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* Background & Motivation
* 3D plasma response measurement on EAST

* Effects of multi-mode plasma response on ELM control

* Plasma response to mixed-n RMP and its influence on ELM control
* Influence of triangularity on the plasma response to RMPs

* Influence of up-down asymmetry on the plasma response to RMPs
°* Summary



Background & Motivation

Edge localized mode must be controlled in tokamak

RMP is one effectlve technique to control ELMs

Plasma response is the key point to understand the
physical mechanism of ELM control

Unsolved problem in the past




Edge localized mode must be controlled in tokamak

(mitigation or suppression)

* Edge localized mode (ELM)

— Periodic crash event driven by edge current and pressure gradient in an H-mode plasma

* Unacceptable level of damage to future fusion devise
— Huge amount of energy loss (~20MJ) per ELM expected in standard H-mode operation for ITER
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Resonant magnetic perturbations (RMPs) is one of the most

effective technique to control ELMs
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Plasma response is the key point to understand the physical

mechanism of ELM control
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Unsolved problem in the past

* Plasma response on EAST » Measurement and simulation
— Measurement? of plasma response on EAST

* Multi-mode & ELM control » Influence of multi-mode plasma
— Relationship? response on ELM contirol
— Physical mechanism

* Non-linear & ELM control » Plasma response to mixed-n RMP
— Relationship? and its influence on ELM control
— Physical mechanism

* Influence of plasma shape » Influence of plasma shape on
— On plasma response? plasma response to RMPs

— On ELM control?



RMP system on EAST

Develop the 3D magnetic plasma response
measurement system in EAST

Plasma response measurement on EAST




RMP system on EAST

* 3D coils on EAST * Magnetic diagnostics for 3D physics
— Number of colils : 8(U)+8(L)=16 — 5 array magnetic probes (B, signal)
— Number of power supplies : 8 — 5 array saddle loops (B, signal)

Maximum current . 2.5kA x 4 turns
Applied field : n=1~3 rotating. n=1~4 static

Z(m)

‘ EAST has flexible 3D colls and abundant 3D diagnostics




Develop the 3D magnetic plasma response

measurement system in EAST

Sensor measurement
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Insufficient understanding for ELM control with
single-mode plasma response analysis

Multi-mode plasma response extraction using SVD

Plasma response of the dominate mode alone cannot
explain the ELM control effect

Multi-mode plasma response affect ELMs control
through Pedestal top components

Effects of multi-mode plasma response

11

on ELM control

Criterion

PT-mode is associated with ELM control




Insufficient understanding for ELM control with

single-mode plasma response analysis

* The single-mode criterion loses efficacy in EAST high qq5 regime
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Multi-mode plasma response extraction using SVD

* Plasma response to external applied 3D field can be represented by
— 8B(r,0,¢) =Y, B,(r,0)e "® T

Single toroidal harmonic: 6B(r, 8, ¢) < B, (r,0) ‘

* Multi-mode plasma response extraction using SVD

— A=USVH .
Spatial strvctbvre N N N
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Plasma response of the dominate mode alone

cannot explain the ELM control effect
EAST #69644 EAST #71100
(n=2 q95~4) (n=2 q95~6.8)

* The dominate mode is 400 om
related to ELM control at '
low qgs

* The secondary mode is
related to ELM control at

high qgs
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Multi-mode plasma response affect ELMs control

through pedestal top components

° Low qgs 22T T T T T T T
— Resonant components of the dominant mode I 7954
stronger on pedestal top 2 B BN
— Resonant components of the secondary mode i = q95*\46-8 ]
stronger on pedestal foot - -
~ 1.8 5
¥ i ]
*  High © .| -
19N qos — 1 6 = -
— Resonant components of the dominant mode oy Tl ’
stronger on pedestal foot e 14 ;
— Resonant components of the secondary mode U F -
stronger on pedestal top I ]
1.2 -
* The ratio of Chirikov parameter o of these twc N B Y '
modes shows the difference clearly
it 0.8 0.85 0.9 0.95 1
2|p2—pal
Py

Mode with greater resonance or stochasticity at the pedestal top region is associated with ELM control
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Criterion
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PT-mode is associated with ELM control

* PT-mode can be used to explain and optimize ELM control

n=2 PT-mode
| w7100 0.07
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* Propose a new method for multi-mode plasma response extraction using

