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RMRinduced pedestal degradation are successful explanation for

ELM suppression, but have some difficulties in explaining experime

A RMP is promising ELM suppression method:-vans 2044

V Linearly stabilized ELMs with degraded pedestal by Rividuced
iIslands and stochastic regigi. Hu PRL 2020
A One of promising/successful explanation.

A Addition concept may be needed for full explanation

V Possible difficulty to solely describe pedestal degradation with islands.
A Additional transport induced by RMPs.
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V Limitations to explain ELMike mode during ol
suppression[J. Lee PRL 20]J.6 )
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A Contradiction to linearly stabilized ELMs N | "
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Previous work reveals that RMP can induce other transport mecha

and directly affect ELM stability as well as pedestal degradation

A Previous studies on RMRduced transport

V Micro-instabilities[1,2]. » Focus on pedestal transport
V Edge kink responspg 4. by plasma response and NTV

V Neoclassical toroidal viscosity (NTM)4].

A Direct effect of RMPs on the ELM stability

V Effect of RMP induced field structures on ELM stabilityd].

V ELM mitigation/suppression by RMELM interaction §-12].
Direct ELM stabilization
by RMPs

Nonlinear MHD simulation is performed to investigate the
RMRdriven ELM crash suppression considering these aspects.
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1. Simulation setup
2. Effect of RMHnduced plasma response on pedestal profile
3. RMRinduced ELMcrash suppression

4, Summary
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JOREK and PENTRC coupled simulation is developed to sim

RMRELM dynamics including RMP response and NTV transg

A JOREK (3D Nonlinear MHD) Huysmans 2099

V Realistic geometries with scrapeff layer is included.
V Reduced MHD equatiofr.Orain2013 is used.

pr T . P » [ . N _w/ toroidal rotation
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A PENTRC (NTM) Logan 2013 RMP response

. . N4
V NTV calculation code based on the given plasma
equilibrium, profiles, andplasma displacements | {
V Inclusion of NTV by JORIEEENTRC coupling.

NTV particle fluxes
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. RMRdriven ELM crash suppression in KSTAR is numerically

reproduced

A Reference discharge

V KSTAR ELM suppression discharge (#18594)swith ( ) RMPs.

VvV k T AAax hg &y 8 i

V Stable ELM suppression entry #{-E £ 81 8

V Simulation with x10 larger neoclassical resistivity due to numerical reasons.
V Simulation with b ¢ T A
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RMP only simulation (n=0 and 2)
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2.

3.

Simulation setup
Effect of RMHnduced plasma response on pedestal profile

RMRinduced ELMcrash suppression

Summary



RMP response is the kiAlearing response which can contribute

to the enhanced convective/conductive pedestal transport

A Kink- tearing responses by RMP
V Kink + tearing response (KTM).
Kink {V Edge localized perturbation.

V1H layer and finite resistivity.
V Field penetration into the pedestal.

[Perturbation$ [Poincare pldt

A Resulted pedestal degradation

V 1 -a andstochastic layer in the pedestal.

ne
— T

7 =

- i wio Rmp [ U8 "§

V Degradation of the mean pedestal. L N ---w KIM| £
i 0 :’.3

V Increased radial flux due to % 2 - 4 E
(= —

7
- = - convection (Mainly= ). \
- Island and stochastic layer (yand1)).
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Plasma response causes NTV particle transport, resulting in furt

pedestal degradation, partially explaining pumaut

6 4
A NTV induced by plasma response I B S s -
N4 - Inty S
V Plasma displacementl ) induced by RMPs. & |— Intv ™~ 2‘,%
V Resulted NTV fluxes. 2 z_i?‘”i" c
> drive TNTV B
- TorqueWg 4 = !
- Particle flux "B N T T CEENEY
¥
[NTV particle &Nmomentum fluxes
A Effect of NTV transport 4
_ w" | WoRMP = w/KTM
V Further degradation of -pedestal by g5 5 & | — w/KTM + NTV
V Kink + NTV40%of Exp.). T - '
=]
A Considerable effect of kink and NTV z A '
on pumpout. g‘ Exp. Pump-out
((]1.90 0.I95 1.&)0 1.05
YN

[Furtheré¢ degradation by NTNV
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MHD modeling with NTV explains pedestal degradation to some ext

but additional mechanism has to be introduced for full explanation

A Net decrease in pedestal gradient - —— wio RMP
6} — w/ RMP

V Pedestal degradation by plasma response
+ NTV transport.

V ~40% decrease in pressure gradient
(close to Experimental level).

