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Outline

® Introduction : Versatile Experiment Spherical Torus (VEST)
= Device and machine status
® Start-up experiments
* Robust start-up method with trapped particle configuration
= Tearing modes during ramp-up phase
® Studies for Advanced Tokamak
= Research directions for high-beta and high-bootstrap STs
= Preparation for heating and current drive / diagnostic systems
® Internal Reconnection Event(IRE) for disruption study
» |REs for disruption understanding
= Rotation acceleration as well as ion heating during IRE
® Future research plans
® Summary
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VEST device and Machine status

Introduction:
VEST device and Machine status
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VEST (Versatile Experiment Spherical Torus)

® The first and only ST device in Korea
» Basic research on a compact, high-B ST (Spherical Torus)
» Study on innovative start-up, non-inductive H&CD, high B, disruption,

energetic particle, innovative divertor concept, etc

® Specifications

= ’i‘ & Toroidal B Field 0.05-0.19 T <0.37T
o Major Radius 0.45m 0.4m
. h : . Minor Radius 0.33m 0.3 m
L o Aspect Ratio >1.36 >1.33
Plasma Current <170 KA <300 kA
ECH (7.9GHz, 3kW)

ECH (2.45GHz, 30kW)
NBI ( 20keV, 1.2MW)
LHFW (500MHz,200kW)

H & CD ECH (2.45GHz, 15kW)
(ECH, NBI, LHFW) NBI (15keV, 600kW)
LHFW (500MHz, 10kW)
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VEST device and Machine status

History of VEST Discharges

« #2946: First plasma (Jan. 2013)
« #10508: Hydrogen glow discharge cleaning (Nov. 2014)

« #19351: Slower ramp-up and diverted plasma (May. 2018)
o #23907 : Higher TF discharge (Oct. 2019)

200 T . T T T . T
#23907

130

100

Plasma current (kA)

2

Time (Mms)
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VEST device and Machine status S.C. Kim
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VEST device and Machine status

170kA High TF discharge (#23907)

_* Toroidal field at machine center (~0.4 m) ~ 0.18 (T)

200 F— T T T T T T T T T T T T T Y T
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Start-up Experiments

Start-up and Ramp-up Experiments
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Start-up experiments

Trapped Particle Configuration (TPC)
Y. An et al., Nucl. Fusion 57 016001 (2017)

oil Geometry Coil Geametry

(b) 15

(@) '
- Efficient and robust tokamak start-up demonstrated

with wider operation window at VEST
Pressure, ECH power and low loop voltage

« TPC: Mirror like magnetic field configuration
— Enhanced particle confinement
— Inherently stable decay index structure for Bv

05 05—

Z (m)
[=]

B, at R=0.4 m : 0.1 T/ TF current: 8.3 kA

12 T ¥ ] v 2-0 T T T T L]
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Start-up experiments

Trapped Particle Configuration (TPC)

J.W. Lee et al., Nucl. Fusion 57, 126033 (2017)

Robust and Reliable TPC Start-up Applied to KSTAR Successfully

Pure Ohmic (12393) TPC (12400) FNC (12403)

21 harmonic ECH "gonance layer Earlier plasma column formation B0 1, [kA]
2 o than field null configuration

40 |
0 |
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0.0
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R {m) R (m) 1.6 | \

Reference field null Reference TPC 8

:' C, [a.u-.]
« Feasibility study of TPC in KSTAR :___M

- Even though low mirror ratio than ST, achieving efficient start-up with TPC #4004 8 120
« 2" harmonic delay of 20 ms and ECH plasma density of 4x1018 m-2 Time [ms]
* |, formation with low E, less than 0.2 V/Im 9/38
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Ramp-up Experiments

Adjust current density profile for MHD suppression

0.12
0.08

200

R e

#18452 #19160

0.5 0.6

|dB,/dt| (T/s)
2/1
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Loop voltage, (V)
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|
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W
MMH | | | B
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Time (s)

Poster P11

S.C. Kim/J.H. Yang

Hollow J, profile with MHD activity

— Fast ramp-up rate dlp/dt
— High prefill gas pressure with low impurity

Peaked J4 profile without MHD activity

— Slower ramp=up rate dlp/dt
— Low prefill gas pressure with high impurity

#18452, 0.305 s #19160, 0.305 s

6 30
q (]¢> (Alcmz)

