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l. Overview of KSTAR T&T Experiments

€ KSTAR T&T WG mainly addresses the issues identified by ITPA

Transport and Confinement Topical Group
= Current researches mainly focused on momentum transport
» Thermal and particle transport researches limited

€ 4 chosen and interesting topics...

Kinetic pedestal profile evolution during L-H transition
On-axis ECH effects on Ar impurity transport
V, damping by on-axis ECH in ohmic/NBIl-heated plasmas

Core rotation reversal in ohmic plasmas
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ll. Recent KSTAR T&T Experiments/Analyses

* Kinetic pedestal profile evolution during L-H transition (W.H. Ko / S.H. Ko-NFRI)

¢ V,, pedestal broader than T; pedestal (Aﬂfd > AP*%) in KSTAR

= Contrary to usual profiles (A?*¢ > A‘;fd) observed in other tokamaks

= Same results for two consecutive years(2011-2012)
» Edge profile highly reliable due to small plasma radius(thus no fitting)
= Banana orbit width calculation shows no effect(small enough banana width)

& Why A5 > APY (> x,)?
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ll. Recent KSTAR T&T Experiments/Analyses

* Kinetic pedestal profile evolution during L-H transition (W.H. Ko / S.H. Ko-NFRI)

€ Simple 1-D analysis for H-mode pedestal

calculated
> Xi ~Xineo and X, calculated > Xoneo

* Large X, in H-mode pedestal not be explained neoclassically =» turbulence theory!

€ Assuming electrostatic, two modes are candidates

= Jon temperature gradient (ITG) mode?
* Itis reported that y; measurea >> X"¢° When ITG mode exists in H-mode(Nucl. Fusion. 27,
129) = negligible ITG mode

= Parallel shear flow (PSF) mode?
 When V|, has a gradient, PSF instability(PSFI) can be excited = could be the
dominant channel to transfer toroidal angular momentum (P.J. Catto et.al PoF 73 )

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

* Kinetic pedestal profile evolution during L-H transition (W.H. Ko / S.H. Ko-NFRI)

Parallel shear flow

€ From the scanning study of basic PSFI °° + 77 scan |[PSFTmode
properties(GYRO simulation) 2 I —__| growth rate:
 Flow shear 1 = PSFI excited 03 a/L.=0.1 L | shows
M=0.2 . activation of
= 2+ _ ¢ ]
> PSFI transfers toroidal angular - P ESH
momentum > A2°¢ > APe? " e e e e e e as [TPSFImode
¢ 1 .-t . . | frequency

3 4 5 6 7

8
PSFI: Y = _ROE R_O

€ Collaboration opportunities

= Experiments
» Experiments to confirm the measurements

= Analysis
* More detailed/advanced GYRO simulation
» Less approximation/electromagnetic environment
* Investigate other theoretical explanation

« Both neoclassical and turbulence

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

€ Understanding impurity transport issue important for ITER 1 My
operations

= Accumulation in the core =» radial transport to the edge

€ Ar impurity injection study in KSTAR r/a

= Use Ross filters in SXR to measure Ar'6* Ar17+
= Use VUV spectroscopy to measure Ar'®* and verify Ar'* Ar'”* measurements

v

Heating positions

On-axis ECH

4 2012 campaign “ | | | | | (r/a=0,0.16, 0.30, 0.59)
= Vertical scanning at four sol [ NoBCH NoECH BN
locations sl | ——P=0.16 rla= 0.5 |
— 0 = (.30
= Both SXR and VUV — S0f [ T—p=059 0
showed a decrease in Bl '
emission intensities of Ar'5* £ | -
o L-mode E,
- Ar'”* due to ECH 5% )

 Most effective with on- 1ok
axis ECH 0

e Less core accumulation 19 1.9 > 21 22 23
OfAr Time [s]
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ll. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

€ 2012 campaign

= Both L- and H-mode showed a reduction of Ar
emissivity due to ECH

= SANCO-ADAS analysis
»  With ECH, central diffusion(D) and convection(V)
are increased

Channel #

Channel #

=» Suggests that local electron heating can be
an effective measure of Ar transport control
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Il. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

€ 2013 campaign results
» Tried to reproduce the 2012 L-mode result

=  But both SXR and VUV show an increase in emission
intensities of Ar'®* - Ar'7* with ECH

* Opposite to the 2012 cases

€ Why different results?
* Transition probability(e;) of Ar'>*=»Ar16* and
Ar18+=» Ari7+

: -axis ECH
€z(ne, Tp) = nengA(n,, Te) m-ln

» a function of T, and n_ (M. valisa et al 2011 Nucl. Fusion 51 033002) ‘
> € is converted to Pgyr (not to ny) Y a0 "

: ArT t from Ross Filters (2013
> Core €; decreased in 2012 r Transport from Ross Filters (2013)
- Core €; increased in 2013

vity (#/enf s)

Photon emissi
o

Channel #

Channel #

= SANCO-ADAS to calculate n; in progress

€ Collaboration opportunities
» ECH/sawtooth/RMP versus Ar transport experiments in the future
* Most tokamaks seem to use similar analysis method

» Validation of theories to understand the mechanism: turbulent? neoclassical?

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

* Vo, damping by on-axis ECH in ohmic/NBIl-heated plasma(H.H. Lee/J.C. Seol-NFRI)

€ Rotation damping due to on-axis ECH observed in many tokamaks
» Consistently observed in KSTAR(2011-2013)
= Important to understand the damping mechanism for ITER operation
€ Two track analyses on the possible causes
1. NTV torque caused by internal kink modes (J. Seol-NFRI)
» Rotation damping always accompanies internal kink modes
 identified by radial displacement picked up by ECE (Visual verification with ECEI)
2. Turbulence-driven residual stress due to the transition ITG = TEM (Angioni)
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ll. Recent KSTAR T&T Experiments/Analyses

* Vo, damping by on-axis ECH in ohmic/NBIl-heated plasma(H.H. Lee/J.C. Seol-NFRI)

ECE measurement volume

€ V,damping analysis with NTV theory (J. Seol et al. PRL (2012))

» Central ECH -> internal kink modes inside the g=1 surface
» drives magnetic field perturbation inside g=1 surface(sawtooth hotter
inversion radius)
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ll. Recent KSTAR T&T Experiments/Analyses

* Vo, damping by on-axis ECH in ohmic/NBIl-heated plasma(Y.J. Shi-wcl)

