EX4/MHD and ELM @

ASIPP
First demonstration of full ELM suppression in
low Input torque plasmas for ITER using n=4
RMP in EAST
Youwen Sun

Institute of plasma physics, CAS, Hefei 230031, China
Email: ywsun@ipp.ac.cn

Integrated ELM and divertor flux control using
RMPs with low input torque in EAST In support of
the ITER Research Plan

Alberto Loarte

ITER Organization, 13067 St. Paul Lez Durance, France
Email: Alberto.Loarte@iter.org

Disclaimer: The views and opinions expressed herein do not necessarily reflect those of the ITER Organization

@ 28" |AEA Fusion Energy Conference — Y. Sun and A. Loarte — 13 -5 - 2021
ASIPP © 2021 ITER Organization and ASIPP

Page 1


mailto:Alberto.Loarte@iter.org
mailto:ywsun@ipp.ac.cn

Main contributors @

ASIPP
Youwen Sun?, Alberto Loarte?, M. Jial, Q. Mal, S. Gus, Y. Liang® 4, Y. Q. Liu®,

C. A. Paz-Soldan®, X. Wul, P. Xiel, C. Yel, H. H. Wang?!, Z. Yang’, B. Zhang?,
L. Wang?!, J.Q. Zhaol, W. Guot?, Y.Y. Li!, G. Lit, J. Qian?, T. Shit, Y.M. Wang!,
D. Weisberg®, B. Wan?, J. Zhang?, Q. Zang?!, L. Zeng?, C. Zhou?

LInstitute of plasma physics, CAS, P.O. Box 1126, Hefei 230031, China

2ITER Organization, Route de Vinon sur Verdon, 13067 St Paul Lez Durance, France

3 Oak Ridge Associated Universities, Oak Ridge, TN 37831, USA

4 |EK-4, Forschungszentrum Jilich, 52425 Jiilich, Germany

5 General Atomics, PO Box 85608, San Diego, CA 921865608, USA

6 Department of Applied Physics and Applied Mathematics, Columbia University, New York, USA
"Tongling University, Tongling 244061, China

8 Department of Modern Physics, University of Science and Technology of China, Hefei 230026,
China

@ 28" |AEA Fusion Energy Conference — Y. Sun and A. Loarte — 13 -5 - 2021
ASIPP © 2021 ITER Organization and ASIPP

Page 2



ELM control and ITER Research Plan (IRP)

d ELM control is essential for execution of ITER Research Plan

d ELM mitigation (reduction of gg,,,) and suppression (gg y ~ 0).
Reducing gg, s by mitigation uncertain = Focus on suppression

d Compatibility with wide range of high Q scenario requirements
(low normalized input torque, radiative divertor operation, pellet
fuelling, ...) = ITER Technical Report (ITR-20-008)
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ELM control (RMP) R&D in EAST for ITER

O EAST RMP coils cover same toroidal mode number as ITER
(up to n = 4)

O Unique capabilities to access ELM suppression in dominant
RF-heated H-modes with low input torque and W divertor

Coils on EAST

EAST, n =4

n=1, 2,/3, 4 |ELM control
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Outline
4 First demonstration of full ELM suppression by n = 4
RMP in low torque plasmas in EAST

d RMP ELM suppression window with n = 4 (torque, qgs,
density, spectrum, edge rotation, ...)

d Compatibility of RMP suppressed H-mode with ITER
high Q scenario requirements

» High energy and particle confinement
» (Gas and pellet fuelling
» Stationary divertor heat flux control
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First demonstration of full ELM
suppression by n =4 RMP in low
torque plasmas in EAST
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ELM suppression by n =4 RMP in EAST
Demonstrated in EAST for first time and in low input
torque plasmas

EAST#94048

4T T * 0 Conditions similar to high Q
27 & |ITER H-modes

RN ey =S S I » low torque Tyg =2 0.44 N-m (< 0.9
N-m ITER 33 MW-NBI equivalent)

> G5~ 3.65, Vg peg~ 0.5, By~ 1.5
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(1 No drop in energy confinement

» Small density pump out

» Low W concentration during RMP
application
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RMP ELM suppression window with
n=4
(torque, qgs, density, spectrum, edge
rotation, ...)

@ 28" |AEA Fusion Energy Conference — Y. Sun and A. Loarte — 13 -5 - 2021
ASIPP © 2021 ITER Organization and ASIPP

Page 9



Impact of torgue on n =4 ELM suppression

Lower torque input favours access to ELM suppression
with n =4 RMP in EAST unlike other experiments
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Jos WIndow for n =4 ELM suppression

by e CASTHO1458
| m e _Q Clear gqg5 window for ELM
140 S suppression
1440 =
: :- 420 q95 -~ [36, 375]

1 Reliable ELM suppression
obtained with good control
of q¢s/RMP perturbation
alignment

U Supports flexibility of
perturbation phase control
Included in ITER design
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Density window for n =4 ELM suppression
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Physics for density window needs understanding for ITER extrapolation
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RMP spectrum and n =4 ELM suppression

U ELM suppressed only by n =4 RMP up-low odd coll phasing
d Plasma response (MARS-F): Stronger shielding (even) and
Stronger kink-like resonant response (odd) - all edge resonant

harmonics stronger for odd phasing
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Compatibility of RMP suppressed H-
mode with ITER high Q scenario
requirements
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High energy and particle
confinement
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High energy and Particle confinement with n =4

O ELM suppression with n = 4 RMPs - small (if any) impact on
energy and partlcle confinement (unlike with n = 2)