20
3
2 10
1
0 : 0 :

0 0.5 1 0 0.5 1
Yn 10/38



Ramp-up Experiments

Adjust current density profile with fast ramp-up rate
S.C. Kim

Shot#18653 #19101 The same low prefill gas pressure

PN LN . Slow ramp-up rate of ~16MA/sec: TM stable
(@) po (10~ Torr) ! . .
/\:&’W — Peaked current density profile
. . | . . — High current achieved
5 | | | Fast ramp=up rate of ~32MA/sec: TM unstable

— Hollow current profile
— Low current achieved

Classical feature of TM

3
3 : : : :
q #18653, 0.3036 s
#19101, 0.3036 s =
X L _
= ) #18653
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s
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Ramp-up Experiments

Adjust current density profile with prefill gas pressure control

#18731 #19157
50 0.5 0.6
(@) po (10 5 Torr) f
N
0.12 =—==——— ———
(b) Ip (MA) o

2/1 + 3/2

200
(c) 18,By] (T/s) \
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Time (s)

o = N W

J.H. Yang

The same current ramp up rate: Unstable to TM

Low prefill gas pressure: TM stable
— Hollow current profile
— High current achieved

High prefill gas pressure: TM unstable
— Monotonic current profile
— Low current achieved

Neoclassical feature of TM?
#18731, 0.306 s #19157, 0.306 s

30

@) q (b) {Jo) (Alcm?)
20
10
1.5
s O L
0 0.5 1 0 0.5 1

Un
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Ramp-up Experiments

Lower [; startup by tearing mode suppression J.H. Yang

W #15160, 0'308 S | Suppress TM by e.q. lower
W #18731, 0.306 s PP yeg Bn

[ Max. |§B/B| < 1%
15 I Max. |6B/B| > 1 %

< ol Startup at [; ~ 0.5 without MHD activity available

200 4 120
05 | 8B (T/s) By Ip (KA) %0
Kink/double tearing limit 0 2
(Upstable) . 40
0 ' ' 1
0 / 5 10 15
-200 - - 0 - 0
03 0306 0312 03 0306 0312 03 0306 0312
Black squares: d95

Stable shots at unstable region Time (s) #19160 #18731
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Ramp-up Experiments

Inboard-Outboard Fluctuation Asymmetry 11 Yans

Shots #18452 — 18457 Shot #18452 Theory (Fitzpatrick):
NTM islands are phase locked

0.316

008 [ (b) I (MA) ' -
. | | VEST Typical:
5 . .
03127 drem O SHIDD K 2/1 +3/2 > 3/1 + 4/2
%: R - * .
N
— 38 n=1 Mirnov coil signal T
2 ' ' —
~ dfkHz) =~ 7= 2 | 200 _
2 0.308 | 15 | —_— T ] i Nonlinear
- 18 | | “ﬁ'\.}‘{"“m.wf" 'M“J’;W*';’;rw-..-. L, coupling
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0.304 t 71 ] Linear
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Ramp-up Experiments

Mirnov coil signal

J.K. Park (PPPL)

kink + tearing

Inboard-Outboard Fluctuation Asymmetry N 0
. &“.“Mmm“”f:m "4 0
Fluctuation asymmetry may results from Wi
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Preparation for Advanced Tokamak Studies

Studies for Advanced Tokamak
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Preparation for Advanced Tokamak Studies

Scopes of Advanced Tokamak Studies in VEST

Fusion reactor requires
high beta (or Q) and high bootstrap current
Simultaneously

Alpha heating dominant (high Q) High Bootstrap current fraction (high f,)
- Centrally peaked pressure profile 3 Hollow current density profile (low Ii)

-

Confinement and

Stability?

Profile diagnostics

High power neutral beam heating

Current density profile control
Bootstrap/EBW/LHFW
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Preparation for Advanced Tokamak Studies
Simulations for the VEST Advanced Tokamak Scenario C.Y

 The integrated modeling system constructed.
- ASTRA+TGLF and NEO for heat & particle transport: Valid even in low aspect ratio tokamak

Prescribed
magnetic well

____________

m Prcam v, Svear
equilibrium |

\ >
_

« The steady state solution of beam discharges showing that Teo~0.8 keV, T;y~0.5 keV can
be achieved by considering beam heating & fueling simultaneously.

