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RWM stabilization projection is an urgent need for KSTAR

a Understanding and maintenance of MHD stability at high B
over long pulse duration are key KSTAR, ITER goals

Altering plasma rotation to study MHD stability, and to
operate In most ITER relevant low rotation regime are key

a Outline
High B, results exceeding the n = 1 ideal no-wall limit

Open loop control of plasma rotation using 3D fields

RWM control performance calculations using KSTAR
control hardware and control improvement by optimized
3D sensors
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First plasmas exceeding By > By mark initial KSTAR advanced

tokamak operation
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Normalized beta vs. internal inductance from EFIT reconstruction

*Y.S. Park, et al., Nucl. Fusion 53 (2013) 083029

** 0. Katsuro-Hopkins, et al., Nucl. Fusion 50 (2010) 025019

|, scan performed to
determine “optimal” By vs. I,

Brinrange 1.3-15T
By upto 2.9

By/li > 3.6 (80% increase
from 2011)

A high value for advanced
tokamaks

Mode stability

Target plasma is at
published computed ideal

n =1 no-wall stability limit**
(DCON)

Plasma is subject to RWM
instability, depending on
plasma rotation profile

Rotating n = 1, 2 mode
activity observed in core
during H-mode
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n =2 non-axisymmetric field used to alter plasma rotation profile

non-resonantly in using in-vessel control coill

O Test plasma characteristics vs. toroidal rotation by slowing plasma with
non resonant n = 2 NTV using IVCC

IVCC Connection

- Schematic Diagram
S ~ 1,=0.65MA (B;=1.5T) 0
\(_'5; i Eﬁg Top FEC/RWM

!
il Y 2 3 4 Step-up n = 2 field

5| TP : |

S Step #; 1 i Step-down n|= 2 field

ot — _
- ) ] \ . |PNB' . 28 :MW k ) - L ?%me

0 2 4 6 8 10 12 =
; 4 4 4 4
Time (s) t---t---4---1-- NB dropouts for CES measurement

Simplified expression of NTV force (“1/v regime™)

Top IVCC
A o 1 1 P 3
<et. Ve H> = BtR<E><¥>—ﬂ§/2p 54 (a)¢ _a)NC)I/l
W) t T Vi N Middle
— + — + IVCC
K.C. Shaing, et al., T5/2 / Steady-state velocity
PPCF 51 (2009) 035004 Inverse aspect ratio
.. . . Bottom IVCC
a Pre-requisite for study of NTV physics in _ _ _ _
KSTAR — comparison to NSTX (low A.R.) Applied n = 2 even parity configuration
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Changing the in-vessel control coil current in steps altered rotation

In a controlled fashion without hysteresis

KSTAR 8062 CES KSTAR 8064 CES
160f @ Withn=2field 1 ™. @ With n = 2 field
- (step current up) ' (step current down)
1201 —  t=3.055s 1207 Y s
> —t=4.055s — t=5875s
o ——1t=5875s
m©
g 80 80t
.e.
G
40} 401
0l— : : - - - 0l— . e - - - -
1.8 1.9 2.0 2.1 2.2 23 1.8 1.9 2.0 2.1 2.2 2.3
R (m) R (m)
IVCC n = 2 current
Al 'i i ': O Atsame IVCC
.l : current, rotation
— 1 . . .
<, , | level is very similar
8 @ @ without hysteresis
1t . : . .
| e [ e - Important for
0— ry 5 s 7 e S S control
Time (s) Time (s)
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Change in the measured steady-state rotation profile is analyzed

by torque balance

O Torque balance relation in steady-state

d (|Q ) N/o existing tearing mode
qu =Tygr +Tp + Tygy + T3 =0
o N\

NBI torque Momentum diffusion NTV torque

- Equation in flux coordinate (i = ion)
oQ on. 8<R2>
2 ¢ 2 i
nimi<R >—8t +£2¢<R >mi ot +nmQ, ——=+

nimi<R2>Q¢(%j
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G‘I’N (8\{, i | ¢<R (V\P ) > J+2Ttorque

(V = volume, g, = toroidal momentum diffusivity)

