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Status of KSTAR device (reb. 2018)




KSTAR mission is

to explore the steady-state operation at high performance

» Mission of KSTAR:

» Key parameters of KSTAR, ITER & K-DEMO

» To achieve the superconducting S KSTAR ITER K-DEMO
tokamak construction and operation (achieved)  (Baseline) (Option 11)
experiences Major radius, R, [m] 1.8 (€) 6.2 6.8

Minor radius, a [m] 0.5 (¢) 2.0 2.1

» To explore the physics & technologies of | Elongation, « 2.0 (2.16) 1.7 1.8
high performance steady-state operation | Triangularity, & 0.8 (€) 0.33 0.63
that are essential for ITER and fusion Plasma shape DN, SN SN DN (SN)
reactors

uctive p?,:a",t,i _Fﬁ'j"’ . Plasma current, 1, [MA] 2.0 (1.0) 15 >12
6 Toroidal field, B, [T] 3.5(€) 5.3 7.4
H-mode duration [sec] 300 (70) 400 SS

& °f KSTAR ] - -

" & ( {552;_;; {jgfﬁ By 5.0 (4.3) 2.0 4.2

7 4 P& High beta, advanced ()| ::> K-DEMO |- Bootstrap current, f,q (~0.5) ~0.6

w

E ) Superconductor Nb;Sn, NbTi | NbsSn, NbTi Nb;Sn, NbTi
3| 2016 . .

E (2014) {zm(] ) — Heating /CD [MW] ~ 28 (10) ~73 120

EE: H-inuda.stndy\-at - | Steadystate ] J PFC C,W W W

':-_:3 K V( Dkl Fusion power, P, [GW] ~0.5 ~3.0
1F Present T ]

Cu fusion devices 0
0 1 1ID ‘I[I)D 101{}0 10000
Pulse length (s)
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Mission and roles of KSTAR toward ITER and K-DEMO

» Operation goals:

 to achieve steady state H-mode with resolving engineering issues (ELM, disruption)
* to explore high performance operation modes with resolving harmful MHDs

» Roles of KSTAR in ITER era

» To explore steady-state (~300s) and high
beta (B, > 4) operation regimes that are
applicable to ITER and K-DEMO

* To resolve harmful instability issues in S
high beta operation (ELM-crash, NTM, K-DEMO

« Stationary High beta (8, ~4),

disruptions, RWM, etc) high bootstrap
« Divertor heat flux control

« To validate of not-yet proven fundamental
physics using advanced diagnostics and
modeling

* Innovative R&D on key engineering and
technology (control of heat, recycle &
current drive in steady state, etc)

+ Steady-state H-mode(8, ~2)
» Suppression of ELM, disruption
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Uniqueness of KSTAR essential for 3, ~4.0 long-pulse

demonstration

P Better plasma symmetry

* Lowest error field (6B/B,~1x10®)
* Lowest toroidal ripple (~0.05 %)

5B/B, vs By in KSTAR
8B/Bg (x10®) (measured/linearly projected)

10 | 4=~ Typical Intrinsic EF level in Ohmic . —p
plasmas in other tokamaks

5 |« _ _ ITER target*: 5x10° _J__-;’_'___,
’.4

.- -0 ﬁN, nTwaH ~ 2.6(nominal)

0 1 2 3 Py 4

P Better understanding by Advanced

diagnostic
* Profile and 2D imaging diagnostics
* Physics validation of MHD & confinement

ECEI Image bolometer MSE
@ 20 P_ . =1410 kW
2 . ti16f198
o 2500 ms (w/ ITB)
10 4500 ms (w/o ITB H-mode) ' |
0.05 . @
E o
R »
-10
g o2 oA o8 o3 0
005 20 psi_n

210 215 220 225 pind
Rl R(m)

KSTAR

P Better instability control with IVCC

* Uniquely top/middle/bottom coils
* Reliable ELM-crash suppression (>30s)

KSTAR In-vessel Control Coils

(IVCC): Top/Mid/Bot
E.K. kim et af, ep 2000 N=1, +90 phase n=2, even

V) o EED EE
N md[EEL (L
o (o EE

P Better efficiency in heating/CD &

ready to upgrade

* Long pulse high beta op. using NBI (>70s)
« 2nd NBI system is under construction

Long pulse and high power of NBI-1

Enhancement of NBI injetion power

Pulsa(s)
8 888

-
e 8




KSTAR unigue features :

Engineering excellency in superconducting magnets

» Challenges:

* The first Nb;Sn CICC superconductor (same as ITER) and

extremely high quality control of manufacturing and
installation

» Extremely low error field (| 5B /By | ~ 1x107), it is about 1/10
than other major device.

« KSTAR could operated up to ITER operation conditions
(betaN ~ 2.5) without external error field correction

8B/B, vs By in KSTAR
0B/B, (x10-°) (measured/linearly projected)

10 |« —  Typical Intrinsic EF level in Ohmic . —»
plasmas in other tokamaks

5 l¢— — - ITERtarget:5x10% _ | --7 _
&
=" -® BN, no-wai ~ 2-6(nominal)
0 L
Nb3Sn conductor & CICC Accurate SC engineering 0 1 9 3 By 4
Y. In, NF2017
KSTAR
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KSTAR uniqueness : Advanced diagnostics to validate

fundamental physics and plasma control

» Very reliable operation of advanced » Reliable profile diagnostics benefits of
2D/3D imaging diagnostics low ripple and error field
« ECEIL. MIR. Collective Sc.. BES « CES, MSE, ECE, TS, refectometer
imaging bolometer, FILD, SXR,, etc « Clear profile information at core and

« Enable understanding of fundamental pedestal also

physics including MHD mechanisms « to be applied for real-time profile control
(ST, ELM, Tearing Modes,)

