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Cea Outline @[/Rf‘m

* ITER —intél t-step magnetic fusiol

« MHD in Is essential in ITER

2. Physic etic Perturbation e Localized
Modes (E e

ppression by RM xisting tokamaks
ng. What is ELMs =SSt '
ession by RMPs in I'TES
SOL) and divertor physics w,

Proposec
* Modelling'¢
- 3D Scrape 0t

3. Discussion on flated physics of RMPs: polarizalon, Neoclassical
Toroidal Viscosity(NTV), compatibility of pellets fueling with RMPs, fast
ions losses with RMPs, turbulence with RMPs...

4. Conclusions.
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Magnetic fusion -carbon free source of energy. ITER:
amplification in power Q>10; self heating by alpha-particles; lRﬁfVl
(T

effective plasma control.

Q=Psysion /Pinput - amplification factor
nTt>5.1021[m-3keV s] - ignition condition for D-T (Lawson)
Te=Win plas/Ploss - confinement time increases with size~I,R?

SUCL DEMO
DIII-D(US) B (C oot ) ITER )
| % (construction in France)

KSTAR(Korea)
- gﬂ:.l:,~~7,‘_“\

Now: Q<1, Q,gr ~0.67 (DT, 1997) Ignition: Q>10 Q>30
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i FUSION research: strong synergy between experiment, theory,
Cea numerical modelling and computer science (HPC) to guarantee

the success of ITER.

Modelling is very important in fusion! Difficult: extreme conditions, very complex
geometry, electro-magnetic fields, turbulent transport, MHD instabilities, large
variation in space (0.1mm-few m) and time (10°%s- 1000s) scales.

1. Achieve maximum
confinement (=performance) => §
understand and minimize heat
and particle transport
(=turbulence) in tokamaks.

3. Equilibrium, MHD
stability, safe and
high confinement
scenarios, plasma
control (this talk)

2. Efficient heating

. 4. Plasma surface
and current drive.

- %

///}/’/’//iﬁ/‘ interaction. Materials |
under extreme heat and |
particle fluxes (this talk)
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e | TER H-mode scenarios. Edge Transport Barrier (turbulence is '
Cea suppressed) =>steep gradients in “pedestal” =>MHD instabilities,(l/Rfm
(&

Edge Localized Modes (ELMs) =>fast quasi-periodic relaxation
~ (~0.2ms)of profiles, heat and particle fluxes to walls

: IS(! (MAST,UK)
o |
5
7
¢ Edge Localized Modes
. / _ (ELMs)
c L-mode
g
T et <~ Edge Transport
‘Barrier (ETB)
Pedestal (H-mode)
0 1 Similar to solar flares |

Normalised radius r/a ‘ .
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What is the physics of ELMs?

elRfVVl

[Huysmans PPCF2009]
Ideal linear MHD: what instabilities? Resistive non-linear MHD(JOREK): why crash?

ballooning instability driven by ELM=>magnetic perturbations=>

edge steep pressure gradient reconnections(ergodic field)=> energy follows
| perturbed magnetic lines =>temperature crash
_stable unstable o wpommm N———

T
0.090

0.068

Z[m)

IO,DA()

0.024
-

0.0020

1 == 1 BN 1 1
26 28 3.0 3.2 3.4 3.6 s
R [m] =

Current is unstable for helical ELM=> potential perturbations=> ExB density
perturbation: kink-peeling mode  convection, filaments, blobs=>density crash
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_Divertor X-point configuration in ITER. Scrape Off Layer (SOL) :

DE LA RECHERCHE A L'INDUS'

l open field lines guide escaping heat and particles to divertor plates 'Rf‘m
Cea<10 -20MW/m?2). (l, v

—ELMSs represent an issue for ITER and should be controlled!

ELMs size scaled to ITER represent an issue
for ITER tungsten divertor (W)=> melting,
droplets ejection, cracks. “Safe” ELM if <1MJ,
but predicted for ITER: ~20MJ!

S
<
el

ITER divertor: ~10 MW/m2 (stationary)

~20 MW/m2(transient)
For comparison:
~50MW/m2on the
surface of the Sun

X-pa

< " Plasma stream direction”™ "
Divertor
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_ How to control ELMs? Strong mitigation/suppression of ELMs
were achieved in different machines using RMP coils ( main 'Rf‘m
toroidal numbers N=1,2,3,4). Idea: slightly destroy magnetic @£ v

= surfaces at the edge=>increase edge transport, decrease gradP...

