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2009 KSTAR Experiment





2009 KSTAR Experiment

Current Profile measured by RC

Max. Plasma Current     340.4 kA
Max. Pulse > 0.1kA     4056.9 ms



• Enigmatic electron thermal transport channel is 
critical to confinement in all regimes

• Energetic particles excite high frequency Alfvenic
eigenmodes, EGAMs, etc. (i.e. ω ~ k||v|| )

• Physics:

− Phase space structure formation due highly 
coherent procession drift resonance → 
strongly nonlinear phenomena

− Alfvenic turbulence including nonlinear wave-
particle interactions → astrophysics, CR 
acceleration

− Multi-scale interaction between high frequency 
modes and drift wave fluctuations

• Fusion:

− α’s slow down on electrons  (ITER has Te=Ti)

− Good alpha confinement critical to achieve 
Q=10

− EP modes may regulate bulk transport

S.D. Pinches et al., PPCF 2004

Y. Xiao et al., PRL 2009



Proposal No. 2009-06-21-001

Experiment done on 2009.11.25-26

POSTECH & ANU



Proposal No. 2009-06-21-002

not approved

POSTECH & ANU



Motivation

• Fast electrons are characterized by small orbits,  This is 
similar to alpha particles in reactor relevant conditions.1

• The bounce averaged dynamics of both trapped as well as 
barely circulating electrons depends on energy (not mass): 
thus, their effect on low-frequency MHD modes can be used 
to simulate/analyse the analogous effect of charged fusion 
products.

• K-STAR does not yet have neutral beams.

1F. Zonca et al, Electron fishbones: theory and experimental evidence Nuc. Fus. 47, 1588-1597
, 2007 



Purpose of Experiments

• Determine whether electron fishbones can be excited in K-
STAR by ECRH injection

• Identify experimental parameters for maximum mode excitation



Background

• In DIIID1 when electron cyclotron current drive (ECCD) is 

applied on the high field side, an internal kink instability 

with bursting behavior (fishbones) has been observed. 

 fishbones exist even though thermal plasma is stable  energetic 
particle origin. 

Fokker Planck calculations show barely trapped suprathermal 

electron population. 

Due to drift-reversal effects, barely trapped suprathermal 

electrons are in the same energy range as the fast ions from 

neutral beam injection, and can resonate with fishbones.

1Wong, K. L. et al. (2000). Physical Review Letters 85 (5), pp. 996-999



Experimental Plan

• Inspired by DIIID experiments by Wong et al 1

1Wong, K. L. et al. (2000). Physical Review Letters 85 (5), pp. 996-999
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Off-axis ECCD ⇒ suprathermal electrons

1Wong, K. L. et al. (2000). Physical Review Letters 85 (5), pp. 996-999

Velocity spectrum of suprathermal electron 
energy vs. radius

• CQL3D Fokker-Planck code is used to calculate the electron 
distribution function

suprathermal distribution near core

Suprathermal population is hollow



q profile flattens during discharge 

• q profile evolves from negative central shear (NCS) to 

positive shear throughout discharge. 

1Wong, K. L. et al. (2000). Physical Review Letters 85 (5), pp. 996-999

q profile at onset of bursts (1520ms)

q profile flattens during discharge. 

q0 drops to qmin~1 after 1720ms 

⇒ The 2.5 MW of deuterium 
neutral beam is injected into DIII-
D to produce the NCS plasma



DIIID MHD observations

• (m,n) = (1,1) instability observed with a NCS plasma. 

• ideal MHD stability analysis by GATO code (which does not treat 
energetic particles) shows the (m,n) = (1,1) mode is stable 

 suggests energetic particle drive

1Wong, K. L. et al. (2000). Physical Review Letters 85 (5), pp. 996-999

ECE data

Spatial eigenfunction

Temporal eigenfunction

Central electron temperature



• From 1720ms q profile is flat, 
and sawteeth crash clearly 
visible.

• GATO predicts (m,n) = (1,1) 
mode of thermal plasma is 
marginally unstable.

However, first crash advances in 
time, crash waiting times 
decreases, and mode amplitude 
grows as absorption peak 
approaches q=1 surface on high 
field midplane (res = ).

 suggests drive from barely 
trapped suprathermal electrons, 

1Wong, K. L. et al. (2000). Physical Review Letters 85 (5), pp. 996-999
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Ding. et.al., Nuclear Fusion (2002)



ECRH system

The original electron cyclotron heating (ECH) startup plan –using 84 GHz as 
fundamental freuqncy for the toroidal magnetic field of 3 T. 
In 2009, the gyrotron had vacuum leak at the collector and sent to CPI for the 
repair- return was delayed due to baking- crack around the edge of the 
diamond disk. 
110 GHz gyrotron loaned from General Atomics (GA) which was also loaned 
from TdeV in Canada. 
But, the toroidal magnetic field was reduced to 2 T for the second harmonic 
110 GHz ECH for the  startup.
The second harmonic 110 GHz ECH-assisted startup was also very successful 
as it was in the first plasma campaign that used the second harmonic 84 GHz 
ECH-assisted startup 