1. Ve damping analysis with NTV theory (J. Seol et al. PRL (2012))
» causes toroidal axisymmetry breaking
» enhances NTV torque
» damps Vg (counter to Vg, )
s NTV torque density calculated to be comparable to NBI torque density
< NTV torque always damps the rotation (regardless of I, direction)

: T T Ll v T T T T 200 (3 - T
— 0.4 [#5737 . ——T,, (before ECRH, 3.775s) . T r-T
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€ Collaboration opportunities § T e, R
. <} N " e b
* Experiments il P, m J100%
. . o (b)
* Overall, well established experimental data £ ogl v 75 v 280

- . Time [ sec]
Analysis ) ) H-mode plasma
* Any other theories to explain?
* Apply NTV theory explanation to your experiments?
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ll. Recent KSTAR T&T Experiments/Analyses

* Rotation reversal in ohmic plasmas (D.H. Na-SNU/S.G. Lee-NFRI)

1.2

@ Intrinsic rotation is an ITER-relevant issue
= NBI alone not enough in ITER
» Need strong intrinsic rotation in ITER

o
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€ Intrinsic rotation experiments in:

= Core rotation reversal 00

+ LOC-SOC transition with density dependency Trm——
+ TCV/C-Mode / AUG

= Edge intrinsic rotation

1 J. E. Rice et al,
Nucl. Fusion 51(2011)

®  Ip=400kA
A Ip=500kA

o & #“ 2012

campaign

4 Experiments based on |, and n, scanning Ohinic
> 2011-2012 RN ) discharges

- Tried to verify n, dependency IR S :“-“‘-—N—

LOC ->S0OC, LOC->|SOC

xxxxxxxxxxxx

A
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« LOC - SOC transition occurred(300-500kA) but no reversal‘:—

Electro d ty(10m) ’

> 2013 S.G. Lee(2012 experiments)
 Failed to reach higher densities 15 - e —
« Stayed in LOC region(500 kA) but some reversal-like T\gm- T ° 9912 (s00kA)
behavio.rs obsgrvgd at ne~1.5 [101° #/m3] E 5] offaet ~ 0 km Reversal
* Recent investigation suggests no n, dependency °, '
14
% Not corresponding with Rice 2011 £ 1 .
* Rice 2012 suggests collisionality dependency! 10+ b N
5] offset ~ -25 km/s ‘;
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ll. Recent KSTAR T&T Experiments/Analyses

* Rotation reversal in ohmic plasmas (D.H. Na-SNU/S.G. Lee-NFRI)

€ Analyses by SNU

» Check collisiionality dependency(2013)
« Studies verifies better correlation
II,.; due to TEM(LOC) - ITG(SOC) used widely
1. Continue to investigate with this view to explain rotation reversals

2. A paradigm shift in the application of the IT,.., model

+ II,.s lowers the rotation profiles with different magnitudes along the profile
15 15

104

104

T S

||
5 y V s | 51
104 — AUG #28387 10 — AUG #28387
10 [ ] 10 n
. " AUG #28387 | . AUG #28387
. = KSTAR #9315 . = KSTAR #9315
-154 . = KSTAR#9312 -15+ . = KSTAR #9312
-20 T v T v T v T v -20 T v T v T v T v
0.0 0.2 0.4 0.6 0.8 0.0 0.2 04 0.6 0.8

€ Collaboration opportunities
= Experiments
» Need for better density control for more data collection
= Analysis
* Investigate collisionallity dependency with more KSTAR/AUG data
 Investigate the paradigm shift of residual stress or another novel approach

KSTAR



III. Future Collaboration Opportunities

€ Diagnostic improvements
» More channels to Thomson system / Poloidal CES(2015) / MIR/BES

€ Areas not currently covered in KSTAR
= Your opportunities to pioneer these researches with KSTAR

€ Current status of TRANSP access
= Ongoing effort for automatic TRANSP run access for KSTAR community
= Access to PTRANSP will greatly benefit KSTAR experiment design/analysis

GAprofiles GA(autotransp)

R[m] Z{m) TE[sV] Errorfev] ¥ error from R/Z input fis

il |
i e

- *“T.mww
|

—

™o

Kprofiles —
(being tested)

IRE R RN

AT T ”—'l
LSRR

No fitting

# TRANSP use in GA i ST
@5 Future TRANSP use in KSTAR Ufiles generator

# Current TRANSP use in KSTAR

KOTAR




IV. Questions/Comments
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ll. Recent KSTAR T&T Experiments/Analyses

* Kinetic pedestal profile evolution during L-H transition (W.H. Ko / S.H. Ko-NFRI)

¢ In KSTAR, V,, pedestal broader than T; pedestal (Aﬂfd > APeY)

= Contrary to usual profiles (A?*¢ > A‘;fd) observed in other tokamaks

= Same results for two consecutive years(2011-2012)
= Edge profile data highly reliable due to small plasma radius(thus no fitting)
= Banana orbit width calculation shows no effect(small enough banana width)

& Why A5 > APY (> x,)?
Shot 5681(2011) Shot 7875(2012)
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Il. Recent KSTAR T&T Experiments/Analyses

* Kinetic pedestal profile evolution during L-H transition (W.H. Ko / S.H. Ko-NFRI)

€ Early analysis based on turbulence theory(S.H. Ko-WClI)
= Steady state momentum equation: —y,, % + VyinchVo + res = Stor

dVgxp
dr

* Residual stress assumed as Il es = —C Xj eff (N. Fedorczak et.al. Nucl. Fusion 52, 103013)

* pinch term (Vi1 Vi) Neglected for simplicity
dTi _ ¢
—vQ

dr

» Steady state heat equation: —Xieff

> InL-mode, Pr = x,/Xierr ~1 (i.€. xo~Xierr) =@ C can be evaluated from plasma and torque density

profiles in L-mode
» For H-mode

> using C from L-mode, —x,, % and I1,.¢ can be calculated
: dv
* Neglecting I1,.,,, use _Xfl"effd_f = Stor t0 g€t Xy eff

dT;
+ Use ~Xieff 35 = So toget xicsr
» In H-mode pedestal(turbulence suppressed), neoclassical physics is dominant so heat
diffusivity, measured in experiment, is similar order to neoclassical heat diffusivity (reported in
Nucl. Fusion. 27, 129) = X, .sf~Xineo
» Neoclassical momentum diffusivity is negligible(reported fact) = x, . > X g neo