 #16498 ]

ITB foot
(p=0.46) |

Ti (keV)

ECEI MIR Bolometer

—+— |TB @2.5s 7
—h— H-mode @ 4.5 5| |

Corralation

0 0 10
Time log [us]

ECEIl, MIR, and imaging bolometer diagnostics
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KSTAR uniqueness : High efficient long-pulse capable NBI

& EC heating system

> achievements :

* NBI : 100 keV positive D* beam, lonest
operation (>70s) — efficient NBCD

« ECH : dual frequency gyrotron (105/140 GHz,

1 MW) operation up to 300s

» Fast steering high power EC heating
launcher

Inboard
limiter

Passive_
plate 2y [

NBI system layout

RF Power [MW]

Enhancement of NBI injetion power

BO 8.0
70 | -e-BeamPulseis) ‘/}i 7.0
=#-Beam Power| M)
80 /)’. 60
o 50 4L B 50D
o 40 s
= iz
- ) 10 %
':/' m a3 .
12
10 ?{ 1.0

2008 2010 2011 242 2013 214 215 2016
Year

Long pulse NBI operation (>70s)

1.0- ~ 850kW at 140GHz
0.8

06/ | ~700kW at105GHZ
0.4

D2 140 GHz
o 105 GHz |_

50 0 50 100 150 200 250 300 350
Time [sec]
Long pulse ECH operation (300s)

KSTAR
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Progress in the high performance discharges in 2017

surpassing the no-wall limits with broad 95 operations

» Reliable startup using TPC (ECH-assisted) » High B, mode : By <2.7 Bp <3, fy, ~ 1, fzg5~0.5, 0y95>6

» High elongation discharge (k~2.16) » High B, mode : By < 3.2, 4.3 (transient), 2/1 NTM
» High Ip discharge (Stable 1 MA) » Hybrid mode : fusion gain G ~ 0.45, qqs >4

» Long pulse H-mode discharge (~73 s) » ITB formation : B, <2.0 Bp <1.5 with L-mode edge
» ITB (ITER Baseline) scenario » lowq95 mode : stable up to q95 ~ 2.3 (H-mode)

) &
= )
5| EA% %
AN 2
2 <. = <
° 2 E =
1 -
P2 1\
8
Br -1
1+ k2 w

25 1(1+x2)

£Pp — Bootstrap Current —

fos = Igs/I, < B, X g

‘00 05 1.0 15 20 25 30 35 40
Pp 2 steady-state
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Future research goals are exploring the high beta (B ~ 4)

after the heating system upgrade (NBI & ECH)

» Upgrade in heating system : NBI (5.5 MW = 12 MW) & ECCD (1 MW = 6 MW)
* Exploring the higher B, operation (B, ~ 4.0) with MHD instability control

)
2 Bri=6 . .
o3 Extrapolation to high
S ---== beta operation after
* _-°  heating upgrade based
L p=5 on 2017 experiments
& * Calculation with CRONOS
5 4 without stability
< b= consideration
AN
p=3 * PNBI=11.7 MW
« PEC=4 MW
« IP=0.6~1.2MA
., v BT=19~24T
= * nel=5.22E19 m-3

0O 05 10 15 20 25 30 35 40 * H98y2=1.1
B> > steady-state

KSTAR 12-




Improved plasma control : startup (TPC), and enhanced

vertical stabilization

» Validation of Trapped Particle Configuration (TPC) startup as the most promising
technique for ITER
> Improvement of vertical stabilization beyond design point
* Elongation up to ~2.16 with less sensitivity to I, & 3,

Trapped Particle Configuration (TPC) High elongation (k ~ 2.16)

2"d harmonic ECH resonance layer #18380

T — ; i i i —Vertically extended

T 06

= |
o
=02t 1

o kappa~2.16 |
mm

nt[kAfﬁntml err [em]

2 25 15 2
R (m) R (m)

IVC curre

time[s]

Courtesy of D. Mueller(PPPL)

Reference field null Reference TPC

Courtesy of J.W. Lee (NFRI)
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Trial to steady-state long pulse discharges: Reproducing

2016 discharges (~ 73 s) but need additional efforts

*In 2016, long pulse limited by interlock (temperature of IVCC surface) > Fully non-inductive

oa T (MA), Bim2.57T ~#017321 ' Voo e advanced operation with
o2 The high beta (B, ~2.0, B, ~2.5)
aol ' - | | | | i Pt up to 20s.
| . |
T LR 1111 L L L Y . Comparable to ITER

20 pam(MW)

baseline operation

» Long pulse H-mode
discharge (>70s)

; ; Gradual-performance-degradation Moo * Gradual performance
20l Pupa (a-u.) Due to increased wall recycling - ] degradation due to
ol . . . . . - | |- increased wall recycling
0 10 20 30 40 50 60 70 * In 2017, Loop voltage
* In 2017, long pulse limited by trip in NBI or ECH system increasing at long pulse is
similar to 2016 in spite of
|J | hot PFC operation
0.4 | Ip (MA) @B,=2.5T KSTAR #018437
_ - 4.0
I | | | | || ||| I ||| || |[ || | | || | -> Performance improvement in
IO . oo s 2018 by adopting active
water cooling into PFC and

T

L L 1 1 L PECH - 0.8 le
4] 10 20 30 40 50 80 Jo
time (sec)

KSTAR 14-
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#21735, new record of pulse length achieved in 2018

#21735

B,=2.44T

o (ma)

T T T T

"V;’Io'op (V} . &

25—
208 Py

Ceew |

_....é..--Te,'can

ne,mrellolgmgl S

P

0 10 20 30 40 50
time (s)

60 70 80 90

0.3
{0.2
Ho0.1
- Jdo.o

2.5

2.0

{1.5
1.0
{0.5

48.0
16.0
44.0

2.0

.25
{2.0
1.5
..41.0

0.5

l, = 400 kA, B;=2.44 T, P\ 5=2.8 MW, P_.=0.7 MW
He-IVCP and Water-Cooled PFC conditions

Vieop ~ 0.1 V is kept during entire discharge.

