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KSTAR Tokamak

Major radius : 1.8m, Minor radius : ~0.5m

Operation : 2008 - Present

B field strength : upto 3.5T @ 1.8m

Heating power : 10MW (2 NBI, 4ECH)
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= Major, height : Physics, 1.8m ( kg)

= (QOperation: 2000 — present

United
Kingdom

= Strength : Deadlift 100kg@
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I. Energetic-particle diagnostics for
future fusion plasmas
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Energetic particles in a fusion plasma

Heat the plasma

3H

OO

2H D-T fusion

Drive instabilities

)
%

4He + 3.5 MeV

Transported out
by instabilities

n+14.1 MeV

| > Wall
or
PFC

* Helium born at 3.5 MeV, 1.3 x 10’ m/s, 4% of light speed

* Confined in a tokamak by strong magnetic fields

* Heat the plasma by collisions

rosTecH

S. Hong | TMEP2026 | 2026-09-30

i)

4
1)

i

f
I e

4 by ”J 7 7
i ;://, / ’/'//,/

Energetic particles

Heat the plasma by collisions
Drive instabilities

Transported out by instabilities
PFC degradation
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Why diagnostics is difficult in future fusion devices

mmm Harsh Operating Environment :

 High neutron flux

« High radiation levels
« Strong magnetic field
 High heat loads

Reliability and robustness :

« Maximizing machine availability

« Minimizing maintenance downtime

Robust and reliable diagnostics are
essential for fusion devices

rPoOosTeCH

Shot number : 41949 282683719 A:88:82:844

Shot number : 41958 Z8Z26-83-19 B:BB:83:5951;1
L il =—
o

KSTAR PFC damage
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What do we need to measure about energetic particles?

Which direction do they move?
- Pitch /v”

Where are they? ﬁ When are they redistributed ?

= Position / orbit % &] - Time evolution
Energetic Particles

0 )

How energetic are they? Are they confined or lost?

-> Energy E -> Confinement/loss

— A Useful EP diagnostic should provide information on energy, pitch, location, and
redistribution
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EP diagnostics and where RF fits

Shot number :@: 40031§26025/12/17 ; 6:00:86:488

Diagnostics | Typical information

—— FIDA : \Velocity-space / fast-ion distribution

—— FILD : Escaping fast ions

Neutron Frusion-product
gamma : energetic-ion reaction signatures

NPA : Energetic neutral / ion information
Detector

fast temporal response, wave/EP interaction,
Passive measurement

— RF:

IVIS A(t=—-186ms, 18808exp,218f ps)
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IT. Ton Cyclotron Emission(ICE) as an
energetic-particle diagnhostic
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RF Diagnostics

JANon-invasive, easy-to-install, small foot-print, radiation tolerant, cost-efficient

—|suitable for burning plasma diagnostics

dBroadband and fast-wave detection:
[ EP-driven Alfvén waves
[ lon-cyclotron harmonic emissions (ICEs)
(1 RE-driven Whistler waves

(I MHD activity

Spiral antenna  Bandpass filter
(100 ~ 880 MHz)

Distance RF amp (~ 30 dB)

1Several antenna configurations:

Filter-bank
Spectrometer
(16 ch, 30 - 800 MHz)

conducting loops, dipole antennas,
spiral antennas, B-dot probes

4

Fast digitizer
(5 GSa/s)

Metal housing
for EMI shielding

Broadband RF diagnostics system in KSTAR**

*G.H. Degrandchamp et al., RSI 2021
** M.H. Kim et al., NF 2018
*** R. Ochoukov et al., RSl 2015
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Triaxial Cable

(b | cover () L (d) B, e

Cable Clamp - =
Plasma
=R
2™ Inner

Outer Copper
Cable Cable Coil Clamp
Conductor Conductor

Cable
Cond

£ Slit

£ ’ Inner
~

~

«—
22 mm PEEK
Insulator

Coil
Ceramic Plate

Top View

In-vessel B-dot probe installed in ASDEX-U***

Front View

(from Plasma) Side (Cut) View
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KSTAR RF Diagnostics

