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Introduction

» First H-mode plasmas were produced in 2010 campaign, 1 year ahead of
schedule, with only minor heating power (P, < 1.6MW)

= Major upgrades during 2009-2010 outage:
— Full carbon PFCs and baking capability up to 200°C
— 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 NBl 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

= Access to H-mode at B;~2.0T (constrained by ECH frequency, 110GHz)
= |p=600kA, R~1.8 m, a~0.5 m, nebar > 1.5x101° m-3, k~1.8, close to DN

= Clear indication of L-H transition from D, W,,p, XICS, ECE, CES, etc

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

= Low threshold power, P,,< 1.5 MW

= 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

= High frequency ELM precursors observed in Mirnov signal
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Fast CCD images of KSTAR plasmas

Diverted L-mode H-mode During the ELM
(t=1.229s) (t=1.354s) (t=1.838s)

0:00:91:329 0:00:081:454 2 9| i | 0:00:01:938

Shot 4232
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EFIT is in good agreement with CCD image

KSTAR #004333

‘e 1.300s EFIT reconstruction by Y.S. Park, Columbia Univ

» Highly shaped plasma
K~1.7,0~0.6
R ~2Cm
R ~10cm

inner,gap

outer,gap

= Slightly unbalanced DN
(Lower Single Null)

J Another strike point n Primary and Secondary
7/ X-point ) .
e — separatrices visible

= |on VB toward lower
divertor

Inner strike point Outer strike point
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Time traces for typical H-mode in KSTAR

g jggff’i—f ~ - = Fresh boronization helped
220 L-mode H-mode L-mode - achieve L-H transition

/m’\\ | » Transition immediately after Ip
| ramp-up phase, during rapid

rise of kK (1.3-2>1.7) for
diertor many discharges

’ .O:J [ » Transition during steady state

EOZ m ReLem was also achieved
: e = Up to ~70-80% of increase
Q 1-1 : L observed for Wy,,p and B,
g N .
3 05— | | = Low threshold power
9 L L L L — Pyg~1.3 MW (80 keV, co-Ip)
o —
gl.sf/ \j“\ — Peey~0.2 MW (cntr-Ip)
. ) ; i Zr : - POH~O.2 MW

timelsl
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KSTAR L-H transition is very slow

* Very slow L-H transition for

Coal 4333 ! | 5 most KSTAR H-mode shots
Eiiw * Transition time from midplane
2o ; D, (~50ms) is longer than
0.677 i Mw divertor D, (~10ms)
0410 1
9.144—__/»”/\L = Contrary to previous
R explanation for DIII-D case,
157 based on phase transition
model using X-point MARFE to

1.0

0.46 . .
acCess marglnal fransition

regime (Ploss~Pthres)

GDIV O—alpha

-0.14
82,04

61.09
41,08

19.08
=1.92

Core ECE Midplane D—alph

= Sawtooth crash synchronized
with the L-H transition in many

2 795

“ o0 cases. Sawtooth is observed to
£ 1B ! 1 trigger fast L-H transition

’ 2 - e (<1ms) in other machines
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Multiple types of ELMs observed depending on

heating method

H-mode

P.u—=1.5MW for both

dplane D—alphcdliv D—alpha

b
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Time [(s4c)

* NBI heated plasmas:

- H-mode begins with dithers
and medium amplitude and
frequency (fg, ,=70-100HZz)
ELMs occur

- ELM-free period follows

- Then large ELMs with long
inter-ELM period

= NBI+ECH heated plasmas:

- Initial ELM-free period

- Low frequency (fg ,,=15-30Hz)
and large amplitude ELMs

—> Higher frequency (fg, ,=200-
300Hz) and very small
amplitude ELMs between large
ELMs



ECH injection angle changed H-mode characteristics

H-mode Many grassy ELMs
Y9 | y

4 ~ " Perpendicular (0°) ECH
BHECH(O )_ 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?

