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Context: Magnetic confinement in tokamaks W

Plasma confined by gravity.
Temperature~15 million °C

Elanket Plasma I"-"Iagn?hc
field line

Challenge:
Magnetic confilnement
of the plasma

Temperature~100 million °C
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Magnetic structure in tokamaks

Closed field
lines

Separatrix

Open
field lines:
Scrape-Off Layer

Divertor

X-point
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Magnetic structure in tokamaks

Magnetic surfaces nested into each other: — // transport >> L transport

— Poloidal flux y labels magnetic surfaces
— Equilibrium profiles T, n = 1D = f(¥)
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Magnetic structure in tokamaks W

Plasma

»

I "~ Helical Magnetic field
Gyrating Plasma Particle

<]

— Safety factor q characterizes helicity of field lines: **[ 4 (y) = fl_(p
0
— Field lines close on themselves s W
on resonant surfaces g = m/n - 1
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H-mode: improved confinement W
In X-point configuration

» Improved confinement due to external transport barrier

1 *» Radial transport = turbulent

— turbulence stabilized at the edge
— External transport barrier

— Pressure profile on a "pedestal”
— Improved confinement

Plasma Pressure

....... S
-------------------------- [_\‘\‘Y:J T’Li":%‘i‘!(’.yl{ll
~Rarriar (ETR

Barrier (ETB)

Pedestal

i) = 48 ] \
{FM-Moage)

0 1
Plasma Normalised radius r/a Edge
center
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H-mode: improved confinement W
In X-point configuration

» Improved confinement due to external transport barrier

1 *» Radial transport = turbulent

— turbulence stabilized at the edge
— External transport barrier

— Pressure profile on a "pedestal”
— Improved confinement

s BUT quasiperiodic relaxations of
the edge plasma due to Edge
Localized Modes (ELMs)

Plasma Pressure

Edge
relaxation

Pedestal
Filaments expelled from bulk plasma
0 1
Plasma Normalised radius r/a Edge
center
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Somehow analogous to solar eruptions... W

[NASA 2014]
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... are the Edge Localized Modes (ELMSs) W
In tokamaks

“E—

FASTCAM-APX RS 25..
g000 fps

1125000 sec

a—

MAST [Kirk, ITPA 2010]
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... are the Edge Localized Modes (ELMSs) W
In tokamaks

“—

<+ Type-l ELMs (or giant ELMSs):
- Most harmful ELMs:
expel 10-15% of the plasma

- Short event ~0.1ms
- Small frequency fg ,, ~ 10Hz

—

MAST [Kirk, ITPA 2010]
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... are the Edge Localized Modes (ELMSs) W
In tokamaks

“—

<+ Type-l ELMs (or giant ELMSs):
- Most harmful ELMs:
expel 10-15% of the plasma

- Short event ~0.1ms
- Small frequency fg ,, ~ 10Hz

% Type-lll ELMSs:

- Smaller relaxations:
expel 1-5% of the plasma
- Larger frequency fg y ~ 100Hz — 2kHz

a—

MAST [Kirk, ITPA 2010]
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In ITER, TYPE-I ELM control will be mandatory W

* ITER under construction:
demonstrate the feasibility of
an efficient energy production
from fusion reactions

% One of the main concerns:
Control of the Edge Localized
Modes (ELMSs)
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In ITER, TYPE-I ELM control will be mandatory W

* ITER under construction:
demonstrate the feasibility of
an efficient energy production
from fusion reactions

% One of the main concerns:
Control of the Edge Localized
Modes (ELMSs)

% Tungsten sample after ELM-like
power load produced by electron gun

QL

33 3
| Eoae
Ny O -
ITER — ELM energy~17MJ 1S = O
— Acceptable: ~1MJ ‘ SE 2
. b ! = i St B =. o
—> ELM COI’]U’O| |S mandatorv "Plasma stream direction; T g(/)_.) -

Francois Orain et al. Séminaire, Université de Nice, 27 Avril 2017 8/48



Theoretical understanding: W
ELMs = Peeling-Ballooning (MHD) instabilities

% Large edge current: — drives peeling/kink modes
J A

\

(-

> Y [Huysmans PPCF 2005]
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Theoretical understanding: W
ELMs = Peeling-Ballooning (MHD) instabilities

% Large edge current: — drives peeling/kink modes

JA\.
'l
(.

W

“»Large edge pressure gradient:—drives balloonlng modes
P 1,

~
7

> [Huysmans PPCF 2005]
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Theoretical understanding: W
ELMs = Peeling-Ballooning (MHD) instabilities

< Large edge current: — drives peeling/kink modes

JA\.
'i
(.

“»Large edge pressure gradient:—drives balloonlng modes
P ~

— ELMs=
peeling-ballooning
modes
- Theoretical

T, description:

Magnetohydro-

dynamics (MHD)

ST, /7.