€ Simple 1-D analysis for H-mode pedestal
> Xfff"'Xi,neo and Xoeff > Xoneo

KSTAR



Il. Recent KSTAR T&T Experiments/Analyses

* Kinetic pedestal profile evolution during L-H transition (W.H. Ko / S.H. Ko-NFRI)

dT; 5
dv dv, “Xieff 77 =90
—Xo ¢ +M+ C Xieff dE:B = Stor L-mode \Ld‘l"

dr;
Xiefr = —Sol()

Xo~Xieff <

Vv

dv dV,
C(L - mode) = (=Stor + X2 W (g3 )

C(L —mode)
\4

dav
_X(pd_;p + VM + IFes = Stor
H-mode
\ 4
dv
Xoeff = _Stor/(d_:))
Known fact:
Known fact: x,neo very small Xierf~Xineo
4 \ 4
Xoeff > X pneo Xieff~Xineo
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ll. Recent KSTAR T&T Experiments/Analyses

* Kinetic pedestal profile evolution during L-H transition (W.H. Ko / S.H. Ko-NFRI)

‘ Large y , in H-mode pedestal not be explained neoclassically =» turbulence theory!

€ Assuming electrostatic, two modes are candidates
= |on temperature gradient (ITG) mode?
* Itis know that y; neasured >> X/"¢° When ITG mode exists in H-mode(Nucl. Fusion. 27, 129)
« But we have y; cacuates ~ X"° =@ no or negligible ITG mode
= Parallel shear flow (PSF) mode?

* When parallel velocity has gradient, PSF instability(PSFI) can be excited = could be

another channel to transfer toroidal angular momentum (P.J. Catto et.al PoF 73 )
* In electromagnetic environment, other candidates(?) exist but not considered at this point

0.5

Parallel shear flow scan

* —@/(C_aVA
¢ V4 (Csla)

0.4f
s=0.776

0.3+ a/Ln=0.1
M=0.2

*
*
+

o2 kips=03 ¢

0.1

Cs: Sound spted
.

[ ¢ o+ &3
IO T A A S 2

@
%+

PSFI:y = —Ry =

KSTAR

4 5 6 7

Ry

)

8

L 4
¢
*—

PSFI mode
growth rate:
shows
activation of
PSFI

PSFI mode
frequency

€ From the scanning study of
basic PSFI properties
» Density gradient 1 =» PSFI stable
» Magnetic shear 1 = PSFI stable
* Mach number 1 =» no effect
* Flow shear 1 =» PSFI excited

» PSFI transfers toroidal angular
momentum > A‘(’ped > APed




ll. Recent KSTAR T&T Experiments/Analyses

* Kinetic pedestal profile evolution during L-H transition (W.H. Ko / S.H. Ko-NFRI)

€ Simulation of PSFI mode effect with GYRO code
No reliable n, profile in 2011 =» assume two other profiles

KSTAR

Assume n_ ~ n
Calculated PSFI mode frequency and growth rate at three radial locations
(rho=0.95,0.97, and 0.98)

Toroidal Velocity
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ll. Recent KSTAR T&T Experiments/Analyses

* Kinetic pedestal profile evolution during L-H transition (W.H. Ko / S.H. Ko-NFRI)

ped ped -
>4, >4 .

20;

. , 1 11
4 Compare PSFI growth rates with and without PSFI ™ —cser L 11
=  With PSFI, increase of growth rates for all densities 40| = case3 I 11
=>» PSFI transfers toroidal angular momentum M 5 11
] 11
1 |

n

@ Case 2 shows large peak in 1; = =2

LT 10
= 7); is related to ITG mode (high n; means larger ITG)
= So the growth rate of case 2 starts at higher value 8s
= But the increase of the growth rate due to PSFl is also B
observed oo § 5
| -
€ Collaboration opportunities g, % o
= Experiments = 02 i
« Experiments to confirm the measurements 0.1 ,.....::;:::3“”'” 1.
= Analysis o}"f ..... —iit?” 4
* More detailed/advanced GYRO simulation P N
0.95 0.96 0.97 0.98

» Less approximation/electromagnetic environment
* Investigate other theoretical explanation
» Both neoclassical and turbulence

P
$ : without PSFI (ITG mode ONLY)
||/ /i1l : with PSFI (ITG mode + PSF mode)
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ll. Recent KSTAR T&T Experiments/Analyses

* Kinetic pedestal profile evolution during L-H transition (W.H. Ko / S.H. Ko-NFRI)

€ Turbulence theory

Mach number scan n; scan Parallel shear flow scan
0.12f ‘ ¢ & ¢ & @ ¢ ©/C/a)4 WPSF ’ r * 0.5 o o/ACjamA| ‘ ' ‘
¢ osl ¢ W(C Ja) wPSF . : : & V(CJa) *
01k ] || m -e/caya wio PSF . L 0.4- ¢+
m 7(CJa) wio PSF . : ™ " S=0 776 ¢
008 ¢ ¢ 0.47 ¢ ) *
MR AN S S ( . ‘. "5=0.776 a/L,=3 03 a/L_=0.1 N ~
0060 y=4.0 R N get2lps = M=0.2 PSFI mode
= + " ' 0.2r \
0.04} g/_lbn7(7)'61 e Y o+ aForPSF, §=40% * ki p;=0.3 grawth rate
0.02r klps =0.3 & ~0/(Cla)A]l 0.1+ . s : o ¢ ¢ ¢ oo o %hOWS
e 7S || 02 | A activation of
0 . ‘ ' ‘ . , , ¢ ¢ ‘ ‘ . ‘ P
0 0.2 0.4 0.6 CE 1 53 7 s g2 y s s = P SFI
M= =1 PSFI: y = —Ry— il
Cs T or RO

€ From the scanning study of basic PSFI properties
= Density gradient 1 =» PSFI stable
= Magnetic shear 1 = PSFI stable

= Mach number and n;, =» no effect
» Flow shear 1 =% PSFI excited
> PSF makes mode unstable even when ITG mode is stable

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

€ Understanding impurity transport issue important for ITER 1 Mimp
operations ¢
= Accumulation in the core =» radial transport to the edge R
= DIIID uses Ar/ NSTX uses Ar & Mo / JET uses Ar to study impurity transport va