Relatively low density in the core at #21735
compared with the past.

> 6.0 keV.

By is sustained to almost constant until ~45-50 sec.

High temperature is shown as T

e,core

B, degradation for 50-60 sec comes from X-point
changes to reduce a burden of PF3 and PF4.

After 70 sec, B, degradation is accelerated.

Density is almost constant and temperature is even
increased in some time-region, ... B, is degraded??

D, baseline is slightly increased.
For 10-30 sec, EHO-like activity is observed.
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Progress in High B, discharges :

performance improved by adding central ECH

» Enhanced High poloidal beta (B,) discharges
* Improved performance by adding central ECH/CD

* PBpand By ~2.8 (ITERSS comparable) #18597 (1.90T) : normal H-mode
. . #18600 (1.85T) : normal H-mode
> Narrow windows for high 3, #18602 (1.80T) : high B, mode
° 1 696 < R < 1 744 (A R _ 5 0 ) #18691 (1.75T) : normal H-mode
. m ECH,Res . m ECH,Res — ~* cm
Stationary high beta discharge ~ B, "~ 2.8
Improved 6, by adding central ECCD at 0.4 I\}/lIA,i‘.Q MW NBI anif O(gNMI’f/NECH )
|/ lp(=0.amA) x13 ‘ I I ” Int =°'4F;'d” <15 Pam= 5‘ im
Pnel= 319

Pecy= 0.8 MW |

Pugi= 4.2 MW' 1 a0l - I I
20| 0 Pecy= 0.7 MW

0.0 1
T T
0.4 1
v ™) #013697: w/o ECH
Loop ~— #013699: with ECH
0.2
0.0} - -
0.4 T
Wynp(MJ)) .
0.3 l.v\/"-\.»'wﬂ‘\'-\"-‘* Pt S And et o W 2P "/'\'"'\ !_ri
i,
e Wy (0.2 > 0.3 MJ)
ozl Rk gl .
[ LI L i 4 i S . .t
. | ot £ e et
re
sof - f B
P W el A A e Ay T A S A Co e P
2.5} Fa
20N
of e Bo ( )
wf o | Be(17 D28
A PN S g e e o it g o F i o e
1.5} i ,[ s TE et
1.0 ! ud i L i i
0.0 2.0 4.0 6.0 8.0 10.0

time (sec) time (sec)
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High B, mode : TRANSP analysis reveals fast ion fransport
(Dy4st ) is reduced with localized ECH

High B, | H- '
mode mode

—e— #18597: low Bp plasma ' . g%ggg%%, W ot [KJ] 300 235
—e— #18602: high Bp plasma : é : :

13

T, so [ Sl W ] 220 175
R £, _ _;_______..N;!eas@red.l;leutlfon.ra}l Wit [KI] 80 60
§ : E 1320304055050 Diast 0.4 1.2
= : . \ [m?/s]
£1 3 H98/H89 1.1/2.1 1.0/1.7
3 Calculated neutron rate
® 1 = #18597: low Bp plasma Pin.ngi 2.7 1.7
—e— #18602: high Bp plasma [MW]
24— T T T T T
b Dfast_[::—:';afrt ic::zdiﬁusiiia coef?i':ient] ” P'OSS'NB'[ 0.8 18
08 T T T T T T MW]
00 01 02 03 04 05 . . .
Dract (Fast ion diffusion coefficient) * Ratio of neutron rates in two discharges
- Measured: 2.1/3.2 = 66%
Witat = Wihermal + %ﬂgﬂ - Calculated: 3.3/5.2 = 64%
- Good agreement
) gﬂwe'mﬂ' :I”’m Kinetic profiles o - Good cross-check for Dy,
* Wi : from NUBEAM with Dy, variations o
* D;.. : flat profile assumed L .
o * Based on this, high B, discharges show
* D;.., can be determined by “W,.,., = Wyp HI98 > 1.1, f, 2 90%, fgs ~ 40%
—> ~0.0 for high 3, and ~0.45 for low [, (cf: H98 ~ 1.0 in the low (3, discharges)
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Hybrid mode : accessed by additional NBI timing and also

related with fast ion confinement and pedestal increases

» Exploring the Hybrid (advanced inductive) operations by adjusting heating time, and

current overshoot
* Define hybrid : Sy > 2.4 & Hgg > 2.0 in gg9s< 6.5 w/0 sawtooth
* Increased H98, H89 by improved H-mode pedestal

Electron temperatrue from TS

5500

a zdﬂ'd : . . : : : . 5000 [ t=4.3 &
%2_ ST FB 4500 - ) t=4.7l B
N Y N DR P NI‘QMJWM B — - |——t=5.0] |

38 4 42 44 46 48 5 52 R t=5.3 1
550 : ' ' k1 = 3000 1= . ]

— totaI(KJ.) A E“i B ¢ AW ot = 40 (KJ) 2 2s00r
500 | T — |_0->20cm -
ol " M_:__i Awtotal = 30 (KJ) 1500 3 : - . ]
: 4 Awtotal = 70 (KJ) 500 | . . . . | | . . H . E':\
: - - -p+nr;\idnl - - - -
1 T lon temperature from CES
I 500 T T T T T T T
000 i / Larger R/Ly;
,->-|-.. 3500 % } i
L 3000 i
— . ! N ) L
— 2500 Il ’E i'I
2nd NB| 3 NB| | N
KS. Na (SNU), Oral 1A (Feb'zl) 5,DDD DI,‘I 'DIZ DI,EI D,I4 X DI,E-d i:,lﬁ D,IY 'D,IB 09