12— 30 12— 30 IBN"’7 fBS"’O 5, fNI"’O 75
[ . [ - | . 8 0.8
1.0 Te Low n, las 10 Highn, IPY: |
| i | ] fNI 0.7
0.8 120 osl lao = : = 0.
> 0.6 115 osl los
i | J N
0.4} 110 o4} los
0.2} los  o2]
[ . [ lo.a
o_o A 1 A 1 n 1 A 1 A 0_0 o_o n
00 02 04 06 08 10 0.0 0.35

. Lee
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Preparation for Advanced Tokamak Studies
Diagnostics, Heating and Current Drive Systems in VEST

® Profile Diagnostic Systems ® Heating and Current Drive Systems

Magnetics and

o Neutral Beam Injection System
Visible Spectroscopy

with ~600kW at 15keV
NBI from KAERI

Interferometry
with 94GHz, multi-channel
from SNU/UNIST

Thomson Scattering

with Nd:YAG laser A Electron Cyclotron/Bernstein
from SNU/NFRI/JJNU/SogangU T =—=<7"""MpA/ Wave H/CD

Beam Dump  pccess/ TP with ~15kW at 2.45GHz
Camera 3kW at 7.9GHz

from SNU/KAPRA
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High power central heating

High Power NBI System : High Perveance (~15kV,~50A) lon Source Installed on VEST

VEST NBI: Beam extraction experiments of NBI ion source

C’rﬁz-pl’ifnp:

- \\‘a “‘ ‘

BL chambe_r;,-

| |
eutralizer Cell at NB test
| stand

- g B.K. Jung
= «~ 50
S 5"
£ g > 15keV-40A /0.6MW
@ S = > 20keV-60A /1.2MW
&
10
_ A
R e ’ ? peamenegylevy S omunEeay '0/38
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High power central heating boster P10
NBI System Commissioning in VEST K.H. Lee

Beam fraction E: E/2: EI3=45%:7 % : 47 %

2500

Commissioning up to 200 kW (10 kV/20 A, 10 msec)

unshifted
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High power central heating

NBI Coupling Experiments in VEST

= Target plasma : #23834

» Plasma peak current : 75kA

= TF:0.15T (= 12.5kA)

= Wall conditioning by GDC, Boronization
= NB power : 120kW

100 y——t—
| | —— shot22834]

g @ wra
R : o
=« RASRREAS
S \
2 w0 /
3 L
3 /
©
& ' j"’/
g O \\./’
= .

-20

300 302 304 306 308 310 312 314 316 318 320
Time (msec)

1.5

121

0.6

0.6

1.2

-1.5

n
NB injection to VEST o,

Time = 304 ms

Time = 306 ms Time = 308 ms

1.5

12T

0.6

. 08l

1.2

1.5

-1.5

-1.5
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High power central heating

NBI Coupling Experiments with 2msec Beam in VEST K.H. Lee
Changes of plasma current by NBI
shot22833 shot22834 o
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ag 90 — 15 4| —— #22835 (308msec) i
- 0 i e \ _

. P S S ——— : || —— #22837 (310msec)

8s 5| 10 Jl——#22839 (312msec i
=

NM

T
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(a.u.)

H-alpha
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o o

\
|
\
|
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) 1k u= ., W

=X 0 b il i

Eé -1 L . = Coupling at different time with different plasma current
S 300 302 304 306 308 310 312 314 315 315 320

-> Better coupling with Ip < 50kA: low beam energy?
Time (msec) = Current drop with Impurity influx by equilibrium change



High power central heating
NBI Coupling Experiments with 2msec vs 10msec Beam in VEST

Changes of plasma current by NBI
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High power central heating

NBI Coupling Experiments with 2Zmsec Beam in VEST
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Profile Diagnostic Systems

Profile Diagnhostic Systems
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Profile diagnostics
Thomson Scattering System

Responsivity [A.U.]

