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e MIOTIVALION=ITER! Our aim is to understand physics of MHD .
CL2Qlinstabilities in fusion plasmas and propose & optimize methods &ngm

—active MHD control in present devices and ITER.
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e JOREK CcOde was designed to study & understand MHD instabilities

CL2AQin fusion plasma and propose & optimize methods of active MHDé/R' 44"
—control . Strong link with experiment, predictions for ITER.

ELMs, divertor loads  'ungsten Disruptions, Global vertical
ITER 7.5MA/2.65T. Density in ELM crash, N=12 transporti n ELMs runaways displacement event

(JOREK+PIC) (JOREK+PIC) (VDE)

=

& —7s193

ELMs control by ELMs triggering  ELM triggering by

H-mode-no ELMs regime : :
Q J ergodic fields (RMPs) by pellets vertlcalklcks

pellet density source [10° ions)

Contours of pressure perturbation during
pellet triggered ELM in ITER plasma.
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- JOREK. Non-linear resistive MHD (full and reduced models) in realistic

C2A) tokamak geometry, wall, coils. High space resolution (mm to m), time éRfm
— scales (Alfven 10-7 s to sec). Kpar/Kperp~1.e10, Lindquist : S~1.e10 '

[Huysmans NF 2007, PoP 2015, Orain PoP 2013, I?RRL2015 ,Becoulet PRL 2014 ] —reduced MHD
B=FN@+VyxVep V,=—R*VuxVep- ICPVprcpqLVrB T =m /(2 by [1,P,)

Magnetic field EXB dzamagnefzc diamagnetic parameter

Total pressure (here T,=T_=T/2) p=pT

- . 1 Oy _ 1 f{l Tie o[ F4 5
Poloidal flux: »T o V- [Rg VLW] Sl ]—=50 ”+2PB:- 72 72% p+R[}7 V]
Parallel B e ~ o - |
momentum: [p ~ p( JVV(;)T]+J><B+SVVSP+VH(VV)VV-H;‘=€0]
Poloidal o vx[ N (VYN (pT)+ T B+ 5, TS +Vll(vv)ﬁv;ngm]
momentum: ot - g |
Temperature: g{%l:—ﬁ-V(;)T)—}/j{)TV-ﬁ+V [K \% T+K||VHT1+(1 S, +éV S

Mass density: %}Q:_v.[pﬁ}ij,(DLVLQHS Temperature dependent wscomty,

-

# resistivity: n~n (T /T,)>3/2

Neoclassical poloidal viscosity VIl - _p(B/BH(V, .V, )e, €5=(R,-*"|Vz;/|)v XV
[Gianakon PoP2002]
lon poloidal velocity => Ve =5 TV WV T)/ B, B,=|Vy|/R

neoclassical
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e NAGNEtiC field aligned grid (R,Z,¢) , X-points, open field lines SOL

CLA realistic divertor geometry, free boundary: resistive wall, coils.

}Rfm

Fixed boundary with ideal wall, divertor geometry, no coils (commonly used)

lux-aligned grid

Flux
4.715147

-7.375

one X-pont (here ITER) two X-points (here KSTAR)

Free boundary (JOREK+ STARWALL)
equilibrium fixed+ resistive wall equilibrium calculated with coils i+ resistive wall
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JOREK code: 2D cubic Bezier elements (C1) in poloidal plane, Fouper
CL2A in toroidal. Non-linear, fully implicit, large sparse matrix. Full a@R' n

reduced MHD. New developments- coupled with PIC (W and ruaways)

Weak form of equations.

Finite elements in poloidal plane: 2D cubic Bezier (16 control points), C1
Toroidal direction: Fourier decomposition.

Fully implicit Crank-Nicholson or Gears scheme

Large sparse matrix solver (PastiX) using iterative method (GMRES).
HPC: MPI/OpenMP, typical run: 50.000-200.000 cpuh >20Mcpuh/year

New in 2016: coupling with PIC codes (2 models: for W transport and runaway
electrons)

2D Bezier patches O. Czarny, JCP 2008
- 2D cubic Bezier patch defined by 16 control points
B NN, NI ' NI '
B(VS,f): 7 —'Sk(l_s)t"\—k - : rm(l_[)m—m
k%t)lh” EUN —k)! m (N —m)!

- C1 continuity between patches requires that the 4 boundary control
points lie on a line with their neighbouring control points
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CQa Instabilities responsible for ELMs : peeling (edge
current)- ballooning (steep pressure gradient).