Q, (krad/s)
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45|
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Q = constant at each n=2 current step

12

! KSTAR 8062
flux-calibrated CES

e Rotationat'¥,,=0.56 |
* Rotationat ¥ =0.70

rp 18
el A ..‘-f" =
o‘.& ot 0’ 4 ls é
Not in torque -

balance
(not included)

Step-up n =2 field

Time (s)

Since the plasma boundary is not
stationary, rotation at constant
normalized flux surface is computed
by using high time resolution EFIT
flux grid at every time point shown

by assuming
on, OR®) af v
I R WY A :0 .
ot ot ot —8‘PN then the equation reduces to
-1

0Q, ( ov o (v 20
nm(R*)—== M2, (RE (VW) )t |+ T gy +T
[ I< > ot (8‘}’,\' oYy [G‘PN I 'Z¢< (VPy) >5\PN NBI NTV
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Reduced formulation of the steady-state torque balance problem

. o0Q
- In steady-state proflles(—¢ = oj,

ot
=)
oV o oV oQ
0= nm x,(R*(V¥,)? —¢]+T +T
[8\PNJ N [8‘PN 3 " >8‘I’N e
=012 [c5®) 1 1 0 ., 00,
= oV, v, T e T Inry > 0=C3H+C4 ‘Pﬁ +Tag + Ty

Express Tyry as non-resonant (damping scales with €3,)
Ty =K Q, OB® (K = function of T,) (Resonant field amplification is insignificant as B, < Byo-al)
T\g = cConstant

C3, C4 are assumed to be constant over time at fixed flux surface, then by taking difference
of the equation between steady-state NTV steps,

( : - ) 0Q,| Q) 0'Q,|  0°Q,
K {Q, 5B ‘jZ—Q¢éB ‘,-1 =C5| | == +C6| A -—
N'1j2 N 1j1 N |j2 N {1
(j = steady-state step #)
. 0Q, 9°Q, | |
with OB oc |}y and Q, : . from flux-calibrated CES profiles
oY, 0¥y
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Change in rotation profile gradient by applied n = 2

0 Analysis of increasing n = 2 current steps (shot 8062)

At constant normalized flux surface, profiles having similar <n.> and T, between comparing
steady-state steps are chosen in accordance with assumptions

4.0
3.5
|Ang|< 0.47E19
] T T
..'“c .'.- f ] «® S ®eee
25k .. W v
Y
Y
20} > _ . .
Chosen profile points for analysis
1.5 ’ L L
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Time (s)
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1200+

1100 -

|AT| < 90 eV
R
.. * ody * ¢ \ % - e .ot

1000
3

Time (s)

Rotation gradient change calculated from measured profiles

-30 . .
dQ),Q/d‘PN _(¥\=0.58)
g Rotation profile flattens {
40t T
£ as braking increases /
— 4
5 Step # {/}
g.a ol 1 3
S + 2
_______________________ -
yEr = 16 Increasing |, - ,
-60 . 1 " 1 " 1
3 4 5 6
Time (s)
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d’Q /AW

400

200+

-200

-400
3

d2Q,/d W2, (¥\=0.58) yEm=1o |
Step #1 2 3 4
R S

Change in the 2" order derivative
smaller than error (similar profile curvature)

- Use only “C5” dependence

4 5 6
Time (s)




Steady-state profile analysis to examine NTV dependence on 6B

O Resulting NTV correlation with different power in 6BP

-30 : . — — — -30
. Measured 1 i Measured
35f | —=—P=3inB" | | i 1 a5l | —e—P=3n8"
| —e—P=2in5B" | | —e—P=2indB" | _
. ——P=1in38" | 1 . ——P=1in3B" | SB2 1
= 40} ' 0B2{ & -0} ' | .
S _ ! S _ !
o ¥,\=0.58 o Yy\=0.56 !
=3 - =3 - ¢
= 45} t = 451 I
195 Slope o "K/C5" _%
% 10 ) R ol % -60 i .
' | Smaller number of samples
Estimate slope between Step #1 2 (Iargest Al - 2) 'in step #3 may cause re|at|ve|y
55| L then propagate it to other steps ; 55r :Iarge deviation _ 1
Stepi#l Step #2 Step #3 Step#4 | Stepi#l Step:#2 Step #3 Step #4
_60 M 1 M 1 " 1 _60 M 1 M 1 " 1
2.0 2.5 3.0 3. 5 4.0 2.0 2.5 3.0 3.5 4 0
n=21,. (kKAf) n=21,. (kKAf)