KSTAR

E-port

In-vessel
antenna

ECEI
, (GT.GR)  Ecei(HT)
(2) mm-wave antenna array (0.5-6.5 GHz)** (3) In-vessel B-dot probe (~200MHz) Broadband Spiral
antenna
Array box : ~

| ‘

"0 system

*Kim MH et al., NF 2018;

B Chapman, NF 2020
** Kim MH et al., NF 2020; HTPD 2020; : ¢
Kim DG et al. RSI 2024 (Best for Ip =530-630 kA, @ Br=1.8T)

Inclined ~5.7 deg.
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In-vessel B-dot probe array in KSTAR

(b) g t Triaxial Connector
N
0
o
=
A PEEK insulator
cH2l/CH3 I R E PEEK insulator
CH1 vl i > Q — == .
6B Coil
63 6BJ_ 63" 1 Incined ~5.7 deg. il Quartz (99.99%, 2T)
Il Best for 1,=530-630kA, @ B =1.8T — n
i

22mm

= The B-dot arrays focus on RF emissions below 200 MHz, including low-harmonic ICE and Alfvén waves.

= By comparing the phase between channels in each direction, wave properties can be analyzed.

8mm=+0.2mm

Inductance : 90 nH @ 50MHz

Self Resonance Frequency : 1.14 GHz

4.44mm
Turns : 9

N N NN

Expected detection frequency range : ~ 200MHz S.Hong et al., HTPD 2026, RSl {Under Review)
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DAQ Schematic In-vessel B-dot probe

KSTAR Vacuum Vessel

KSTAR G-port 2.75” portin upper and

lower part of cassette

Triaxial to SMA

adapter

Vacuum SMA cable

lower part of cassette TRIAX

B ) shielded by SUS316 corrugated
tube
KSTAR E-port and braid tube (Silver plated

SMA copper line)

Control PC

(KSTAR diagnostic room, 4t floor)

Local data storage
(SSD, HDD)

QSFP+ data transfer

Optical bridge card (40 Gbit/s ™ 5 GB/s)

Vacuum breaker

SMA panel mount

DC block

20 MHz HPF

Mini circuit
ZFL-500+ Amp.

RG316 SMA cable

Low Noise Amplifier

GAIN :25dB+1 dB

Noise figure : 4.2 dB

Freq. range: 0.05 - 500 MHz

RFBay LNA-150

DAQ Board * 2

(PCle 3.0x16)

rPoOosTeCH

(Guzik ADP7104)

Faraday Cage

(KSTAR main machine room)
Gain: 33.5+0.5dB
Noise figure: 2 dB
Freq. range: 0.005-300 MHz

SR :16GSa/s
Memory : 128GByte
#ofCh.:4

BW : 6.5 GHz

S.Hong et al., HTPD 2026, RSI (Under Review)
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lon Cyclotron Emission

[ In amagnetized plasma, energetic ions gyrate at:

P AT A A
Ct 7 27wmy PL = —eB PL on .
AN
1  When the resonance condition is satisfied, \ \_
electron

W — k”’U“ — nQCf,; (Il — 1,2,. ‘ )

EM waves are emitted near resonance.

of

%)
Q Pieg x|y (k1 pr)|? ,and growth requires Bo; or 2L

8’UJ_

> 0 (anisotropy/inversion).

O Free energy (anisotropy/inversion) - wave growth - spontaneous emission - ICE

* D'Inca, Rodolphe. lon cyclotron emission on ASDEX Upgrade. Diss. Imu, 2014.
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From energetic ions to diagnostic information in ICE

Schematic energetic—ion distribution

anisotropy/inversion

2.5 Positive gradient

~

o Free energy Wave

0.8000

Schematic ICE harmonic spectrum

Magnetoacoustic | growth

2
=]

o

=

0.6667

Cyclotron instability

(MCT) —>

Fast Alfvén-cyclotron harmonic branch N
fast-alfvénic/compressional electromagnetic character

16fi

0.5333

tn

0.4000

-
=
SR —
=
S
e
5
Z

v1 (normalized)
Normalized ICE power
(=]

fice ~ [§

—

=)

0.2667

—
—
—

0 T T T T
120 140 160 180

0.1333
Frequency (MHz)

f(vp,vy)| — |MCI| —|ICE spectrum

-2 -1 0 1 2
v|| (normalized)

What can we learn from ICE?