SVD
* Propose a new criterion for controlling ELMs based on multi-mode plasma
response
= (aﬁ%) _ (‘ﬁ’%«")
(0bF)  (oPF)

o > 0, resonance stronger on pedestal top, mode associated with ELM control

* |t reveals that mode with greater resonance or stochasticity at the pedestal
top region is associated with ELM control

18



19

Plasma response to mixed-n RMP
and its influence on ELM control

Introduction

Mixed-n RMP lower the threshold of ELM suppression

Non-linear jump during the transition from ELM
mitigation to suppression

Simulation of plasma response on HFS and LFS

Linear fluid model is insufficient for plasma response
during ELM suppression

ELM suppression using mixed-n RMP on EAST




Introduction

3.00
1.50

* ELM control using mixed-n RMP 9%

— ELM can be suppressed with reduced coils
RMP

— Physical mechanism of ELM control using
mixed-n RMP 175
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Mixed-n RMP lower the threshold of ELM

suppression

6E-I--In=3|#1[7ool77] o | . :

* ELM suppression threshold < 4:_:2??;83?3_ rBSOkA—

— Nn=2 ! no suppression ~SapmzziiiioiEe -

— n=3 . 3.50kA of ————— EO'&VKA' | R

— Mixed-n : I,-,=0.87KkA, |._,=2.28kA - 1054—”0077” al 5 ;

* Power supply f@ sk H U L -

— Maximum current reduced by 13% oEW”L ﬁja’*?‘”’ Mu \ A - ]

* Energy consumption 10 170079, n=283 g

— Energy consumption reduced by 54% éd 5_ \ } U _

o ELJK_\_L,J,,U U\ I H,JJM__J . _

o 35 H---170077,n=3 E

Mixed-n RMP offers a better way | = et : -
tfo control ELMs 3
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Non-linear jump during the transition from ELM

mitic

ation to suppression

* Non-linear jJump of plasma response is observed from during the transition

from ELM mitigation to suppression

— n=3 jump of plasma response — n=3 mode structure change & edge components
penetrate— ELM suppression

— n=2 linear response — help n=3 components penetrate — lower the threshold

22
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Non-linear jump of plasma response during ELM

suppression

n=3 non-linear

— Jump from mitigation to suppression
n=2 linear

— No ELM suppression

Nn=3 non-linear jump of
plasma response is the key
to ELM suppression
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Simulation of plasma response on HFS and LFS

ELM mitigation
— V shielding: toroidal rotation
ELM suppression

— X shielding: toroidal rotation
— + penetrating: EXB rotation

Edge components
penetration

l
ELM suppression

1.5

HFS
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i Experiment Miti.
i Experiment Sup.

I MARS Miti. with w

@

fon
[ S

wExB 4k

LFS

Mitigation Suppression




Linear fluid model is insufficient for plasma response

during ELM suppression

* HFS mode structure
— ELM mitigation: good agreement in both phase and amplitude
— ELM suppression: 90-degree phase difference between measurement and simulation

— 1 1 1 _J]_ T T T 1 T T T 1 T T T | T T T 1 T T T T T T T T T T T ]
C (a) O Exp Miti. { Exp Sup.——MARS Miti. ===-= MARS Sup. (3

’1(G)

L o 4o N
| L LN | L L

n
r

Re[sB

Non-linear plasma
response should be

T faken into
= consideration for ELM
§ suppression
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ELM suppression using mixed-n RMP on EAST

EAST #79016 .
 ELM mitigation -> suppression sf | | —Iln=2—lr:=35 5
— n=2 linear plasma response 2 e —— "3 <
— n=3 non-linear jump :2 é
o
 Similar to results on DIII-D 11 %
o

...__._._._.__..‘._..._..;_..n..u.kun.umd'-"h—"‘ 0

— n=3 components play the key role in ;
ELM suppression ———

LI L B S S NI L LI LA AL
n=2 n=3,|]
—|(SBp |—3><|(58p |_
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Summary

* Mixed-n RMP lower the threshold of ELM suppression
— Maximum current reduced by 13%
— Energy consumption reduced by 54%
— Mixed-n RMP offers a better way to control ELMs

* Demonstrate that non-linear plasma response and edge components
penetration is the key point to suppress ELMs