Measurement target
— ng >5x108m-3
T.: 10-500 eV

— core plasma

Laser: 0.65 J/pulse, 1064 nm
Collection solid angle: ~50 msr
Scattering length: ~5 mm
Filter polychromator: 4 channels

35

——Ch1[1064,5]

Ch2 [1057,7]

3.04—ch3[1050,10]

—— Ch4 [1020,30]
25 ‘
2.0-
1.5
1.0
0.5
0.0 F———— o — L A VN

980 1000 1020 1040 1060 1080

Wavelength [nm]

Spectral Response
of the polychromator

Y.G. Kim/D.Y. Kim

Nd:YAG laser

; M\l fg‘f T ﬂgc ‘#lr‘“‘ Hfaﬂﬂ ry 1‘5 w'ﬁj puﬁ i f

‘,4 6 shots averaged

2 o: I“w x m\‘)‘,\&\ VI'IH, i V }"’\a i)."\_J i M’J‘MA‘«N m\f Jﬁ’ﬂ}r”

im"n M, hoﬁ“!- ‘)’;W 'n\‘\,ia' | b»f ﬂM 1, 'Alﬁ[wh\“ l “1’!,(
o y f

In collaboration with NI=| ﬂ AR

SOGANG UNIVERSITY
Polych romator Oscilloscope

Beam dump

Schematic of the TS system
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Profile diagnostics

Thomson Scattering System Upgrade

VEST
control system

» Nd:YAG laser system (BeamTech Inc. SGR-20)

In collaboration with [NFRI

Y.G. Kim, D.Y. Kim, J.H. Kim

Optical fibers

v’ Laser energy: 0.85J = 2.0
v' Repetition rate: 10 Hz = 1 kHz (10 pulses)

A 4

Poly

ychrom

ator "l:

Oscilloscope

Beam dump

v Optical loss: 23% = 4% NaYAG & haffios (inside)
> Additional polychromator ! - 1 2
v’ 2 points measurement Focusing e |
(f=2m) | Viewing dump |
> New fast digitizer (CAEN V1742)
v 5 GS/s x 32 ch. | |
i 1.9 m i
2 T ‘ T 2 | |
——Background subtracted P % 30
—Fitting Pid o R0.47 80
15+ 1 15" 8- 25 ° R037
E E - - 0 === Plasma Current §
T T 4 §-7 ® 20 60 &
> S PR E o
o o - < 15 3
05" \J\ \ 1 05" g~ : - Al 0 5
- © Rayleigh result @ 40 =
- - Linear fitti z ﬁ
S e
20 40 60 80 ’
Pressure (Torr) 0. : _ _ . . L 0
Recent result of N2 Rayleigh scattering measurement 302 304 308 308 310 M2 M4 316
Young-Gi Kim, et a/, Fusion Engineering and Design 143, 130-136 (2019) 28/25
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Profile diagnostics

Visible optical spectroscopy $ 210
bR
» Measurement quantities : T;, vy, ny w
> Passive emission spectroscopy 0t
v' Clll 464.74 nm and Oll 464.90 nm - Rm

v' Line-integrated spectra - spectral inversion
> Specification

v Detection range : 0.39 m< R <0.71 m

v’ Spatial resolution : 20-22 mm

v" Temporal resolution : 2 ms for 9ch, 0.2 ms for 1ch
» CES/BES combined system is in preparation

; 105 mm
LCFS * Geometric center snt f/14

- \\\\

140 channel] 7 channel

85 mm
f/1.4

| emcco |

Y.S. Kim
YooSung Kim et al., Fusion Engineering and Design 123, 975-978 (2017)

In collaboration with

intensity(a.u.}

g ?é“. Ajou uNiversiTY  KKAIST

_4“ L L i i i A L
0.5 0.55 0.6 0.65 0.7 0.75 0.8
R im\
150

0.5 0.55 0.6 0.65 0.7 0.75 0.8

R (m)
0.06 T .
Total fit
"1 3-cn .