KSTAR
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High B, discharges : ‘Stationary’ high B, > 3 discharge is

achieved above no-wall limit

» KSTAR H-mode equilibria have reached and exceeded the computed n = 1 ideal
no-wall stability limit

Normalized beta vs. internal inductance

6 — . T . T " -. v =T : ' '
T BN/L =6 pJ=5 > Tr%n&erLt gnd highest B
- having g, > """ -’ ,»” ¢ 2/1 TM onset . BN /i _._. 6
L /u 7 N
n= 1“vrvr:th Wa')\( ; \ * (close to with wall limit)
/ .. ,‘. o -7 e . e
41 S 4' 3
> Statlonary high By
& 3 et

« Sustained By = 3.3 (for 3 s)

« High By plasmas were
significantly extended to longer
pulse by utilizing improved
plasma control

« Surpassing ideal no-wall limits

.1 21 no-wall |imitt,°,,:, , R A
o 5 Highest By = 4.3, By/l, > 6 fial

T maRAamyT™

\‘: » By in range 0.9- 1.3 TE
ir 2 Pug = 4.5-5.5 MW
KSTAR design target

operating space

04 06 0.8 1.0 1.2 1.4

i Courtesy of S. Sabbagh, Y. Park (Columbia U.)
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Exploring low 95 operation to resolve low n MHD

Internal Transport Barrier (ITB) Low edge g operation New operation window ? (ITB + Low edge q )
T T T T T KSTAR shot: ['016935'] at 2016/09/19 12:22:16
Z: i #16498 : ’_M = || — 16935 0p 10
1 ! 1 g 0.8 — 16935 Ip_ref

=] H | ITB foot §;§:’/""—\ o @
g 0048) 1 g e T g

2] ] “agl q95-2.9%8 — |:>‘ao ‘ g

1__ : 3 — 16935 W,,,/10° o 2

: | | | 3 I éawW g e

7] ::—T-B @212'5@545 | 3 ((J._“ 8
10 ] izzzwmwwm / = y
% 1 1 20 0.0t
\%200— b :ao 0.0
>100_ ] oot _ Norm. radlus (r/a)
9.0 : 315 ;.0_ : .—44.5-- - 5.0 - —‘5.5 i 6.0
o Time [s]
1:8 119 2:0 2:1 2:2 2.3
R (m)
80rF H T i i
: — ITB@25s ¢{: .

calcer — H-mode @ 4f5 » KSTAR could access to low q95 (<3.0) without any error
S el s field correction due to low intrinsic error field
2 * low g (<3) low m/n rational surfaces were pushed out
& * stable low g95 discharge with benign MHD activities

* Exploring to combine with internal transport barrier
(ITB) discharge

J. Chung, NF 2017

Courtesy of J. Kim, J. Chung (NFRI), H. Park (UNIST)
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Internal transport barrier : Stable high Tifor~1.6 s

#21631

REEIE] ¢urrent :

T T T T T
: 1
10000 | 1 e 1995sec|| 4l e - 1.995sec||
| =—a 4.805 sec ﬁ =—am 4.805 sec
: 350+
8000 "
300 -
1
1 — |
> 6000 | 18 250
[
= ! = 200 -
g 1 =
4000 - 1 1 150l
100 -
2000 |
50 -

0 1 L L 1 0 L L 1 1
1800 1900 2000 2100 2200 2300 1800 1900 2000 2100 2200 2300
Major R [mm)] Major R [mm]

#21631
Ti~9kev “for ~1.6s”
Wtot >350MJ, BetaN>1.6

25% lowered the 2"d gas pulff.
Pellet injection @5s

#21710
Ti~6keV “for ~18s”
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(] Research Highlights of KSTAR 2017 campaign

=  High performance steady-state scenarios

=  ELM suppression & 3D field research

=  Exploring the fundamental physics

(] Future plan and upgrade

KSTAR
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Newly identified shape provides more stable and robust,

even universal ELM-control with RMP

3.0

KSTAR #018726

KSTAR In-vessel Control Coils
(IVCC): Top/Mid/Bot

ﬁN Q95 [i lss H.K. Kim et al, FD (2009)
.
|
2.0l Wﬂﬂwﬁhmﬂ.w 15.0
ﬂ L r ~r Y —lk e . rﬂl
0} 14.5
a.u
(@u)  _345ec > 1, l6.0
Isp,rmp (KA -turn)
14.0 N
n=1, Ad =+m/2 ) .
> 120
L LLI_AJ_ l | || L
. | I | | | ! 0.0
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 \
- | BN A Edge
time (sec) ‘ \ ‘\ transport
! y barrier
Record breaking long ELM-crash suppression (~34s) 1 >

r/a

.1_,

» Much longer pulse ELM-crash suppression enabled : Lowest g, ELM-suppression by n=2 RMP

~10s in 2016 - 34s in 2017 (stable / robust)
ELM-crash suppression were expanded to operation at

3.0

20

| E/'li"‘-«\_

...........