1 : O n=2 ELM mitigation

e n2etmMsuppression] L] Same RMP coll threshold for

% 0.95 A n=4 ELM mitigation .
o A n=sewmsuppression] | M suppression for n = 2
& and n =14
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Supports use of high n RMPs
for ELM control in ITER
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Gas and pellet fuelling
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Gas & pellet fuelling - n =4 suppressed-ELM H-modes

4 Fuelling by gas or pellets used to vary plasma density Iin
suppressed-ELM H-modes (N, > 0.6 Ng,, = mitigated ELMSs)
4 LFS shallow penetration pellets causes MHD events # ELMs

EAST#94060 EAST#93536
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Pellet-triggered MHD in n =4 suppressed-ELM H-modes

 Pellets cause plasma energy drop due to core MHD (ITB crash)
- edge power fluxes very low # ELMs (similar to AUG findings)

RMP- suppressed H-

RMP- mitigated ELMs mode + pellets no-RMP Type | ELMs
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 Density increase by pellets reduces outer divertor peak heat flux
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Pellet-triggered MHD in n =4 suppressed-ELM H-modes

 Pellets cause plasma energy drop due to core MHD (ITB crash)
- edge power fluxes very low # ELMs (similar to AUG findings)

RMP- suppressed H-
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Stationary divertor heat flux control
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Control of divertor heat flux with RMPs

 3-D magnetic field structure (RMPs) impacts access to high
recycling/radiative divertor conditions for off-separatrix lobes

low N, high N %
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EAST divertor heat flux control with n = 2 RMPs

d Near-separatrix g, reduction by gas fuelling but no effect on

off-separatrix lobes for suppressed-Elm H-modes

_ with gas puffing (#94090)
n=2 RMP odd parity /o gas puffing (#94088)
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EAST divertor heat flux control with n = 2 RMPs

 Similar results obtained with divertor Neon seeding - off-
separatrix power fluxes unaffected by seeding

n=2 RMP odd parity n=>2
¢y = 315°  225°  135°  45°
1 T T T fT 3
| 200 3
. 4092 :
9As w/ Neonl L) —
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0 o €
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EAST divertor heat flux control with n =4 RMPs

1 Gas fuelling reduces heat at both near-separatrix and off-
separatrix lobes forn=4

d Divertor remains in high recycling regime for ELM-suppressed
conditions (N, = 0.6 Ngw)

heat particle n=4
flux 3 | | | | | | | flux 8
o« )| 6
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= 4l
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EAST divertor heat flux control and plasma response

1 Off-separatrix lobe heat flux reduction for n = 4 consistent with
shallower field line penetration (p = 1) Versus n = 2 (p=0.98)
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Summary and Conclusions

4 Full suppression of ELMs in ITER-like low input torgque
plasmas with n = 4 RMPs demonstrated for first time in EAST

» Low torque (Tyg ~0.44Nm), N, ~ 0.6 Ngy, Qg5 ~ 3.65, By ~ 1.5
with W divertor and low ny,

» ELM suppression window is consistent with modelling of plasma
response to RMP using MARS-F code

dn =4 RMP suppressed ELM H-mode provides a promising
Integrated scenario for ITER high Q operation

» High energy & particle confinement with suppressed ELMs
» Compatibility with pellet fuelling (without ELM triggering)

» Control of divertor heat flux by high recycling/radiative divertor
operation for separatrix and off-separatrix lobes

4 Further R&D required to strengthen physics basis for
extrapolation to ITER and to optimize further scenario at EAST
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Back-up slides
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Odd n=4 coil configuration provides stronger edge
resonant magnetic field with plasmaresponse

EAST n=4 #85920

e [Elodd Wleven | 15/ » Resonance is stronger for odd coil
£°f 141 configuration, when resistive MHD
=2 o 134 plasma response is taken into account
= 1 11/4 J ]
using MARS-F
1 TN 100 O | J
2@ [[~odd =even] / ; — Stronger shielding in the even case
15 _¥ S/ ]
- Island overlapping _-r ’ ] . .
. Bt ; — Stronger kink-like resonant
05 F ___gzzitef-"77 ] response in the odd case
e B
T — ] — All edge resonant harmonics are
gat BN : stronger in the odd case
a | ]
2 1 . .
: ] » This explains better effect of odd n=4
0.8 0.85 09 0.95 1 RMP on ELM suppression
Py
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Optimum ITER high Q scenario integration of ELM
suppression with n =4 RMP in EAST

 Good control of divertor power

4 High energy and particle
confinement maintained
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Modeling result demonstrates the resonant gz

window for n=4 ELM suppression
BAST#85920 w, o — B —— J e Edge resonances, indicated by different

iiai N ‘; criteria, taking into account plasma
0.1 response using MARS-F code, shows a

’\/\/’N/ - smirdepencrceonc
0.05 i i ' I

. ] — Stochastic layer width, Chirikov parameter near
P ““\ A9 7 | pedestal top, x point displacement, edge RMP
- amplitude

I

iow

e Multiple resonant peaks observed in the
modeling

— 3.05, 3.35, 3.65, 3.95, ...
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ELM suppression with n =4 and rotation

1 Co-/counter-NBI used to explore physics of rotation impact on

ELM suppression = low ExB (and not v, .) in pedestal during
suppression (AUG, DIII-D, ...)

d u, (density fluctuation at p=1 by Doppler Reflectometry) = 0

EAST # 91548

during ELM suppression
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B0 [ _
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Detalls on pellet induced events with RMPs

[
-1 ¥ mitigated ELM
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pellet injections are MHD
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e The power flux magnitude
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