Time [s4c)
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L-H transition in low density regime and low power

Courtesy by Y-S. Na, SNU

28¢ = Asdex-U data in 2008!
o af PLH at AUG T shows a minimum of P, at
3 nebar = 4.5 x 1019 m-3, very
20k similar for He and D
S e 1 » KSTAR operation parameter
S 1.6f . ', + f similar to AUG, except Ip
— I [ |
D-é 1.2 j_ w (600kA VS 1MA)
: o’ ¢——'p . atKSTAR
0.8 = ,' B
g o \
0.4F
i ZPTH = 0.042 ne200.73 BTO.74 S0.98
R RS W G AL IS Criir Al I s il M W

P BT | |
00 01 0.2 0.3 04 05 0.6 0.7 0.8 0.9

PLoss kstar = PortPaux-Prad-Prastion-dW/AL [MW] 1Ryter, Nucl. Fusion 49 (2009) 062003
Plossaus = PontPaux-dW/dt [MW] 2Progress in ITER Physics Basis (2007)
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L-H transition in low density regime and low power

Courtesy by Y-S. Na, SNU
2.8

: P, at AUG
2.4f “ \

2.0} P, at KSTAR

S 1.6} T

212 :lh"'
- ¢—— p .. at KSTAR

0.8F ' Mo

0.042 n, 073 B;0-74 S0.98

b N

M
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

= Asdex-U data in 2008
shows a minimum of P, at
nebar = 4.5 x 101° m3, very
similar for He and D

» KSTAR operation parameter
similar to AUG, except Ip
(600kA vs 1MA)

= P, confirmed for two density
points in KSTAR
- Trend in very low density
regime reproduced??
More data points needed

PLoss kstar = PortPaux-Prad-Prastion-dW/AL [MW] 1Ryter, Nucl. Fusion 49 (2009) 062003
Plossaus = PontPaux-dW/dt [MW] 2Progress in ITER Physics Basis (2007)
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KSTAR Energy confinement time is in line with
predictions of scaling law and even higher

T [KSTAR — 7 » Global energy confinement time
o 3 ) 2 g exp =Wurp/Ploss
e 2
<o ¢ = Comparison with L- and H-mode scaling laws
. (ITER Physics Basis, 1999)
f — L-mode (7 shots)
ool el T 11erL 96=0.0231 0-99B0-03P-0.73n0.4\|0.2R1.835-0.06,c0.64
Te ITERII_E%6I .(f.) —
“F H-mode compactmen 3 — H-mode (6 shots)
; cuoo 3.6:0.7s . e |P|398(y,2):0-0562|p0'93BO'15P-0'69n0'4lM0'19R1'39Ka0'78
= i 1 = Maximum measured t is higher than prediction
I et - from scaling law for both L- (108ms vs 69ms)
N A . and H-mode (163ms vs 115ms) plasmas
o | i} - Hfactor up to ~1.42
e e 4% =Accuracy relies on calculation of Py and W,

Te 1pBos(y,2) (S)
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ELM particle loss in KSTAR consistent with trend

from multi-machine database for ELM energy loss

o Multi-machine o T eossaMasOr
- Type-l ELMs o oz = ELM size (fraction of pedestal stored
o2 “ . ol g energy) decreases with increasing
R T pedestal Greenwald fraction?
% 1 =% A e ¢ m “m . . .
Fun| 4o ° o AP » No density profile available for
%5 "%, %" KSTAR, but assumes nebar is
1 T strongly correlated with pedestal
T - density in H-mode because of the
| . | e broad profile shape
- » nebar drop measured by
Wi Byl i A interferometer indicates ELM particle
=3 & 0 o il loss = An./n, decreases with
;; . .S °% in_cregsi_ng Gre(_an\_/vald fraction even
%m ‘ kg silli with limited variation
T pge200w ® = Some deviation for largest ELMs
Pys~1.2-1.5MW
03 035 04 045 1L oarte, PPCF (2003), 1560
nebar/ng
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Time trace of Te, Ti & V; shows clear increase after

| -H transition

X-Ray Imaging Crystal Spectroscopy (XICS XICS data by S.G. Lee, NFRI

Vo [km/s]

- = Vertical profiles from the
midplane (z=0, -6, -13, -19 cm)

> = Factor of ~2 increase of Ti & V7
After the transition

» Relatively smaller increase of Te

0 i [
0.5 15 2.5

timelsl
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Clear Te increase in the pedestal region

ECE data by K-D. Lee, NFRI

Shot 4200 : Te Profile (ECE) @ 1..=19.63 kA Shot 4201 : Te Profile (ECE) @ 1,.=19.64 kA
tzl-sos E C t:lLSOS T T L L L T
25 R e s £
A t=210s | After L-H A t=210s

