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Characteristics of H-mode discharges
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Pedestal evolution in-between ELMs

o goig L #7552 .............................. ......... Different time scales durmg ELM Cyc|e
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- Thermal (T, eped & T ped)
Fast bulidup & saturation
Faster saturation of Te

" - Rotation
~7  steady increase in entire phase

~ Fluctuation analysis is on-going
(using Edge BES)




With SMBI, Stimulated transitions found with

30% reduced absorbed power
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Edge profile changes are accompanied for the

stimulated dynamics

(5. SMBIL SMeL Ped. * Lowern, branch case (#7865)
| | : ~ | '  [——=2a04| + Theinduced density profile
- — 241 steepening is maintained more than
o T T T e N 321 ' ~200 ms until the H-mode onset at 2.65s
= - Y |— 27 — Longer than particle confinement
;.3'3 05k Edge reﬂectometry o ‘ ........ ............ ............ time
@ @ 7865 | | - : * Possible mechanism:
0 . i i - i SMBI deposit on pedestal = local profile
08 08 08 095 1 105 11 115 12 /
) changes - changes on (VE>
oo i \ne|nter01;2?865 . H = -
j;’_::::;;.;;;;;;;;j;eja_:as::j::j::: | Poloidal flow
1?‘:’28:ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ;ﬁaﬁﬁﬁﬁ';ﬁf """ | N - Density ~ Pressure /
oS T B gradient curvature | Torgidal flow (not
DI T . t )
m __________________ _________________ ) Diamagn'etic drit  considered here)
flhﬁw | ] N | | K. Miki, PRL 2013
o oo e | SMBI InJeC’[Ion cf. DII-D 1.3 mm smaller pellet scan did not
118.? __________________ — _ -at 2.4 S, #7865 report any stimulated transition with no
e | SV change on pedestal (2013)
Time [s]
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= Status of pedestal diagnostics




Profile Reflectometry NERI

Wh ic h Cove rS fu I I ra d ia I ra n 0 e http://WW\.«V.nfi’8e.l<r

B W\ vCo Power  Frequency Faraday LPF-30dB Notch -60dB Mica Window
"«,‘\ \ (8-12GHz Divider  Multiplier Isolator =50 GHz  f=170 GHz 50 pm
C o= = H G- =060
Isclator Mixer
(=] 0

Faraday | PF -30 dB LPF -30 B Notch -60dB
Isolator  {=50 GHz =50 GHz  f=170 GHz

Delay line oo

Multiplier

IF Amp HPF -30 dB
f=2 MHz

\ %

\ \
A\

/ X
Reflectometry Specifications
# of channel 3 bands (Q, V, and W)

frequency 33.6-54 GHz (Q band)
48-72 GHz (V band)
72-108 GHz (W band)

time resolution 25 us
spatial resolution 0.5 mm
maximum storage 160 ms (32 Mbytes memory)

antenna pyramidal long horn antenna
(40 mm x 32 mm x 300 mm)

antenna position  antenna entrance @ R=2.624 m

8 National Fusion Research Institute



Specification of KSTAR Thomson scattering systemis g2 !

http://www.nfri.re.kr

KSTAR Thomson scattering system(2013)

- Te : 10eV~1.5keV (edge), 500eV~20keV (core)

- ne : 3X1012~2 X104 cm-3

- 17spatial points (core 5, edge 12 points)

- Spatial Resolution : <10cm (core), <10mm (edge)

- Polychromator 17ea (core 5ea by NFRI, edge 12ea by NIFS)
- Laser : ~5J, 100Hz Nd:YAG Laser, 1064nm

5J, 100Hz, 1064nm Double laser line

A-line  2.5J, 100Hz

B—ilne 2.5) 100Hz g

Plasma center A=1064nm, pulse width ~20nsec
* LASER system rented from JAEA

Calibrated by
« Rayleigh scattering with N,
 Spectral calibration with W (tungsten) ligh

Measuring Position

National Fusion Research Institute




Charge Exchange Spectroscopy on KSTAR NI

http://www.nfri.re.kr

< m CES specification in 2013

10 msec (100 Hz)

20 ~ 50 mm (Core), 5 mm (Edge)
>100eV & >~ km/sec

Active CES — M port

32 points (Max.51points available)

Time resolution
Spatial resolution
Ti & V, range
System location
No. of Channels
NBI modulation
Impurity
Spectrometer

5Hz 95% duty rate (requirement)
Cy, (529.05 nm)
DS-spectrometer (DU897), K-spe.