T, e [DIII-D: Evans

n=3 I-coil and C-coil configuration

nsoexvpmrase e NF2005,
e - ' Cse sy JET: Liang PRL
2007, AUG:Suttrop
- " . > . - - s PRL2011, KSTAR:
“ | ‘ _Time (sh_ . | Lee PRL2016,

I;p,amp (KA ;turn) 1e-° EAST Sun, LOarte
n=1, a0=+m2 | 1% |[AEA2021 efc.... |

~34sec =2 T

wall

KSTA

o 42.0
. : ' M
I . i i L 0.0
15.0 20.0 25.0 30.0 35.0 40.0
Fiman (manm) - - - -m - —
EAST#94048 3.0
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Generic features with RMP (not all always observed) are not fully
explained: ELMs mitigation/ suppression criterion? density lRﬁ’Vl

decrease ( =“pump-out”)? rotation braking/acceleration?
— resonant window in q95?...

AUG: RMP N=2, phase scan EAST:N=4,q95 scan, low torque, Observations during ELMs

[Orain NF2017] no loss of confinement mitigation/suppression by RMPs
A scan oy -1 [Sun IAEA2021, Jia NF2021] (not always all features!):
g - b hOTHA0B .« RMP amplitude threshold;
§ M Differential . '---"") -
g T hase angle A® i i " . :
§ O oo p__;;__g___ = 2 LiF R ;i ‘F*“'ﬁ’*v Weteng 37 &+ density pump-out (not always,
Eg‘; ASDEX Upgrade #30826 ™| o see EAST,N=4);
B[ : ' ~O e 35
Line-averaged densi et " : .
WS u._,-.,--__g_____Ey____"i‘*ﬂ"f'“__-’______ R — 7w .« degradation of confinement
0 o e T IO 13 0-20%);
o3 et (peripheral " g . %’.\"‘.,.\_,'J\n_."\;"_:3.’:“';ﬂ‘:“'\": T ,.\ 0= ( )’
b e —_— ZuJ ‘M _-"N "_ jw.~g;-07 — @p=0.1 } ’3: . . .
30 ] I B L]
st e diveror poveer (ci e global tor0|dal_rotat|on braking,
2001, 15 .\,N\,,,m_\____,,—-——-mw edge acceleration;
= 13 -1 g, A, | ,| 1L
£ 1O o AT L A " _ _
00 . o 05 | o M | ] * optimum RMP coils phase;
500 % [
¥ 10 ___ﬁ—_ ___________ i * (95 resonant window;
+++_}
+ " ELM frequen .
20 A0ENcy * «lobes » near X-point

20 22 24 26
Time (s)

=>splitting of strike points=>
footprints in divertor.
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Typical rotating plasma response to RMPs: current
perturbations on rational surfaces gq=m/n=> screening (ngm
(&

(mainly)of RMPs. At the edge=>less screening at higher
resistivity (since lower temperature).

[DII-D, Becoulet EPS2019, Orlov IAE, Response currents on rational
: Vacuum surfaces g=m/n=>screening

I_MA/m2
9.4e-01

T_start_keV




Not only screening! Ideal &resistive MHD+ experiment :edge kink-

DE LA RECHERCHE A L'INDUSTRIE

: [i ' ded for ELM ion. It b {
Cea peeling response is needed for suppression. It can be @l/Rﬁ’Vl

achieved by optimizing RMP coils phasing or change of safety
- factor profile (g95).

Maximum kink response is favorable for edge harmonics amplification, but it
doesn’t explain why ELMs are suppressed? Non-linear modelling of ELMs with
RMPs is needed (see next!).