For the different normalized flux surfaces, Tq, Scales well with 5B

2 +5/2
TNTV—(l/V)OC oB° T,
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Reduced rotation braking correlates with lower T,

O Analysis of increasing n = 2 current steps with lower T, (shot 9199)

: 400
Chosen profiles have |AT;| <50 eV — ' ! '
P AT ® d2Q,/dW? (¥\=0.58)
50 . ; g 200+ = == i . -
Q, (¥,=0.58 < . : ! 1
y 2 (Fy=0.58) vz Or Step#l 2 3 4
451 " E
s T 2. 200}
@ ' o 3 ¢ < - Use “C5” dependence
= sep# T~ 3 v g -
E 40 P 2 f//4 | - 400 yErr=1c | ' '
= T 3 4 5 6 7
G Overall rotation damping is much weaker Time (s)
35 ] -30 . . ; : .
2KA/t--=--==--------- > 3.9 KA/t ! i
VEN = 1o Increasing I, -5 8 Measured | 5
303 3 5 5 7 —e— Step #1-2 correlation using 58° | !
-30 ' . . 35l \—s— Step #2-3 correlation using 58° : |

—=— Step #3-4 correlation using 58° '

dQ,/dWy (¥,=0.58)
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A
(]

Due to relatively small profile'variation
-a5} 1 compared to error, evaluate avg. “K/C5”
using entire step data

dQ,/d, (krad/s)
B
o
:X4
o -
N

yErr = loc i |
-50 L L | ]
3 4 5 6 7 : :
Time (s) 50 Step #1 Step#2 Step#3  Step|#4
By assuming the same C5,, -, 5 between two comparing ~ ° 25 %0 35 40
ik n=21,. (KAR)
shots, 8062 T 8062 2.27
P, =0.58 i, ¥,,=0.58 1262 eV T T 25
e =6.02= = ~ Ty
K 9199 T 9199 573 eV
¥y =0.58 i, ¥\ =0.58
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Active n =1 RWM control performance determined

with 3D sensors

KSTAR RWM control system in VALEN-3D

Input n = 1 unstable eigenmode
from DCON

Saddle l00pS __—=orirmmene IVCC Connection
B e et e “ Schematic Diagram

Middle
FEC/RWM

\
’ Unperturbed
Bottom FEC/RWM DCON 6Bn  boundary

Modelled control coils

(Middle FEC/RWM) LM sensors

NSTX-type sensors Y.S. Park, et al., Phys. Plasmas submitted

0 RWAM active control analysis using the KSTAR device sensors

n = 1 unstable eigenfunction from DCON (B, = 5.0, |, = 0.7 projected equilibrium with
H-mode pressure profiles) are used as an input

Sensors presently available : 4 midplane LM sensors (90° toroidally separated) and
40 off-axis SL sensors (10 poloidal positions for the same 4 toroidal positions of the
LMs) and MPs
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(@) *

RWM Amplitude (G)

Control coil-induced vessel current significantly limits

performance of the LM sensors

LMO1 @ 22.5° LM0O4 @ 112.5° LMO3 @ 202.5° LMO02 @ 292.5°
"I hlﬂ -"I-1
3N =%

' M A E

X ® ® ®

]
|‘ & |17' |’;f |’T\
=& |/ |\ = |\

Time domain

T T T T ™ T T
(b) i with compensation of applied
control calculation]

! control field alone

15F
Mode Unstable
FB starts
10F
with idealized compensation of applied
5| control field and induced vessel current

Mode Stabilized

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time (s)

(a) Induced vessel current during n = 1 feedback

(b) Feedback w/ and w/o compensation of vessel current from LMs

= MP
£ 9 ...(unstable)....§. .} i
N :
Mode 3
A Y
) = I
\\ o :
\ | r
y ; \\ ) _:.Z 1
bl ey, ...H ._NSTX.—l_yﬁe_.:B;g._'
1y : /S
AN -st0,/ /S
1 2 3