10 National Fusion Research Institute




Li/D Beam Emission Spectroscopy System NE=2|

http://www.n frqre1 lcr

BES Specifications
D Beam

(Heating) : Local (Resolution) 1cm

\\\\\ " 2D (Pixel) 4x8 (will be upgraded to 4x16)

\\N\\\\\\ Li Beam

RN (Diag"/°5ti°5) Fast (Sampling) 2 MHz

RN :
AV Fluctuation (SNR) ~ 150 (~ 3% background)
AU

Meas. Position

Filter Heatable (for fine tuning)
Rotatable (for background cal.)
Changeable (for Li/D)

\\ Measurement
/“‘&\\  Positions Cameras APD (fast) / CMOS (high res.)

Time Range up to 100 sec

lon Source Li Beam Parameter

Diameter 2 cm (in the plasma)
10 cm (defocused)

Current ~ 2 mA

Energy <60 keV

Pulse Length 20s

N
7

Radial & Vertical ~ Species Lithium
Positioning (neutralized by Sodium)

National Fusion Research Institute



Typical KSTAR Pedestal profiles

Pedestal structure both in Thomson & CES for H-mode
(further comparison is on-going)
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2280 2300

Shot #9422
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Initial comparison showa good correlation
between ECE & TS NI

http://www.nfri.re.kr

Shot 9422 : Te Profile @ ITF=26.00 kA [tave=20 ms]
3.5 E E

‘ Shot #9422
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=26.00 KA [t. =20 ms]
ave

O t=2500s
A t=2300s ||
Ll t=2100s

Value of T, .4 are in good agreement
Position of separatices < ~ 1 cm

ECE could be used for fast pedestal Te
measurements with B;>26 T

Density need better laser calibration
(also with Li-BES)

13 National Fusion Research Institute
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Research topics on pedestal physics
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Optimal RMP configurations for KSTAR

FEC coils used for RMP = 3 (poloidal) x 4 (toroidal)
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In 2012, ELM-suppressions have been successfully
demonstrated using both n=1 or n=2 RMP

_(a) T I

il | : | ' I T I i : L :
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A generalized criterion suggested for ELM-
suppression

1.00

)

o
)
s

#7820 W | | #7821 (n=1, +90 deg)
o N 8B (yy=0.95)/B; =13.7x104/1.8
~7.71x10-*
#8060 (n=2, mid-FEC only)
8B (yy=0.95)/B; =10.97x10-4/1.5
~7.31x104

Flux

SQRT (Normalized Poloidal

ELM-suppression requires
OB rgs=0Bg (y=0.95)/B

Similar ELM-suppression by ‘+90

phased n=2 RMP’ is expected with
less FEC currents if the generalized
criterion is valid, since ‘+90 phased

mid-Fec i .' :

| i m . >
Qgs~4.1 W RMP’ is more resonant by a factor
0.75 S%SR(\V,\FO.Q |'| ( -’j- Of 1.7. y

~10.97G

-20 -15 -10 -5 0 5 20 00

Poloidal Mode Number, 'm' (<0: Left-, >0: Right-Handed)
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ELMs suppressed using +90 phased n=2 RMP

O

I( 2.7MW NBI

i_ II T
r | 6.0kAt FEC

Time (sec)

> <

n=2 even (top/bot)

()
pY NationakFsier Reieamyinstivve

n=2 (+90, top/mid/bot)

| #9286: 1,=0.65MA, B(=1.8T 2
| Go5~4.0
1 = ELM suppression under 6.0kAt

n=2 RMP at q95~4.0

' Initially ELMs mitigated by n=2 eve
7 (top/bot) RMP

| As mid-FEC currents added
1 (n=2,+90 RMP), ELMs further

mitigated and then suppressed

P

| Note that ELM-supprmséd phase
| showed better confinements than
g that in ELM-mitigated phase

- See changes on <n. >, W,,, and [




ELM responses to n=2 RMP field strength

m
—
$
3.
—
Q
4]
=
©)
>
m
—
0
(8
[
B © B
O
-_—
D
(7]
(%2)
O
- }

' No response  ELM-mitigatior

"
=
=
o]
1
£
=
=
1]
Y
S
=
=
L
[

4— blfurcatlon

| Transport .

