3-D field 

• Applied 3-D fields make the detached divertor plasma re-attach in 

medium divertor gas level, leading to a peaked heat flux profile again

Detached (low gas puff)

Applied 3-D fields can reattach detached plasma but 
it can be avoided by high gas puffing
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• Applied 3-D fields make the detached divertor plasma re-attach in 

medium divertor gas level, leading to a peaked heat flux profile again

• If the divertor gas puffing is high enough, plasma stays in the 

detached regime even with 3-D field applied

Detached (low gas puff) Detached (high gas puff)

3-D field 

Applied 3-D fields can reattach detached plasma but 
it can be avoided by high gas puffing
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Low gas puff
• Pedestal Te profile jumps 

back up when the re-

attachment occurs by 3-D 

fields application to the low 

gas puff detachment, while 

density profile only shows 

little change

• Interestingly, Ti does not 

change and Vt keeps 

decreasing even with the 

reattachment

• Again shows the dominant 

role of the Te profile in 

raising pedestal pressure 

(making the ELM size 

bigger??) with the applied 

3-D fields

Divertor plasma re-attachment is accompanied by 
pedestal Te profile increase with applied 3-D fields

J-W. Ahn, EPS 2011
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High gas puff

• Both the pedestal Te and ne

profiles remain decreased in 

the high gas puff case even 

with the applied 3-D fields

• Ti profile also little changes, 

therefore total pedestal 

pressure and the gradient 

remain reduced

 Related with the smaller 

ELM size??

Applied 3-D fields does not raise the pedestal Te

when the gas puff rate is sufficiently high
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USXR data reveals propagation of the edge 
flattening toward the core during detachment

• Channel #0 represents the outer most edge and #15 the core

• 3-D fields cut off only the very edge emission (Channel #0 and #1)

• The steep gradient at the edge disappears as the detachment sets on. Flattening 

propagates from the edge toward the core region 

0    2     4    6    8    10  12   14

Channel #

0    2     4    6    8    10  12   14

Channel #

J-W. Ahn, EPS 2011
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USXR data supports the pedestal profile change 
observed by TS

• For the re-attachment case with the lower gas puff, the applied 3-D field restored 

the edge gradient  This restoration appears to be related to the observed pedest

al Te increase

• The edge gradient remained decreased with high gas puff rate

 Consistent with the continued divertor detachment 

54



NSTX H-mode characteristics in KSTAR and effect of 3-D fields on divertor plasma in NSTX (Ahn) July 08, 2011 55

Summary and conclusions

• Splitting of divertor profiles caused by 3-D fields (n=1, 3) was measured for 

applied and intrinsic 3-D fields. Comparison with vacuum field line tracing 

shows good agreement

• Inclusion of plasma response does not affect the structure of split strike point 

significantly

• 3-D field triggered ELM heat flux follows split strike point channels

• Higher q95 produces more splittings in the divertor profiles and higher 

fraction of heat flowing into the split strike point channels

• Higher pedestal collisionality makes the Dα profile splitting stronger but heat 

flux profile shows less clear trend in the range investigated, 2< v*ee <6

• 3-D fields can reattach detached divertor plasma and increase the pedestal 

Te profile, but the reattachment can be overcome by additional gas puffing.