Control is limited by control coil-
induced vessel currents
circulating around the elongated
port penetrations

Induced vessel currents
significantly alters the measured
mode phase
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RWM control performance using the LM sensors

0 Feedback using the LM sensors

10" —— - - — - - ; MP sensors have lowest
: |DCON | DCON : . .
' no-wall limit ' with-wall IV/ coupling to vessel/plates: but
10 E | /7 only 3 toroidal positions, small
Q) | LM sensor /) effective area (blue)
g | 4 Without compensation of
o : & ] . ..
< ; passive growth _,-’.5 / ] external fields, a limited
s 2 i v W '; - PN"FPN |
50 : "" {7 e 3 performance C, = 16% (S, up
g [ LM sensor / | ; to 3.0) can be achieved (green)
< 10‘ w/o compensatlon M sensor 3
o : >\ ./ w/ ideal compensation The app|led control field
ol L / '\ ) compensation from the
' . . 1 . 0
g / LM sensor MP sensor : sensors increased C,to 37%
o' K ’ w/ compensctsmon' ' | ' 1 (ﬁN = 35) (red)
2 4 5 6 . .
B, Theoretically performed ideal

compensation of the vessel
current results in higher C, =
98% close to the with-wall limit
(magenta)

RWM growth rate vs. ﬁﬁ with feedback using the LM sensors

@COLUM[‘HA UNIVERSITY 13
IN THE CITY OF NEW YORK



SL sensor performance mostly set by interference

due to passive plates

g 10 1 1 1 . T T
s |(a) Mode amplitude By=39 |
% Trwm = 23s
= 8 1
§, I w/o sensor coupling to passive plates
= 6l 1|
v
c *— 1 4 —9.
g 41 / \
§ L w/ sensor coupling to passive plates
[+ 4]
= 2 ! ! ! ! ! =
6210 T T LN T T % 0
g t(b) Mode helicity Mode Helicity = [5,- 5| -
> 180} -
S I w/ sensor coupling to passive plates
T 150}
o I
c 120 -1}
® |
E 90l w/o sensor coupling to passive plates
3
4]
E 0 1 1 1 1 1
SL01/10 SL02/09  SL03/08 SL04/07  SL05/06

(Outboard) (Inboard) !

0 Effectiveness of the SLs in the presence of passive plates
Magnitude of mode perturbation shielding is higher toward the outer SLs

However, mode helicity change is significant towards the inner SLs
- makes successful feedback more difficult
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The SL sensors show higher control performance over the LMs

0 Performance of two up-down SL

10— —— sensor pairs
4 no-wall limit it wal it __—— Unlike the LMs, vessel current
- l: : y 4 near the SLs does not strongly
“g, ol ET— %, _; affect the control performance
g Passive growth /// : Compensation of the applied
*g 1°F L6110 sensor ./, control field alone can increase
O | wopompensatir // AN ] the C,from 44% to 86% for the
=Sl S e /,/' | |'stor-10sensor SL01/10 sensors (green) -
: v 7 [ | W/compensation (red : highest performance
10°F ¥4 / | \ among the SLs)
: ;..? / $ Ideal B sensor _ _
o B RS A B Magnitude of mode field
? : ) p ° ° measured by the SLs (~2% of
N

o o the ideal sensor measurement)
RWM growth rate vs. B, with different SL sensor configurations
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Estimation of RWM control power requirements

0 Time domain RWM active control calculation to estimate required control power

The applied control field compensated SL01/10 (total 8) sensors as mode detection
sensors

Feedback starts when mode amplitude becomes 10 G (target unstable eigenfunction with
Sy = 4.5) with ideal control system assumption (w/o noise and control time delay)