: occurred -

= o

lreC “(A-tl.l r

(Q) Can we get to the point marked *
with | by applying Ie=8.0kAt at qgs
outside suppression window ?
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| Blue points: ELM mitigation by

different n=2 FEC currents in

identical discharges (gqs~4.0)

- Strong linear correlation
between ELM freq. change
and FEC currents

1 Red point: mitigated ELM at just

outside ELM-suppression

window of qqs (during ggs scan

- fr.m change reached up to a
factor of ~10

| s
((Bifurcation))
With 6.0kA n=2 RMP fields,
ELM-mitigation was bifurcated t
ELM-suppression state




Distinctive fast time scale phenomena that are
directly linked to the transition to ELM-suppressed

Distinctive features observed ---
 Increased base—level of D

fluctuations

All of these “fast time—scale phenome
were “precisely synchronized”

e e

4.45
Time(sec)

At the moment of transition to ELM—-suppression in

KSTAR #7820. RMP was applied in whole period here

4,40

Nztional Fusicr Research Institute



How the uniform broadband increase of EM
fluctuations can be produced ?

Features of observed EM fluctuatio

change

(1) Broadband (actually full range
up to ~250kHz) frequency

(2) Uniform spectrum power

Only possible with a bursty event

such as shown in ELM-crashes
cannot be explained with
coherent MHD activities

| 'vs
450 :

Time(sec) | ll A persistent bursty event may
At the moment of transition to ELM-suppression in be activated in the plasma edge
KSTAR #7820. RMP was applied in whole period . :

i P which produces broadband EM

here
fluctuations

Nztional FusicryResearch Institute



Rapidly increased, steady fluctuations on lon
saturation current suggests a persistent bursty event

 Rapid increase of I fluctuation in
the inter-ELM period

 Rapid decrease of I fluctuation
prior to the next ELM crash

* Precise synchronization with EM

fluctuation

Spiky fluctuationonl_, 2>

bursting event

sat

bursting event produces a |
steady spiky fluctuations on I__

K

At the moment of transition to ELM-suppression in
KSTAR #7820. RMP was applied in whole period here

Nztional FusicrResearch Institute



The persistent bursty event occurred in the plasma
edge
Increased D, em|SS|on near the plasma boundary

;360 ) Wy \ * Emission from CCD « D
ag 2% - * No clear change on

15.00F : : ; topology at the transition

§ 2.50  Only emission intensity wa:
increased strongly

=> The persistent bursting
event in the plasma edge

0 leads increased neutral
recycling near the plasma
boundary, thus increasing

/o RMP o Nfle
:v=g.15 sec Dq emission

504

Nztional Fusicr Research Institute



Scan of position of ECH deposmon N&-RrI

http //WWW nfri.re.kr

Poloidal anale scan B
ppol ~ 0. 96 ) ppol 0. 94 ppol ~ 0.98 100 ppol ~ 086

TORAY-GA

2nd Harmonics deposition at LFS

dherto iy ~30 [Hz]
AWe,y, ~20 [kJ]
A ng, ~0.16 [109/m3]
AT 8 ~0.4 [keV]

fELM ~6O [HZ]
Ang 0. 05.[1019/m3]
AT, 8 0.3 [keV]

F ~90 [Hz]
AWg,y, ~2 [kJ]

