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* RMP is promising ELM suppression method | ]

v’ Linearly stabilized ELMs with degraded pedestal by RMP-induced
islands and stochastic region [ ].
— One of promising/successful explanation.

* Addition concept may be needed for full explanation

v" Possible difficulty to solely describe pedestal degradation with islands.
- Additional transport induced by RMPs.

6T./(T,.)
v' Limitations to explain ELM-like mode during 20 Miti. o1
suppression. [ ]. 10 " " | o e
£
-> Contradiction to linearly stabilized ELMs s
by Degraded pedestal. 2ol R Q

-20
215 225 215 225215 225
R [cm]
[ELM-like mode in suppression, J. Lee (PRL 2016)]
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Previous work reveals that RMP can induce other transport mechanism

and directly affect ELM stability as well as pedestal degradation

* Previous studies on RMP-induced transport

v" Edge kink response [3,4]. by plasma response and NTV

v Neoclassical toroidal viscosity (NTV) [5,6].

* Direct effect of RMPs on the ELM stability

v’ Effect of RMP induced field structures on ELM stability [7,2].
v" ELM mitigation/suppression by RMP-ELM interaction [9-12].

Direct ELM stabilization
by RMPs

Nonlinear MHD simulation is performed to investigate the
RMP-driven ELM crash suppression considering these aspects.
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1. Simulation setup
2. Effect of RMP-induced plasma response on pedestal profile
3. RMP-induced ELM-crash suppression

4. Summary
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JOREK and PENTRC coupled simulation is developed to simulate

RMP-ELM dynamics including RMP response and NTV transport

* JOREK (3D Nonlinear MHD) [G. Huysmans 2009]

v" Real

istic geometries with scrape-off layer is included.

v" Reduced MHD equation [F. Orain 2013] is used.

oY 1 - Ve w/ toroidal rotation
dp . .
= —V-(p¥) + V- (DVp) + So Continuity eqn.

w/ ion diamagnetic
W/ Ti = Te

F
P\ ot

+ﬁ-v>(ﬁE+ﬁ”)=—V(pT)+fx§+Sv—65p+uAﬁ—V-ﬁ’neo

ot

a(pT)

=—(Pg+ 7)) - VpT —ypT V- (B + 7)) + V- (kVT) + (1 —y)Sy

PENTRC (NTV) [N. Logan 2013]

v" NTV calculation code based on the given plasma

equil

v" Inclusion of NTV by JOREK-PENTRC coupling.

ibrium, profiles, and plasma displacements.

Momentum eqgn.
(U||, w)

[ Grid for KSTAR |
Energy eqn.

RMP response

v

NTV particle fluxes
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n = 2 RMP-driven ELM crash suppression in KSTAR is numerically

reproduced

* Reference discharge

v KSTAR ELM suppression discharge (#18594) withn = 2 (¢p = 90°) RMPs.
v I, = 690 KA, qo5~4,By~2.,1, = 3.3 X 1017 m~3.
v’ Stable ELM suppression entry at Irmp = 3.5 KA.

v Simulation with x10 larger neoclassical resistivity due to numerical reasons.
v’ Simulation with Igyp = 4KA.

6 . . 2.5
» Bn
g 4. 9 Y g 50 RMP only simulation (n=0 and 2)
+ Aaaa it ’
=2 F ] RMP "« - 1.5 RMP simulation with ELMs (n up to 14)
IHWM ﬂw M Suppressed
o LEmbbu bbby, S5 . 1.0
4 8 12 16
Time [s]
[#18594 overview]
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1. Simulation setup
2. Effect of RMP-induced plasma response on pedestal profile

3. RMP-induced ELM-crash suppression

4. Summary




11/4 6/2 13/4 7/2 8/2

* Kink - tearing responses by RMP
v’ Kink + tearing response (KTM).
Kink {v' Edge localized perturbation.

Pedestal
top

"'.Stochastic

v V. = 0 layer and finite resistivity.
v' Field penetration into the pedestal.

* Resulted pedestal degradation

v Vgxp and stochastic layer in the pedestal.

wio RMP [ U8
—— w KTM

v Degradation of the mean pedestal.

- .
-
-

v’ Increased radial flux due to 0.4

[A2¥] I 2amyeradura],

. 0.0
1.0 1.1

P
[Tgxpy profiles] [Profile de?;radation]
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Plasma response causes NTV particle transport, resulting in further

pedestal degradation, partially explaining pump-out

6 : . . 4

* NTV induced by plasma response I B S s -
) .- T
. . T4 IV 3
v’ Plasma displacement (¢, ) induced by RMPs. & | —Iyv 2‘,%
- _—T ~
v’ Resulted NTV fluxes. A . Z
> drive TINTV B
- Torque TNTV = 1
- Particle flux I'yty % 07 08 09 10

Yy

[NTV particle & momentum fluxes]
e Effect of NTV transport

4

WoRMP  — w/ KTM
| — W/ KTM + NTV

2 F T Tt N
N .

Exp. Pump-out )

v" Further degradation of n, pedestal by I'yv
v Kink + NTV (40% of Exp.).