Harmonic spacing Phase/Polarization Doppler-Shifted resonance Spectrum intensity
A ficg ~ fei A¢/Ar — k w — kv = lwe - sensitive to EP
distribution / composition
- Species / local B — Propagation = v — EH
— Candidate emission region —> Wave properties Dendy et al., Phys. Fluids 1993

B. S. Schmidt et al. POP 2023
Cook et al. PPCF 2013
0. Samant et al. NF 2024
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ITI. Polarization-resolved ICE
measurement in KSTAR Experiment
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KSTAR experimental scenario

KSTAR #40031 overview
NB2-ABC modulation (t=6.2) Line-integrated electron density and core electron temperature No He P Uff
D puffing (0.7V) He pufflng (3-45) — — TCIO03 7i, [10" m~2] Main analysis: 6.2-6.4s —— C(in 1~
0.79  (-0.7~-0.5s) (x or 0.5V or 1.5V or 2.5V) NB2-BC modulation (t=6.8) ‘" 21 % | 4::
0.6 >l / 5 i Lg
] NB2-AB modulation(t=5.6) NB2-8 modulation (t=7.4) ~ | | | Lo
% 0.3 7 Plasma current and Heating power
T e 0.61() —| ToiNBI  —— ECH(EC2) [6%
B 0.4 4 — NB s
Z 3 E il —— EC2(ECCD) 2 u 8
:i_‘-'.‘: . * I I\I I I I ~ 0.2 1 NBI-AB NB2-A moNéazt'izf NBp-AB A BC‘NB2-B L2 %0
= NB1-AB (t=0.5) 1 i 3
= 027 NB2-A (t=5.0) modulation 0.0 ; : ; , J I I 0=
(on/off =100ms/100ms) Toroidal mode amplitudes from Mirnov array
0.1 41(0) Inl=1 Inl=2 =3 +— =4 Inl=5
0.0 - l | o
T T T T T T é 2 7
0 2 4 6 8 10 b
Time (s) } | 1 “
I RF measurement time (200ms, 6 segments) 01 SR .
100 1mv spectrogram (MC]TOZ) p”
Experimental condition Control parameter 80 o _
) 2
* Br=18Tatl.8m « #ofionsources = ol e >
> [}
* NB1energy [A,B]=[80keV, 80keV] +  He gas-puff level g 20 B
- 3. 40 =2
* NB2 energy [A,B,C]=[70keV or 60keV] b 2 | ‘ ‘ , ; 303
« Upper Single Null NB2 beam energy 20 f AR 4 AR e Il 40
 100/100ms NB ON/OFF modulation - dhmaise — = 7 =
Shot time [s] -\

Main analysis
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ICE observation in KSTAR with the In-vessel B-dot probe

KSTAR #40031 | 6.2—6.4 s | ICE spectrograms and EFIT
200 Perpendicular

Parallel

200

200 T

TR R e A it oo s

]

—
D
[}

N 'E‘ 150 'E‘ 150 I -110
e e e
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50 50 @ : i I ,z;.%xg{xn.lu;m.mnm 50
! ; —— | = Gt sl e i i F-120
6.20 6.25 6.30 6.35 6.40 6.20 6.25 6.30 6.35 6.40 6.20 6.25 6.30 6.35 6.40 E
Shot time [s] Shot time [s] Shot time [s] g
200 Parallel (100-200 MHz) 200 Spiral (100-200 MHz) EFIT and candidate ICE emission locus 2
GRS 1 i -—'-'L(‘lFS I F—125
1.0 -_ -=-=-=- Limiter/vessel
w=—= [CE By locus: 1419 T
180 180 4
N N 0.5 1
e o IR e
E 160 SRR AT E 160 _ ‘ -130
? “'k" Tl”wﬁf" E‘ i ‘g' 00" E
5 g i N !
f‘; 140 & 140
= = —0.5 1 -135
120 120 (@&
-1.0 ‘\ ;'_\ i
100 100 St <A = 10.82MHz = Bicg ~ 1.42
620 625 630 635 640 620 625 630 635 640 15 20 25 ASicE 0.8 = DICE 1]
Shot time [s] Shot time [s] R [m]

Harmonic structures are simultaneously observed by the in-vessel B-dot probe and the external spiral antenna.