-0.1

215 220 225
R [cm)

> [HuysmansPPCF 2005]  KSTAR [Yun PRL2011]
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Stability diagram

.Iped A
Peeling
unstable
Ballooning
unstable
Stable region
VPped

Francois Orain et al. Séminaire, Université de Nice, 27 Avril 2017 10/48



Stability diagram

.Iped A
Peeling
unstable
Ballooning
unstable
Stable region
VPped

ELM-triggering threshold in VP4 and J,oq < VP .4
— idea: maintain the plasma under VP .4 threshold

s Aims: = Better understanding of ELM dynamics
=>» Accurate reproduction of experimental features
= Develop ELM control techniques
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1 Introduction: ELMs and RMPs

= ELM control by RMPs
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Resonant Magnetic Perturbations = RMPs W

RMP coils modify magnetic topology

+** RMP colls:
Magnetic
Perturbation
oB/Bx10+4
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Resonant Magnetic Perturbations = RMPs
RMP coils modify magnetic topology

+** RMP colls:
Magnetic
Perturbation
oB/Bx10+4

¢ Create magnetic reconnection
on resonant surfaces g=m/n

| g = helicity of field lines
m = poloidal mode number
n = toroidal mode number

|
|
I
I
I
I
|

[
[
|

[J.Ongena, Naturel6]
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Resonant Magnetic Perturbations = RMPs
RMP coils modify magnetic topology

* RMP colls:

Magnetic % Overlap of magnetic islands:
Perturbation — chaotic / ergodic magnetic field
6B/B~10+4

¢ Create magnetic reconnection
on resonant surfaces g=m/n

|
|
I
I
l
I
|

| .
/ 0
[J.Ongena, Naturel6] [E. Nardon, PhD thesis 2007]
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Original goal of RMPs:
[Original idea from Tore Supra’s ergodic divertor, Ghendrin PPCF96]

Ergodic layer at the edge:
—> transport ++
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[Original idea from Tore Supra’s ergodic divertor, Ghendrin PPCF96]

Ergodic layer at the edge:
—> transport ++ —> reduced VP
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Original goal of RMPs:
[Original idea from Tore Supra’s ergodic divertor, Ghendrin PPCF96]

Ergodic layer at the edge:
—> transport ++ —> reduced VP —> no ELM drive

—_—> —> stable plasma

€
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Unfortunately: more complicated picture

+* For a same level of ergodization calculated in vacuum:

- DIII-D:

- AUG:

- JET:

- MAST:

i 138288 = 00 om-o (a
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[Fenstermacher IAEA2010, Suttrop PRL 2011]
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Unfortunately: more complicated picture W

+* For a same level of ergodization calculated in vacuum:

5

4 -

-DIII-D: 3} n,(1019m= [ Ay |1 Suppression
(1) ____.——-—ML[IJL i

0.0 0. 5 1.5 2.0
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EbAU'G D - rviersity ; .
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0t may e - ®
-JET. } T pa ,. | Mitigation
oJMhM | ]k Mo ‘ lll*lhuuhig
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g 25067 - - =
aE 53 (kAYy” ne (x10° m ) MAST (c)
- S| e i
MAST. 2k / Dex | | L | I 3 Triggering
0f—xc
0.22 0.24 0.26 0.28 0.30 0.32

[Fenstermacher IAEA2010, Suttrop PRL 2011]

Different behaviours due to plasma response to RMPs
— Needs better understanding
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Plasma response to RMPs W

s Screening of Resonant perturbation:

Plasma (electron) rotation — induce currents in response to RMPs
— induce B field opposite to B perturbation
— screening of RMPs
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Plasma response to RMPs W

s Screening of Resonant perturbation:

Plasma (electron) rotation — induce currents in response to RMPs
— induce B field opposite to B perturbation
— screening of RMPs

RMPs in vacuum RMPs with plasma response
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Plasma response to RMPs

» Screening of Resonant perturbation:

Plasma (electron) rotation — induce currents in response to RMPs
— induce B field opposite to B perturbation
— screening of RMPs

RMPs in vacuum
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Plasma response to RMPs

» Screening of Resonant perturbation:

Plasma (electron) rotation — induce currents in response to RMPs
— induce B field opposite to B perturbation
— screening of RMPs

RMPs in vacuum
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Amplification of stable peeling-kink modes by RMP.

* Aims: = Better understanding of resonant and kink responses.
=» Depending on plasma response, RMP effect on ELMs?
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Additional effect: increased transport of density= “pumpout” W

AUG#31128: best ELM mitigation obtained with n=2 RMPs, A®

COI|S_ +9Oo :

1.2 _
= coil current

“04g (circuit #2, odd panty ASDEX Upgrade #31128
2000000 - - - - — = = —— = ——
o
S B Grn o, MHD stored energy Line-averaged density (central) (peripheral) ity
D A E i, e ——
mE 5 “‘*‘“ B _ﬁ— S
'_c:

Outer divertor current
ﬁ!WLW e ~;MWAW‘WWM

[Suttrop et al, PPCF 16]
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Additional effect: increased transport of density= “pumpout” W

AUG#31128: best ELM mitigation obtained with n=2 RMPs, A®__,.= +90° :

1.2 /
< 0.8F :
= gg;: /- MP coil current (circuit #2, odd parlty ASDEX Upgrade #31128
S 6E MHD stored energy Line-averaged density (central) (peripheral) et
Y e — R e ———————— U
@E 2 I ———— —
E
Quter divertor current
‘HWLW bt b i ~;—MWAW%WM

[Suttrop et al, PPCF 16]

* One more aim: =» understanding of mechanism of density pumpout
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1 The JOREK code
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The JOREK code jorek.eu W

% International context:

- Developed by G. Huysmans at CEA [G. Huysmans and O. Czarny, NF 2007]
- World leading non-linear MHD code with BOUT++, M3D, NIMROD
- European collaboration (ITER, France, Germany, UK, Netherlands, Czech Rep.)