0.04 2-Ol| Po
I
| ]
0.03 | |
0.02 |

0.01

ol q

#20913 308.1 ms Ch9

464.4 464.6 464.8 465 465.2 465.4
Wavelength(nm)

-0.01

LA 4} _J



IRE & Disruption

Internal Reconnection Event (IRE)
for Disruption Study
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IRE & Disruption

Internal Reconnection Event (IRE) after Sawtooth

Shot#21237 'RE
OO e 7 / l \
50 |- !
(0 3 i ] : ]
[ =— H-a (a.u.) !
0.05 = :

0.00 = 1

4 —Fluxloop( )I -
1 -
2 T
| |
O | 4
50 —— ernov (T/S):
- I
0

[— Mirno - (T/s]l
f . <+

[—ov@u)
Sawtooth aptlwtles

0
310 312 314 316

Time (ms)

32(

Poster P11

Before the IRE, sawtooth-like activities are
observed in Mirnov and OV signals even though
Jo is calculated to be higher than 1

0.5

St —3130(ms)

o4 || —— 314.8 (ms)

0371
021

017

| q decreases as
| plasma shrinks

—= 0

-0.1

Safety factor

0.2r

0.3

0.4r

I
0.5 08

1
0.2

0.2 1.0

= After the sawtooth activities, several IRE bursts
are observed in I, Ha and magnetic signals

IRE looks like...

» Mode coupling between one internal mode
(sawtooth) and the other internal mode (or
external mode)

- need further study including mode identification!

Y.S. Kim/S.C. Kim



IRE &

Disruption

Y.S. Kim

Rotation Acceleration as well as lon Heating with IRE

—— Accelerated rotation in counter-Ip direction

100 b— Plasma current (KA - . . .
: (kA) - after strong ion heating during an IRE
80 F S — -
60 | .
4 ' LCI)Op VOIItal.gel (V) : : : : *? o - Counter-current direction Co-current direction >
2F - ' == 13.1 MS v
ol V ] 13.3 ms AL =—Aycos0O
1 . 1 . 1 . 0.4 - =mde=13.5 Ms C
4= CIII emlssmn (a u. ) . I 13.7 ms
‘l\- : 4 ==f==13.9 ms
2 B n ——y—— g —m—n—n] © 0.3 14.1ms
_-_._.___._./ S == 14.3 MS
0 . . . 1 . 1 . 1 . 1 . 1 ‘B\
—s— Apparent rotation (km/s ®
20 B ] pp .s. ( ) - % 02 i
\
——— 8 ./ .\-—._._-\._"—'_". E
oF . — 0.1-
150 E--— Apparent lon tem perature (eV) -
100 | /i/ si—i\i\i_!/i\i/i\! i 0.0 == . :
50 'L‘-Li—_i’! L I R N 464 60 464 65 464 70 464 75 464 80 464 85
312.0 3125 313.0 3135 3140 3145 3150 3155 316.0 Wave|ength (nm)

Time (ms) #20915
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IRE & Disruption
Global Rotation Acceleration as well as lon Heating with IRE

11 |
2ok L e Toroidal rotation (km/s) - . — st Y.S. Kim
: : > | —313-314 ms
"/ ‘d'; 120 4 314-315 ms
- = 315-316 ms
-10F 'd ° 1 2
| |
| Avy = —15 km/s —Torm= 8
-.—.—.W‘-:I : d’ Fit E
0 . [ 1 . 1 . 1 =
60 | 11 e lon temperature (eV) {4 2
|
3 |
40 1
Iy |
[ i1 |
| |
20 11 | < —311-312 ms
. L I I 1 . 1 . 1 . E 1 —312-313 ms
312 313 314 315 316 317 § | —ium
Time (Ms) g _ ——315-316 ms
MHD crash g
— Prompt ion heating . g 7 = Global profile change
— (relatively) slow rotation acceleration § 20 > large scale MHD activity
050 055 060 065 070 0.75

Sequence discrepancy R (m)
— Inconsistent with reconnection outflow . . . .
T T Neoclassical toroidal viscosity (NTV) torque

L S s e e e from the fluctuating magnetic field 33/38



IRE & Disruption

NTV Torque from the Fluctuating Magnetic Field Y.S. Kim

» In the presence of non-axis symmetric magnetic = Similarity with experimental observation

perturbation, neoclassical transport theory predict > Rotation in counter-/, direction
the NTV torque [1-3]

.. i . > Relation with magnetic fluctuation
= MHD activity = strong magnetic perturbation