€ Argone impurity injection study in KSTAR
= Inject Ar (ny <0.1% n,)
= Use Ross filters in SXR to measure Ar'6*, Ar'7* (Ross filter used in DIIID before-2002 report)
= Use VUV spectroscopy to measure Ar'®* and verify Ar'* Ar'”* measurements
= SANCO-ADAS analysis to determine diff[" = 4@771 uil r@:tion(pinch)
velocity(V) by matching the measure emmissivity with

Ar Ross filters(collaboration with I. N. Bogatu(FAR-TECH))

Balanced filters

1 I Signal 1 > Signal difference
Ch. 1
X-rays 16+ 17+
:> a2 — Ar16* Ar
I » Ch.2
2

X-rays emitting plasma Detectors Digitizers

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

€ 2012 campaign results

= Both SXR and VUV show a decrease in emission intensities of Ar'5* - Ar'”* due to ECH
 Less core accumulation of Ar

= Vertical scanning at four locations
» Most effective with on-axis ECH

Heating positions
(r/a =0, 0.16, 0.30, 0.59)

0.8

0.6

0.4

0.2

Z [m]
o

=02

-0.4

-0.6

-0.8

| L | |
12 14 16 18 2 22 24
R [m]

KSTAR

2
PSXR [W-m~7]

80

701

601

50F

40¢

301

201

101

= No ECH
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Il. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

€ 2012 campaign results
» Visualized SXR emissivity for all 16 channels
* Most effective with on-axis ECH

L-mode 10 ‘ ‘ ‘ ‘
Arlpuf No-ECH

E

=

15+ g

VUV Ar :
g

Ay

L S NN SXR emissivity
T RS (No ECH)

Channel #

SXR emissivity 3
(On-axis ECH) £

=S

) T A A A
1.G 1.5 2.0 2.5
R{m}
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Il. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

€ 2012 campaign results
» Time evolution of emissivity
* Both L-mode and H-mode shows reduction of Ar emissivity due to ECH

= Suggests that local electron heating can be an effective measure of Ar
transport control

L-mode H-mode

Ar puff On-axis ECH

Channel #

Chord #

Channel #

081 Chord #8
on-axis) -

Off-axis ECH
rla=0.30

Time [s]

Channel #

1
45 5




Il. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

25

€ 2013 campaign results T A [T

—&— A" no ECH

= Using the same method, tried to i Arts o
reproduce the 2012 L-mode result N

= But both SXR and VUV show an
increase in emission intensities of |
Ar'd* - Ar'7+ with ECH | VUV spectrometer

* Opposite behavior compared S
to the 2012 cases

SS=25N

S e

Photon emissivity (#/crr% s)

Channel #

= How can we explain it?

Channel #

2.5 3 35 4 4.5 5 55 6 6.5
Time [s]

Ar Transport from Ross Filters (2013)

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

€ Why different results?
» Transition probability(e;) of Ar'>*=»Ar16+ and Ar'8+=»Ar17+
» a function of T, and n, (M. valisa et al 2011 Nucl. Fusion 51 033002)

GZ(ner Te) = nenZA(ne» Te)

> €5 is converted to Pgy (not to ny)

- Core €; decreased in 2012
- Core €; increased in 2013

€ Need n; to explain the difference
» n, from Thomson(used XGC in 2012 due to lack of TS data)
» Atomic coefficient A(n,, T,) from ADAS
» Afunction of n, and T,
» We can actually calculate n,

» Accurate n, and T, profiles important

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

4 SANCO-ADAS analysisun collaboration with JET & U. Strathclyde)

= With initial guesses of D, V - calculate the standard deviation y? =

where w,, is the error range factor

= |terate until %2

is small enough

N _ 2
n=1wn (ez’smvco ez_exp)

s SANCO uses EFIT equilibrium geometry while MIST assumes circular geometry

UTC (Universal Transport Code)

e [NPUE e
Geometry D,V
(Trial value)
Background
(Te, Ti, Ne) Impurity Influx

parameters

=1 ==L

Nonlinear least square fit
(Levenberg-Marquardt Method)

= > w,(f,-.)

n=1,N
w,, : Error range factor
fn : Simulated data
Y. : Measured data

KSTAR

Inputs:
(1) Radial profiles
- T, ECE (and XICS) (no TS
data in 2012)
- n.: XGC with interferometer(no
TS data in 2012)
(2) Geometry
- EFIT magnetic equilibrium (from
S. Sabbagh)
(3) Argon impurity influx(S,(r,t))
- Piezo-valve flow meter signal
Fitting:
(1) Soft X-ray arrays with Ross
filters
- Filters 2.8-4 keV (mainly Ar
lines)
- Reconstructed radial emission
profile

(2) VUV spectrometer
- Argon lines between 5-60 nm

(3) X-ray imaging crystal
spectrometer

- Ar16+w & zlines

- On-going (for tangential view)



ll. Recent KSTAR T&T Experiments/Analyses

» On-axis ECH effects on Ar impurity transport (S.H. Lee-KAIST)

. impurity ion density

= GuessDandVtogetl,(rt) =2 LIt =-Dr )M + V(r)n,(r,t) ?Z: particle flux
S,: source and sink
» Usel,(r,t)togetn,(r,t) 2 on ot * (ioniz & b
z z( ) nza(: ) — VL) + 5,00 (ioniz & recomb)

€ Findings
= With ECH, central diffusion and No ECH (#7566)
convection are increased _

2 0.3F

* This explains 2012 results  7..: D(r)

0.1F

= 2013 analysis ongoing

€ Collaboration opportunities
= Experiments

0.0 N .
0.0 0.2 0.4

 Better/different shot design? On-axis ECH (#7574)
» ECH/sawtooth/RMP versus Ar
transport experiments in the future -
= Analysis
- Most tokamaks seem to use similar b(r)
analysis method ook

» Validation of theories to understand
the mechanism: turbulent?
neoclassical?