KSTAR #019130

Qo5

40

ITER baseline conditions : g4 ~ 3.4, By~ 1.8 i S i
* ELM-crash suppression achieved for both n=1 and n=2 i e ey [
RMPs with same shape (universality) = G =33-34
20 a0 6.0 um::“ : 10.0 12.0 wo 0
KSTAR -23-



Taming the RMP and non-RMP field to control the divertor

heat flux

= Sustaining ELM-crash suppression > De-phased RMP field lead to broader wetted area
under 360° rotated at n=1 RMP of heat flux on divertor during ELM-crash
* Rotation RMP could smooth the non-sym suppression
metric heat flux at divertor « Reduced peak of heat flux, along with broadened

shape, during RMP-ELM suppression is quite
favorable to ITER

‘ T KSTAR #016854 i H 3 FOrouialy -oversged Svoror host Sux on 19211 uling rotating RMP
0.6 |- |p (MA) 16.0
PO R
0.4 4.0 — (0 B0) (o)
— 0 00 [Seg)
0.2 [ Pugi= 3.0 MW 2.0 - (100, 1003 [og)
0.0 i i 0.0 — (108, 10%) [ceg]

\\ Rotating RMP

{2 ), ()

1
20| D (a.u.) Adppmp =27 M
1o
0.0 " : . | | | |

5.0 IRMP n=1 (k‘ﬂ """"""" > 2} ' b :
'Top 'Mid' 'Bot’ : o '
0.0 EERREARRRE == ==-c — o - -
N+ 1 S S ..................... T e e ] nt‘ . *V:.” oL DG —— L":—' -—
I I i I I i 40 20 o o A w0 re
: : T T — Red 5 g
300 - q’RMP,n:l (dEQ) 0 . n - tgl'ml remar v\‘:‘::r::‘?. o
200 | Top' 'Mid’ 'Bot’ 360° rotation ] | ——
| ] 3. | seaonies
o= ‘ — : : : 3 i ' — gt
=n_ > (x10** m™3) Wnp (MJ) '
>or e | ! . ¥ 0.4 0 g
amtrges,
20| o, S
W&-— vepnirpiastmgdaytd ]
f H0.2 A
vof ST . . . & os
T T T T B o .
30 By | | . ®os5 Is.s 2 ¢ | \
2.0 1M e - e $ o3 i \ {
S |[I'" o = 2 A it 1
10} L L L das i |
0.0 L1 L L L a.0 > ” s ] ‘
"~ 0.0 a0 6.0 8.0 10.0 ) *0 « ' ’ - e

Rmmm—[mlmawmmlw

time (sec)

n=1 full RMP under 360 degree rotation Courtesy of A. Loarte (ITER)
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Confirmed excellent predictability of ideal response

modeling for ELM suppression (phasing and shaping)

» Prediction and validation of full n=1 RMP operation window for ELM suppression
in complex KSTAR coil configuration space

|,=OkA subspace (off-midplane only) mzph?

Empirical threshold

Suppression
, window

Locking

_/>Non-resonant

Polar plot of (1,5, ®)
with I,=1,=5kA and @=@ ;=@\,

(Locking “+”, ELM suppression “+”)

1,[100kA]
(4]
|

#18960
4 6

y
!

8
Time [s]

LrapsD,
5110 Winno P e
oh © & ©
T 1T TT I'YI|||YYI
)
|

8 10 12 14
Time [s]

J. -K. Park, Nature Physics
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Rapid bifurcation of v, .., has been observed using ECEI in

KSTAR at the onset of RMP-driven ELM-crash suppression

» Perpendicular flow (v.) can be measured using ECEl by tracking the movement of
turbulent eddies.

* The rapid changes in v qes are synchronized with the transition into and out of ELM-crash
suppression, which may be associated with the RMP field penetration into the plasma.

Time trace of v. near the pedestal with Time history of v. near the pedestal
slowly increasing RMP strength with slowly decreasing RMP strength

(ref. shot #19347, n=1 RMP) (ref. shot #19348, n=1 RMP)

Vi sed [km/s]

6 6.5 7 75 8 7 75 8 8.5 9
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Changes of turbulent fluctuations and perpendicular flow

at the transition intfo and out of ELM-crash suppression

Radial Coherence Poloidal Coherence
-—t=4"4.1s -—t=4"~4.1s

w

-—t=52%53s 08 -—t=5.2"53s
10 —t=5.8%5.9 l —t=58~59

. i
1

Coherence
Coherence

—_—

¥ ‘ N I ‘. 1’\ . : | ":'l‘ 1

(b A A A ‘}fv ) W/ ‘\ ‘. iy ’\ ’w' ”

i W “.ihli";."/‘{ '\ ”'l ! s B w\ M

! | C:J Vo ju{ \“}%j‘,\ w)l&’ . Y¥ w (| \N W Mi{
40 60 80 100 0 20 40

Frequency [kHz] Frequency [kHz]

o
Spectral power [AU]

100

4 5 6 7 8 9 10

= The RMP enhances the turbulent fluctuations in the edge
toward the ELM-crash suppression.

* The rapid changes in perpendicular flow is synchronized with
the onset of transition into and out of ELM-crash suppression,
which may be associated with the RMP field penetration into
the plasma.
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RMP-plasma response can be quantified by measuring the

radial displacement with rotating RMP

20 Y T
5 15+ ELM-suppression phase
< ol (#19214)
Tk
5 The kink response of plasma can be
g measured using rotating RMP
e
g
g

ECEI 2204 [AU] |
(= -
S N &2 O

200

kHz

Time [Seconds])

1=7.500000s
5

1=7.750000s

{=7.832916s  1=7.925581s
A AR

During RMP rotation, 2D
radial displacement of Te g
measured “

j 20 20 A iy H

_ N _B 5 ! J@?‘L /1 ' L HJE;-..‘

210 215 220 210 215 220 210 215 220 210 215 220 210 215 220
Riem] R fcm) R [em) R cm] R [em]
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Impurity powder dropper has been installed on KSTAR under

the collaboration between NFRI and PPPL/DIII-D

v Now, it is available to drop Boron or Boron Nitride into

the plasma
Boron Nitride BM ELM suppression in KSTAR (preliminary)
e * 21154 ' | ' ' '
g Tl | Reference shot I AL
o !l I
] - — e L] e S

0.1s bursts of BM @ 25m
Constant storedenergy
Constant density

"h

0. foursts of BMNY@ 12 magl's

LAl | [P I 'JLJM
L T i

CW BN @ 2/5 mg/s .