[KSTAR, JK Park Nature Phys 2018] [Y.Q.Liu PPCF 2016, IAEA FEC 2021]
Ideal MHD (IPEC) Resstive linear MHD (MARS-F)
il « Ideal plasma response for edge and 200 optimal coil phasing
core is the key to RMP coupling
prediction - enabling sophisticated o b ( c)
validation of ELM supp. windows ITER 15SMA@n=4
o AUG#3112B@n=2
Predicted stabili I L
0 ‘ © 'vc;ﬁ] |:$=I|:ZTSEF§/{MID 9 oo AUG#3I083S@n=2
ELM suppression DIl-D#164277 @n=2 AUG#31128@n=4
41118946 window -
WU D R N 13 = ol HL-2A#29676@n=3 B EAST#55272@n=1
K i”qq‘wn[lnd, T : 2
o . i i : bt AUG@n=1&q ,,=5.49
i ] e ok DII:;)#IE-IZ?T@n:S UGS 008 ne
] o AUG@n=1&q ,_=4.95
BE= € P = AUGE@n=1&q . =4.68
4 3 b i AUGEn=1&q . =4.41
] -0 AUGEn=1&q , =4.14
0 =i AUG#31131@n=2
] ® AUGEn=1&q . =36
(D)4 -100 AUG#30684 @n=2
o W = HL-2A#29676@n=5
ﬂ; 0 - | I -mlllllll|||“l'l_g -150 EASTE#56360E n=2
£ ' 4 . DEMO@n=3& § =30 ? HL-ZAZZOETE@n=1
41318960 (E){ B gy S
2 4 6 ?Ime[l] 10 12 14 Based on #18941 EFIT1 -20?2“ oo oo oo u - on - =
b' criterion

res

MF-PL6 Marina Becoulet, CEA/IRFM,5th Asia-Pacific Conference on Plasma Physics, 27Sep, 2021 12




~ Non-linear resistive MHD modelling (code JOREK) of ELM
suppression in AUG. Realistic geometry, divertor, RMP coils, two IRt
fluid (el+ions) diamagnetic effects, toroidal rotation, multi-harmoni€s
Similar results for KSTAR, EAST

[AUG Orain Phys. Plasmas 2019]
RMP N=2, 6kAt, non- RMP N=2, 6kAt, resonant (A®=+90°) —
external kink response, suppression

w/o RMP=>ELMs
resonant (A®=-90°) -
(as in experiment) N=2(RMP)

mitigation
Al ——N=4
/ N=8 K
¢ (non-linearly coupled

to N=2)

<
Other harmonics -
noise level, no ELMs

0.1 02 0.3 0.1 020 0.1 0.2 0.3 0.4
time (ms) time (ms) time (ms)

Kink response when ELM suppression (+90°) Modes rotation locking when ELMs suppression

(b) A® =+90° (c) A® =-90°
b -




e WIth RMPs: density decreases (convection ExB), electron temperature
(parallel conduction), radial electric field ‘well’ decreases in the éRfm

pedestal, braking of perpendicular electron rotation on the pedest

~ top=>less screening of RMPs, islands when ExB , Vel,perp~0

electron density (ExB) \

a2 " AV
4
........
ArResssey
- e

i . (a)

E - = ELM suppression n® telbms
e¥ 2 wELM suppression n, end
- « ELM maigation; n_ & 1~0.6ms
L5 —ELM mitigation n, end
Inival profiles
0.5
0.6 0,7 0.8 0.9 1
electron tem perature \
2000
-~
p T X (b)
1500 3
>
2 1000
\.e

- = ELM suppression: T, @ t«0.6ms
- — ELM suppression: T, end
ELM mitigation: T, & t=0.6ms
e ELM mitigation: T, end

== |ntial profiles

radial electric rield we
and ExB rotation

(b) ELM suppression case
<10* t=0.61586-2.0472ms

—t=0.61586ms
—t=0.73311ms
—t=0.85035ms

t=1.2021ms
t=1.3193ms
t=1.4366ms
t=1.5538ms
t=1.671ms
t=1.7883ms
t=1.9055ms
——1=2.0003ms
—1=2.0237ms
—1=2.0472ms
-~ jnitial profile

E (V/m)

| |
N o v

“o.6 0.7 0.8 0.9 1

(no screening when ~zer

perp. electron rotation \
0)

20 8
Braking of electron L rotation A ity
(). 70966ms
7 e 80345ms
. ——1w0.89724ms
6 — 1w 0.9910dms
~ta 1 0848ms

~ t=1.1786ms
Z t=1.2724ms
1=1.3662ms

4 te1.46ms

E te1.5538ms
3 ; 1=1.6476ms
t=1.7414ms
1=1.8352ms

2 te1.929ms
—122,0003ms

1 —t=2.019ms
—tw2.0378ms

0 e ta 2 0565ms

0.6 0.7 0.8 0.9 1
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Is ELMs suppression due to the reduced pressure gradient?