2r B

|
A
. 456 P £h
05/- Mg %) 7 o5 M Q?
w I—rl-mroder | F'que |

r r r r r r r r r r r r
0.5 -045 -04 -035 -03 -025 -02 -015 -01 -0.05 O 05 -045 04 -035 -03 -025 -02 -015 -01 -0.05 O
r (m) r (m)

Increase of Te ﬁ

/ in pedestal )

1.5

T (keV)

T (keV)

e

= Large uncertainty on 3" harmonics components on ECE intensity near
pedestal due to overlap with 2" 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)
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Ti and V; pedestal profile shows large increase after

| -H transition

#4200 ’0 #4200
" Ti(0.5~0.68 (1.7~
CES data by = Tos-06 P a8 [ H-mode
T i ) CES *  Ti(1.9~2.08)
W.H. Ko, NFRI CES - Ti(0.9~1.08) o Ti(2.1~2.28)
y 15) v Ti(1.1~1.28) ] 15 O A
¢ Ti(1.3~1.48) s % o
= Ti(L5~1.68 @ . .
> 1 I B3 Large increase of Ti
Ti fil L 10t i Y 1 . _Lor ] v . .
i profile = ‘ 1 = by mainly in pedestal
R Db
- Az a P
05F . - KA !i ;i b 05} 29 g
N ol @
[ ] . i o; §
" anm i li 3; i . §§ i
%00 1800 1900 2000 2100 2200 2300 000 100 1900 2000 2100 2200 2300
Rl oo
200 T T T T T T 200 T T #4I200 T T T
V1(0.5~0.68) B Vt(1.7~1.88) -
CES : Vt(0.7~0.88) CES * Vt(1.9~2.08) H mOde
150 A x:((l).i:i.gg) 5ol . o Vi(2.1~2.28)
§ . VtEl:3~1:48; ) * i LI ° Vi(23-2.48)
E 4 V{(1.5~1.68) % ﬁ ;i .
. = < € i ] ¢ ax
Vy profile  gwor o 2 100 i,
S Jump ¢ L > . O
© durin i > ° "
so1 aurng 312 _ - O sof oo, 82"
K rise gtt o al
[ ] : : A :4 “ 3 § § %
IS I AT LA A
1700 1800 1900 2000 2100 2200 2300 1700 1800 1900 2000 2100 2200 2300
R [mm] R [mm]

» Ti increase mainly at R=2~2.25m (pedestal region)
= Overall V- profile rises rapidly during the K rise even in L-mode
» Increase of V; due to H-mode observed in both core and pedestal regions
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Clear Evidence of Filaments during ELMs by ECEI

Courtesy by G.S. Yun, Postech

= Growth, interim steady phase, and bursts of edge localized filaments
shot=4362

EFIT/TV
0 500 1000 1500 2000 2500
3 | 1 1 1 1 1 1 ] 1
D
= 1
0.5
=
= 0
05
o04f
E 0.3} ;-
- 02} q
01t ’ | T
0f ELMy H'mOde h =1l M0
0 500 1000 1600 2000 2500 14 16 18 2 22
Time (msec)
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Large ELM event consists of multiple crashes

Courtesy by G.S. Yun, Postech
= |nitial large crash followed by multiple small bursts (~0.5 msec apart)
= Similar to the primary and secondary filaments observed in NSTX* and C-
mOd** shot=4362

1733 1734 1735 1736 1737 1738 1739 1740

LF§13-2

LIF§13-5
=]
]
o

0.34} i : : i : : i
1733 1734 1735 1736 1737 1738 1739 1740 '
Time (msec) 210 215 220 210 215 220 210 215 220 210 215 220
R [em] R [cm] R [cm] R [em]

* Maqueda, Maingi, and NSTX team, PoP 16 (2009), ** Terry et al, J. Nucl. Mat. 363-365 (2007)
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g,

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

P, 4 at low density indicates diverge from the P, scaling law and is
consistent with results from other tokamaks

Estimated energy confinement time is in line with the H98 scaling and H
factor of up to ~1.4 was achieved

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

Detailed characterization of KSTAR H-mode is planned for the 2011
campaign, focusing on the profile measurements and parameter scans
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Backup slides
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Power Loss Phase Diagrams