¢+ Structure:

[O. Czarny, JCP 2008]
- Finite elements in poloidal plane — 2D cubic Bezier elements p
- Toroidal direction: Fourier decomposition: e
e.g. temperature T= ) T, exp(i n ¢)

<+ Computations:

By

- Fully implicit time stepping
- Large sparse matrices (PastiX, [INRIA Team Bacchus, Hénon Parall. Comp 2002])
- Massively parallelized (MP1 / OpenMP) — 256 — 1500 processors

- Typical run: 10.000-200.000 cpuh
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JOREK challenges W

«» Main physics applications:

- ELMs and control by RMPs, pellets, kicks, ELM-free regimes
- Disruptions: mitigation by massive gas injection, runaway electrons

«» Challenges in physical description:

- Realistic geometry (X-point, SOL...)

- Non-linear MHD over long time scales (us — S)
- Realistic plasma parameters (resistivity)

- Large number of toroidal harmonics

<+ Computing issues:

- Need refined mesh with large number of harmonics:
— resolution depends on linear solver performance (PASTIX)
— parallelization / memory consumption
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Reduced MHD model implemented in JOREK: W

Mass
. @__ . .
density: ot \ (pV}+V (D VJ_p)JFSp
Parallel {p( 7V (4P )]
momentumy|z|l" ot I P
+V(pT)+V-1_[7;€O _JXB-l—SV—VSp_]/“AV
Poloidal {p(aﬁV vy +(a TV ” 3k
momentum |[Ve-Vx o
(VOI’tiCity): -I-V(pT).q_V.H?eo_JXB+SV_VSP_]/]IAV

Tetmpe- i&) _(V +7 I, )-V(pl)=ypIV- (V +7 [ IV {K J—T-I_K”V”TJ
rature.

_ 2
+(1=7)S;+0.572S

[Huysmans PPCF 20009,
Orain PoP 2013]
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Reduced MHD model implemented in JOREK: W

Ohm's law: ;2%? L~ B-(Vau eV ) Flows included in the model:
R R - ExB and diamagnetic drifts:
Mass @Q—VVVDV s ) PR
density: o O(p JJF ( J_p)+ p V5=l PR Ve
=
momentum|z =0 Zr, Kvpuve
AV(pT)+V IT1€0 — ] x B+, S, ~v AV O
” V' =diamagnetic
Poloidal p(&‘(&w vy Rl
momentum |V¢-Vx 1=0
(vorticity): +V(pT)+V-H?eO ~J ><B+SV—VSP—V”AV
Tempe- i&) =+ D VD)=pI V- VT, 1 )+V{K J_T+KHV”TJ
rature: )
+(1=7)S,+0.5728 ,

[Huysmans PPCF 20009,
Orain PoP 2013]
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Reduced MHD model implemented in JOREK: W

Ohm's law: ;2%? ,7_2_3 VaufTev Flows mcluded_ln the mod_el:
y R R _ - ExB and diamagnetic drifts:
ass P - =
: op __y. : _ _p2
density: o= (pVJ+V (DJ_VJ_'OJJFSP V5=l PR Ve
. . V
momentum:| 3 =0 _ZST]CR—VPXVCD
+V(pT)+V-TT0— ] x VS ,—vAV o r
” V: = diamagnetic

Poloidal p(&‘(&w V) D
momentum |[V-Vx =0 - A source of
(vorticity): +V(pD)+ V110 —J XB+SV_VSp_]/“AV toroidal rotation S,,

Tetmpe- i&) _(V +7 I, )-V(pl)=ypIV- (V +7 [ IV {K J—T-I_K”V”TJ
rature.

_ 2
+(1=7)S;+0.572S

[Huysmans PPCF 20009,
Orain PoP 2013]
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Reduced MHD model implemented in JOREK: W

Ohm's law: ;2%? ,7_2_3 VaufTev Flows mcluded_ln the mod_el:
y R R ) - ExB and diamagnetic drifts:
ass P - =
. op _ _y. : _ 2
7
momentum:g_ Z a :0 Zr, By
+V(pT) VS -
V: = diamagnetic
Poloidal p(at @ (AT )+
momentum |[V-Vx e =0 - A source of
(vorticity): +V(pT) @ SxB+5,=V5p=1AV toroidal rotation S,,

Tetmpe- i&) _(V +7 I, )-V(pl)=ypIV- (V +7 [ IV {K J—T-I_K”V”TJ
rature.