“===Not only: the same profiles as with RMP (lower gradP) but w/o (l;Rfm
@7

RMP=> smaller growth rate, but ELM crash! Suppression is due to
— continuous MHD via non-linear coupling with RMPs.

[AUG Orain Phys. Plasmas 2019]
Magnetic energy-of N=8 mode (ELM) without RMPs

— Reduced profiles nag .
==+ Iniial profiles nsf ,.’l T= 12¢10% s ;
, / | without RMP: edge gradP grows until MHD
= i 43“’ / peeling-ballooning limit => ELM crash
3 / S/
E- 10 ) (7, rr R/
- 2 ) &/
1511 ‘.l: I o .I_."ll
= Q| S
L Q b/
8 o
£ | S/
< S/
. & / :
.'I. 'JII. I~ Exlm 51 seE § 5 s
"% W v 13 ¢ @ 22 25 with RMPs: continuous MHD coupled to
time (ms) RMP=> continuous transport=>no ELM

crashes.
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_ After validation of codes in existing experiments=>predictions for
CQa ITER. Non-linear resistive MHD modelling (JOREK) of ELMs Cng‘m

suppression by RMPs in different ITER scenarios 15MA, 12.5MA,

— 10MA/5.3T. :
Contract 10/19/CT/ 4300001841, Y O Liu, M Becoulet IAEA FEC 2021

Optimisation of spectrum (N) and  Vacuum RMP fields are applied at the

phasing of RMP coils for computational boundary of the JOREK code
maximum kink-peeling response Realistic ITER geometry(X-point, SOL,
near X-point in each ITER divertor, wall), realistic RMP coils. Resistive
scenario was done by MARS-F non-linear MHD, two fluid diamagnetic

(resistive, linear MHD single fluid, effects, toroidal rotation, multi-harmonics.
no X-point) . .
ITER: 3rows of 9 in-vessel RMP coils, max 90kAt.

¢, l(r=a) [mm]

ool 0) | 155:3/0=10 ‘ '
L 4 i
0

0 100 200 300
<DU-<DM [degree]

D -D,, [degree]
N
(=}
o

g




_ Natural ELMs w/o RMPs (toroidal harmonics N=1:9).
CQa « 15MA/5.3T: low N-s (N=2,3,4) are most unstable; lRﬁfVl
’ (2

12MA/5.3T. N=5 precursor, then N=9,7 are most unstable;
= « 10MA /5.3T (high beta) : natural N=3 rotating (el dia) QH-mode

15 <10 315MA/5.3T, ~ 4M) ELM N=1:9,n0 RMP 5 ¢ x107*12.5MA/5.3T,ELM ~2M), N=1:9,n0 RMP 10MA/5.37, w/o RMP, N=1.9. N=3 QH mode
: ) — —
3 n=9 —n=2 n=1
—n=3 == n=2
—_—n=4 10-4 — =3
’3*. 1 2.5 ——n=5 —n=4
S ; n=6 ’; N\ _..nis
5 5 2 —n=7 3 n=6
s 5 —s| 3 T
—n=9 ¢ |—n=
= 55_ 1.5 §10‘6 —n=9
0.5
1
0.5 /
g O n=3 8
0 0! - 10° : : : : :
35 12 13 345 6 Tg8 9 0

time(ms) time(ms)

1_e20m-3
&2701

er66tms 10MA, N=1:9, N=3 QH-mode

n_e20m-3 (1) at=0.0465ms (2)  A=0.0465ms (3) At=0.0465ms (4)

0.0e+00 1.3e+00

—

nTV.n(W/m2)
0.0e+00 2.5e+07

nTV.n(W/m2)
0.0e+00 5.9e+08

L—
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s ] BMA/SS.3T scenario, RMP N=3. ELMs (here N=1:9 harmonics)
Cea suppression threshold: maximum current in RMP coils 45-

. 60kAt. Coils max capacity 90kAt.

7. X 10-3 15MA/5.3T,without& with RMP,N=3,N=1:9 5 15MA/5.3T,without& with RMP,N=3,N=1:9
. : . : - 10 T ' ' | '
P OkAt 6kAt 20kAt 45kAt  60kAt
6l # 60KAt T n=1:9
5t =5t
D 45kAt3 ~ 10
: n= >
4 :
; &
= 3
310-10.
5L OKAt 20kAt
n=1:9 n=3
6kAt
1 } n=6
0 > 4 6 g8 16 1 ' S ¢ '
. 4 6 8 10 12
time(ms) time(ms)
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_15MA/5.3T scenario, RMP N=2,3,4, 60kAt. ELMs are suppressed.
MHD coupled to main RMP N + side harmonics k*N, other lRfVVl
(T

harmonics saturates at low level. Note similarity to
— AUG,KSTAR,EAST modelling results.