0.8 0:9 1:0 1.1
Yy
A Additional pump-out mechanisms [Decreasegpressure gradient by RN

V RMP induced micranstabilities[R. Hager 2070
V Particle transport by polarization driffQ. Hu 201}

A They will be needed to fully explain the pumgput.

ExB convection and NTV flux largely contribute to the puou,
but full explanation requires additional transport mechanisms.
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Simulation setup
Effect of RMANnduced plasma response on pedestal profile

RMRinduced ELMcrash suppression

Summary



Natural ELM simulation (without RMPs) shows

good agreement with experimental observations

A Linear ELM simulation

V Consistent dominant »e¢
V Consistent poloidal velocCityy mex 1 1 7.
V rmee T ma(ion-diamagnetic)1,7.

= -0.004

220 205 210 215 22
R [em] R [cm]

[ECEI and JOREK n=12 results

A Nonlinear phase
V Mode crash during nonlinear phase.

Vi ograesii | § TaEEo [ >

A Experimentally relevant ELM is obtained.

Mode amplitude [a.u.]

('rr MEE T M A)
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[1] M. Becoulet M. et al, NF (2017), 116059 [Mode amplitude in NL phake

[2] J.Morales, POP (2016), 042513
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ELM crash suppression by experimentally relevant RMP

configuration is successfully reproduced in the simulation

2.0

. . —-—-ELM
A RMRdriven ELM crash suppression 3 | ELmy =
o | s e ]
V Strongly suppressed mode amplitude. E ! ‘\.,-’\,. 10
= L AN n=12 |
V Disappeared bursty nonlinear mode crash. g L H R L
% 0.5 : Suppressed .
= i = RMP+EL5’I
0.0"
25 3.0 3.5 4.0
Time [a.u.]

[Nonlinear evolution of ELM
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2.0

. . —-—-ELMy

A RMRdriven ELM crash suppression 3 | ELmy -

> | ‘.,’\ ‘ =

V Strongly suppressed mode amplitude. E ! RHY -
= L - n=12 |

V Disappeared bursty nonlinear mode crash. A -0 # N D —"——y
V Existing filament structures in suppression caseg o.s-l." Suppressed _
V Spatially locked structurg I 00!’ o "MPHEL

A ELM is nonlinearly saturated rather than 23 3-2ime [auTS 4.0
linearly stabilized, so filament can remain. (Nonlinear evolution of ELM

[Filament motionk
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ELM crash suppression by experimentally relevant RMP

configuration is successfully reproduced in the simulation

g
=

A RMRdriven ELM crash suppression 3 | ELmy e
V Strongly suppressed mode amplitude. s ,.f'f !"’“\,,-’\N :;fo
V Disappeared bursty nonlinear mode crash. -é LO_J."J R
V Existing filament structures in suppression caseg 0.5-'." Suppressed -
V Spatially locked structurgJ. Lee 2010 = W!’ = RI\/IP+EL!3'I

A ELM is nonlinearly saturated rather than 25 3-;ime [a.uj-s 4.0
linearly stabilized, so filament can remain. [Nonlinear evolution of ELJM

1.0
A Suppression above RMP threshold
V Mitigated with small RMP amplitude.
V Fully suppressed atg g 1 A

075

Mode amplitude [a.u.]
=]
i

. . . 0.25 k
A It is consistent to experimental level (~4kA). Suppression level -
0 3 3 1
0 2 4 6
Igmp [KA]

[Mode amplitude vs RMP
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A Effect of degraded pedestal on ELM stabili | — suw rust oo rotey

0.06 } ™ Degraded pedestal (with RMP) _

/ Stablllzed

/._—""'-0\\‘

V ~40% decreased pedestal gradient by RMPs.
V ~65%decreased growth rate.

Growth rate [yt,]
[—]
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A Coupling between RMP and ELM harmonics .

[ELM linear growth rafe

V ELM suppression simulation contains two effect

Degraded pedestal

Natural
ELM
Degr l(lul pedestal
' RMP-EL I\l coupling
|

Tlme [a.u. ]
[ELM amplitude comparisdn
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Degraded pedestal

—
=

V No crash suppression without coupling effect.
(Even with decreased growth rate)

ode amplitude [a.u. ]

(=]
U'I

V ELM crash suppression by combined two effect: =

How RMRELM coupling affects ELM suppressior} ?




RMRELM coupling further degrades the pedestal by increasin

transport, resulting in the reduced ELM instability

A Enhanced pedestal transport by coupling effect

V ~15%increased radial perturbed fields by coupling effect. (Tearing compone
V Enhanced pedestal transport with increased island width.
V Further decrease of pedestal gradient.

A Reduced ELM instability source

Decrease
)

[Pedestal degradation by coupling
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