_ 2
+(1=7)S;+0.572S

[Huysmans PPCF 2009, - Neoclassical tensor:|Y IL* ~ 4, ,,,p(B> I BV, =V, . )e,
Orain PoP 2013] [Gianakon PoP2002] |V, =V, =—k Vﬂ,y -V .I)/B,

i,neo IC (
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quifibriom flows affec ynamics penetration.
Source of toroidal rotation, sheath conditions, W

neoclassical effects and diamagnetic rotation

s Parallel flow: V

4 Central plasma: I
source of toroidal e
rotation keeps initial
experimental profile
0 SOL: sheath
conditions on
targets:v . -:c

=0
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uitiporiu WS y ICS P i
Source of toroidal rotation, sheath conditions,
neoclassical effects and diamagnetic rotation

 Parallel flow: +» Poloidal flow:

\V
d Central plasma: I 0O Pedestal:
source of toroidal =Pl neoclassical

rotation keeps initial 2 friction
experimental profile§ V, 2V, V. T
A SOL: sheath ” aQ SOL:
conditions on v, =V B,

targets: v -c
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uitiporiu WS y ICS P i
Source of toroidal rotation, sheath conditions,
neoclassical effects and diamagnetic rotation

 Parallel flow: V +» Poloidal flow:
d Central plasma: I 0O Pedestal:
source of toroidal =S neoclassical

rotation keeps initial i friction
experimental profile§ : V, 2V, V. T
Q SOL: sheath ° Q SOL:
conditions on v, =V B,
targets:v  -sc
EI‘ A0
(kV/m)>”]
+ Radial electric field: -20+ [‘
E; =||7p/ne|—|—£ZABg & <p) :E:
-804
-100 4 U
-120 T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

R-Ro
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Modeling choices and limitations W

: d
Mass density: |"2=v.[D v o, 45
y t L 1 ipJ P
Temperature: |91 _y v v 1.k v 7 |[s
dt AR N

- Heat and particle sources:
— key to rebuild pedestal after ELM crash
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Modeling choices and limitations W

Mass density:

Temperature:

- Heat and particle sources:
— key to rebuild pedestal after ELM crash

- Perpendicular (turbulent) transport mimicked by diffusive terms:

— Reduced in pedestal: transport barrier:  x1o”

4_
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Modeling choices and limitations

Mass density:

Temperature:

- Heat and particle sources:
— key to rebuild pedestal after ELM crash

- Perpendicular (turbulent) transport mimicked by diffusive terms:

— Reduced in pedestal: transport barrier:  x1o”

0 . \

—

0 05 Y 1 15

-n o T73/% K, o T?/% v, oc T~3/% : temperature-dependent, K/ K1 = 2x108
- Main numerical limit: central n, 10-100 times larger than experiment
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A typical JOREK run: e.g. in ITER geometry W

1) |Initial grid: polar grid for Bézier elements
2) Flux-aligned grid including X-point and BC
3) Equilibrium (n=0) flows

4) Time integration for all n harmonics

Francois Orain et al.
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1) Initial grid: polar grid for Bézier elements
2) Flux-aligned grid including X-point and BC
3) Equilibrium (n=0) flows

4) Time integration for all n harmonics
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A typical JOREK run: e.g. in ITER geometry W

w/o RMP, t=1110

ErkV/m) 1) Initial grid: polar grid for Bézier elements

15
:020 2) Flux-aligned grid including X-point and BC
l-40 3) Equilibrium (n=0) flows

-60

-66

4) Time integration for all n harmonics
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A typical JOREK run: e.g. In ITER geometry W

with RMP t=1670

ne 10A20m-3
0.203

50'2 1) Initial grid: polar grid for Bézier elements
0.1
2) Flux-aligned grid including X-point and BC
0
0.1

3) Equilibrium (n=0) flows

0.2 4) Time integration for all n harmonics
— e.g. (n=3) RMPs
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A typical JOREK run: e.g. in ITER geometry W

Initial grid: polar grid for Bézier elements
Flux-aligned grid including X-point and BC
Equilibrium (n=0) flows

Time integration for all n harmonics
— e.g. (n=9) ELM
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d ELM dynamics
= Main exp. features of ELMs reproduced in

simulations
= Cyclic ELM dynamics
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Single ELM crash simulation (w/o diamagnetic drifts) W

2e-06 . ! I I !
—  1.5e-06
>
S,
w
@
=
2 1e-06 F
()]
o
©
c
(@)]
W
S 5e-07
0
0.2 0.4 0.6 0.8 1
time [ms]

% Harmonics 0. . . 22 included
% No diamagnetic flow — single ELM crash
% Resistivity in simulation: 5x10% Q.m = 10 x experimental value
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Collapse of the edge pressure profile

2e-06 T T T T T
— 1.5e-06
S
S,
Pressure (Pa) 2
o
— 10000. 2 1e-06
o
o
&
= 5e-07
—5000.0
0
0.2 04 06 0.8 1
time [ms]
10000
0.0000
8000
g 6000
)
=
)
g 4000
'ty
2000
[Orain, Lessig 0 ' ' ' '
! 0.75 0.8 0.85 0.9 0.95 1

et al, EPS2016]
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Collapse of the edge pressure profile
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Collapse of the edge pressure profile
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[Orain, Lessig
et al, EPS2016]
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Collapse of the edge pressure profile
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— 1.5e-06
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S,
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8000
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o 4000
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[Orain, Lessig 075 08 085 08 095 |

et al, EPS2016]
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Collapse of the edge pressure profile
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o 4000
o
2000
0 | | | |

[Orain, Lessig
et al, EPS2016]
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Low-n structure observed in experiments :
explained in modeling by non-linear coupling

* Dominant magnetic components
in TCV discharges = low n modes

[Wenninger NF 2013]

TCV #42062

1 2 3
dominant toroidal harmonic

33:::

onnnn

s Low-n numbers driven by
non-linear coupling

¢ well reproduced in simple
mode-coupling model

[Krebs et al, PoP 2013]

magnetic energies [a.u.]