* The harmonic spacing, Af;cr = 10.82MHz, corresponds to a candidate source region near the LCFS.

rPOSTECH S. Hong | TMEP2026 | 2026-09-30 19/33



ICE response associated with n=1 MHD activity / core-ECE events

parallel ICE spectrogram

§ 7 i PR AT AR RSN SBIRE L8 e pr psod

ECE Te Profile #40031 [1.80T]
—135 y . . . , . " .
N 6
RN YT —140§ ="
e WM"W“IWﬂ‘» r]',]'i‘fﬁ FPEES 310 H HaF ) g 4
ISR MRIALIAR RSN} —145— =
oy D -
75 2
—150~« 1
0 O—mO-m--0-(eess—es - S8-SSgs' s Sgs s Se8 888 -89
_155 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 21 22 2.3
R [m]
toroidal mode number
100 5 —— = Central Ch [ECE67] : t=-0.50s, Te=0.0keV
= == em =1 wm n=2 = pk3 =4 . =5 . y " r ‘ ' . - =
= == — == == =l = .
o |
— | 6
> -+ <5
Q 3
: 2
g = 23
) = 2
S . 1
! core ECE and toroidal mode 4mplitude 0
|
A —— core EC[67 Inl=2 Inl=4 t[s]

e Strong n=1 MHD activity + rapid Core-ECE drops.

core T, [keV]
(OS]
(a)

b
o

e : * Enhanced / bursty ICE harmonics
B M— NBIl ~ —— NBI3 —NBzi% ECH (EC2) |

S S N e R N A A

— Motivation : fast-ion redistribution

6.30 6.35 6.40
shot time [s]
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TRANSP inferred fast ion redistribution across the n=1 MHD event

normalised fast-ion density change (vs. before MHD event)
Immediate post-crash Later post-crash
(6.2503 s vs. pre-crash 6.2400 s) (6.2703 s vs. pre-crash 6.2400 s

Increase (+)
1.0 20
0.5 10
~ g[)
= g
= 0.0 4
N
=
0.5 l
== g=1 20
_1 0 — LCFS —1 O Decrease (—)
1.5 2.0 1.5 2.0
R [m] R [m]

normalised g=1-local phase-space change (vs. before MHD event)

Immediate post-crash Later post-crash

1.0 (6.2503 s vs. pre-crash 6.2400 s) (6.2703 s vs. pre-crash 6.2400 s)
* 3 PRy g 1 . ; . LS X Increase (+)
60
0.5 40
X
20 o
B g
= 0.0 0 £
N 4
208
B
_05 —40
—60
Decrease (-)
1'020 40 60 80 100
energy [keV] energy [keV]

core T, [keV]
L4
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core ECE and Inl= 1 toroidal-mode amplitude
immcdizllci post-crash
6.250s
1

prc-g‘rm.\'h
6.240 s

later po&sl-cmsh
6.270 s
i
i

Post-event

‘D
s
2.6 1

2 4 P re-eve n t core ECE67 Inl=1 n;odc amplitude
15 heating power
: —————r——"NBIY —="NB13 — NB2B —= ECH (EC2) o
=——"NBi12 —— NB2A — NB2C
1.0
yalxrnln‘xl"x,xynlnln’wvnA' AIA’L":ln‘s,|lAvxvl‘xlx"v";‘v'|‘nl.".u|‘;‘ar«. 1»', ;w‘1 ‘r.'.‘nr""xv;4'.!.’::;’:!‘ NE lvlvlkav‘r‘ ‘A,A'A;]l,.\'lql‘xllvlylv lA'x ".’.'.;‘ 'A'A .'w'(].':'A'x‘xr.n\'111"{x"‘x’vln‘.‘.;"'u“; ""rl 1‘ 7a A'I|I'A'A'|,LIIVIFA'%V"MWIA‘LYI’A’I‘R N Nvl {'A\W'I‘u f l BAMV‘)“:WM“A N‘Ml M‘\"llll‘ulth‘\WN f' ;‘ A"‘W MWIW \W‘f V‘;‘*Wv\' ’, f\!WV\W Mva 'r
0.5
Later evolution
0.0
6.23 6.24 6.25 6.26 6.27

shot time [s]