ECH-ECRH system





ECH antenna

- mirror pivot

R=2800 

y=-252 

x=-279

Inboard tiles
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 Beam diameter at the 

resonance positions

RX2 = 1.6 m

(ITF= I3.3 kA)

d = 8.2 cm 

RX2 = 1.68 m

(ITF= 14 kA)

d = 7.8 cm

RX2 = 1.8 m

(ITF= 15 kA)

d = 7.2 cm



12009.11.25 Shot Plan

Using ECCD at q=1 surface high field side, off-axis heating, try to see sawtooth 
oscillation & electron fishbone instability.

Operation Objective

Detailed Experiments

1. Plasma current 250kA , plasma is mainained for 3.6s.
2. Toroidal magnetic field Bt= 2.03T, TF coil current = 20.3kA
2.250kW ECH second harmonics heating  from -160ms  

pre-ionization, plasma is maintained till  2.6s.
3.ECH position  Rp=1.8m , toroidal angel  -10°(counter clockwise) . 

(ECH heating position was 1.86m .)
4.ICRF was used in  pre-ionization process.
5. Using PF coil 6 &7, move plasma from Rp=1.8m to1.9m  linearly.
6. Secondary gas puffing opened at 1.0V to adjust the gas flow.
in the blipping phase.  Plasma density  and its increase rate are adjusted 

in ramping up plasmas.



Brief Summary of our Experiment

1. 2009. 11.25, shot #2170~#2180 atempted, 4 shot  successful
#shot 2181 (ECCD) fishbone-like indication.

2. Total Plsama current: 250kA, Density:1.5*10^19/m^3 , 
Temperature: 2.5 keV

2.  Clear Sawtooth oscillation was observed
3.  Sawtooth inversion occurred at channel ece02 and ece16 

when plasma position Rp was near 1.9m from  2.25s to 2.6s
4. As plasma moves outward, sawtooth inversion was found in single 

channel ece16
5.  Small fish-bone like pre-cursor oscillation was observed near 2.45s

before sawtooth oscillation

Future works

1. Analysis of EFIT data
2. Minrov coil data should be investigated
3. ECE data calibration is not finished. Detected temperatures from

ECE channel does not have correct corresponding position.
4. Soft X-ray data were erroneous,so could not be compared with ECE signals



Shot #2173

I_tf(kA) 20.4

Ip(kA) 239.6

Pulse > 0.1kA(msec) 3455.4

Ne(e19/m^2) 2.1

Te(eV) 0.0

Pressure(mbar) 1.8E-5

ECH_P(kW) 270.8



Shot #2176

I_tf(kA) 20.4

Ip(kA) 249.8

Pulse > 0.1kA(msec) 3816.5

Ne(e19/m^2) 1.8

Te(eV) 0.0

Pressure(mbar) 1.7E-5

ECH_P(kW) 257.1



Shot #2178

I_tf(kA) 20.4

Ip(kA) 250.2

Pulse > 0.1kA(msec) 3569.1

Ne(e19/m^2) 2.1

Te(eV) 0.0

Pressure(mbar) 1.6E-5

ECH_P(kW) 257.3



Shot #2179

I_tf(kA) 20.4

Ip(kA) 258.8

Pulse > 0.1kA(msec) 3296.0

Ne(e19/m^2) 4.1

Te(eV) 0.0

Pressure(mbar) 1.6E-5

ECH_P(kW) 256.9



Shot #2181

I_tf(kA) 20.4

Ip(kA) 250.1

Pulse > 0.1kA(msec) 3761.1

Ne(e19/m^2) 1.8

Te(eV) 0.0

Pressure(mbar) 1.7E-5

ECH_P(kW) 256.6



ECE channels with corresponding frequencies and spatial positions

B=3T B=2T

Magnetic Axis



Shot #2173 ECE data



Shot #2178 ECE data



Shot # 2179 ECE channel 1~10



Shot # 2179 ECE channel 10~20



Shot#2181 EC time : 0.0 ~ 0.3s



Shot#2181 time : 0.3 ~ 0.6s



Shot#2181 time : 0.6 ~ 1.0s



Shot#2181 time : 1.0 ~ 1.3s



Shot#2181 time : 1.3 ~ 1.6s



Shot#2181 time : 1.6 ~ 1.9s



Shot#2181 time : 1.9 ~ 2.1s



Shot#2181 time : 2.1 ~ 2.4s



Shot#2181 time : 2.4 ~ 2.7s



Shot#2181 time : 2.7 ~ 3.0s



Shot#2181 time : 3.0 ~ 3.3s



Shot#2181 time : 3.3 ~ 3.6s



Shot#2181 time : 3.6 ~ 3.9s



Radial position at R=1.9m

Chanel phase inversion from 
\ece02 to \ece05

An other phase inversion at
\ece16 

Phase inversion at same chanel they at
Exactly at q=1 surface, plasma is moving 
From outer to inner side here.