Resultlng ideal power requirements : Ppys = 136 W, Py, = 282 W, f,, = 30 Hz,
=312 A-turn, Ve = 0.54 V/turn, At = 114 ms

peak
90
16 : : : : : : : 180
FB starts ] 12_‘ ] T~
14| l/ 1435 9 10__ 135 /.__'_.-_,-- v . __w...-\- \\ 45
~ 12| 490 £ - X
Sl |A 5 B ° T X
S 10} las o L 4 :
- ~ = I
= 1 = 2
g st B8 10 o & | '
i L
=g | £ 0 | 0
g 6f -45 %
C
o 4l g0 &
0 . L L N N 1 . 1 N 1 N 1 N N -180 ’ ) ~
0.00 0.02 0.04 006 008 010 012 014 0.16 0.18 0.20 N
Time (s) 270
RWM amplitude and phase during feedback Polar plot
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RWM control power dependence on B

and sensor noise level

®0— 200 a Control power vs. By
2 0l Control power vs. By ' lieo @ Control power rapidly increases
g . Highest achievable B S as By approaches the control limit

160 | Ng [+ 4120 2 . . :
c | 1T E Resulting control time interval :
D 450} o o 51 - 131 ms (mode amp. <2 G)

150 o 80 9 P.
z | Power | o |l B
T 1401 ><. 440 & 1O Control power vs. sensor noise
© | [lpassive ——* e g

130 1 " 1 " 1 " L " 1 L Ll 0 I

3.6 3.8 4.0 4.2 4.4 4.6 ReqUIred Co_ntrpl power
B increases with increasing sensor
N noise level

s 1 1 1 I . Control power increase is
< Lol Control power vs. sensor noise level | e | significant with lower frequency
5| . noise
S 15F . i . ——
% ' NOISE| o 11RW | RMS 1G, 10 kHz white noise
2 10} —o—f o = 10 kHz / === nl
0: i /. ) —_
T 05} e " 7 €,
|9 i 0.1.5 kW .ﬁ#'fﬂ ' N

00 1 " 1 " 1 " 1 L 1 <

0 2 4 6 8 24
6BNoistBISBRWI'\.r‘I 4 N ) )
0.00 0.05 0.10 0.15 0.20
Time (s)
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Optimized 3D sensors show higher control performance

over the device sensors

NSTX RWM control system KSTAR
RWM sensors (Br) Saddle loops __- - - 10° X . ! [N
\ e 'DCON 'DCON
Stabilizer 9_ 745 !.’ifui‘_‘ NSy = , no-wall limit t with-wall limit
\ ST T T o RSN B 77~ SR | '
S0 S ey L s = NSTX-B,
;fi' A @ 10°¢ | ;
LN == - \ ':7_‘ ! EJ' | E
\ JH T WA 4 ! . NSTX-type upper & 1}
'. a ",;l_"' -+ [ | LA ' XK < i Passive growth 1{ lower B, sensor
| @;” ~ - ~ ".‘;I“E!F L= ' Modelled control coils - g 102 : H with compensation 3
\ (O i N || (Middle FEC/RWM) LM sensors o | /' ]
w Sk L v i NSTX-type sensors 5 | Je
Kool S AT e O | ]
Nk A - . i
i I —) - W - |
Nz T x | 3
N=Z> .- | P
S -1- 0 i /‘II\NSTX B |
RWM sensors (B,) © 10°F -type upper B 5
sensors (B,) :J' SL01/10 sensor I i ° 3
RWM active stabilization coils y  with compenstation § | [ Sensorwith
l ‘ 1 compensation
* S.A. Sabbagh, et al., Nucl. Fusion 50 (2010) 025020 10'12 ' 3 . 4 - 5 . 6

B
0O A new RWM sensor design considered in the KSTAR VALEN model

Other sensor sets should be prepared to overcome the confirmed control limitations set
by the present device sensors

Need more toroidal sensor positions, smallest coupling to applied fields & eddy currents

“NSTX-type B," sensor performance only weakly affected by vessel and passive plate
currents and exhibits improved control performance (Cy s o110 = 86% > Cy ystx-g, = 99%)
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Conclusions

0 KSTAR plasmas have exceeded the predicted ideal n = 1 no-wall limit
High values of By up to 2.9 with B/l > 3.6 (By"owal = 2.5)

0 Plasma toroidal rotation alteration by n = 2 applied field

At achieved high normalized beta plasmas, plasma rotation has been significantly
reduced (50%) by applied n = 2 field without mode locking

Rotation profile alteration by n = 2 fields shows non-resonant braking scales as
“1/v" regime in the NTV theory (T, ~ 8B*T;”?)