* Fast-ion density redistribution

* Energy-pitch phase-space redistribution

* Heating power ~ unchanged
Consistent with MHD-induced fast-ion redistribution
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Cross-comparison of ICE with edge fast-ion and orbit modeling
NuBDeC : orbit topology near the plasma edge

200
N 180
o e S AR B A A N BTSN s bt KA E T T YT
2 -
— 160 ittt bt 0
~ L/ IICE spectrogram
g l' - B e et --er
EIZO T TP e sww e cbs syw o s e U SR A e

‘ n-n--vw.-rrf‘ "’1" : 4
1PiIn t;,xy IR R I BIIET EIN

&

100
200
N 180
|
s | ot Er bl badiu
2160k w»wxww
o
5 140
S
g
&= 120
100 -
—10"; TRANSP edge fast ions: dgnsm and orbit loss ‘E
T | === TRANSP deuterium orbit-loss rate gl B “’x' j
2, | === cdge fast-ion density, p 2 08 _ .=~ =
2 ‘ \—%’/ &
:ﬁ lol\l 6>10 ;
= S
O\ . 4 -~
3 TRANSP edge fast-ion density + orbi 3
15 k4 ,,L —i 3% 10" :
_-:_J
o

F mAslM ~md FIDA (p > 0.8)
101 - g ——

—o— FIDASIM edge . FIDA

5 -
|

zos| /N A\

2,0~ FIDASIM + FIDA (p > 0. 8)

6.200 6225 6250 6275 6300 6325 6350 6375  6.400
shot time [s]

rosTeCH

— LCFS limiter / vessel ICE

122 6205 | v J’1'=ﬂ.53
pr=13cm

ﬁ.:’!“ 5 | v 1l .|'I'I.'=ﬂ.i E
pr=1.6 cm

PSD [dB/Hz]

15 20 25
R [m]
_outboard edge zoom

130

134

R [m]

local FLR envelope

NuBDeC GC orbit

6.40 5 | vy /=008
p=1.0cm

15 20 25
R [m]
outboard edge zoom

R [m]

Orbit evolution: confined - edge-reaching - marginal / loss-related

* |CE enhancement

» Edge fast-ion response in TRANSP / FIDA

* NuBDeC orbit trajectories approaching the plasma edge

Possible contribution from marginally confined / loss-related fast ions

S. Hong | TMEP2026 | 2026-09-30
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Temporal comparison of ICE and fast-ion loss-related quantities

< —— NBIl.  — NB\3 ECH (EC2) = -
125 wice | Olbservations
= :

%l-oo' s * |ICE broadband power <> neutron signal
g 0.75 2
050 e —> confined fast-ion response / cross-check
§ 0.251 263

sookd : "  TRANSP / NuBDeC orbit-loss estimates

ICE broadband power (20-200 MHz) and neutron comparison

(= T Y T T * Neutral-CX escape / edge-crossing channels
508
< . .
Zos — complementary constraints on loss-related populations
20.41
§ 0.21 .

) V Interpretation

‘ LT MHD-induced redistribution

1.01 gl S5 TRANSP DD neutrons —— fission chamber He-3 detector
50.8 ‘ N e ‘l’
306 M~k () Edge / marginally confined ions
90 41 w‘ “ [ W }‘\ J "‘ ! “N \“ ‘J

ICE excitation

\4

) i s n - 5 - - - — . .
_ Possible fast-ion loss
T, 10"
g ?
—~ “ ° ° [
ot | I ICE excitation <> loss-related population
| —— TRANSP charged orbit loss —¢— NuBDeC CX-neutral sink outside LCFS
—— TRANSP neutral-CX escape +— NuBDeC neutral-CX escape I
6.200 6.225 6.250 6.275 6.300 6.325 6.350 6.375 6.400

shot time [s]
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IV. ICE-based energetic-ion inference and
comparison with other diagnostics
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lon Cyclotron Emission analysis

1. Spatial phase - wavenumber
A(Zbij — alf;{sij(fa t)]

A¢ZJ — k- (r,L- Tl,rj) (modeQﬂ‘) Same polarization channel

Ag|E,

Cross-phase + coherence — accepted k& samples

ATH HEk |Ar

2. Harmonic spacing + Doppler resonance
- energetic-ion information
Aficr — Bicr = Bigg ~ 2ZmpAaficr

3. Wave dispersion - density proxy
Assuming fast/compressional-wave dispersion
e w >~ kva

v

J kZ,/ﬁ—I—ki

W |— ]{7“?)“ — lﬂci

w—lQm;

_ 1 9
[l L= 3mpuvj v .