{50 1aMABME DN=2.b0kAGN— 15 168 15MA ,RMP N=3,60kAt,N=1:9
n=3

;-/ 1077} =
O‘ S—
= =3
= £

=

10"10 -
2 3 5 6

i 4
time(ms)

10°

10>}

Wmagla.u.)

10_10 -

2 = 3.5 .5
time(ms)
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e LOMAYS.3T scenario, RMP N=2,3,4, 60kAt. Edge magnetic
topology and profiles in ELM suppressed phase: density (ne) lRfm

transport ( here convective ExB and //), energy (Te) transport (// (€
~ conductive along perturbed field lines).

_ ISMARMPN=260KALN=1:9t=55ms | L% 15MARMP N=3,60kAN=19,1=4.87ms

6.5, 1SMA, RMP N=2,3,460KAt, mid-plane ; ,

4-..-."-
I_start keV ., T_start_keV nd - -RMP N=2, n_e20m-3
(L1.8e-02  4.2e+00 g A\ ‘-“:2 “'i"’e+°° 6 —RMPN=2,Te_kev |1
—— 5.5 - -RMPN=3,n_e20m-3 || ,
—RMP N=3, Te_keV
3 - -w/o RMPs, n_e20m-3 ||.0.9
4.5] —w/o RMPs, Te_keV
- -RMP N=4,n_e20m-3 |08
i “ 4 —RMPN=4,Te keV || 1 4?
\ ':-\ % 3.5, ‘g
' ~ 0.6
N 3— 0.
2 05%
, 2.5 -
\ T_start_keV
\\ 1.8e-02 o 20400 V4 2] b
'.x 7 ]-5‘ s
1 -
N 0.5. 0.1
\ 4 0 : ; - _0
\ 0.9 i 11 1.2




12.5MA/5.3T scenario, ELMs suppression by RMP N=3, 60kAt.
Cea Profiles: more density(ne) transport compared to energy (Te)

12.5MA/5.3T, N=1:9, RMP N=3,60KkAt

‘n=3(RMP)

n=1
n=2
n=3
n=4
n=5
n=6
n=7
n==8
n=9

> IDtime[ms)IS

20

-

12MA, RMP N=3,60kAt

-—
L e 8

S ne w/o RMP ---

N\
*, Tew/o RMP __

1
L

" ne with RMP --—-
‘Te with RMP _
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—In high beta steady state 10MA/5.3T scenario w/o RMPs: natural
CeaN: rotating in el dia direction QH mode. With RMPs N=3 lRﬁfVl
(20k

20kAt,40kAt): induced QH mode, locking to static RMPs (earlier (e;/+
for higher RMP current). Density transport mainly (not much in Te)
10MA/5.3T, N=1:9, RMP N=3,20kAt 3 X 10_3 : T T 10MA.!S‘BT T T T )
- locking —_wioRMPn=1
! n=3(RMP,20kA?t) 2.5¢ ——n=3 (dominant)
n=4 —n=4
———n=5 ~ 2t ——n=5
; n=6 3 —n=6
< n=7 8 . —n=7
: n=s D157 locking —n=8
& 10-6 — = —n=9
= ! —— RMP n=3,20KAt
——RMP n=3,40kAt
0.5
o8 i e , rotating w/o RMP
3 4 3 ® timefns) 8 9 10 11 0 5 10 15 20 25 30 35 40
time(ms)
t=12.37ms N=3,40kAt b o
(1) At=0.1163ms (2) At=0.1163ms (3) At=0. 1163ms (4) _— _O:5
104 L0.a5
< -0.4
= jj 0.35:;
o &) 03 C;
= & ' 0.25§
| d 0.2
2_ 5 L0.15
2{[Z =W/ P Tokev e~ 0.1
14| — —RMP N=3,20kAt, n_e20m-3 e S U L 0.05
& —— RMP N=3,20kAt, Te_ke.V \ -
0.6 0.7 0.8 [eX=) 1 1.1 1:2

psi_n
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15MA/5.3T, RMP N=2,3,4 60kAt. 3D SOL. Normalized stationary heat
flux (50MW in divertor). Toroidal splitting with N of RMPs, radial (l,Rfm
(&

DE LA RECHERCHE A L'INDUSTRIE

extension is ~20 cm inner divertor and ~40cm in outer.