—> Considerable effect of kink and NTV
on pump-out.

Density n, [101°m~3]

0.90 0.95 1.00 1.05

Y
[Further n, degradation by NTV]
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MHD modeling with NTV explains pedestal degradation to some extent,

but additional mechanism has to be introduced for full explanation

* Net decrease in pedestal gradient - —— wio RMP
6f — 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
PN
e Additional pump-out mechanisms [Decreased pressure gradient by RMP]

v RMP induced micro-instabilities [R. Hager 2020].
v’ Particle transport by polarization drift [0. Hu 2019].

- They will be needed to fully explain the pump-out.

ExB convection and NTV flux largely contribute to the pump-out,
but full explanation requires additional transport mechanisms.
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1. Simulation setup
2. Effect of RMP-induced plasma response on pedestal profile

3. RMP-induced ELM-crash suppression

4. Summary




Natural ELM simulation (without RMPs) shows

good agreement with experimental observations

8T, T.) (At = 60ps) 8T, T.) (At = 55ps)
30

 Linear ELM simulation

v’ Consistent dominant ng y = 12.

v Consistent poloidal velocity Vg gy y~3 km/s.

v Vorm = Vgrxg (ion - diamagnetic) [1,2]. E

su:?o R [cm]
° Non“near phase [ECEIl and JOREK n=12 results]

. . 1.25
v' Mode crash during nonlinear phase.

2 10}
v AI'VELM,sim ~ 8k] (AWELM,exp ~ 7 i 4'k])- E

= 0.75
. [ 3 %‘

- Experimentally relevant ELM is obtained. g osp
="}
=

(Voem = Vo gxs) S 025t

0.0 . .
2000 2500 3000 3500
time [TA]
[1] M. Becoulet M. et al, NF (2017), 116059 [Mode amp/itude in NL phase]

[2]J. Morales, POP (2016), 042513
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2.0
1 . —_ —-—-ELMy
* RMP-driven ELM crash suppression [ Eewy s
: [ ! ‘l' ’\ ) n==8
v’ Strongly suppressed mode amplitude. E H Bt . n=10
i . = 1.0 ! T n=12
v’ Disappeared bursty nonlinear mode crash. 9 A A PSp—
E 0.5 ; Suppressed
= I
= RMP+ELM
0.0 , P\\\Vé’\ o
2.5 3.0 3.5 4.0
Time [a.u.]

[Nonlinear evolution of ELM]
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2.0

» RMP-driven ELM crash suppression 3 | ey _ _EL;
v’ Strongly suppressed mode amplitude. § '.f'f U\"'f"\.,-\ :;fo
v’ Disappeared bursty nonlinear mode crash. E‘ Lor ,.f'\.f' N, s
v’ Existing filament structures in suppression case. % 0.5 : Suppressed :
v" Spatially locked structure [ ]. = 00!' w

- ELM is nonlinearly saturated rather than 25 3'2ime [a.uj"s 40
linearly stabilized, so filament can remain. [Nonlinear evolution of ELM]

[Filament motions]
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2.0

. . _ ' —-—-ELMy
* RMP-driven ELM crash suppression | Ewvy =i |
° _f"ll,’.\l ‘ n=8
v’ Strongly suppressed mode amplitude. E ! ‘ \,,-’\H n=10
. . = 1.0} ' SV n=12 |
v’ Disappeared bursty nonlinear mode crash. = ,.’\-’ SNl
“ "
v’ Existing filament structures in suppression case. g os{! Suppressed :
v’ Spatially locked structure [ ]. = 5 M
0.0 — =
= ELM is nonlinearly saturated rather than 23 3',‘}ime Iaui"s 40
linearly stabilized, so filament can remain. [Nonlinear evolution of ELM]
1.0
* Suppression above RMP threshold E
= 075¢ ™
v' Mitigated with small RMP amplitude. 3 \
= 05}
v" Fully suppressed at Ixyp > 3 KA. 3 "\
. . . %025-___________\J=-..= _______
- It is consistent to experimental level (~“4kA). = Suppressionlevel
0

0 2 4 6
Ixmp [KA]
[Mode amplitude vs RMP]
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0.08

« Effect of degraded pedestal on ELM stability — Natural ELM (vo RMP)

| === Degraded pedestal (with RMP) |

&
=
-

v’ ~40% decreased pedestal gradient by RMPs. % P \.\
v’ ~65% decreased growth rate. g 0.041 l -
3 Stablllzed
G 0.02 | /.___.‘__’.\
~
0.00 " 1 N N
5 10 15
* Coupling between RMP and ELM harmonics R

[ELM linear growth rate]

v ELM suppression simulation contains two effects.