A vV HOPm
Jice — Bice : Jice + k| + Bice = v — £ o] Bl (K2 +k3)

7 — Hom pw?

(inferred quantities) Model-dependent density proxy — not a direct density measurement

(measured by RF diagnostics)
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Wavenumber components from inter-channel phase differences

KSTAR #40031: ICE wave-number time traces

ICE-inferred k Color = ICE harmonic number KSTAR #40031: ICE k—k; map
40 18 18
17 40 17
T 2[} { 3[] r_ft
_E . 2y ~ 15 15
& . & iy ’ F-s Fae . T T S

B R R ma N g e i N 20 .
= ] o ISR S b 13 2
== -20 o 2 0 g
| 2E T 0 12 5
g g =
ICE-inferred k ; 0 8 0 10 £
40 . » . 9 E Ihl " Q é
- i " FM‘ ‘:,i..: o 2 pa — — =
IE I ol " -‘IU I s u.ﬁ .('"“ : _llr ? U
o ¥ e e o d —_ =

9 ¥ .,#“'—': SRV <ol 20 6

L7 / : Y S - 5 5

— < G ‘ e J/::_.-/ﬂ 4 —30 4

<2 =20 3 I _’_'___... 3 / 3

: — 2 2
- ) -40! |k|= R TR 5
-40 : : ! : : : . .
6.200 6.225 6.250 6.275 6.300 6.325 6.350 6.375 6.400 —40 -20 0 20 40

Time [s] ~1
ky [rad m
* Multiple harmonic branches exhibit distinct k; and k, evolution ' ]

* Sign of k : propagation direction under the adopted coordinate convention
- . T
accepted samples : C' > 0.3 Alias-free range: |k’mam d

Corit = 1 — 0.051/ =1 . [, = 27 — 28, Copyy = 0.11 = statistically significant coherence  d =distance inter channel (50,100,150 mm)
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Comparison of ICE-inferred E | proxy with fast-ion diagnostics and modeling

. velocity distribution proxy 10! parallel-energy distribution proxy : Qualitative comparison — different diagnostic sensitivities
?i g fast-ion energy distribution proxy '
= ; = : :
.S i 51072 : ,
E; ! E ! ~107"! l
g 107 | g i - i
= : s : < “L
= —— #40031 seg004 i v 10777 —— 440031 seg004 | ~ !
=) ==+ 70 keV D-NBI i = ~-=- 70 keV D-NBI | g 102 :
4x10% 62102 10° 2510° 3x10° 10° 10! BT = ' i
v | [km/s] E [keV] O 1
= :
velocity distribution proxy parallel-energy distribution proxy z ) [
~1073 ~ 107 B =10 '
2- i f:- : g —— ICEinferred E;,  —— FIDASIM p> 0.8 i i
= ' : = — ! = —— TRANSPp>08 —— FIDAp>08 :
2 ] i g1 — : —— NuBDeCp>08  ---- 70keV D-NBI l —’
= — i 5 L | -4 :
2 107 i z =y 10 :
= —— #40031: 70 keV NB2 L T £ | —— #40031: 70 keV NB2 1 10° 10" 10°
5 #40032: 60 keV NB2 '_'I'H Z 1077 #40032: 60 keV NB2 T |-L'1 E I [keV]
5 -==- 70 keV D-NBI UL 5 --== 70 keV D-NBI ‘ :|_| i
= -= 60 keV D-NBI i | & -= 60 keV D-NBI i o ] :
4x10° 6x10°  10° 2x10° 3% 10° 10° 10! 102 w k“U” B ZQCZ
v | [km/s] E [keV] \1,
NBIl-energy dependence(70,60keV) of ICE-inferred population vy |= %ﬂcz E|= lmD’Uﬁ
I 2
* Different phase-space sensitivities - distributions need not be identical (inferred quantities)
(ICE vs modeling) (relative population) (measured by RF diagnostics)
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Temporal evolution of ICE inferred E | and fast-ion quantities