500 520 540 560 580
time [us]
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d ELM dynamics

= Cyclic ELM dynamics

Francois Orain et al. Séminaire, Université de Nice, 27 Avril 2017



Diamagnetic rotation w* instrumental to get ELM cycl
Without diamagnetic rotation: single ELM

w*=0: single ELM:

1x10
...E . (n=8)
0.8} kin )
—E g (18)
0.6/
0.4
0.2 |4
tt
‘\‘-«'P“/\» Vs ¢ L e A NN AV L N Y N
3000 4000 ot 5000 6000

A
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Diamagnetic rotation w* instrumental to get ELM cycl
Without diamagnetic rotation: single ELM

w*=0: single ELM:
-crash: large ergodic layer

4 /
1X10/, |
-..E . (n=8)
0.8} kin )
—Ep g (0°0)
0.6
i\
It
0.4/
0.2 |1 1 |e
t‘
\\‘-a"“l\a o FINP) 4 TNV 1 Y A AT TP A2
3000 4000 5000 6000
tit, T =
0.8 0.9 1V
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Diamagnetic rotation w* instrumental to get ELM cycl
Without diamagnetic rotation: single ELM

w*=0: single ELM:
-crash: large ergodic layer
-modes keep unstable after ELM

4 /
1 x 10/, |
-..E . (n=8)
0.8/ n"
__E_,,(n=8)
0.6
0.4/
0.2 |4
t‘
\\‘-a"“l\a v s h e NN AV, YN Y,
3000 4000 5000 6000
tt,

0.8 0.9 1V
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Diamagnetic rotation w* instrumental to get ELM cycle W

Destabilize Ballooning modes
VP |< Ambivalent role
Stabilizing through w*« VP
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Diamagnetic rotation w* instrumental to get ELM cycle W

Destabilize Ballooning modes
VP |< Ambivalent role
Stabilizing through w*« VP

Just after ELM crash: Later after crash:
reduced P heat source 11VP
— W* stabilization — destabilization
dominant dominant
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Diamagnetic rotation w* instrumental to get ELM cycle W

:|< Destabilize Ballooning modes
VP

Stabilizing through w*« VP

Just after ELM crash:
reduced VP

— w* stabilization
dominant

Competition between stabilization and destabilization

Ambivalent role

Later after crash:
heat source 11VP
— destabilization
dominant

— cyclic dynamics

Francois Orain et al. Séminaire, Université de Nice, 27 Avril 2017
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JET case with w*: ELM cycle:
Transient ELMs before quasiperiodic ELMy regime

x 10° Kinetic energy of the modes n=2,4,6,8

a
— =2 CYCLE:
:n=4 1t transient ELMS:
3 _:fz ﬂ 1 - most unstable high-n
B ” mode dominate

- depends on initial
conditions

Quasiperiodic ELMy regime
- modes non-linearly
coupled

B
AL l WM - self-organized

0 | N ‘
3000 4000 5000 GOOOt/t 7000 8000 9000 10000
A

[Orain et al, PPCF2015, PRL 2015]
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Quasiperiodic regime: ELM crashes occur at
~same VP,.... + ~Ssame power deposition

< Each ELM: relaxation of the
pressure profile

% Peeling-Ballooning diagram:

ELM crashes occur at same VP

VP |VSJ

max ped, mean

0.9

0.857

maxl

|V P
o=
£y
on

0.7 \

D-65 | | | |
117 118 1.19 1.2 1.21 1.22

ped.mean
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Quasiperiodic regime: ELM crashes occur at
~same VP,.... + ~Ssame power deposition

< Each ELM: relaxation of the
pressure profile

% Peeling-Ballooning diagram:

ELM crashes occur at same VP

VP |VSJ

max ped, mean

0.9

0.857

maxl

|V P
o=
]
on

0.7 \

0.65

1.17 1.19 1.2 1.21

ped.mean

1.18 1.22

Y
N

-
o

integrated power (MW)

Power to divertor

©

— Powerin

— Power out

6000 8000 10000
t/tA

4000

s ~Same power deposition for all
ELMs in quasiperiodic regime
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Discussion: simulation on ELM dynamics W

— Improved validation against experiment: exponential growth of
Instabilities, filamentation, non-linear coupling — low-n structures, heat
power deposition on divertor targets, qualitatively similar as experiments

— Cyclic ELM dynamics: first time modeled.
— Two-fluid diamagnetic rotation: key ingredient
— Results from competition between stabilization and
destabilization by pressure gradient
— Similar behaviour for all ELMs in quasiperiodic ELMy regime
— Determined by intrinsic parameters rather than initial conditions
— Limitations: small ELMSs, high frequency, large resistivity