— n=3 jump of plasma response — n=3 mode structure change & edge components
penetrate— ELM suppression

— n=2 linear response — help n=3 components penetrate — lower the threshold

27



Influence of triangularity on the
plasma response to RMPs

Plasma response provide explanation for inability to
access ELM suppression at high triangularity in DIII-D

Research methods: Plasma response simulation vs
experimental observation based on varying
triangularity equilibria

The resonant coupling is correlated with ELM
suppression access in DIII-D

Resonance decreases with triangularity in both EAST
and AUG

Validation between experiments and simulation
support the reliability in plasma response simulation

The multi-mode plasma response provides another
way to understand ELM control effects

Conclusion & Implication
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Plasma response provide explanation for inability to access

ELM suppression at high triangularity in DIII-D

ELM is easier to be suppressed
at low or moderate triangularity

in DIII-D

Possible hypotheses

— Resonant coupling is reduced at
high triangularity as compared to
that at low triangularity

. (a)
ELMing
— 4-
5 Suppre55|on
c °
o 3F
B ' '
S 2
)
2
c 1t
0 . 972 slices in 68 shots @ DIII-D
0 0.2 0.4 0.6

Aup




Research methods: Plasma response simulation vs experimental
observation based on varying triangularity equilibria

FS Sensor

_1.5 _1 PR I T S T SN SN T Y SO S S W _1.5 —| L1 1 T 1 1
1 1.5 2 2.5
R (m)

Computed resonant coupling and experimental data will be compared
for each device
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The resonant coupling is correlated with ELM suppression

access in DIII-D

* ELMs are easier to be suppressed at low or moderate triangularity
* Linear model cannot explain loss of suppression

ﬂN=1 5 ,6N=1 .8 ﬁN=2.O
[ E— ne,ped=2 @ -G - e 5
E (@) ne,ped=4 o =0 - E (a)
O9F | : 4| ELMing
08F [ ] Suppressmn
- w ] o o
0.7 ] [ J
: x : 3t o
| pres | oo \ /] N eog ®
0951 .- - f e,ped
- : 2t
0.4 > - €
0.3 E_ ] 3 1
0.2
0.1 o E 0 | 972 slices in 68 shots @ DIII-D
i DIIl-D (n=3) 0 0.2 0.4 0.6
O 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 Aup
A
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Resonance decreases with triangularity in both EAST and AUG

1 —— — 5 :
@ | | : & °*
! & .'.Q.' ELMing |
1 l o Suppression
r [}
0.6 °
res res [ ? °
|b0.95 |b0.95 » °
0.4Ff )
i [ J
-e—Aupscan 0'2__
: ] - r _no -
8 Soateon) | EASTOY) 0-‘?“"’0-.95'1‘@‘5[%5‘0‘ . AUG(=2)- 0 334 lces in 16 shots @ AUG
0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0 0.2 0.4
A Aup Aup

The experimental frend in AUG is opposite
Further 3D stability analysis is required
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Validation between experiments and simulation support the

reliability in plasma response simulation

* The magnetic plasma response shows good agreement in trends between
experiment and simulation in DIII-D

3-5 [ T T T T I T T T T I T T T T I T T T T I T T T T ] 5
@) A LFSEXP O HFS EXP £
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05
1 I
05-, B\ TTR-NMA® o Q oF 1r
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The inboard magnetic plasma response measured in EAST

deceases with triangularity

* The simulated and measured plasma response shows good agreement in
phasing dependence

* Amplitude is not captured

" (@) | O Exp#92657 - - Fit#92657 ——MARS-F A ~05/1
i O Exp#92671 — - Fit#92671 ——MARS-F A ~0.6|.
2.~ A Exp #92675 — - Fit#92675 ——MARS-F A ~0.7