core ECE and Inl = 1 toroidal-mode amplitude
core HCE67 I

Inl =1 mode amplitud
'_‘325 I\"’/Jl n oiea plitude
2 ; I\Ap/-d/ I 255
,3.00 ! ! S Observation
5273 ! 15@ * Event-scale E| variations around several n=1/
3 I

core-ECE events

o
n
S

[ [
I direction-integrated parallel-energy time trace (p

40 —4— I:CE —4— TRANSP #— NuBDeC . L. .
_ | ICE (mean;IQR (Q1-Q3)) Modeling limitation
=30 r/._% * No additional anomalous fast-ion diffusion
Q B =
= TEV\ f beyond the prescribed sawtooth-mixing model
0y N A
10 J
0 Interpretation MHD event
10%° ~l/
T, . : fast-ion redistribution
5 107 I |
! | v
Z o8 | : change in ICE-resonant population
—— TRANSP charged orbit loss —— TRANSP neutral-CX escape —+— NuBDeC nkutral-CX escape : |
| 1 1 1 1
6.20 6.22 6.24 6.26 6.28 6.30 6.32 6.34 6.36 6.38 6.40
Time [s]

Core-ECE events - - -
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Model-dependent density proxy from ICE dispersion

Assumptions

KSTAR #40031: ICE-inferred, measured and simulated densities * FaSt/ compressmnal-wave d ISpersion
10" 4 —e— [ICE fast-wave density proxy, n; pw NuBDeC fast ions, p > 0.8 ° B]CE from harmonic SpaCing w ~ kv
—e— TRANSP fast ions, p > 0.8 —&4— TS n,, LFS channel nearest LCFS / ° k from inter-channel phase - A
— Physical meaning
|
E 0l
10 proxy K .
= * n; : bulk-ion density proxy
- * Not a fast-ion density
z B Biog|(ki+k7)
A VA|l=— —F—— > proxy| ., “CICE\Y] 1
1071_ V :qum nl —_ uomeQ
/ | | | | | | | | * ICEproxy:0(108m™3)
6.200 6.225 6.250 6.275 6.300 6.325 6.350 6.375 6.400 .
Time [s] * Comparable order of magnitude to edge TS n,

* Modeling fast-ion densities shown for context

(inferred quantities)

Order of magnitude consistency only — not a direct density measurement

(measured by RF diagnostics)
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V. Summary & Outlook
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Summary Outlook

 Robust k inference& uncertainty
analysis

 Polarization-resolved harmonic ICE observed in KSTAR
Afice = Bjcg —candidate edge source region

* Sawtooth-mixing / event-resolved
validation

* |ICE responds to n=1 / core-ECE events
— consistent with fast-ion redistribution
— possible contribution from confined /loss-related

populations  Cross —validation with FIDA-

TRANSP-NuBDeC

* Inter-channel phase enables k-resolved ICE analysis
AP - ky —» vy - E| * Toward quantitative phase-space
diagnosis with ICE

* ICE provides complementary EP / plasma information

Energy proxy + model-dependent bulk-density proxy

e Simultaneous ICE-FILD validation
(FILD unavailable during this exp.)

ICE observation — wave characterization — energetic-ion phase-space information
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Future experimental analysis

rosTeCH

40031 Successful 70 X
40032 Successful 60 X
2025.Dec.17 40039 Successful 70 0.5V
L-mode 40040 Successful (ECCD Fail) 70 1.5V
40041 Successful 70 2.5V
42027 Successful 70 X
42028 Successful 70 0.5V
42029 Successful 70 1.5V
42030 Successful 70 2.5V
2026.Mar.13 42031 Disrupted @ 4.17s after He gas 70 3.5V
H-mode
42032 Disrupted @ 4.02s after He gas 70 3.0V
42033 Disrupted at 5.34s 60 X
42034 Successful 60 0.5V
42035 Successful 60 1.5V
S. Hong | TMEP2026 | 2026-09-30

1. NBl-energy dependence
60keV < 70keV

2. He gas-puff dependence
PVDvalve=0-> 2.5V

3. L-mode - H-mode extension

}‘-:\I |;I I' )
4/ | PVDline
* (He gas puffing)
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Thank you
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