5 415MA'n0rm~heat flux (MW /m2),w /o RMP,inner 15MA . norm.heat flux (MW/m2),RMP N=2,60kAt,inner
: i 0.4 ;
4
- =o0.3 7/__———/_-
. 2 E_ (9 s i
w/o RMP inner . 3
o
o 2 4 6
& (rad)
outer
1
a <
88 \v/0 RMP B2 =
el \\//O outer I _
= =
= O.6 1 S
= 1 =
= |
O .
o 2 a 6
& (rad)
15MA . norm.heat flux (MW/m2),RMP N=3,60kAt,inner @ (rad)
0.4 ] 4 15MA . norm.-heat flux (MW /m2),RMP N=4 60kAt,inner
3 ( 1 L =
4
= 0.3 - 7 7 |
2 E “
=0.2 ¥
=
§ 0.1 ?
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O (o]
(o] 2 4 (S
& (rad)
outer
a i
4
2
| 2
o o
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_Normalized stationary heat flux in divertor (total heating power
~100MW, 50MW is supposed to be radiated —not in this modelling, ( fm
SO0MW in divertor): 5-2 MW/m2. Scenarios: 15MA, 12.5MA,1OMA/5.3T@‘, v

— RMP N=3, 60kAt.

DE LA RECHERCHE A L'INDUST

15MA.N=3,60kAt, Pdiv=50M 12.5MA,N=3,60kAi‘,Pdlv=50M

n_e20m-3
0.0e+00 0.2 5.0e-01

k9 I I |
n_e20m-3 2 e

0.0e+00

T_start_keV
1.4e-01 2 4.5e+00

- | i
T_start_keV
de-01 2 4.2e+00 norm_flux(MW/m2)
l- | -| 0.0e+00 2 3.1e+00
_ | i
norm_flux(MW/m2)

0.0e+00 2 4.6e+00

— -

TOMA,N=3,40kAt,Pdiv=50MW

n_e20m-3
0.0e+00 0.2 5.0e-01

T_start_keV
1.2e-01 2 4.7e+00

— =
norm_flux(MwW,/m2)
0.0e+00 1 1.7e+00

_—
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wenoes - Stationary heat fluxes (5S0MW in divertor) with RMPs remain within
limits for divertor target (5-6MW/m2<10MW/m?), baffle (1IMW/m2< SC[/R 1441
MW/m?2) and first wall (<IMW/m?2). &1

15MA,N=3,60kAt,Pdiv=50MW 12.5MA ,N=3,60k AL, Pdiv=50MW

norm_flux(MW/m?2)
0.0e+00 0.5 1.0e+00

" |
norm_flux(MwW/m2) — i
Y 0.0e+00 0.5 1.0e+00

— =

However when RMPs are switched on =>

transient increase of heat fluxes.
Solution? Switching RMP before L/H
transition? Gas/impurities injection?
Radiation? Note that in these results the
main divertor physics : neutrals,
lonizaton, radiation... are missing=> work
- in progress. Divertor physics is needed!

0.0e+00 0.5 1.0e+00

_— e
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___Divertor physics with RMPs for ITER: screening of RMPs by plasma,
but large edge lobes due to the kink response. 3D footprints. Far (l/Rfm
;'

SOL is more difficult to keep detached with RMPs due to the direc
— link to the hot pedestal regions.

Edge Monte-Carlo 3D EMC3-EIRENE code [H Frerichs PRL2020,IAEA FEC 2021]
Stationary conditions for particle flux (gas injection, neutrals, ionization, recombination),
momentum flux along field lines (momentum source, loss via charge exchange with
neutrals), heat flux (heating source, loss from ionization, radiation, including impurities )

No RMP Vacuum RMP (N=3) MARS-F plasma response
(large edge kink response!)