— Directions to overcome limitations:
- more realistic sources
- more realistic bootstrap current
- Improvement of numerical scheme needed to reduce resistivity
- simulations with turbulence — model self-consistent
transport barrier (long term)
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d ELM control by RMPs
= Plasma response to RMPs (without ELMs)
= ELM/RMP interaction

Francois Orain et al. Séminaire, Université de Nice, 27 Avril 2017



Boundary conditions for RMPs

** RMP spectrum applied as boundary condition

1/ RMP field calculated in vacuum

(VACFIELD code [Strumberger 05]) AUG! ’

RMP n=2,
l..ii= 5-6 kAt

coil™ 0

Z(m)

2/ Applied at the boundary of JOREK domain
and increased in 1000 t,

112 14 16 18 2 22 24

— penetration takes into account plasma response i
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JET case: RMP ON — n=2 driven mode
— current perturbations on resonant surfaces

- 0.01 :2
0 -0:21:1‘111109
-0.00861
Penetration of the Response currents
magn. flux perturbation J,,, on g=m/n
. 1 |
0.7 Current profile T
0.05 1 1 |
o I
-0.054 | |
o aflay
-0.154 = = =
027 3/2||2|5/2
-0.26+ . . - - — ——
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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JET case: RMP ON — n=2 driven mode

— current perturbations on resonant surfaces W

Flux

Curren
0.016089 0‘%028807

~0.2

~0.01 .
|O -0:2;:11109
-0.00861
Penetration of the Response currents
magn. flux perturbation J,,, on g=m/n
. 1 |
0.7 Current profile T
0.05 1 1 |
o I
-0.054 | |
o aflay
-0.154 = = =
027 3/2||2|5/2
-0.26+ . . - - — ——
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

s Without RMPs:

n=2 mode — stable

s With RMPs: growth of the

5
10 F

n=2 mode driven by RMPs

—NORMP,E
—NORMP, E

magn
—RMP, Ekin

—RMP, E

magn

] ] | | | | ] ] |

2400 2600 2800 3000 3200 3400 3600 3800 4000
hmeltA
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RMP screening by plasma W
perpendicular rotation (ExB + diamagnetic)

No flows: RMP generate magnetic With flows: RMP screening:
islands on rational surfaces g=m/n  — Smaller islands in the bulk plasma
— large ergodic layer — Smaller edge ergodic layer

— lobe structure near X-point (r/a>0.95)

— Shorter lobes near the X-point

hi_tor=pi/4,w/o flow

with flows

w/o flows

length_m lenath m
@) 500

[Orain PoP 2013]
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Other errects of RMPs:
s 3D-corrugation of plasma profiles W
% Edge ergodization — enhanced transport

RMPs in ITER

— 3D-displacement
of the separatrix

— Maximal distortion
near the X-point: lobes
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Other errects of RMPs:
s 3D-corrugation of plasma profiles W
s Edge ergodization — enhanced transport

RMPs in ITER

— 3D-displacement
of the separatrix

— Maximal distortion
near the X-point: lobes

with RMP, t=1670

Edge ergodization by RMPs
— increased particle and
heat transport near the X-
point + strike-point splitting

ne10A20m-3
0.1 02 ...

0.3

[Orain PoP2013]
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Close comparison to experimental results In W
AUG

Rotation of differential phase A®
between upper and lower coil currents
— change applied RMP spectrum

— change plasma response to RMP

“ Input from exp:
- H-mode plasma at low collisionality
- n=2 RMPs applied

* In this part, only n=2 and n=0 modes included in modeling.
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Typical plasmaresponse: RMP screening except at very edge W

s RMP-induced magnetic topology:
- Edge ergodic layer
- Lobe structures near X-point
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Typical plasmaresponse: RMP screening except at very edge W

* RMP-induced magnetic topology: <+ Magnetic islands on resonant surfaces
- Edge ergodic layer =A : ‘B B
- Lobe structures near X-point "

0.50 0.60 , 0.70 ,0.80, 050 ;,‘1.00
q=4/2 5/2 6/|2 7[2 8/2I >9/2

Perpendicular 57 : L L !
electron = 0 == N Vit
velocity g Vot e 10’y
M — g-profile
0.5 0.|6 0.|7 0.|8 0.9 1
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Magnetic topology at the edge depends on applied spectrum W

Exp: strongest ELM mitig. smaller ELM mitig. No mitigation
AD =+90° Even (A® =0°) AD =-90°

09 vy 09 v
»Larger ergodic layer for strong mitigation case A®=+90°
»AD=+90°: kinking max near X-point ; A®G=-90°: kinking max at midplane

[F.Orain, NF2016]
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Resonant component very similar at pedestal top (q=7/2).
config A® =60 to 90° most resonant at very edge (y>0.97)

»Magnetic flux perturbation on resonant surfaces

-5 lI]mn,res
25X10 l l |
——m =7 , n=2
—-©-m =8 , n=2
2 * m=9 ,n=2 |
+ ——-m =10, n=2
—+—m =11, n=2
. 1_5':_9 o + |
o
&
O
= —
+
O
0.5+ .
¢ $ +
90 60 30 0 -30 -60 -90
A @
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Footprints on divertor largest for strong mitigation case W

radial position on divertor {(m)

Even (A® =0°) AD =-90°

3
¢ (rad)

- 1250

- 1200

- 1150

100

50

Francois Orain et al.