0 RWM active feedback control analysis using device sensors

LM sensors measuring the radial field component of the RWM are strongly affected
by vessel currents which result in a limited control performance

SL01/10 sensors with applied field compensation perform best, but a low RWM
amplitude measured at the off-axis region can produce a low signal-to-noise ratio

The optimized 3D sensors motivated by the NSTX-B, sensors show a clear
advantage in control performance

O KSTAR is expected to produce a higher 3 by increased P,g, from 2014
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Experiment to reach and surpass n =1 no-wall limit in KSTAR planned

since 2010

2.0

20

05F

* 2011 H-mode 1

“max. By in 2011 + 3/2 TM equilibria
* 21 TM equilibria

“max. B, in 2010

0

09-2010 operation

L
X:]

L s i . I
1.0 12 1.4 16 1.8 2.0

Y.S. Park, et al., Nucl. Fusion 51 (2011) 053001

Y.S. Park, et al., Nucl. Fusion 53 (2013) 083029
Projected n = 1 ideal stability for KSTAR H-mode plasmas

9

Bn

O = N W & O 6O N

O. Katsuro-Hopkins,
et al., NF 50 (2010)
025019

| Wall-Stabilized .~ o
region . . N . .

I « o bt s o o Ts
| Stable @
nowall e

I : 2010 run

0.2 04 0.6 0.8 1.0 1.2
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Profiles used in ideal MHD

no-wall limit study

1.0 5
0.8 DII-D H-mode

i (125841t = 4.8s)
0.6 |-
04|

i A
0.2} Edgep =0 .

: : d
0.0 B | | | L | ll_\l Amo‘dle\ L L L | L
8.0[

- Sample q(Vy)
6.0 variation
4.0 }
=== g=1
0_0‘\4\\444\414\\4\4\44
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Effect of step increase in n = 2 field observed in mode frequency

and x-ray crystal spectrometer rotation data

No IVCC n > 0 field With IVCC n = 2 field
I N ] . I BN T .
Shot8061,n= 1 2 3 4 Shot8060,n= 1 2 3 4
60 T T T T T ] 60T _ ]
50 £ g | 1 50t
_ Bl j,'“f‘j%f_________if{ﬁ'f;_r"ﬁ'f!l ___Eil (RO I S I
T 400 e ! T )= '
FON: | o .5
E PF i - R 'Nli“'"illl 0F |rr
St e a3ty
S 200 imﬁb' * W o4 20 1”"1
™ E " L . m’l"" | -
10E il ‘J“ *M’ 105 o iy
0 | | L | L 1 | L | D -----
2 4 6 8 10 2
Time (s)
0 Low frequency MHD mode rotation frequency 2>
decreased by 40 - 50% without mode locking = |
0 Measureable energy confinement time change £ | . _ b, _
with n = 2 field applled § W withn = 2 | —— Shot 8061
= ! Shot 8060
IE:_120ms(non:2)vs.90ms(withn:2)at ot
6 s in shot 8061 & 8060 Time (s)
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Clear reduction in CES measured toroidal plasma rotation profile

with applied n =2 field

With IVCC n = 2 field

KSTAR 8062 CES

No IVCC n > 0 field

KSTAR 8061 CES

160 |

Rotation reduction

S

——1t=3.055s
—1t=4.055s
—1t=5.875s

4 160

4 120

80+

Rotation profile oscillates
due to core mode activity &

40t  The rotation slows further a0}  plasma boundary movement
at later times
CES data in courtesy of W.H. Ko (NFRI)
e 19 20 21 22 0% 19 2.0 21 22 23
R (m) R (m)

Q Significant reduction of rotation speed using middle IVCC colil alone

O Significant alteration in rotation pedestal at the edge during braking
Slowed rotation profile resembles an L-mode profile (H-mode is maintained)

- Edge rotation reduces first by NTV, then the core follows due to momentum diffusion
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