= Offset rotation is counter-/, direction
100 =

= NTV torque can accelerate plasma rotation to offset _ ~
velocity 50 -

s Simple OD momentum balance equation

50 = l l l l -

dAvg m;n;RAv - -
mn,R——=3S5 — —— v e

i dt NTV Tn 0 | ‘V‘v

3 I 6B [G]

~ 2 E 7 2 _50 " 1 " 1 1 M 1 M 1
where SNTV[4'] = 6. lnimivti ViR (6B/B) (U¢ _ v‘lb,NTV) k Measured rotation
1 /p\Mm+1 l % V¢ [km/s] Model(n, = 1018m™3)
=-|- I ~ Model(n, = 109m=3)
|6B| [5] =5 (r) |6Bz|wall - P 0.7 Model(n, = 2 x 1019m™3) |

v¢,NTV = —40km/S,

NTV torque by magnetic is reasonably agreement 311 312 313 314 315 316 317
with experimental observation Time (ms)
[1] AJ. Cole, C. C. Hegna, and J. D. Callen, Phys. Plasmas 15 056102 (2008) [4] J. Seol et al., Phys. Rev. Lett. 109 195003 (2012)

[2] J.D. Callen, Nucl. Fusion 51 094026 (2011) [5] R. J. La Haye et al., Phys. Plasmas 7 3349 (2000) 34/38
[3]1 A.M. Garofalo et al., Phys. Rev. Lett 101 195005 (2008)



IRE & Disruption

Two leferent IREs W|th Opp05|te Rotational Kick

100

50

0

02} H,
0.1

1000 F

-1000

-15

300 304 308 312 316 320

P KA ] Shot#20955.

\ Shot#20958

Time (mMs)

Y.S. Kim

= Discharges with the same operating conditions
= Shot#20955: Recovery
= Shot#20958: Termination (disruptive)

= Before the IRE activity, discharge characteristics
are almost same in both cases

= However, different behaviors after the IRE

IRE

Shot#Z@

lﬂﬁ l

Mode
locking

disruption

\Sh(jt#20955

1ﬂp T

l

stabilization

l

recovery
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Future Research Plans

Long-term Research Plans

® Reactor-relevant Advance Tokamak research
» AT scenario for high beta and steady-state operation
» Disruption mechanism and control
» Energetic particle transport
» Innovative divertor to handle long-pulse high-performance operation
> ...

36/38



Summary

® Ohmic operation with Ip <170 kA, k <2 and qq95 <5 achieved
= MHD suppression and diverted configuration at higher TF field

® Efficient start-up with TPC (Trapped particle configuration) and MHD control
» Robust TPC start-up applied to KSTAR successfully
= TM during ramp-up suppressed by low prefill gas pressure (neoclassical)
= Lower [; startup by tearing mode suppression

® Preparation for the study of Advanced Tokamak with strong central heating
» Scenario for advanced tokamak study established
» High power (>600 kW) NBI coupling experiments on-going
» Various diagnostics are under preparation

® MHD activity study during ramp-up/ramp-down
» IRE (Internal reconnection event) study to understand disruption
» Rotation acceleration as well as ion heating during IRE

® Various long-term research plans will be pursued
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Thank you for your attention !
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VEST device and Machine status

Diagnostic Systems

Diagnostic Method

Magnetic
Diagnostics

Probes

Optical
Diagnostics

Rogowski Coil

Pick-up Coil &
Flux Loop

Magnetic Probe Array

Electrostatic Probe
Fast CCD camera
H, monitoring
Impurity monitoring
Thomson Scattering

Imaging Fabry-Pérot
Interferometer

Visible Optical
Spectroscopy

Interferometry

Soft X-ray Array

Purpose
Plasma current & eddy current

B,, B, &
Loop voltage, flux

B,, B, MHD

Radial profile of T, n,

Visible Image
HCI
O & C lines

T, n profile
edge T;
Rotation and T;

Line averaged n,

MHD

Remarks
in-vessel coils

65 pick-up coils
11 loops

Movable array

Triple Probes
20kHz
H, filter+ Photodiode
Spectrometer
Nd:YAG laser, 1kHz

Multi-channel with fiber
array

CES/BES with DNB

94GHz, multi-channel

2-D
3938



VEST device and Machine status

Magnetic diagnostics

VEST magnetic diagnostics

15
12+ -
Elux]loops
i
06 F ! 4 - -
: L ;
~ | § i i
c H H
~ 0 B H % E 7
H 5 !
iy H ;
0.6 1 ir Mirnov -
Magnetic i coils
probes
12+ :