S 15k Degraded pedestal
o
Degraded pedestal E Natural
. . . 2 0l ELM
v" No crash suppression without coupling effect. =
(Even with decreased growth rate) g Degraded pedestal
g RMP-EL I\l(nu
. o pling
v' ELM crash suppression by combined two effects. = |
0.0 1 . :
Time [a.u.]

How RMP-ELM coupling affects ELM suppression ?

[ELM amplitude comparison]
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 Enhanced pedestal transport by coupling effect

v' ~15% increased radial perturbed fields by coupling effect. (Tearing component)

v Enhanced pedestal transport with increased island width.

v’ Further decrease of pedestal gradient.

= Reduced ELM instability source 8 :
w/o RMP

sl === w/ RMP
— === W/ RMP + Coupling
=
= 4 Decrease
2 v
>

2

0 1 1

0.8 0.9 1.0 1.1

UAN

[Pedestal degradation by coupling]
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RMP-ELM coupling results in broad mode spectrum and increased

interactions between ELM harmonics, preventing unstable ELM crash

* Enhanced harmonic interactions by coupling effect

o . C[6¢n1 6¢n2
v Unlike ELMy, enhanced energy correlation
among harmonics. [J. Kim NF 2019]
v' Broadened mode spectrum.
v' Large growth of unstable harmonic: ELM crash
v Prevented mode crash due to broad spectrum 2468101214 2 4 6 8101214
and mode interactions. [P. W. Xi, PRL 2014] [Mode energy correlation]

v’ Therefore, nonlinearly saturated ELMs by Mode amplitude

Broadened spectrum \
Enhanced interaction \

Crashes of dominantn ELMy
RMP+ELM

Degraded pedestal -

Driving |, Dissipation 1

v" Important quantities for RMP-ELM coupling?

time
[Mode spectrum vs time]
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Overlap of magnetic islands near the pedestal top can be

important to RMP-ELM coupling and ELM suppression

. . ILCFS
e Spatial overlap of harmonics A Pedes?al top !
l |
v’ Overlap of harmonics: Favorable to their couplings /Y. a» N
[Rhee POP2015]. }/’ | ' Kink

Islands;

v" Existing harmonics,

 ELM harmonics
 RMP-Kink (peeling) -2 Localized to LCFS.
* RMP-Tearing (island) © Wide radial range.

» n=2Island overlap

* Island overlap near the pedestal top

[a—
[\*]

$=(8/2)+(9/2)

v’ Ixmp Scan to adjust island width near pedestal top. G

v' ELM suppression entry where island overlap starts.
(Chiricov S =1 between 8/2+9/2)

=
o

5 0.5

Suppression level

Chiricov parameter S [a.u.]
['ne] apmydue apoy

- Overlap of RMP-induced islands can be
advantageous for RMP-ELM coupling and suppression.

0.0

=
=
[=]

1 2 3 4
I
e [Ss,9) VS Irmp]
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Slow poloidal rotation of ELM structure can be advantageous for

enhancing the RMP-ELM interaction and achieving ELM suppression

* Poloidal mode rotation and RMP-ELM coupling Ve,RMP‘.\‘ Ve rin
v" Well sustained mode overlap: Favorable to coupling.

v’ Sustained spatial overlap (|Vgzim — Vo rmp| = 0).
—> Stationary phase difference (6) of RMP and ELM.
/
kink-tearing ,
(RMP)

\

ELM

4
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Oscillatory Vg grm > 0
Z

* Poloidal mode rotation and RMP-ELM coupling

v" Well sustained mode overlap: Favorable to coupling.

0.5F

[=]

Stationary Vggm =
v’ Static RMP, VB,RMP = 0. LJ ~~
'lggoo 32b0 3600 4000

2>V ELm = 0 to make stationary 6.
Time
[Time evolution of cos §]

v’ Sustained spatial overlap (|Vg gim — Vo rmp| = 0).
—> Stationary phase difference (6) of RMP and ELM.

Phase [cosd]
[—]
(—]

[Filament motions]
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Slow poloidal rotation of ELM structure can be advantageous for

enhancing the RMP-ELM interaction and achieving ELM suppression

* Poloidal mode rotation and RMP-ELM coupling  oscilatory Vo uw > 0
B W .

v" Well sustained mode overlap: Favorable to coupling.