0.06 [10%9/m3]
0.15 [keV]

e,ped

0.5 L
3.5 45
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Similar ELM crash but more fluctuation during
ELM cycle (J. H. Lee, POSTECH) N&-rI

w/o ECH w ECH
ECEI_G1306 [black] ECEI_G1306 [black] Qg?ir ﬂUCtuationsr
8

' ; ] N
mwww’”'% .Zﬁoummw’t-*"”/*\ = A AN S

0
5812 5814 5816 5818 582 5322 5000 10000 6.042 6044 6046 6048 6.05 5000 10000
Time [s] Time [us] Time [s] Time [us]

KSTAR # 9020 ECE-Image att= 5821690 s 0IS‘STAR #9020 ECE-Image att=6.049971s
04 :

20 , =

Before the ECH ) After the ECH

http://www.nfri.re.kr

Filtering: ' | Filtering:
0 — 10kHz 5 0. 10kHz
bandpass bandpass

Judging from ECEI, there is

no significant change in

mode structure

Slightly higher m with ECH

215 220 225
R [em]
NOT Calibrated image. NOT for Publication
& POSTECH, Center for Fusion Plasma Diagnostics and Steady-State Operatio
P J

- ' » <> 012665 o) MO

215 220 225 h
R[cm]

NOT Calibrated image. NOT for Publication

© POSTECH, Center for Fusion Plasma Diagnostics and Steady-State Operatior]

J e

»” < > 014835 )

i
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Similar ELM crash but more fluctuation during
ELM cycle . H. Lee, POSTECH) N-rI

http://www.nfri.re.kr

(MW]
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¥

heating

10% drop of density

P
o

Strong pump-out
at midplane injection

[1019m3]
N
N DN

B
o 0

e, average

=N
o O
o O

W, [kJ]

Low freq fluctuations
(10 kHz)

—

o

Localized in pedestal

il M'# il U Similar modes also in

: || | IIIFI o
ﬂlﬁ;ﬁbﬂ density fluctuation

54 56 5 62 62 o5 R (by D-BES)

Time [Seconds]
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Change of pedestal profile during ECH injection N&=g2|

http://www.nfri.re.kr

ELM averaged difference of pedestal profiles

Radial profile of averaged T (#9419) mean Time = 100 ms

6.9+
Shot #9419 Relative ne . ] w/o ECH 1

8.00E+012 " 714 =—e=7.095 sec
Fit =—==8.095 sec

7.00E+012 | m 797
_ e | | w ECH
6.00E+012 m 811

. t=8.095 ECH
4.00E+012 - Issue of TS calibration = s (W )

Only relative change
must be considered

0.4

3.00E+012 A

2.00E+012 |

1.00E+012

T u
0.00E+000 T T T T T . = o= 1 22 2.25 23
2160 2180 2200 2220 2240 2260 2280 2300 R [m]

R(mm)

Radial profile of averaged & (#9419) mean time = 100 ms

s  Shot#9419Te —e—7.095 sec ||
—==8.095 sec

t=7.095 s (w/o ECH)
. — t=8.095 s (w ECH)

" Large scatter in TS Te i |
aj SOL region ‘ l

0 T T T T T T 1
2160 2180 2200 2220 2240 2260 2280 2300

R(mm)
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Temporary transition to grassy ELMs NER]
° ° ° .
b Su 0 ersonlc MOIeCUIar Beam In ectlon http://www.nfri.re.kr

I
Pecy 110 GHz

Pecy 170 GHz
P

NBI

VT [km/s]

Te edge [eV]

time[s]
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A simple cellular automata model predicts best NERI
o - . - &
mitigation case with shallow deposition of SMBI pttpyfrwvinfrired

« Scanning SMBI deposition size and injection location

2 <A>/<A,> : ELM amplitude ratio Redionfor S ff/ g - /ELR/I(;Irequency TRl

S (A, = w/o AGI) el el ASE v iy = 10 AC1)

' — — mitigation @~S—.... ... .

o 2.6 .