[} Reduced ELM frequen I

WL ] Ll '

5 10 15 20
Time (sec)

E. Gilson, PPPL
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Contrasting 3D field dependences of Resonant vs Non-

Resonant components on P+, observed in KSTAR

* P, in KSTAR [dB"™1 /B,~ O(10°)] shows quite a sensitive dependence on both n=1 and
n=2 resonant components, unlike in conventional devices [dB"=! /B,~ 0(10)],

* BUT, Py, in KSTAR did show no dependence of non-resonant components, even when
toroidal rotation got lowered by about 25 %

* There is no consideration of non-resonant components of 3D field for ITER and future

machine.
KSTAR, 0.6MA, 1.8T, q,~4.1, n = 2x10°m° KSTAR, 0.6MA, 18T, q,.~4.1, n, (10*m™)
1o M-l @n2 W SB/BO"ﬂ:(~2.7X10'4)+ 8B/B," 1.6f NRMP W n=1,-90p, n=15~17
* ® n=2, Op, n=13
14~ Resonant 3B + T 1.4 Non-resonant 6B
% 1.2 ; § 1.2}
T \ T
HET R é = SR EEERER 1 o 10
__.._.._ ____.:___—_ ___________
08.* R - 0.8f . . . . ,
0 1 2 , 3 4 0 1 2 3 4 5
SB/B (10
0 (10°) e [KAVH]
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Generalized Neoclassical Toroidal Viscosity (NTV) Offset

rotation profile V,N measured in KSTAR

Measured VNV profiles (when |-, = 3) » Co-l, rotation generated

40 -
35 'f‘
= ECH, | -, = 4.9 KAturm—>
30
G 25 f- .
€20 | |5 |
;; 15 | ?3 Ohmic, |._, = 2.4 KA/tura_
- ©
5 ] N
o - .
-5 - .
_10 C I | | | |
1.7 1.9 2.1 2.3
R (m)
Courtesy of S. Sabbagh (Columbia U) @ COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK

Stronger n = 2 field + ECH
heating clearly yields counter-
Ip rotation in core, co-Ip
rotation in outer region

Direct measuring the NTV is the
first time

Co-I, rotation is only possible
by VNV effect

> Potential aid for ITER

ITER simulations: Q,~ 2
krad/s in outer region

KSTAR result shows very strong
rotation (Q,, > 12 krad/s) and
rotation shear in outer region
by RMP

KSTAR
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OUTLINE .......

J Introduction

(] Research Highlights of KSTAR

=  High performance steady-state scenarios

=  ELM suppression & 3D field research

= Exploring the fundamental physics

(] Future plan and upgrade

KSTAR
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Long range avalanche-like electron heat transport events

driven by VT,.-correlated-fluctuation in L-mode

Dynamics of
avalanche-like
electron heat

VT.-correlated- @
A8 L fluctuation with the  1*
(RS power law is

transport events in I identified, playa 2. ‘
the MHD-quiet L- | role in onset of the & BRTARS.. "%

mode plasma avalanche
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Understanding basic and underlying physics : Interaction of ELM

with solitary perturbation and q0 after sawetooth crash

> Interaction of the ELMs and Solitary » Validation of q0 > 1 in the MHD quiescent

perturbation (SP: partial n=1 mode) period of after crash of sawtooth in KSTAR
* SP appears ~ 100 us prior to crash * MHD mode excitation by ECCD withing <1 is
* Opposite rotation due to E, x B drif performed with M3D-C1 stability analysis.
— rjyy (radial) ... Iiny (vertical) Zgcu/cp
03 | N —————————
o tn — 120 s ¢ ~’~‘ Aot = S S ey _
S 10 v . = T - 2 v T s 102 e” e Higher
a D [a.u.] 10.8 § V m/n=2/2 373 mode
[ RF200muz [V] 01
3l 04 o L m/n=1/1
2 ==1:=¢=/!—/ " A 0 2'.5 . ’ .
> | ECEl ch.1406 [V] ' | Time <S>
M/\/WNM/\/JM’\/ _
1=
2.2 1 ~
22926 2.2928 2293 2.2932
Time [s] 0 ;
160 170 180 160 170 180 160 170 180 160 170 180
R (cm) R (cm) R (cm) R (cm)
Growth rate by M3D-C1 for q0 > 1 case
0.1 Most dominant mode: E m/n=2/2 ': 3/3 E Higher
m/n=1/1 ' H >
;_ 0.08 | et
:§ 0.06 |
;'; 0.04 |
= 0.02 H
Solitary perturbation prior to ELM crash o

o 0.1 0.2 0.3 0.4

Position of current perturbation r: (r/a)

©) VNIST rosTeCcH

Soance and
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Effects of magnetic island on electron heat and momentum

transport

= Magneticisland can reduce or enhance the electron heat transport by changing
the flow and turbulence around the rational surface

2D turbulence changes when phase 1> 2

Phase 1 2 3 4
: : : — Summed coherence Summed coherence
- |VT,| [keV/m] t=7.40—7.45s (1) t=757—7.62s (2)
° mmuenn | |6 mmEmEn |12
20 NEEENEEN =S | 31 []
8l N | V] |

110

-
6 ( Recovery

| phase Reduced Te trans. | c g —_
— 5
4l Normal Reversed flow o | N
sheared *_*/*—*/
o || flow

Flow is reversed
when phase 122

74 745 75 755 7.6 7.65 7.7 200 205 210 200 205 210
Time [s] R [cm]
M.J. Choi et al, Nucl. Fusion Lett. 57, 126058 (2017)
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Gyrokinetic Study of Flow Shear on Microinstability around