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

* Vo, damping by on-axis ECH in ohmic/NBIl-heated plasma(H.H. Lee/J.C. Seol-NFRI)

€ Rotation damping due to on-axis ECH observed in many tokamaks
= Consistently observed in KSTAR(2011-2013)
= |mportant to understand the damping mechanism for ITER operation
€ Two track analyses on the possible cause
1. NTV torque caused by the internal kink mode introduces rotation damping(J. Seol et
al. PRL(2012)-NFRI)
2. Areversal of the turbulence-driven residual stress due to the transition between ITG
and TEM(Angioni)

200

T T
-®-3775s-e-3855s

(a) | .o lys —+—3.8755—v—3.8955
R N —+—39155—<—3935s
o 3 1500 — - - 39555- - 39755 |
E E ’
& ‘ —_—
o 2 i —— #5779 (W ECRH) o 100
|:° - - - #5780 (wlo ECRH) E
X =

1
0 o) ; : + - — — T : 5779 ( ll ECRH) 12 Sawtooth inversion radius t
20k T T \/ ] (a) #5737
- it —6—#5780 (WO ECRH) % oz o4 os 0.8 10
0 108 2
e I8 2 T 12
I " 2 .l
r60 - e B g 08
” [ : §04- Srarees ]
=) o r N —
80 0.0 £ 1, Pecn m S
0 1 2 3 4 5 6 § 0o : - : 50
) T 730 35 4.0 45 5.0
Time [ sec] Time [ sec]

K5TAR Ohmic plasma H-mode plasma



ll. Recent KSTAR T&T Experiments/Analyses

* Vo, damping by on-axis ECH in ohmic/NBIl-heated plasma(H.H. Lee/J.C. Seol-NFRI)

Observations

€ ECH-induced Rotation damping in KSTAR v Both ion temperature and toroidal

rotation decreases with ECH injection
# 5737(2011) NBI H mode W|th central ECRH ( res = 1.8 m, ¢ =10°%z = 0m) v Although the ion temperature is restored,
g AV il : the toroidal rotation still stays reduced

during ECRH is injected

v Toroidal rotation profile becomes
flattened or hollowed during ECH
injection

v' Sawtooth inversion indicates existence
of g=1 surface

v For range q<1, ECH induces (m, n)=(1,
1) kink modes(high frequency

= i — fluctuations between the sawtooth
/ =C _8_%_@______ﬂ_:_é_@__mg@s%n1%?‘;@”” v Momentum diffusion seem to propagate
i , its effect into g>1 region
@ q 200 [
:. " S N b AN A _ N : -®-3775s-9-3855s]| |
, o R - $g- —a—38755—v—3.8955
——— 150 . 7 —e—3.9155s——3.9355s
e sS——— W =SS e SRR Seee = I3 % - 5-39555-0-3975s] ]
: S S _ = E.d ‘;-
w 4 3
e 100 oA 30 S N 1
>
50 F /
’ Sawtooth inversion radius
. (a) #5737 ~
0.0 0.2 0.4 0.6 0.8 1.0

ptor



ll. Recent KSTAR T&T Experiments/Analyses

* Vo, damping by on-axis ECH in ohmic/NBIl-heated plasma(H.H. Lee/J.C. Seol-NFRI)

€ Identification of the internal kink modes during on-axis ECRH injection
= |dentified by radial displacement picked up by ECE

= Visual verification with ECEI

Time trace of T, measured by ECE Radial profile of T, measured by ECE

55 : 4.5
(a)#5779 R =178 m

ECE measurement volume (fixed)

—&— 3952.08 msec

il E g 4.0 —e— 3952.14 msec| |
E‘ 35F
= Y] sawtooth inversion radius J
% 7 rRENE
& Iy \ | ll " ‘H ||' H } £ 25r hotter
= !| ‘ g i
35 § ! 2TR sslsgsuisg

(c) #5737 .
0.2 0.3 04 0.5 0.6

P or .-'.
_ ‘ old¢r BE
D image by ECEI 1 W

KSTAR #5779 ECE-image at t = 3.003500 s KNAR # 5779 ECE-Image at 1 = 3003560 KSTAR # 5779 ECE-image at t = INQ s KSTAR # 5779 ECE-4mage att = 3003680 5

2.99 3.00
Timelsec]

Helical motion picked up
as rotating structure

—
KSTAR #5779 ECE-imadg att = 3003440 s

166 170 175 180 185 190 195 185 170 175 180 185 190 195 185 170 175 180 185 190 195

185 170 175 180 185 190 195 165 170 175 180 185 190 195
Rem) Rem] Rifem] Riem] Riem]

=0 t=(1/4)1, T=(2/4)1p =3/ T=1,
n’tp Is the period at which the (1,1) internal Kink mode rotate around torus once

KS5TA



Il. Recent KSTAR T&T Experiments/Analyses

* Vo, damping by on-axis ECH in ohmic/NBIl-heated plasma(H.H. Lee/J.C. Seol-NFRI)

1. Ve damping analysis with NTV theory (J. Seol, S. G. Lee et al. PRL (2012))

» Central(on-axis) ECH -> internal kink modes inside the g=1 surface
* generally accompanies sawtooth oscillation since q decreases below 1 in the core
region with the appearance of m=1, n=1 mode = indicates existence of q=1 surface
» drives magnetic field perturbation inside q=1 surface(sawtooth inversion radius)

2 ~0(1e -3)
» causes toroidal axisymmetry breaking
» enhances NTV torque

» Calculated to be comparable to NBI torque
» damps Vg4 (counter to V)

+ This analysis published in PRL(2012) / a talk presented at ITPA conference 2013

€ NTV torque density in 1/v and v regimes can be evaluated by

€32 _ (A% + B? 1 T,
Tyjy ~ — 6.1N;M;vF — n2< "BZ ") X {Vf —qV? + 2367 gy a_rl}
13 0

A% + B?

B;

T 5~ — 0.09N;M;vi/e\[vg{In(8//vg)In X{Ve —qV +0'356erBOW /qQWg;

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

* Vo, damping by on-axis ECH in ohmic/NBIl-heated plasma(H.H. Lee/J.C. Seol-NFRI)

‘ CaICUIatlon Of magnetlc perturbatlon Radial profile of T, measured by ECE
4.5
8B (A} +BH? <5> < 1 aB> = 4ol = s e |
— ~ - - > —— .14 msec
B BO 2 BO or % 35k
. : £ 30}
= Displacement (&) can be found from T, profiles 5
. 25F
= NTV torque density calculated to be comparable to .§
20F
NBI torque :
. o 15F
= NTV torque always damps the rotation(regardless of * [« 25737
. . ol
|p d|rect|on) 0.2 0.3 04 05 0.6
0.5 . . i . . plcr
— 04 [#5737 | ——T,, (before ECRH, 3.775s) ]
£ o3t == -T,, (during ECRH, 3.975s) 6x10° ——r
5 o2f : #5737
E 0.1 - 5 Bx10° —m—3.950 ~ 3.960 sec |
z 0.0_—----------------j,l ------------------------- . -
TR | Homode I
E -0:3 :- l\ ./-\ .’/ ’/-~;f¢,1<r::‘11 nversion radius ] % E--n-
-0.4 Cim) L [ —-— _TNTV (3.975 s) ] © 3x10°F ++ # //; Sawtooth inversion radius
— Y 0.2 0.4 Pior 08 0.8 1.0 . T L //
E s 2x10° b
=S oabwstre T ' ' ' ' ' ' E . /
= osf : ] 1x10
1 8'; [(b) *"'l'* i , . _T“Tl" (3'0?4 =) Sy 0.3 0.4 0.5 0.6
S 0.0 0.2 0.4 Pior 08 0.8 1.0 Pror