S 1.2 3.0

>

g . 2.2 ~

c > i\o, )

=2 1.8

c

g S = <

25 IS 0.6 S 2.0

Qo

(e

- g_ 1.0

=3 )

5o 0.6

g9

& ® X O marvrm e e e e e 0.0 R B BT e ORS)
——>

Heposition point 00 0.2 04 06 08 1.0 0.0 0.2 HErunE . 1.0

0 = pedestal top, Normalized Pedestal Normalized Pedestal

|l = pedestal edge) K

» Pedestal base injection effectively mitigates ELM with deposition size greater than a
critical level.
»  Critical deposition size is minimum number of grains which can drive a pedestal cell

hard limit. f |
@ World Class Institute gy
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Near term research plan in pedestal physicsNZ 2|

http://www.nfri.re.kr

= Fast pedestal profile measurements
ELM-resolved full sets of pedestal profiles for detailed stability analysis
Detailed cross-validation of all the dynamic parameters
Pped - T5(2012), profile reflectometry(2013), r-ECE(2010), Li-BES (2013), t-CES(2010)
jy + E + V,p - MSE(2015), Li-Zeeman(2015), p-CES (2015), ECEI (2010)

= ELM physics/control in ITER relevant condition
Extension of ELM control technique to ITER based on physics understanding
Validation of long-pulse RMP suppression in ITER Similar Shape
Detailed measurements of profile & fluctuation change during ELM control
Searching for small/no ELM regimes (drsep, I-mode, QH-mode, ...)

= Transport in pedestal region
ELM dynamics and identification of background turbulence in the pedestal region
Validated local measurements of k||, k. & v. : DBS, MIR and D-BES
Identification of background transport (Micro-tearing, Flow-shear ITG, k-Ballooning, ...
Relation between fluctuations and transport : radial particle & thermal pinches

= L-H transition Physics
Mechanism for L-H & H-L transition
Effect on L-H transition by SMBI & RMP : minimizing power threshold in ITER
I-phase during H-L back transition : slow back-transition

30 National Fusion Research Institute
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KSTAR Doppler Reflectometry (2014) e

® \/-band X-mode Doppler Back-Scattering (DBS) System

Heterodyne system using a single side band modulator (SSBM)
Frequency regime in the plasma edge : V-band (50-75 GHz) \id
Antenna tilt angle @, : 10°-12°
max. k, =5.5-6.5cm? @ 75 GHz Scattering
fy~1.7-2.6 MHz @ u , ~20-30 km/s (H-mode) e

k, = 2k,sin® .
Typical operational regime of DBS L © @ R?;Iicgon
T T 13 T 13 T T T ~ u N kJ_

u,= VExB+Vph

Er =~ -VEXB B

Microwave part

@_

Tunable VCO
12.5-18.75GHz

pedestal

regime
—— sin (2afpt)

part : — * cos (2afpt)

National Fusion Research Institute



Lithium-beam Zeeman polarimetry (2015) NF&=g21

« KSTAR Li-beam system was
successfully commissioned in 2013.

Parameter

Diameter

2 cm (FWHM / fully focused in the
plasma), 10 cm (defocused)

Current

2-4 mA

Energy

60 keV

Pulse Length

20 s

Species

Lithium (possible upgrade to Sodium)

. . ) 0,0l EUE O
« The Zeeman split greater than the instrumental broadening 216 2.18 220 2.22 2.24

http://www.nfri.re.kr

* The Li-Zeeman emission is at its maximum
around the pedestal region (R=2.22-2.25 m).

=S Doppler-shifted Li peak
5 D, (normalized by unshifed Cli@667.843)
0.8 , , , '

T
I 9152
I 9153

0.6

T
l
1
I

: dashed lines: LCFS

*Lines of sight in 2013 are
horizontal at the midplane.

was observed with Bt > 2.8T. Li-beam emission. major R (mm)
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wavelength (nm

0.16F T T
I R=2195 mm

[ 7331F9, NBI11: 80 keV

014 ] — calculation

i 1 O measurement
L Stark by NBI ]

o
[y
N

o
[
(=

splitting (nm)

9427
9239 (
[ 9426 (O ]
- O

[ instrumental broadening

=4
=]
2]

o
[=}
)

Zeeman by Li Beam

15 2.0 3.0 3.5

2.5
BtO (T)

* For the Zeeman ?olarimetry to measure the
edge J(r), vertical views are more pre