Magnetic Island in KSTAR L-mode Plasma

30
20
10

-10
-20
-30

LN
[&)]
!
\W\ \
mﬂ“"m
\

| T
- TEM/ITG

kgpi = 0.8

~ n, = 140

Global XGC1 neoclassical simulation of perturbed
equilibrium potential by (2,1) magnetic island
— (2,1) mode structure of perturbed potential

— Poloidally and toroidally inhomogeneous ExB
shearing structures by perturbed potential

=» Impact on ambient micro-instabilities e.g. TEM, ITG

Jae-Min Kwon et al, Phys. Plasmas 25, 052506 (2018)

¥ L N
1 woon

420005 TEM
ik sJZI/EI’B/EHEI-Q
3500405 | B . ]
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1406405 | ITG -
ik 7.00e+04 1 ]
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v/ 0 02 04 06 0.8
m oo ko p;

Global gKPSP micro-instability analysis of
profiles modified by (2,1) magnetic island

— Excitation of TEM and ITG in inner and
outer region neighboring the island

— Flow shear by island-driven perturbed

potential can suppress ambient TEM and
ITG

=>» Flow and fluctuation patterns are
consistent with ECEI observations

KSTAR
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Edge Harmonic Oscillation (EHO) is regulating pedestal density in

Quiescent H-mode phase

504 T T T
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203 o2 <
73 : .
ﬂ 0.2 M i |,|‘ *.-||,.||MI“ Js .,.II"JI‘|||'*|..M'.||| bt WII ) 0 T
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o o — S . — — . -
E U _:_‘* “-—r- -—q:'__- ""‘:___E
L 556 5562 5.564 5.566 5.568 557
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The EHO in QH phase (in co-lp plasma) is
synchronized with density collapse
measured by BES

The EHO in QH phase is discontinuous and
also synchronized with the RF burst (frr~500-
600MHz)

The RF bursts are related to the transport
because the BES signal level decreases when
the RF bursts

However, ELM filaments observed in ECEI do
not collapse although the RF bursts,
suggesting that the RF bursts are related to
edge harmonic oscillation dynamics

Identifying the correlation between the RF burst
and the harmonic oscillation will be important in
future studies of the ELM-free plasma
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Fundamental physical mechanism of Ohmic breakdown is

Identified
Relative Growth Rates nl% L KSTAR experiments reveal that Townsend avalanche theory
10° : - is not valid for the ohmic breakdown mechanism
_ « Experimental avalanche growth rates are 10-100 tim
K3 .~ es slower than Townsend theory
c
2 103 + Homogeneous density profile along B in experiments ca
% nnot be explained by Townsend theory that must have e
s xponential profile along B
3
S 107
§ O A new breakdown theory by considering plasma
o response discovers crucial roles of self-electric fields
10? | . * Egqfy cancels out Eqy and decrease ohmic heating po
10t 102 10° 10 wer (parallel dynamics)
Experimental estimation (s™) *  Egq¢. induces dominant turbulent ExB transports and dif
M. G. Yoo, Nature communication 2018 fusion (perp. dynamics)

d The theory is demonstrated by successful reproduction
of KSTAR experiments using particle simulation code BREAK

« Drastic decrease of avalanche growth rate due to decreasing heating power
and increasing convection loss

« Homogeneous plasma structure along B by fast turbulent diffusion along B
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OUTLINE .......

J Introduction

(] Research Highlights of KSTAR 2017 campaign

(] Future plan and upgrade

= Plan for 2018 campaign

= Long-term research plan & upgrade

KSTAR

-39 -



Diagnostics systems development under domestic &

International collaboration

Visible/IR Diagnostics Fluctuation Diagnostics

Profile Diagnostics

Vertical FIRI Vertical XICS Divertor
ECE (76 ch) \ IRTV
MSE (25 ch) 1 )
Toroidal CES (32 ch)
Poloidal CES (16ch) > [\
h Scatterin -
Thomson g ECEI (24 x 8 ch x 3 systems)
(core 12 ch [ edge 15 ch)
E Tangential TCI (5ch) g - MIR (4 x 16 ch)
. N BES (16 x 4 ch)
Toroidal H alpha (20 ch)
Filterscope (8 ch) -0.9 Mircov coil (4 ch)
VBS (10 ch)
FIDA
Poloidal H alpha (10 ch) =
Filterscope (4 ch)
- VBS (7 ch) -
1.2 14 16 18 20 2.2 24 26 1.2 1.4 16 1.8 20 2.2 24 26 1.2 14 16 1.8 20 22 24 26
R (m) R (m) R (m)
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Collective scattering system for short-scale ETG

turbulence

k(em™

0.1 1 10 100
:
FIR scattering H

Backscattering - I

E spct - 1

-
-
-
k.

g 3 (€]
| and long & ]
| ——
0.01 0.1 1 10

kpi
eThe 300 GHz collective scattering system (CSS) can measure the electron density fluctuations

with four discrete poloidal wavenumbers.

-Typical scattering angles are 13.0, 16.3, 18.6, and 23.9 degrees, which correspond to the poloidal
wavenumbers 14.2, 17.8, 20.3 and 25.4 cm™! covering the ETG mode range.

eThe CSS together with MIR/ECEI provides measurements of turbulence in a wide scale range
from ITG to ETG.

eAvailable from 2018 campaign

W. Lee et al., JINST 8, C10018 (2013)
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New KSTAR NBI (NBI2) having off-axis CD capability

» Goals
* Additional ion heating for the higher plasma
temperature (Ti ~ 10 keV)
» Off-axis heating (4 MW) to get stable high beta
operation

» Specifications and feature
* 6 MW, 100keV with CW operation (up to 300 s)
* 6MW with vertically arranged three IS (4AMW
off-axis + 2MW on-axis)

> Schedules N N\~
‘lon sources Y

* 2 MW in 2018 (1 ion source, off- aX|s) P )
(under manufacturlng)
* 6 MW in 2019 (3 ion sources) T === .