-15 I 1 I 1 1

R (m)

* TF coils are used as a diamagnetic flux sensor for stored energy

* Flux loops
* Magnetic probes
« Mirnov coils

—  Cutoff

J.H. Yang
11 EA

25 EA (inboard: b, outboard: J)
24 EA (inboard: b, outboard: J, off-plane: K)
94 kHz limited by stainless steel shield

* Internal probes 8 EA (movable R >0.30 m, AR =5 cm)

« Digitizer

VEST top view

Entrance

Sample fast: 250 kS/s, slow: 25 kS/s

Internal magnetic probe

@1/4" - @1/2" weld at 900
CF 12" flange

(@1/2" SUS pipe: 500 L)—

/NW40 Quick disconnect
oo
Flexible bellows 330 - 1130 L
@10 mm Alumina tube: 800 |_4Jr NWS50 Adaptor: 100+ L

©1/4" SUS pipe: 1450 L

Printed circuit board
(Hall sensor power grid)

Inductors 2,4,...,16 (Bg)
Inductors 1,3,...,15 (B;)

Hall 1 -8 (By) P



Start-up Experiment

Closed Flux Surface Formation for Successful Start-up in TPC

® Successful ohmic start-up at low
loop voltage in TPC depends on
vertical field strength, loop

voltage, and plasma resistivity <
® Close flux formation criterion E
decides the size of initial plasma 3
when poloidal field from initial §g
current exceeds vertical field ;:‘@

Bv (G) < Bp = 2*Ip(kA)/a(m)

Eta 2
s> 16x 10 [GQ ]

=-=B,-500G/ECH&KW] = .
= =B~500 G/ECH 4 kw| ~" -
=+=B,~500 G/ECH2KW| , ' (s &

o
1
4000 -1.0x10°
)
3000 - Loo 2
4
2000 - --1.0x10°
1000 - - -2.0x10°

Time (ms)

0. Dﬁ@ﬂ ECH 2 LW

1.5 -1.5 DAD -1.5 LONSS
02 04 06 08 02 04 06 08 0.2 04 06 08
R (m) R (m) R (m)

Plasma Psi contour att= 404 ims

400 401 402 403 404 I.'il405 406 407 408 409

Total Resistivity

4.0x10"
3.5x10™ 1
3.0x10™
2.5x10 4
2.0x10™*
1.5x10™
1.0x10™

5.0x10°

0.0

H.Y. Lee
W TF3/6 kW [
& TF3/4kW A
A TF3IZRW
»
||
A
| |
T T
0.20 0.25 0.40

Radius (m])

~ ECH 6 kKW ECH 4 kW

Plasma Psi contour at t=404.4sms Plasgna Psi contour att= 404.4ms

e—

Z(m)

1.5 -1,
0.2 04 06 08 0.2 04 06 08
R(m) R(m)

A g

ECH 2 kW
Plasma Psi contour att 404.4ms

Z(m)

6 kW

15
02 04 06 0.8
R (m)

ECH 4 kW ECH 2 kW
Plasma Psi contour at t=404.9ms Plasma Psi contour at t=404.9ms Plasma Psi COmOUf at t= 404 fms
S 7772

1.
0.2 04 06 0.8
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Start-up Experiment

Solenoid-free Start-up from Outboard with Outer Poloidal Field Coils

Startup criteria for _ Solenoid-free Startup using outer PF coils
Closed Flux Surface (CFS) formation assisted by enhanced 2.45 GHz EBW pre-ionization