Il. Recent KSTAR T&T Experiments/Analyses

* Vo, damping by on-axis ECH in ohmic/NBIl-heated plasma(Y.J. Shi-wcl)

2. V4, damping analysis with ITG =» TEM transition
» Radially inward/outward propagation of fluctuation energy
. V., <0 V,.>0
» opposite Reynolds stress
» opposite Zonal flow profile
»> opposite k| - symmetry breaking R/L.,R/L,

» opposite residual stress
&> 0

I :Z — Tk Ve —(N)+7, ngrk9k||I<_ ) <Nk>} /V\ Ve (TEM)

‘ AnaIySis (YJ Shl-WCl) Ve (ITG)
* Not match with experiment very well

a9 %)
= gy ¢ ELk,
» Further investigation in the future with fluctuation
diagnostics such as BES are essential to assess this

mechanism(Li_BES installed in 2013) <k> (ITG)
€ Collaboration opportunities
» Experiments <k,> (TEM)
Overall, well established experimental data
= Analysis

Any other theories to explain?
KSTAR Apply NTV theory explanation to your experiments?



ll. Recent KSTAR T&T Experiments/Analyses

* Vo, damping by on-axis ECH in ohmic/NBIl-heated plasma(Y.J. Shi-wcl)

2 ——— On-axis ECH (400kW) to co-NBI plasmas

]
. : :SI + ECH — Counter-current torque in core: — AV,/V, ~ 30%

150r ] — Strong correlation: —A(VV,) ~ +A(VT,)

1000 @ ¥ o ] Core intrinsic torque reversal upon

L) .
* & Y . ITG—TEM by T, steepening
| — Linear gyrokinetic analysis: ITG-—»TEM occurs for
p=0.2 ~0.5 depending on density profile = density
profile is important!
10 — Momentum and particle transport are strongly
coupled
— More data analysis (density and fluctuation) ongoing

Vo [km/sec]

e

0 02 04 06 08

B NBI
@® NBI+ECH

0.2 « Toroidal rotation profile is flattened by
o (core decrease, edge not change) by
e T ECH with pivot point p~0.7
Macro-scaling: linear relation —AV,~AT,
akin Rice scaling

Local-scaling : —A(VVy)~A(VT,) = VVy

5.10.15.20.25. 1 1
dTeldr (keVim) flattening tracks VT, steepening

£82
o
I

- dVé/dr (km/s/m)
g 8
[ ]
‘

(=]
T
.

—
-
-
-

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

* Rotation reversal in ohmic plasmas (D.H. Na-SNU/S.G. Lee-NFRI)

@ Intrinsic rotation is an ITER-relevant issue ::'vuﬁwﬁ““
= NBI alone not enough in ITER - j%\
= Need strong intrinsic rotation in ITER | : ™ .
=

€ Intrinsic rotation experiments in:
= Core rotation reversal

B c-bonmodd muimu,(m:

» Density dependency: TCV [Duval PPCF 2007] 20 .A*_\\
« LOC-SOC transition with density dependency "l -
» C-Mode [Rice PoP 2011]J/AUG [Angioni PRL 2011] 1 L:::'_: ‘:"..r .
« Different analyses ongoing ] IR LR S
« Collisionality[Rice PoP 2012]? B T
* Residual stress widely used for analysis Duval PPCF 2007
= Edge intrinsic rotation ,; LW 105 Mh SAT . e

34F
32 ¢
30

14

-y
(=)
T

(52T, 1.0 MA)

(527,08 MA)
(39T, 06MA)
‘#52 T, 0.6 MA)

T (52T, 0.4 MA)

o
=]
T

(10%/m?)

density at rotation reversal (10%/m?)
o o
~ o
T

(km/s)

o
L)
T

Rotation reversal
at <n_>~1.1
in Alcator C-Mod

R RN R R I J.E.Riceetal,

0 0 0 2 D 4 0 5 0 8 1.0 .
density at confinement saturation (10%/m?) NUCI. Fusion 51 (2011)

o
o

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

* Rotation reversal in ohmic plasmas (D.H. Na-SNU/S.G. Lee-NFRI)

1.5

& Core rotation reversal g 2012 s (g
experiments in KSTAR : 13 & ... campaign
= Experiments = | « Ohpic, a2
. 2 °d1scharges
* Dbased on both Ip and n, scanning §
> 2011-2012 campaigns 2 "52_. 4}- ..

« Tried to verify n,dependency s wf 1% “*

» LOC - SOC transition ol ° .{&‘ A EVE
occurred(300-500kA) but no - B e ATS B ]
reversal observed I N ¥ ¢ Y > SOCLAC.>/SOC

« Doesn’t match with Rice 2011 " Electron density (10"m?) =
> 2013 campaign S.G. Lee(2012 experiments)

 Tried at higher density but failed to
reach higher densities R 2 —

) _ ] KSTAR (30 © i

« Stayed in LOC region(500 kA) but ~ _ 1of ol 0kA) ;s
some reversal-like behaviors ?éo_a_ = \, < o
observed 2@ $¥e ¢ nTm

* Not corresponding with Rice 2011 g ¥ear B ?E : %«r :
= Analysis £ @ R
«  Use KSTAR/AUG data to analyze i ] o B Zfatg?éffg
le)tattilon reVlerSi: o residual st i KSTAR ] T e mdsnaty
. ostly analyze residual stress B0 e s 1o an g s .
(TEMy—) ITé trans)i/tion model) (since 3 dengléatcgn?nemgn?sawgﬁon o) ' :ff Ie’*virizf‘;ﬁ%%h";”soc

KS5TAR Rice 2011)



Il. Recent KSTAR T&T Experiments/Analyses

* Rotation reversal in ohmic plasmas (D.H. Na-SNU/S.G. Lee-NFRI)