Séminaire, Université de Nice, 27 Avril 2017
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Density profile displacement around X-point

AD =+90° Even (A® =0°) AD =-90°
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Largest edge kink response for strong mitigation case
Radial perturbation of magnetic field

OBr (n=2): A® =+90° oBr (n=2): Even (A® =0°) 8Br (n=2): A® =-90° g
o; T — = 1M
LPOB

0.5
04
0.3
0.2
0.1

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
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Largest edge kink response for strong mitigation case
Radial perturbation of magnetic field

OBr (n=2): A® =+90° 6Br (n=2): Even (A® =0°) 8Br (n=2): A® =-90° p

?\?

——

0.9
0.8
0.7

0.6

0.5
04
0.3
0.2
0.1

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 2 4
m m m

» Edge kink response: modes m > ng amplified by RMPs

» Poloidal coupling of m>nq kink modes with m resonant component
— amplification of resonant response

[Orain et al, NF2016]
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d ELM control by RMPs

= ELM/RMP interaction
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ELM mitigation by RMPs (n=2). Harmonics n=2,4.6,8. W

Without RMP — large crash due to n=8.

x 10_"Magnetic energy of n=2:2:8 with RMP on/off

3.5

n=8 (ELM)

2571

\V]

Wmag(a.u.)
6

0.5

0 2000 4000 6000 8000 10000

time(1 O_SS)
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ELM mitigation by RMPs (n=2). Harmonics n=2,4.6,8. W

With RMP— small relaxations due to n=2,4,6,8.

3.5

3-

2571

Wmag(a.u.)
&)

0.5

\V]

Without RMP — large crash due to n=8.
JET. n=2 RMP

x 10" "Magnetic energy of n=2:2:8 with RMP on/off

n=8 (ELM)
20KkAt
Nn=6
n=4
n=8
/—- n=2 (RMP) Wmag/10
0 2000 4000 6000 8000 10000

time(107%s)
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ELM mitigation by RMPs (n=2). Harmonics n=2,4.6,8. W

Without RMP — large crash due to n=8.

JET: n=2 RMP
|..i=20-80kAt

coil

With RMP— small relaxations due to n=2,4,6,8.

x 10 "Magnetic energy of n=2:2:8 with RMP on/off

3.5
=8 (ELM
gL N=BI( )
25 Wmag/10, n=2 (RMP)
= ol 20kAt
< n=6
> 40KALt
£1.5}
=
k
il o 60KAL
0.5} Ne=5
n=2
0 L
0] 2000 4000 6000 8000 10000
time(10~%s)
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ELM mitigation by RMPs (n=2). Harmonics n=2,4.6,8. W

]

With RMP— small relaxations due to n=2,4,6,8.

Without RMP — large crash due to n=8.

JET: n=2 RMP
|.,i;=20-80KAt

coil

3.5
=8 (ELM
3| n=8 (ELM)
2.8 Wmag/10, n=2 (RMP)
= ol 20kAt
(3] n=6
> 40kAt
£1.5}
=
k
2 nea 60kAL
0.5} n=8
n=2
O L

X 10_5Magnetic energy of n=2:2:8 with RMP on/off

0 2000

4000 6000 8000 10000
time(10~%s)
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40+

20t

Power [in MW] deposited on the divertor
N without
RMPs

outer divertor
inher divertor

’i with RMPs |
W

0
500

1000 1500 2000 2500
time(10-63)

Power deposition divided

by ~10 with RMPs
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ELM/RMP coupling — redistribution of energy from n=8

to even n modes— more continuous MHD activity

Magnetic energy of n=1-8 with RMP n=2 ,60kAt

s Mitigated ELMs = even modes
n=2,4,6,8 non-linearly driven
4 by n=2 RMPs
-10 b
10 - ~
g
4-'5:‘\
)
=
]
=
=
-20
10 | 1 . .
* Initial magnetic energy of even
G modes (coupled with RMP)
i Y >>> odd modes
b's s G e ; .
B st . . . (~remain at noise level)
2500 2600 2700 2800 2300 3000
time(10°s)
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Magnetic topology "transformed" by RMPSs:
from n=8 ballooning to n=4-6 islands (tearing parity)

o

No RMP, ELM(n=2-8) Mainly n=8 RMP(n=2) w/o ELMs

f - TRERYTE |

e b s

A

RS T R A A SR

0.8 Wn 1. 0.8 W 1.

n=8 + n=2 —N=4-61|9/4; 14/6;15/6
[Bécoulet, Orain et al, PRL2014]
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Preliminary results on ELM/RMP interaction in AUG:
Depending on plasma response, no effect on ELM or stabilization

All modes from n=0-8 included
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Preliminary results on ELM/RMP interaction in AUG:
Depending on plasma response, no effect on ELM or stabilization

All modes from n=0-8 included “* Magnetic energy:

No RMP:
ELM grow and crash,
n=8 dominant

107

10—10_

10—15_
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Preliminary results on ELM/RMP interaction in AUG:
Depending on plasma response, no effect on ELM or stabilization