E tad L,V Successful outer PF Startup region
> 16 x10% [=o—] of CFS location & size
2] L4e -y IRl >0
Vacuum Psi contour dt ~ L7 TP\ p ) Lowering plasma resistivity
1.5 —— 0.30 T—————————————— R T—— by optimizing EBW pre-ionization
= ® Resistivity ~ 1E-5 .
1 R % 0.25 - Resistivity ~ 1.6E-5 H 3.0x10 B ECHPower~5kwW | | ) '
l \\\ Resistivity ~ 3E-5 B ECH Power ~ 11 kW
//‘\ &" 2.5x10'74 ™ ECH Power~ 14 kw 4
[\ “§ . 0.20_ - | Resistivity~ 3.0E-5 i
0.5 \\ E .| ® Resistiity~ 5.0E-5 X3(~45kW)
@ 2.0x10 " - . ¥ -
. : 5 0.15- 1 < ) . i -
E’ e ' » né “é 1.5x10'" 4 . I J . - W x2(~30kW) 4
£ 0.10- {1 @ . el ~15ih)
. = S 1.0x10" - | - .'L -
-0.5 - LY
0.05 - - 1 " . R
5.0x10'" 4 R
-1 0.004b———v - = == o0 T e IITET
—— 040 045 050 055 060 065 070 0.75 : - - - - - - - |
: =——= 5 10 15 20 25
1.5 M Major Radius (m) Temperature (eV)
" 0.2 04 06 038 dR, dL o _
R (m) <0-> —<0 e To reach target resistivity, higher ECH power of ~45kW may be needed
dt dt .g. i y 9 P y
8R, I to have sufficient density and temperature in the pre-ionization phase.
L=y,R, (In a "‘; - 2) ® Required ECH power will be reduced by optimizing EBW pre-ionization )



Current density profile control

Core Heating and Current Drive with LHFW

. < Helicon Wave Dispersion Relation > .

Wave number

® For high density plasma in fusion reactor
» Slow wave branch of LHW
— Absorbed at the edge region
« Fast wave branch of LHW
— Possible absorption at the core region

® Proof of principle for current drive scheme

_ by fast wave branch of LHW in VEST
S.H. Kim (KAERI)

Rays on Poloidal X

1 !

10 20 30 40 50 60 70 80
R’ (cm)
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Current density profile control In collaboration with KAERI and Kwangwoon Univ. 9 20l
LHFW H/CD Coupling simulation and experiment S omanmans

300 302 304 306 308 310 312 314 316 ( I,f KAERI Korea Atomic Energy Research Institute

-~

e o\ 50
o x10°
—— M, 2 ; v ; ; '—— #17465
= 1 40| .
T — #17459
E - x 30 —— #17458 Rays on Poloidal C'X
= 20 HIRRAN N e
y - I 60 51\ LA\
1 10 : 3 \ :
0 e o Z
0.5 S 02 40 1/ s ‘
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= ©
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’ f°- 01 20 Hf
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0.0
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’ EZ o
-
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15 g g _20L; ......
: £5 _
= ECT
E 2 <
0.8 |- N —-40
1.0 [ : / §
@ 06 - -5 - T g _:’
—— 510MHz 5 ! |HSW launching
—— 505MHz o8 04 —— #17465_510MHz ] Y87/
0.8 —— 500MHz i —— #17459_500MHz =60 L/
- —— 495MHz 0.2 [ —— #17458_500MHz ] 10 20 30 40 50 60 70 80
—— 490MHz 0.0 L L L L L L L R (cm)
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0.6

Time [ms]

—— 480MHz

 LH Fast Wave

— Good core accessibility

— Efficient plasma coupling of combline antenna
" r{ « S’ s s NS LA SN VN e X * Hardware
e B S S e R R ) — UHF Klystron (10kW), Combline antenna
S.H. Kim/J.G. Jo n paralle — N, = 3-5/ 470~510 MHz

I 44,38

JongGab Jo et al., Physics of Plasmas 25, 082511 (2018)

power (a.u.)

0.4

0.2




Current density profile control In collaboration with KAERI and Kwangwoon Univ. ﬁ'é 20l
Feasibility study of LH Fast Wave (500MHz, 10kW) 2

¢ SIS RAXIE AT
/KAERL  ores atom

‘ea Atomic Energy Research Institute

20ip < W K Wee Modified accessibility condition of LHFW

by n-upshift via microwave scattering

n,-upshift via wave scattering
measured during propagation
in edge region

0.55 0.60 0.65 0.70 0.75 0.80 20 I

Rt PPN el

S.H. Kim/J.G. Jo 0 2 4 6 8 10

17 -3

edgen_[10 'm]
JongGab Jo et al., Physics of Plasmas 26, 012506 (2019) 45/38

12 Modification of wave propagation _ _
into more radially inward region Expanded coupling regime
10l i in high density plasma
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