€ 2013 experiments

= NBI blips used for the calibration of XICS using CES measurements
= NBI blip times - 20ms for #9312/10ms for #9315 (CES resolution 10ms)
» Reversal-like behaviors in three shots

« Comparison of two shots seems to suggest the rotation reversal at ne~1.5 [101° #/m3]
s No MHD except sawtooth (other MHD free) - no influence of NBI blip(used short blip time)
+ Relatively steady condition & similar condition in the analysis region(purple area)

9312 : 9315
os| ' ' ' ] os| ' ' ' I .
—-—lp(Mﬁ yd _'_Ip(MpN
NBI bli | NBI b \
0.0 T ] ] 0.0 L L , .
0 1 4 5 6 40 1 2 4 5 6
2 \.‘ 2 ' ' ' —-—n(electron)
i —+ — gadpuff |
= o —+—n(electron) | ! 2 /\,‘ \Qﬂ
| | - gaspuff | ol . .
0 1 5 6 0 1 2 4 5 6
s ' L e
0 ﬁ u - 0 ., £ d'-‘ - - ll s :.. e =
° Vtor(CEil_ oy RPNy & lr - Vtor(XICS)
20 | __.r"‘-l W | | . 20 - . : . ® Vtor(CES) 7
0 1 2 3 4 5 6 0 1 2 3 4 5 6



ll. Recent KSTAR T&T Experiments/Analyses

* Rotation reversal in ohmic plasmas (D.H. Na-SNU/S.G. Lee-NFRI)

€ 2013 experiment analysis
= Rotation reversal-like behavior at ne~1.5 [10'® #/m3)]
= #9404 did not have NBI blips for Vo, measurement

15

But similar to #9312 and #9315

Thus, trust region of V¢ suggests another reversal-like behavior at similar

density

101

5- offse't ~'0 km/s

= 9315 (500kA)
o 9312 (500KA)

Reversal like
behavior

VTOR(0) (km/s)

=10 4

154

1.2

KSTAR

13 14 15 16 1.7
ne (10" m-3)

= N N
a o a
Lo 1

~ VTOR(0) (km/s)

-
a
L

-
o
L

h o o
1 2 0L 2 1

=Y
o
L

fw
B QOD

)

OQQ
® O O O O O

AUG (500KA, -1.6T)
AUG (500kA, -1.5T)
AUG (600KA, -1.9T)
AUG (600kA, -1.9T)
AUG (800KA, -2T)
KSTAR (#9404)

L v L v

1 2 3 4 5 6
Ee(1019m'3)

7



Il. Recent KSTAR T&T Experiments/Analyses

* Rotation reversal in ohmic plasmas (D.H. Na-SNU/S.G. Lee-NFRI)

25 LOGC
€ Analyses by SNU »]  >soc
= Recheck density dependency(2011-2013) s o g0 S0e
* Density dependency - Collisionality % 101 L ci. :O o ) 4

- reversal-like behaviors in LOC region(2013) 2 \' \ o

- 2013 studies from KSTAR/AUG data show S = 13/ S i 71
another reversal in SOC regions = N \‘ SBY O] i onn o

 Also mentioned earlier by TCV team 1s] I‘b Lo :: KSTAR (s00kn, 21

* Rice 2011 suggests collisionality dependency R BT T TR S T S S
= Check collisiionality dependency(2013) ne (10®m)

R : e : Investigation of rotation reversal
Studies verifies better correlation vs. density in LOC/SOC regions

« Will continue investigating it with more data (2013 data)
%0 ® AUG (500kA, -1.6T) 10
—_ e AUG (500kA, -1.5T) ] " KSTAR :iggkk:: gg
220- b 5283& 21133 —~ ol ®  KSTAR (500kA, 2T)
E | L8 o AUG (800kA, -2.0T) 2
510- .‘ . e ° E 104
< v * LI |
= o) . . >-e._zo_
1 Se ..f. ]
° Vequpe
104 - -30- -
—-averaged 0.2 < p < 0.4 Ne,
& T - e ._I._‘(.O.).io
e
Veff Veff

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

* Rotation reversal in ohmic plasmas (D.H. Na-SNU/S.G. Lee-NFRI)

€ Analyses by SNU
II,.; due to TEM(LOC) - ITG(SOC) used widely
1. Continue to investigate with this view to explain rotation reversals
I, . rotates the plasma in certain directions
2. A paradigm shift in the application of the II,.., model
I1,..; lowers the rotation profiles with different magnitudes along the profile
» Under certain conditions (i.e., LOC and SOC)

15

o vs. :

-5 I
-10- o —— AUG #28387 1
. u —— AUG #28387 104 . . — AUG #28387
. = KSTAR#9315 | . —— AUG #28387
151 = = KSTAR#9312 154 . = KSTAR#9315
n = KSTAR #9312
-20 T T T T 20
. .2 4 . . - . . . .
o9 ° 0 06 08 0.0 0.2 0.4 0.6 0.8

€ Collaboration opportunities
= Experiments
» Need for better density control for more data collection
= Analysis
* Investigate collisionallity dependency with more KSTAR/AUG data
 Investigate the paradigm shift of residual stress or another novel approach

h>TAR



ll. Recent KSTAR T&T Experiments/Analyses

» Core intrinsic rotation study in KSTAR (SG Lee-NFRI)

« Core intrinsic rotation study in ohmic plasmas
* Motivation
« Core rotation direction may be determined based on certain parameters/conditions
» Diverse core rotation directions reported during ohmic discharges
« Understanding on the dominant factor to determine the initial rotation directions
* Investigation on rotation direction vs. current ramp-up rate in KSTAR
« Two campaigns show two different directions from 2011 and 2012
» Current ramp-up rate believed to the only noticeable difference
* No MHD activities during ramp-up
» Is the ramp-up rate a factor to determine the initial rotation direction?