All modes from n=0-8 included “* Magnetic energy:

No RMP:
ELM grow and crash,
n=8 dominant

107

Weak RMP penetration:
no toroidal coupling
ELM/RMP

— ELM crash

10—10_

10—15_

0.05 0.1 0.15
time (ms)
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Preliminary results on ELM/RMP interaction in AUG:
Depending on plasma response, no effect on ELM or stabilization

All modes from n=0-8 included “* Magnetic energy:
No RMP: Weak RMP penetration:  Large RMP penetration:
ELM grow and crash, no toroidal coupling Medium-n even modes
n=8 dominant ELM/RMP coupled to n=2 RMP

— ELM crash — ELM stabilization

107

10—10_

. . n=7| L . . . n=7
0.1 0.15 _3 0 01 02 0.3 =8
time (ms) n= time (ms)

[F.Orain et al, IAEA2016]
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Strong ELM mitigation case: ELM coupled to RMPs —
structure and dynamics of medium-n driven by RMPs

«» Growth rates of modes:

AD=+90°: growth rates coupled

AD=-90°: growth rates not coupled

115 1.2 125 115 12 1.25
time (ms) time (ms)
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Now: 1/ Apply RMPs (3D equilibrium) then 2/ include ELMs

% Increasing w* (and shear):

TaulC lower, RMP resonant 5 Reference case, RMP resonant 5 TaulC larger, RMP resonant

—n=2

2/ add ELMs

. /

——n=8

“resonant” FN\A’W‘
107" : : : WL : : : 107 : ‘ ‘ ‘ 107 : ‘ ‘ : ‘ ‘ ‘

TaulC lower, RMP non-resonant = Reference case, RMP non-resonant 5 TaulC larger, RMP non-resonant

‘non- r—A
esonant” |

-7 -7
1w’} — -2 1 1w’
> —ne4 -
é —n=6 =
107 | — 4 w0t :
-8 -3
10 1 10
71[' 1 L L 1 L 1 1 L 1 71['

1 . . . . . . oy . \
2400 2600 2800 3000 3200 3400 3600 3800 4000 2400 2500 2800 3000 3200 3400 3500 3800 4000 2400 2600 2800 3000 3200 3400 3600 3800 4000
time (JOREK units) time (JOREK units) time (JOREK units)

— Larger perpendicular rotation stabilizes mitigated ELMSs.
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Other important parameters

-5
10

1 lower @ large visco, RMP resonant

¢ Viscosity v / resistivity n:

5
— n ++: destabilizing since "
makes ELMs more unstable o
:
— v ++: stabilizing since ®
Increase RMP penetration
107"

ELM mitigation/suppression=f(v, n, w)

—

[

+ RMP amplitude +other parameters? 1o 2400 2600 2800 3000 3200 3400 3600 3800 4000

time (JOREK units)
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Conclusion/discussion on ELM control by RMPs W

R/

s 1st simulation of the ELM mitigation/ suppression by RMPs in JET-like study case:

» Mechanism: energy cascade from high n to the non-linearly coupled n modes
— more continuous MHD activity instead of a violent ELM crash

s Plasma response and ELM/RMP interaction modeled for experimental parameters
of H-mode AUG discharges:

» Strongest ELM mitigation related to largest kink response near X-point.
Mechanism: coupling between m>nq edge kink component with m resonant
component — amplification of resonant perturbation at the edge.

» For small RMP penetration, no coupling of ELMs and RMPs — ELM crash
similar to no RMP case. For large RMP penetration, coupling of medium-n
modes with n=2 RMP — mitigation or stabilization of ELMs.

Mitigated ELMs more easily stabilized at large viscosity, small resistivity and
large poloidal rotation.

¢ Ongoing and future work:
» Ongoing modeling to further understand ELM mitigation VS suppression.
» Continue to investigate density pumpout.
» Improved RMP model using JOREK-STARWALL.
» ELM cycles with/without RMPs.
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Plasma response to RMPs: mechanism W

, J
% Ohm’s law: | £ %=y~ -8 (V u+ ISV p)

¢ Linearization on resonant surface g=m/n (steady state):

_ ou_. T op,, I
anm:_lml//”mR( - - ) anm:_bnrm(VEe—i_Vpe&)
oy Po OV ' '

< V, o — Iinduce response current to RMPs on resonant surfaces

— magnetic field opposite to RMPs — screening of RMPs

RMPs in vacuum RMPs with plasma response
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X o )
9 S
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Vie=0 | | High résistivity n
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w*>0: near-symmetric power deposition In
Inner/outer divertor targets

Experimentally: ELM power deposition:
either symmetry inner/outer divertor, either 2x more power on INNER divertor

[Pitts NF 2007, Eich PRL 2003]

w*>0: Near-symmetric deposition
In inner/outer divertor plates
— Closer to experiments

Modeling without w*:
Deposition mainly in OUTER divertor

. n_e20m-3
outer 0 .4
—Wwio flows divertor
----- with flows
~ inner divertor )
24 26 28

R(m)




AUG experiments: ELM mitigation by n=2 RMP at low density—low v*
Differential phase scan: study penetration = f(AD_;.)

[Suttrop, Kirk et al, IAEA 2014]
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