Same phase inversion at this \ece02 chanel happened, but not that clear
Like \ece16 chanel

ECE Data

Experimental Result: shot #2181



ECE signal at 

After 2.45s before sawtooth oscillation there are small fish-bone like 
Oscillations occur before sawtooth crash



CASE1 CASE2

Twice or more than that of period changing in sawtooth occurred in ECE

Different behaviors  of  sawteeth at diffeentent times



CASE1



CASE2 Shot#2181



Sensors to measure  magnetic fluctuations



Layout of Mirnov coils- toroial view



Four channels poloidally located at MC1P 



Two channels poloidally located at MC2P



Spectogram Analysis 
of ECE and Mirnov coil data of KSTAR



ECE spectrum for Shot#2181 time : 1.6 ~ 1.9s

ECE chanel 07, no high frequencies are found, low frequency sawtooth
is exists only

Evidence of sawtooth



ECE channel 20 (close to the position of Mirnov coil ) shows a 6kHz 
mode which is also shown in the MC data.

Weak signal of 6KHz



Chanel: 2181MC1P10 

Spectrogram of Mirnov Coil data at # 2181

Similar mode is found
in Mirnov coil data



Chanel: 2181MC1P11 



Chanel: 2181MC1P12 



Chanel: 2181MC1P13 



Disruption Phenomena in KSTAR (2009. 11. 29)

Four disruption scenarios were studied.

- Natural elongation 
- Q-limit
- Radial elongation
- Density limit

Ratio (3xPthr)/Ptot^2 (2009. 11. 28)

Target : achieve the ratio of (3xPthr)/Ptot^2 to try rapid Ip rampdown for 
magnetic shear change to trigger H-mode transition.

Disruption Study



2010 and  future plans

Study on the instabilities by energetic 
particles



Low frequency low n, m mode.
m=1, n=1, Fishbone.
Severe loss of beam-ion in relatively small 

machines like DIII-D and PDX.
Wave particle resonance of trapped 

energetic ions and magnetic precession 
frequency.

Electron fishbone destabilized by trapped 
superthermal tail heated by ECRH or LHCD.

Internal Kink

Fasoli et al., Nucl. Fusion, 2007

Alfven waves

 Frequency range of Alfven frequency
 Toroidicity causes breakup of continuous 

frequency spectrum and makes a gap.
 Toroidal Alfven Eigenmode (TAE) exist in this 

gap as discrete frequency mode.
 Energetic particles interact with this TAE mode.
 Beam-ion loss is induced by excited TAE.

Chen et al, 1984

Wong et al, 2000



Equilibrium/Instability

Tokamak equilibrium : CHEASE

CHEASE solves the  Grad-Shafranov equation

Equilibrium is determined by pressure p and current 
flux function T.
Analytic profile of EFIT result can be used for 
equilibrium

Linear ideal MHD growth rates and eigenvectors : KINX

 KINX solves the energy principles of plasma
 Eigenvalue and eigenvector of most unstable mode
 Perturbed plasma quantities are obtained

( )B B  



Particle orbit

 Guiding center orbit on the flux surface (ψ,θ,φ)
 Particle orbit during particle transit time
 Perturbed B field can be considered,
 Particle diffusion coefficient, transport, local boot strap 

current. 

Particle orbit on the flux coordinate : ORBIT

( )B B 



Analytic 
profile

EFIT

CHEASE : equilibrium

CAXE : remapping 
equilibrium for KINX

KINX : eigenvector 
profile

ORBIT

MEX2EQS : load the CHEASE 
equilibrium data to EQS

EQS : Interpretation the 
MEX2EQS data for ORBIT

Diffusion, Bootstrap 
current → profile 

change

Not yet 
prepared

Simulation scheme

ξ→α



Perturbation is given by following method. α is 
modeled by following method

 
2

( ) exp 1 ( ) /
mn

nq m      
 

where n=1, m=8, β=104.

Solovev Equilibrium and assumed perturbation 

cos( )
mn

n m t      



Poincare section and Diffusion coefficient – Equilibrium case

Particles are passing particles.
Maximum perturbation values 

is αmn=2.x10-10 to test 
equilibrium state.

Diffusion coefficient is 0.0006.

 
2

0 max
/

t
  



3. Poincare section and Diffusion coefficient – Enhanced perturbation

Maximum perturbation 
values is αmn=2.x10-6 to test 
equilibrium state.