E 8
= 1.0f

" 0.5

D'ﬁ_CI 0.2 0.4 0.6 0.8

P (MW /m" )
O OpNWh
| V ‘

339

2
X
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Research and upgrade plan for higher beta and steady-state

operation

2008

©

2017

©)

Long-pulse H-mode research

eLong pulse H-mode (>70s)
*ELM research & control (>30s)
eAlternative operation modes (ITB, low g, ..)

First plasma Long-pulse H-mode
(ECH 84 GHz) (NBI~5.5 MW)
(ECH~1 MW)
2017 2021

©)

©

advanced scenario & MHD research
e Stable high beta operation

~

(By>3.0, T, ~ 10 keV)
Heating upgrade e Advanced mode develop.
(NBI~12 MW) (hybrid, ITB, low q)
(ECH~6 MW) ( MHD & disruption control /
2021 2025 ~
@ o Gteady-state & reactor mode research )
e Tungsten divertor & active cooling
Divertor upgrade Advanced current * Advanced current drive under test
(Tungsten divertor) drive (HFS LHCD & Helicon CD)
(Detached divertor) (LHCD~4 MW) \_° Steady-state operation (~300s) )
(Diagnostics) (Helicon CD~4 MW)
KSTAR - 43 -



Helicon CD for high electron beta discharges

* Low power test revealed highly

. .. #14364, B,=2.9T -
controllable wave couplings and is in ] B
good agreement with modeling ' —Anal, Ryt Ry ER
. 0.6) = Anal, Ry, = 2 ™
*+ Medium power test, to demonstrate < — Al h &
. . . . 0.4 nal s g 12 . —
CD capability and to identify nonlinear N o= _Sim. Absorber S g — Mid-plane]]
channels(PDI), is expected in year 0' | Zal — Ant. front ||
2018. ' 6'51 6
W By =2T.1, =u.mm,nenl=1uxw“,fm’| [T =ThkeV,{=05GHz - =T
200 o 1.2
35r 120 kA/ = 0.8 j
o £ 0.9 —r———
S 0.6 1
2 ® 70 == Anal. < 0‘3! L
E 20f o—o Sim. Absorber 0.0 ) ) ) ) )
g 15 0.00 0,02 0.04 0.06 0.08 0,10 0.12 014 0 2 4 _6 8 10 12
§ d (m) Time (s}
plilg
5
4]

8o 02 0.4 [ 08 1.0
P

 Demonstration of full CD performance should be followed
— MW level of power is required — collaboration with SLAC PEP-II
— Collaboration in full wave modeling with AORSA
« HCD 4 MW in KSTAR will contribute significant advances in fusion
plasma technology
— achieving flexible g-profile controllability — developing advanced
plasma scenario
— developing effective reactor relevant CD scheme
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Timeline of heating & CD upgrade in KSTAR

» 28 MW heating & CD with steady-state operation capability

HighDbeta@ischarges Steady-state®peration
Divertor upgrade K \

/6'5 mMw 9.5 MW 15 MW 20 mMw 24 MW  contribution

KSTAR

NBI 5.5 MW 7.5 MW 12 MW
On-axis ~ 8 MW
NBI-II Off-axis ~ 4 MW
ECH 1MW 2 MW 3 MW 6 MW 1 MW
105/140 GHz — 4MW Top launch — 1 MW
170 GHz — 2 MW
ICRF 1MW 2 MW 2 MW
LHCD 0.5 MW 1MW
4MW LFS~4vWw
(HFS ~ 1 MW)

HCD| - 0.1 Mw 0.1 MW 2 MW
\ Klystron from SLﬂ k /
S.J. Wang (NFRI), Oral 1A (Feb.21)
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Upgrade plan of divertor & in-vessel components for

steady-state operation in preparing for K-DEMO R&D

» Major considerations for upgrades
* Upgrade period : FY 2021 ~ 2022 (planned)

 Divertor upgrade
» Material : W-based (monoblock for

divertor)
* Optimum shape and baffles for heat

flux and detachment control
* Integrated diagnostics for divertor

« Advanced current drive
* Current drive for higher density

* HFS & LHS LHCD launcher
* Helicon CD

Current drive
* HFS slot & LHS PAM LHCD
* Helicon CD / Top launching ECCD

g1 Structures
Optimize Plasma - W-coating

shape : + Robust a aginst disruption

¢ Divertor upgrade
+ W-based material (monoblock)

* Optimum shape and baffles
» Gas feeding and cryopump
« Diagnostics  moeeesr L

KSTAR



KSTAR has strong capability to contribute to SC technology

and advanced plasma operation toward ITER and DEMO

Preparation K-DEMO beyond ITER

.. |
ML
[ . ||

s W i' I =>4||:‘!: .E/ "
: w e ! (&
4
: '1- ::/{;;;\ it
1 "":_!? :

Advanced operation
high g, (~4) & high bootstrap current

™ eercasmen
5 -
= L
= e B

(Reactor-scale plasma volume)
(B ~ 4 & D-T fusion)
(steady-state, by bootstrap)
(alpha heating)
(Blanket, T-breeding)

= T~

(B\ ~2, steady-state)
(B\ ~4, stationary)
(fbootstrap > 50%)

ITER Fusion Technology R&D / others
(Reactor-scale plasma volume) » Material R&D
\ =y )} (B\ ~ 2 & D-T fusion) » System Eng. (Tritium, remote)
LT r— (steady-state, external CD) * Engineering optimization
TFTR, JET, JT60U (alpha heating) *License & Codes
(Large plasma volume) * Human resource
(B ~ 2 & D-T fusion) *Etc
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