Courtesy by Y.S. Na, SNU

2.5 2.5
I B Paux=PneitPech i B Paux=PnetPecn
i ® Pux=Pus i o ® Paux=Pus
2.0 B 2.0 B :
% 15 :‘ - [ | m D_E 15 :_ .‘.
o lbl..f..'.— . > | o
= 1.0} @ 1.0 —= e
: [ | - i I [ |
: P, at KSTAR "®
0.5F 0.5F
: : *PTH =0.042 ne200'73 BT0.74 80'98
00;——061"02 03 02 05 29 —01 02 03 04 05
ne ne [10%° m-3] ne e [10%° m=3]

= Estimated P, .. for H-mode shots in replacement of P,
= |nitial data suggests P, Is diverging in the region of low density from
the scaling law as reported in other tokamaks, assuming that

estimated P . Is similar to P,
*Progress in ITER Physics Basis (2007)
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High frequency precursor for ELMs

— K’TA R Frequency spectra during ELM (/};)

PrObe and MagnetICS data by \] G . Bak, N FRI Up to 50 kHz ELNL precursor; were observed

in Mirmov coil

Electrostatic fluctuations by Langmuir probes during ELM

I:AE! a0 (gt} |
i LN\J o= [___q‘\'}.\,_‘ m‘_.........._‘]l
[ 1. he 1. 1ne 159 e - - o e
fregem |

P

4231 ~:.I<< u P S

NERrI

DasuaTs
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Rotation profiles are self-similar for L- & H-modes

Change of NBI torgque is not sufficient to explain the increase of VT in H-mode
Simple diffusion model predicts lower toroidal viscosity for H-mode (0.8 vs 1.0 m?/s)

200000
0.1
— Torgue
150000 ’
= 0 inertia will be doubled
e "~ by density increase in H-mode
> ;
7 > 0.06
E‘lUUUﬂU * L-CESExp "B
= o
'S A H-CESExp - 0.04 |
L o
g — L-Xeff=0.8 N g
— B b S —T L
T 50000 | ) gy \\‘ 2 0.02 e
=) \ = Torque H
5 — H-Xeff=0.8
|_
— H-Xeff=1 0 | L |
0 : : : : 0 0.1 0.2 0.3 0.4 0.5
0 0.1 0.2 0.3 0.4 0.5 .
Radius [m]
radius [m]

Estimations of rotation based on the NBI torque
Assumption : no pinch, no intrinsic torque, constant viscosity
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Transition Is synchronized for Giant Sawtooth Crash

11 1.15 1.2 1.25

divertor |]

1.3

time[s]
Bigger sawtooth

1.35

Synchronized with ST

1.4

Shot # 4333 Snot# 4202
0.06F 0.08
ECE core o6l ECE core
5 0.04 El |
5 f 0.04 -
9 0.02 0
. R=1.8 m " ooz R=1.8 m
0k 0=
.15 LH transition 02-ECE
3 'S5 015+ .
S o1 \ v LH transition
4 | ECEed P g
0.05¢ R=1.55m | | 0.05 R=155m | |
0- 0*
i 3

divertor

i 1.15 1.2

1.3 1.35 1.4

Smaller sawtooth

Not synchronized with ST

KSTAR
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Effect of ECCD on sawtooth at transition

4361 : central cntr-ECCD
Rt : L L L L 7 4364 : central perpendicular
4363 : central co-ECCD

-1.42

-1.44

ECE [a.u.]

With 70keV co-NBI (~0.8 MW)
(ST period increased as reported)
A. Mux, EPS 2003

-1.46

-1.48

-2.4

-Larger ST peroid & smaller
amplitudes for Cntr- & co- ECCD
Stabilizing!

-2.45

ECE [a.u]

2.5

-smaller ST period & larger amplitude
for perp- ECRH

n [1019 m'3]

) Destabilizing!

2T transition I

U 1l 12 s 1s ism 14 i is -Stabilizing effect for Cntr- & co- ECCD
time{s] (different from reported)

A. Manini, EPS 2005
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Effect of ECCD on ELMs (effect of density?)

4361 : central cntr-ECCD
2 ; ; L 4361L L L 4364 : central perpendicular
15/~ I 4363 : central co-ECCD

4364

Perpendicular ECRH has low
amplitude & grassy ELMs

ECE [a.u.]

Small drop of ECE for
perpendicular injection

However, it might be due to the
different density level also.

n [1019 m'3]
w
T

e

n

ol
]

time[s]
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