I

5B (G/kA)
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The outboard displacement shows good agreement between

experiment and simulation in AUG

* The LFS displacement is insensitive to triangularity
* No sensor on HFS
4

@ |—Li-Beam SIM —He-Beam SIM |
[ O Li-Beam EXP A He-Beam EXP||

4 —:
[ A | I —Aup~0.05;°‘-
6¢ (em/kA) | I = [ |[|—a,~015
2 O VAN é *“ :-AUZNO.ZS

| wmm|j-Beam /
| mm He-Beam /
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SVD structure of plasma response is not sensitive to

triangularity but amplitude is

* Multi-mode plasma response extracted using SVD

Ap=0.1 (DIII-D n=3) Ap=0.6 (DIII-D n=3)
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The multi-mode plasma response provides another way to

understand ELM control effects

* The dominate mode reveals similar trends with X-point displacement and

20

15

edge resonance

Multi-mode response
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Summary

shaping
* The plasma response decreases with — opﬂmizo’rion‘
triangularity | . ,
-> shaping optimization should be taken ELMing
into consideration for ELM control Suppression

AN

W
T
 J
o
B
Y4

* The plasma response is strongly reduced at
high triangularity
-> More current and further coil
optimization is required for better control
ELMs at high triangularity

’ 9 coll
S B < optimization

¢
’ Y 4

N
T
L4
|
*

Ne,ped (1019 m'3)

* Linear model only provide partial
understanding for ELM control 1

_> nonlinear model is needed 0 041 02 0.3 04 05 0.6 0.7
Aup
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Influence of up-down asymmetry on
the plasma response to RMPs

39

The plasma shape significantly affect RMP-ELM control

KSTAR experiments show ELMs suppressed only at LSN

Plasma response help to understand the dR,,, effects on ELM
control in KSTAR

EAST experiment allows validation of plasma response

Validation of plasma response modeling shows good
agreement between experiment and simulation

2D pattern of edge resonance shows it lower at DN and shifted
with dRgep

Shape optimization helps to maximize access to RMP-ELM
suppression in EAST



Background & Motivation —— The plasma shape significantly

affect RMP-ELM control

D,(a.u.) dR,,=0.06

* Future tokamak requires effective control of
transient heat loads caused by edge localized

mode (ELM) e '
— Resonant magnetic perturbation (RMP) is one Bp i) =2
robust technique to control ELMs 5l

* Recent experiments found RMP-ELM control h m m"“ | ’
0

significantly affected by the plasma shapelt-3] 4
— DIII-D: ELMs suppressed at LSN, but not DN
— KSTAR: ELMs suppressed at LSN, but not DN
— EAST: ELM suppressed at LSN or USN, but not DN

D,(a.u.) dR,, =272

S

D,(a.u.)| dR,,=433

[1] W. Suttrop et al, PPCF 59 014049 (2017)
[2] C. Paz-Soldan et al, NF 59 056012 (2019)

Dili-bD K ﬁTA R @ [3] S. Gu et al, NF 62 076031 (2022)
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KSTAR experiments show ELMs suppressed only at LSN

* Summary of experimental
observation in KSTAR 2020 2o AT PR I

— ELMs suppressed only at LSN

— ELMs suppressed at gg5~5 (4.9~5.3) -1 _ WWWWWWWW ‘

— No suppression observed at DN T o5k
S

24986

24982

24837

_2.5 1 1 1 I 1 | 1 I | 1 1 I | | | I 1 1 1
4.8 5 5.2 5.4 5.6

995
Note: D, signal re-baselined by dR.., value
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Numerical modeling approach — dR,,, and qo5 scan in

plasma response simulation using MARS-F code
Simulafion scans

. . A A
* MARS-F simulation 25 | | | :
— Single-fluid linear resistive MHD 2_ 0N | E
* Plasma response examined in 2 15F .
dimensions (dRge, & Qqgs) 1 . AL L A -
* Focus on E os5f 1 o
— (o5 ~ 50, 572 V% 0 [ W i anﬂdu.;dﬂjmju.‘m ISRV I Pl i g
7 [ 24984 . =
— dRep ~ 0, -1, -2 cm % -05F 1 Q
=
LLL-JJMM - .0
T 5
= wn
— O
C | | | | | | | | | I | | | I | | | I | E 3
-2, | | m
4.8 P 5|2 5.4 5.6 5.8 6
995
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Plasma response help to understand the dR,., effects on ELM

control in KSTAR

* The edge resonance is greater at LSN compared to that at DN
* Cannot explain the inability of ELM suppression at USN