(b) Vvacuum MP field ma response MP fleld

—300 4

Divertor entrance

—350 4

hadlel conmection
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—4200 4

Outer targe
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400 450 500 550 S00 400 450 500 550 s00
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(=
o

(C) 4 ~ £ 5
2 Reference (partially detached S o
o = Reference (attached) ~=—— 5 higher upstream density) = 50 ‘E
z 3 ~— +MP field o 4
s g0 2
= 230 39
8] & :
f_‘s v 20 25
g, 2 g
T 810 ™
& v 1 s,
(o7 [a] <

0+ - n 0 I 0
0 10 20 30 40 50 60 0 20 40 60 80 100 120
s: Distance along target [cm] Toroidal Angle [deg]
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Discussion.

éRfm

Why narrow gq95 window for ELM suppression?

Criterion with MHD plasma response Two fluid resistive non-linear circular MHD with
(IPEC,GPEC,MARS-F, JOREK): special polarization current (TM1 code) : density ‘pump-
RMP alignment with magnetic field=> out’ near islands at pedestal foot and top
kink-peeling response can be (achieved at special q profile=>q95 window) ,
achieved in specific 95 window or gradP is reduced. Tested in many experiments.
RMP phasing optimization. Tested in Larger q95 window for N=4 in ITER. However,
many experiments. However, no X- ELMs can’t be modelled, no toroidal coupling

point in linear MHD (stabilizing for kink- (circular), should be compared with toroidal codes,
mode) , ELMs+RMPs can be modelled work in progress.

only with non-linear MHD, but at present [Q M Hu PoP2021,NF 2021 accepted]

still large resistivity for ITER(*100).

_ TM1 for ITER. N=4
MARS-F for ITER TM1 for KSTAR. N=2

n=4 Qs windows for ELM suppression

[l(r=a) [mm)] ST T T TR P
(b) 15/5.3/Q=10 -'OA 80 £
= 300 15 39 70
[0} ~
o _ i = 60
8 200 |4 § $ %
g7 o
eE '25 - : 40
Uiy ] £ a9
g1 -30 &
0.5 q 20
‘ 35
1
100 200 300

F
=]
ao ©

D0, [degree]




Discussion.
Why toroidal rotation braking? Why density pump-out (note: not (l/Rﬁ’Vl
(&

always= ELM suppression)? Neoclassical Toroidal Viscosity

(NTV).
In non-linear 2 fluid (el.+ions)resistive MHD MARS-Q : NTV for ITER —moderate
modelling presented above: ExB convection for rotation braking, 15MA/5.3T,

density and jXB braking near resonant surfaces
g=m/n. Not enough to explain pump-out and
rotation braking in experiments.

N=3,60kAt [Y Liu, IAEA 2021]

Neoclassical Toroidal Viscosity (NTV): drift of 21 8
particles in 3D fields (radial current) => pump-out
of density and braking of rotation (resonant-local 2.7
and non-resonant-global)? NTV regimes strongly
depend on plasma collisionality. -
pend on praer ~ Fus| (h)
Drift kinetic equations for trapped + passing particles ﬁ
in 3D fields, but at present mainly simplified analytical 5_21 5 | [—setupa
formulas coupled to MHD codes, more validation with =~ =™ | |~ getup-B
experiment is still needed [Shaing PoP2003, Becoulet ) —ﬁuwg
NF2009, Sun PhysRev Let 2010, Logan PoP2013 14 1 |= setup-
etc...]. —=wt 15/5.3/10 \
: A3, 50 100 150 200
time (ms)
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Discussion.
Cea Fueling by pellets in ITER with RMPs: how not to trigger ELMs? LRﬁfn
(&

— [Fast particles (alphas, NBI) loss due to RMP fields?

HFS pellet (4.0x1021D) triggers ASCOT + MARS-F&JOREK for plasma
ELM w/o RMP in ITER (JOREK) response: moderate loss of fast ions(mainly
/) N trapped) in ITER ( 33MW 1Mev beam=>~1MW;
— ‘ t __alphas~3MW) JOREK  MARS-F
< | SHk >
O | - Els 7
Y I 0 OFF VAC JPR MPR
m | i & O R(m R (m) :
_x R §E§5 2 — : 19 B 19 § B8] |
O :§f§Z 3‘ 360 = bty * I I R ";f
= = . M o) i ai'}':";gi"@?-.:
o e R o L0 gl
2 Fe! AL 3107 '”f I
E ] ooeree A 3 il ot 1 A .“":f I'ﬁ‘;'l
a With RMP: no ELM, however it % ) b | [0 A
" depend on scenario and pellet %= el L
E' 3 ¢) Passing ) W
3 g : R ool aalalliys
5 E = "1 Taped .
= 13s Z A
— = iir]zs E v 0+ \f’
ik ;O | B
828 & 54, _ !
[%%2 R B By o T
_§5?5 085 09 0595 1 085 09 095 1 085 [Z-..El 0.95 1 0.85 [:-..9 0,95 1
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ERCHE A L'INDUSTRIE

1) ExB decreases => destabilizing for turbulence.