[=]

v’ Sustained spatial overlap (|Vgzim — Vo rmp| = 0).
—> Stationary phase difference (6) of RMP and ELM.

Stationary Vg =

/

Phase [cosd]
I [—]
(=]

=
n
Ll

N

v’ Static RMP, VG,RMP = 0. LJ
. -1.0
2>V ELm = 0 to make stationary 6. 2800 3200 3600 4000
-
[Time evoltllrg;gn of cos 6]
* Small Vy.g for RMP-ELM interaction 10— . .
- — Vo exg = 3km/s
v Vorm = Voexp [1, 2] at pedestal. 2 05| Fma K Vopp = 15km/;|
= Voexs ~ 0 is favorable. = No
= | suppression
o . o, . ,
v" No suppression with large Vg g« at pedestal top. E S
8 025k .
- Small Vg gy (or Vo exg) be advantageous for e P S
RMP-ELM coupling and suppression. oL , |
0 2 4 6
[1] M. Becoulet M. et al, NF (2017), 116059 [ELM a;:;;zt[bl:ge}forl ]
RMP

[2] J. Morales, POP (2016), 042513
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= n=2 RMP-driven pedestal degradation and ELM suppression

v' Pedestal degradation by RMP response and NTV, explaining the
experiment to some extent.

v" Numerical reproduction of nonlinearly saturated ELM suppression.

* Reduced pedestal gradient.
 Mode coupling between RMP and ELM.

= RMP-ELM coupling contributes to the ELM-crash suppression

v Further decreasing pedestal gradient. - ELM driving source J,
v" Enhanced interactions between ELM harmonics. & Prevent NL mode crash

= Favorable conditions for RMP-ELM coupling

v" Overlap of RMP-induced islands near the pedestal top.
v" Small rotation of ELM structure or Vg g.g ~ 0 at the pedestal.
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Backup — Plasma displacement from JOREK perturbation

* Approximated displacement from nonlinear perturbation

27 e

0.80 0.85 0.90 0.95 1.00

v’ Ty— is dominant.

v Uniformity of T on the flux surface due to large parallel heat conduction.
v' Therefore, $inm~— 6Tum/VTy =g

v’ Less accurate under the presence of stochastic layer.

v" No §B; component in reduced MHD.

v' &, derived from linearized force balance equation (6F (&, ;) = 0).

19/18



Backup - In summary, RMP-ELM coupling can contribute to

ELM crash suppression in two aspects

* Role of RMP-ELM coupling in ELM crash suppression
ELM Crash Suppression

* Reduced source (V'Ppeq )
* Increased harmonic interactions

* RMP + ELM coupling

* Increased pedestal transport
A

* Important quantities for RMP-ELM coupling?

Critical tq ELM suppression

—> Spatial overlap between RMP-induced modes and ELM harmonics
seems to be important.
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* Numerical setup

v" Neoclassical constraint (V,.,) is applied to construct the ion-poloidal flow.
v' Vg Exp in the pedestal region is in the ion-diamagnetic direction.
v T; =T, is assumed.

v Adaptive diffusive profile and source are used to sustain the p, T, vy profiles.

v" x10 resistivity (x40 spitzer) and braginskii parallel conductivity are used.

Vo = Voexp + Va,i« + V)0

60

Velocites [km/s]

1.9 20 21 22 23 24
R [m]
[Poloidal flow components]
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* Code coupling test

v" Well reconstructed ¢, including kink and partial tearing component.

v’ Successful calculation of NTV-driven particle flux and torque.
v A reasonable value from code coupling.

6 T T r 4 0.001
- 5 s
Icn e B {13 0.000
T4 -
T — =
mE 3 N » 2 Z-0001f
= TNTV ' 8 4
“:-' % [rurearvae TBeam o i
E 11 -0.002
1
= W
0 : : - 0 -0.003
0.6 0.7 0.8 0.9 1.0 0.
PN
[NTV particle & momentum fluxes] [€, profile form JOREK]
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Backup — tearing response

a)  SYpor (1 =2) [a.u.]

b)  §jy(n=2)[au]
- ' S

1.0

* Tearing response

0.8 0.8 0.8 0.8

v" Perturbed current shields the external field.