Magnetic island is formed at 
the perturbed position

Diffusion coefficient increase 
to 0.001.



Poincare section and diffusion coefficient – Strong perturbation

Maximum perturbation values is 
αmn=2.x10-3 to test equilibrium state.

Magnetic island has different with 
enhanced perturbation case. Island 
number is twice to former case.

Diffusion coefficient becomes 10 
times to former case. 



Summary of the current theoretical study

1.Set of codes for self-consistent simulation of MHD instability and 
particle transport is being prepared.
2.Solovev equilibrium and KSTAR equilibrium from EFIT are test and 
they are stable.
3.Simple arbitrary perturbation is assumed and diffusion coefficient 
are obtained. 
4.Enhanced perturbation increases diffusion. 
5.Missing connections in simulation codes will be corrected.  



KSTAR future plan



Operation Schedule  : 2010. 6 ~ 2010. 9

Magnetic control TF : up to 3.5T
PF : +10kA ~ -10kA
IVCC : VS, RS, FEC

Heating operation ECH(84G)   : 0.5MW, 2s
ICRH(45M) : 1MW, 10s
NBI : 1.0MW, 10s

Diagnostics Resistive Bolometer / Imaging Bolometer
MD / mm-WI / ECE / Hα / filterscope / Vis.TV
PD / XCS / Soft X-ray
Bolometer (resistive)
ECE (110 ~ 162GHz)
Hard X-ray / ECEI / IRTV
Thomson Scattering
Charge Exchange Spectroscopy

2010 KSTAR Experimental Plan

Operation 
Parameter

BT IP tp Te Shape

~ 3 T ~ 1 MA ~ 10 s ~ 1 keV Double null



2

KSTAR Diagnostics

Red : 2010 Plan



Long-range Plan of 
Heating Devices



Short & Mid-term 
Experiment Plan



Heating and Current Drive System in KSTAR



Planned Operation  Schedule in 
2009-20102009 Operation

2009 1 2 3 4 5 6 7 8 9 10 11 12

2010 Operation

2010 1 2 3 4 5 6 7 8 9 10 11 12

IAEA FEC In Korea

Vacuum & wall conditioning

Cool-down  & warmup

SC magnet operation

Plasma exp.

Vacuum & wall conditioning

Cool-down & warmup

Plasma exp.

H/W upgrade

H/W upgrade

SC magnet operation



Specifications of KSTAR H&CD 
System

KSTAR Specification Role ITER

NBI

14 MW, 300 s D0/H0
-Two beam lines
-Three ion sources per each beam 
line
-Positive based ion source at 120 
keV

-Ion heating & CD
-H-mode in initial phase
-Counter beam for plasma rotation 
control

33 MW D0
-Two beam lines
-1 MeV D- ion source

ICRF 30 – 60 MHz, 8 MW, 300 s
-Sources: Four 2MW transmitter

-Ion & electron heating in high 
density
-On- and off-axis CD
-ICW wall cleaning between shot 
(w/ pure TF field and/or TF and Bv)

35–60MHz, 25 MW 
CW
- 10 x 2.5 MW CW 
transmitters

LHCD 5 GHz, 2 MW, 300 s
- 4 x 500 kW CW klystrons

-Electron heating & CD
-LH-assisted startup & CD in rising 
phase
-Off-axis CD for plasma current 
profile  
control

-RS-mode

5 GHz (or 3.7 GHz), 25 
MW CW ( 50 x 500 kW 
CW klystrons)

ECH/CD

84(or 110)GHz, 0.5 MW, 2 s
-84 GHz, 0.5 MW gyrotron

170 GHz, 3 MW, 300 s
- 3 x 1 MW CW gyrotrons

• 84(or 110)GHz ECH Startup system
-Assisted startup using pre-
ionization

•170 GHz ECCD system
-2nd harmonic EC heating & CD
-NTM stabilization leading to high 
beta
-Sawteeth mode control (heating 
around  q=1 surface)

170 GHz, 24 MW CW
- 24 x 1 MW CW 
gyrotrons



VV pumping
duct

Cryostat
pumping duct

Helium 
distribution
box

Helium
transfer
line

170GHz ECCD @ Em-port

- 1 MW to be installed in 2011

- 2 MW to be installed after 2013

LHCD (0.5 MW in 2010)

(Upgrade to 2 MW by 2015)

ICRF (30-60 MHz, 2 MW)

(Upgrade to 4 MW by 2015)

Startup ECH

(84 GHz, 0.5 MW)

Co Tan. NBI-1

(#1 IS in 2010)

Beam energy: 120 keV

Beam power: 8 MW total

Pulse length: 300 s

Ip

BT

Co or Cnt. Tan NBI-2

(#1 IS in 2017)

Beam energy: 120 keV

Beam power: 6 MW total

Pulse length: 300 s