* More experiments to verify
6175 7511
2011 campaign (current ramp-up rate : 0.3 MA/s)
2012 campaign (current ramp-up rate : 0.5 MA/s)
T T

Table 1. Central Toroidal Rotation during - g-:
Ohmic Discharges ="

01
Device Vior (cm/s) Ref. o_2| : ‘ VRS W—
LT-3 +5 x 10° 1] -
PLT -1.5 x 10° 2]
JFT-2 -1.3 x 10 (3]
Torus 11 +1.6 x 10° (5) et “l_
PDX <3 x 10° 6] -IS'[I
T™M-4 =7 % 105 [7] = Similar to
@ C-Mod
ISX ~0 (10} € o T T !
DIII-D -2.5 x 10° (14] s | G
8 - ; ) Similar to
TCA +4 x 10 (18] >.-3oj COHW TCV
(+) : co-rotation J.Rice et al. e o e W ML e e e e
0 1 2 3 4 5 6

(-) : counter-rotation

KSTAR

No MHD activities during ramp-up Time (sec)



ll. Recent KSTAR T&T Experiments/Analyses

» Core intrinsic rotation study in KSTAR (SG Lee-NFRI)

« 2013 campaign
» Tried to change the ramp-up rate with other parameters fixed
» All dedicated shots failed
 Difficult with density control may remain
« Searching for other successful shots ongoing

» Collaboration opportunities
 Experiments
« Key is to control ramp-up rate only with no change to other
parameters
 Analyses
« Simulation of core rotation direction vs. ramp-up rates may help
understand the physics in advance

KSTAR



ll. Recent KSTAR T&T Experiments/Analyses

* L-H transition characteristics in KSTAR (H.S Kim-SNU)

2 , ‘ = |-H transition obtained with 0.8-3.0 MW NBI
® 2010 data power in both single- and double-null
® 2011 data configuration
Roll-over :
—Scaling law

= P,, defined as “minimum loss power during L-H
transition

Pthr (MW)

= Evaluated P, agrees with the multi-machine
scaling laws above ~2x101°m-3

» Roll-over of minimum Py, at n,~2x10"9m-3

thres

054 75 5 55 5 = Similar as other tokamaks
= Transition occurred after diverting(???)

» [n 2012 campaign, due to excessive H content,

P, increased significantly
» H/D ratio(2011) : ~20 %
» H/D ratio(2012) : ~40 % ( less than 10%
variation in Hgg_; )

KSTAR



Quasi-periodic transport studies during L-H transition(GS Yun-Postech)

The basic idea is to trigger L-H transition using ECH at the marginal constant NBI power
Quasi-periodic transport behavior in Mirnov Coil(MC) signal, immediately followed by the same
behavior in RF signal

Second transition at t=6.048 s
<10"® — Shot 91T |

shot 9411

* Burstin RFand MC = a fast
electromagnetic event
* Very little change in H_alpha

- negligible ion transport?
* Large Vq,,, spike = transport

mcit12

dominated by fast electrons?
L e Jorighf i
&1 [= * Viioar =] These may indicate a missing
, -2 ' ‘ piece in the PPM:
. gg T T T s e e i T Turbulence = Flow shear and
%04 Vp > MHD instabilities
2l n 0-% (ballooning) and crash
15 RE 2 (prompt loss of fast electrons
; ; and current) >
0 . ; . : . . . ' ! " o5k Replenishment of particles
0 2 4 6 8 6.035 6.04 6.045 6.05 6.055 6.06 6.065 i i i from inside = Repeat
6.046 6.048 6.05 6.052

Time (s)



H-mode Confinement is in accordance with ITER89 scaling

(except for negative trend with elongation) 50
oS i 0.15 - O TgksTAR
I 0.10F 5 L
0.20 | L 3 el@e
L : ------ o.
: 0.05F
~ a [
Z 015} 0.06 | o
= e
5‘3 - [
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H/D ratio 2011 : ~20 % vs 2012 : ~40 % ( less than 10% variation in Hgg_; )
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-mode confinement is in accordance with ITER89 scaling
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KSTAR H/D ratio at 2011 : ~20 % vs ~40 % at 2012 ( less than 10% variation in Hgg )



KSTAR T&T WG mainly addresses issues related to Transport and

Where we belong?

Confinement

KSTAR

. Diagnostics

. Pedestal & Edge Physics

. Energetic Particle Physics

. MHD, Disruptions & Control

. Integrated Operation Senarios
. Scrape-Off-Layer & Divertor

. Transport & Confinement

Who are participating?

Mainly from NFRI(Plasma Transport Division)
. Approx. 20?7 Researchers
World Class Institute (lead by Prof. Diamond)
. Approx. 20?7 Researchers
. Mostly theoretical and simulation studies
»  assist theoretical analyses of experiments
Domestic participants
. KAIST/SNU/Postech/UST/
International Participants

. PPPL/GA/FAR-TECH/NIFS/Univ. of Strathclyde, Glasgow/ENEA/Columbia

Univ./ANU/



* Non-axisymmetric RMP(n=2) effect on rotation (HH Lee) 53

> Intrinsic ®B/B in KSTAR ~10-
» Gives KSTAR unique opportunity to study NRMP effect
» Results(2013)
» Vtdamping in the entire profile while Ti shows practically no change
» May mean “a significant increase in momentum” but “not much heat transport”(??)
> X; may differ from Xg, (?77?)
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Radial profile of T (#9230)

25— T T T T T T T T~
! | ! ! ——4.995 sec w/o NRMPs
| ===5.995 sec w/ NRMPs
2 N
. | |
e s m— | |
B e : 15l LN Lol
- s No clear change < | |
o d - Vr(km/s . . I | |
bty imis) in T, during = | | |
N el Nttt 96 L 1 - + +
- e A IR RN L 2,05 M | | | |
-es.*‘»'“m/w»'“;\n 2 g B0 T 50°2.15.m; NRM Ps : : | :
WMMMW NB1 0.5 — —1—- — - — i 4 - =
| | | | | |
{ ud ‘ | | | | | |
4® i | | | | | |
43 l I 0 | | | | | | | | |
E 20  ~— p 18 185 19 195 2 205 21 215 22 225 23
32 A N (1019 IN2 R[m
PO —— Error fields. Ne(*10™ ™) ml
e SRS I | 1 1w e -
| j W 100 kd
o j 3 s Radial profie of V., (#9230)
: 120 T T T T T T T T T
.| | | [=—4995secwio NRMPs
100 _|===5.995 secw/ NRMPs|_|
V, decreases 8 SN T
. Q |
during NRMPs ¢ ¢ - & . Lo
- |
S |
N ‘
\
0--————9-—T--r-"I——a- - T--r - -I—— ¥
| | | | | | | | |
== | | | | | | | | |
Point ® Zoom O P O cdby Shar_<[9230 »||_apply | signal. | | | | | | | | |

9.8 1.85 1.9 195 2 205 21 215 22 225 23

- . R [m]
KSTAR NRMP applied at 5.5s



Steven Sabbagh 2L E

KSTAR