o o . e o o 0.6 0.6 0.6 0.6
v v, = 0 layer and finite resistivity in the 2 =
edge weaken the field shielding. 04} 04 04 04
v Field penetration occurs in the pedestal region. . I N
v" As a result, stochastic layer is formed.
0 5 10 15 20 0 0 5 10 15 20 ¢
[Fourier plot for 61, and §j 4 for n=2]
0 11/4 6/2 l3¢/4 7/2 8{2 o N start
4 o . ;‘;“,‘-P;édestal w-1.00
VLEXB | S top
_ 20} Vie | | E0.95
E | E
= ] °
R B ------ > " EO'%O—) v,. = 0 layer
| 0.85
-20 i v, =0 E
M : ' N 5 H -
= - — ") ) & | S Stochastic layer
Py 0.8 0.9 0.95
[Perpendicular flow profile] YN [Poincare plot]
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1.25 T T T
« Pedestal profile degradation ) A
of +FCOI‘1 eat |
v’ Radial transport increases due to s ——— Conj’:ﬂ
il
v' Pedestal profile (n=0) is degraded. e
Ixmp [KA]
v’ Density pedestal is governed by [Radial fluxes vs Igyp]
02—
v’ It is consistent with the trend that pump-out _ . .
increases with kink response [1,2]. 04t Y i,, ) ’ ‘|
= I :'..0. ¢ & 3"- >
v' T pedestal shows a similar tendency in the 2 o6 o8 :é,,},’.«--t"‘é J‘% ]
. . . s ° __»
experiment and simulation. = ».&w" ¢ o :
FYI%{)
Yy = 0.98
25 a0 s 2.0

Igmp [KA]
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Backup — Vorticity and ExB profiles

* Vorticity and ExB profiles in the simulation

v Reduced vorticity Uy during ELM suppression

* Possibility of evenly distributed energy
among harmonics [H. Jhang 2017].

-0.06

0.85 0.90 0.95 1.00

Yn

| — Vop.p = 3km/s | v' ExB radial profile comparison
| — VB,EXB = 15km/S i

=]

* VgExg is increased from 3 to 15 km/s.
* Decoupling of Vg gyp and Vg g1y can
occur in very nonlinear case.

Pedestal




Backup - RMP-ELM interaction can increase spectral transfer and

broaden mode spectrum of ELM, preventing crash of unstable ELM

* Increased spectral energy transfer by RMP-ELM coupling

. X7;2X(712—711)an
IX;;,zI |X(712—711)X711|

Bi-spectral coefficient

2 2
C[0¢pn1, —6n2] Swmag [a.u.] Tearing Twisting 1
14 I] ’ -
! ———
N 1 b i =
10 " Crashes of . | is dominant

dominantn ELMy

RMP+ELM

|
2468101214 2 4 6 8101214 time 2468101214 2 4 6 8101214

n nq
[Mode spectrum comparison and coupling analysis]

v" Enhanced interaction between ELM harmonics with RMP V1. Becoulet 2014].
 Amplified energy transfer between harmonics and broadened spectrum

v’ Prevented catastrophic growth and crash of unstable mode [p. xi 2014].

v’ Participation of both tearing and twisting parity modes in the mode coupling.
* Both kink and tearing part by RMP mediates the mode interactions.
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Backup - Both kink and tearing response by RMP have to spatialy

cover pedestal to mediate interactions between ELM

* Increased interactions between ELM by coupled RMP Suppression

) starts
Island overlap is needed Kink-peeling 0.15 . : . — 1.5
—*— 6B, RMP only l/
ands —+— 5B, RMP+ELM =
m=8 I 9 10 0.10} —=1li0 &
| | | «— n=2 — =
= <
1|6 1|7 1|s 1|9 zloq_ - & g
24 25 26 27 28 29 30 >< &
| i | i | i I« n=6 0.05F __/_.: 10.5 é
’ 5
/‘ ;
Suppression
YN 0.00 - : - 1.0
0 1 2 3 4

«—— Pedestal ———

Inmp  [Br & S(g9) Vs Irmpl

v’ Covering the pedestal and overlapping of RMP mode to mediate interactions.

* Kink-peeling = Overlap is easy, but localized to LCFS.

* Tearing = Wide radial range, but sufficient island width needed for overlap.

v’ Chiricov parameter (> 1) near the pedestal top (Sgo).

* 1 = ngyp island overlap to couple with higher n's.
 ELM suppression as island overlap occurs.

Position of rational surfaces and
island width are important.
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e Conditions for the interactions between RMP and ELM

v" Kink-peeling favorable MP configuration.

v' Rational surface (g = m/ngyp) near the pedestal top.

= |sland to cover the entire pedestal and dominant ELMs.

v' Chiricov parameter (S > 1) near the pedestal top.

= 1 = ngyp island overlap to couple with higher n's.
v VgrLm = 0 before RMP application.

= Favorable to the locking of ELM.
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