— Divertor condition — L-H threshold not symmetric
2.5 i SR S

‘ bl
| Lill

T I T T T I T T T I T
2

24991

15F 3
1E » i =
N T 2499 ]
E 05 -]
S - -

- )
o
b
X
= 0.
o
. o
R e - E L
® T 24086 X
r >
05F E Q
m Q
1 ._ = m
- 24983 ] _
-1.5 m E "
-2

2483

_2.5 1 1 1 1 1 1B 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1
4.8 5 5.2 5.4 5.6 5.8 6

Y95

dR
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Plasma response help to understand the dR,., effects on ELM

control in KSTAR

* The edge resonance is greater at LSN compared to that at DN
* Plasma response simulation indicate a second window

B T T T T l
'|[—©—dRsep =0 cm
[|[—©—dRsep =-1cm
L |—©—-dRsep = -2 cm

N
I
|
o
(o))
I

— (6}
| [
|

4
o
o

|

o -
S ] X :
S, 0.5 E ] § 0.4 —
% _O:— . Jml.ﬂ.md.uhdm.m' —) I o C
7} - ] T 0 3 »
o E o i
§e) DL N
= g 0.2
] 0.1F
] > I
l o0L—
5.8 6 4.5 5 55 6

44 KS5TAR



EAST experiment allows validation of plasma response

* Magnetic sensors on EAST provide good measurement of plasma response

* n=1 phasing scan in experiment allows validation of plasma response at
different dR,., and g5 values

0 Fed =~ " O F ! I T T 11.5
- (a) :
-0.5 — dlqsep scan _ N ':1
o i 103078 1L 105
5 f A : I
& | 103077 1 F wasorr |12 ) 30 E
o qpL W O qg scan 1 | o 1" N
° ; 1r 1-05
2r 1t 1
i 103072 ] ]
L TTEEE. IS FETTTETE RS TS ) S T
5 55 6 65 7 1 2 3
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Validation of plasma response modeling shows good

agreement between experiment and simulation

* Good agreement between experiment and simulation
— Phasing dependence well represented
— Relative amplitude matches

25 IIIIIII I 11111111 I TTTTTTTT I TTTTTTTT 25 IIIIIIII l TTTTTTTT ] IIIIIIII ] TTTTTTTT
- .

- @[ 0 Exp#103072 —MARS-FdR_, =-24cm 1.5 - (b) { EXP #103082 ——MARS-F q,, =5.2[11.5

5 | O EXP#103077 — MARS-FdR_ =-1.4cm || e} O EXP #103077 —— MARS-F g, =5.6]

2 A A EXP #103078 —— MARS-F dRsep =-1.0cm |/ 21 EXP #103081 MARS-F q,, =7.0]
. = :
5 15}
X i
m 1]
q I

0.5}
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2D pattern of edge resonance shows it lower at DN and shifted

with dR,,

* Resonance lower at DN

— More difficult to suppress ELMs at
DN

* Constant Ip line shifted

— dRgep Optimization requires plasma
current control

* 2D pattern shifted
— Qg5 Window shifted with dRg,,
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Shape optimization helps o maximize access to RMP-ELM

suppression in EAST

* Improve RMP-ELM contirol through
plasma shape optimization

- Expand phasing window of ELM
suppression to 270°
 Reduce ELM suppression threshold to

|:,h,es~0.5 kA

— Reduced by 75% compared to
previous results
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* The plasma response provides a candidate explanation for the
Inability to access ELM suppression in DN shapes
— Edge resonant coupling is reduced as plasma shape approaches DN

* Shape optimization helps to maximize access to RMP-ELM

suppression
— ELM suppression threshold significantly reduced
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Summary

Measurement and simulation of plasma response on EAST
— Develop the 3D plasma response measurement system on EAST

Influence of multi-mode plasma response on ELM control

— Propose a new method for multi-mode plasma response extraction using SVD
— Propose a new criterion for controlling ELMs based on multi-mode plasma response

* Mode with greater resonance or stochasticity at the pedestal top region is associated with ELM
control

Plasma response to mixed-n RMP and its influence on ELM control

— Mixed-n RMP lower the threshold of ELM suppression

— Demonstrate that non-linear plasma response and edge components penetration is the key
point to suppress ELMs

Influence of plasma shape on the plasma response to RMPs

— The plasma response provides a candidate explanation for the inability to access ELM
suppression in high triangularity or DN shapes

— Shaping optimization should be taken into consideration for ELM control
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