Discussion.
Turbulence increases with RMPs: reason or consequence for density pu

2) Fast (ms) change of RMPs =>fast response in turbulence w/o pump-out.

Increase of fluctuations with RMPs

[DIIID,BES,McKee NF2013]

& ELM-suppressed phase
O ELMing phase

o

e

e
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Gyrokinetic XGC+MHD M3D-C1 with
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RMPs, but no density pump-out
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Conclusions

1. Synergy between experiment, theory, modelling and computer science for ITER.

2. Physics of Resonant Magnetic Perturbations for Edge Localized Modes control.

« From existing experiments to ITER: non-linear MHD, realistic toroidal geometry (divertor,
RMP coils, wall), two fluid diamagnetic effects, toroidal rotation, multi-harmonics —
minimum model for modelling of ELMs and ELMs suppression by RMPs. Response
currents on g=m/n, screening/amplification, self-consistent evolution of plasma profiles.
RMPs non-linearly generate continuous MHD turbulent transport stabilizing large ELMs
in ITER: 15MA,12.5MA,10MA/5.3T. The RMP spectra at N=2,3,4, threshold :45-60kAt (coils
capacity 90kAt). Similar to ELM suppression modelling in AUG,KSTAR, EAST.

« ELM suppression criterion with plasma response : kink-peeling response (max
displacement at X-point): q95 or/and RMP coils phasing can be optimized for it. Good for
ITER —independent power supplies for RMP coils.

« The 3D divertor heat and particle fluxes splitting with toroidal N of RMPs. The radial
extension ~20 cm (inner); ~40cm(outer) at 60kAt. Steady state <SMW/m2 (at 50MW in
divertor), but (attention!) transient increase when RMPs are switched on!

3. Discussion on related physics of RMPs: polarization, NTV —candidates for + to ExB
density pump-out, pellets with RMPs , fast ions losses, increase of turbulence with RMPs.
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Two fluid (electrons&ions) MHD equations used in JOREK

EZF{}V@—FVI,&’XV(}J K:—RZVIIXV@ T, }E)ZVvagprVé TIC:m:‘“{(ze'FmJJ”opo)

Magnetic field ExB diamagnetic diamagnetic
Total pressure (here T=T,=T/2) p=pT parameter
_ 1 dw _ 1 A | F r.. I, ‘
Poloidal flux: @g‘?—fﬁv'[\@‘?_ﬂﬂ—ﬁ{ffiﬂ RN R sz P+R[P=Hf”
Parallel _ L o B .
momentum:  B- ‘p —p-er‘F"|If’—V(ij+JxB+SV—If’Sp+v(V?)V—V4H;?EO |
Poloidal Vo \—x‘ p(g'r —p(V-V ‘I" (pT}+}x§+§V—I?Sp+vl(vv)1?—vfn;eo1
momentum: d ‘
Temperature: _P—*’f(af}:—r?fv(pr)—«,prv-rhva V.T+K N T |+(1-)S,+372S,
g \ - . J
PR o)o JEE v N C2 TR v DNV p)+S, ions w/o polarization, w/o NTV
Mass density: = ﬁ ] ( P &, —(R/|\Vy/)V <V
Neoclassical poloidal _ .. —
viscosity [Gianakon PoP2002] |V - 117~ p(B>/BHWV, —V, . )e,
lon poloidal velocity => - B =|Vy|/R
p y I _}I _‘I neo IC'( wvlnfBH ¢ | Y |

& neo

neoclassical
Temperature dependent viscosity, resistivity, Kll:v”,rryw(Tf’To)—m K” HO(TU’T)“2

Density equation with polarization for electron density, but ne=ni, then NTV flux is added:
an 1
=+ g - Vn=—nV- g + V- ni. - Vi(nvyi) +V-(DLVn) + S, + SVt

Electron density equation Polarization
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