Large edge current (bootstrap): drives peeling/kink modes

arge edge pressure gradient in H-mode drives

L
ballooning modes

[Huysmans PPCF 2005]

ITER,15MA/5.3T,no RMP,5ms

~ —Te_keV
S - =LMA/M2
\ —n_e20m-3

Lngm

o
JIMA/m2)
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; Development towards direct comparison with experiment.
Cea Collaboration with KSTAR (Korea)=> Non-linear multi harmomcséRfm

— multi-cycles ELM dynamics with flows [Becoulet IAEA2016]

Typically rotation of modes before ELM crash in

- Vp, xB anti-clockwise (electron dia) direction. MAST, AUG,

Vps en B> NSTX, KSTAR, sometimes in in clockwise (ion dia)
- on KSTAR. Why?

o KSTAR #7328 ECEdmage att = 4 3634185 KSTAR #7328 ECE-Image att = 4363426 s
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-50 o i .
3 Rotating modes (n=5-8,5-30kHz) in inter-ELM
100/ o period and ELM precursors: 0.2- few ms.
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Snapshots of temperature fluctuations in the mid-plane on LFS
Cea before and during ELM crash in JOREK modelling correspond éRfm
well to the experimental observations.

Before ELM crash ELM crash

.l . ) Before ELM crash: ballooning mode n=8

N (a) } .
1 I ST, rotates poloidaly in ion diamagnetic direction

Vpol~5km/s in modelling (~5.4km/s in
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Transport mechanisms during non-linear phase (ELM crash) .

Cea Density transport: convective (ExB) cells.
Energy: conduction along perturbed magnetic field lines.

Density and electro- static potential Temperature and edge magnetic
perturbation contours topology (ergodisation) during ELM

crash

Potfential length_m
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- Strongly sheared mean (n=0,m=0) poloidal flow is generated duelR
()

to the non-linear mode coupling via Maxwell stress tensor

\Vtheta _km/s | £o S e s dur|ng &M CraSh
d S~

E.86
— e theta_kmy/s
o 3l
S |- P, B

E;Z | before ELM

2.3

11/23
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Multi-modes (n=1-8) ELM : destabilization of the previously

CLA linearly stable or weakly unstable modes while approaching thecstfm
ELM crash due to the non-linear coupling.

0 h_ezo?r_h__o?m
W .| Linear phase: o
B main
ol unstable
D m=e harmonic n=8
310 ' —
E’ -5
3 _6 N_e20m-3
-20 - 0. 0.1
10 | 7 | 0.15
—3 Non-linear
coupling of
modes n=1-
-30 . . . | 8 during
10 ELM crash

05 06 0.7 08 08 1 time (ms)
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ELM cycling with multi harmonics n=1-8. Precursor n=6in

CL2A inter-ELM period (0.15ms) after ELM crash on the most éRfm
~ unstable n=8. Second ELM is due the most unstable n=6.
temperature fluctuations, Vtor =487km/s
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Becoulet NF2005,08,10, Orain PoP 2013] Idea of ELM contron by RMPs: small radial

magnetic field 8B"~104, islands on resonant
surfaces g=m/n, ergodic edge, increase
transport— decrease VP below ELM
triggering threshold. Does it work like that?

\{ :divertor

. 0.109 « Lobes » structures
Z \e

) observed with RMPs on
MAST

M. Becoulet CEA/IRFM, FRATRES, Strasbourg, 16-18.10.2016 14/23



ELM suppression/mitigation by RMPs is observed on many

Cea tokamaks. RMPs will be used in ITER. Why it works, how plasm lR'VVl
— responds? Will it work in ITER? Still many open questions remain.

oo Y i & o[ e B Laaaey G i | [DIlI-D Evans NF2005, JET
M g gy 2 Liang PRL 2007, AUG
| w2 z Suttrop PRL2011, MAST Kirk
"L (W A = PPCF2013]
I TS

o - k = 2Oy el Lt W
(inside vessel) 35 T - Mimme ( rrms

| | mitigétion
MJJ, ,

TR R

Coorber deswmrior
D-aspfiaE Filsrsits

n=3 I-coil and C-coil configuration
(with even parity I-coil)

ITER RMP In-

Vessel Coils :
3 rows of 9 RMP
- coils are planned

suppression

4
Time (5)

3

Full in-vessel coil set:
3 rows a 8 saddle coils
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Experiment+modelling suggest that when ELMs are suppressed

Cea when plasma amplifies RMPs by external kink-tearing mode . é/Rfm

Depends on g profile and specific phasing in RMP coils.

A =+907 A<D =-90°

| AUG, JOREK
ELMs suppression No ELMs [Orain NF 2016
s]uppression IAEA2016]
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3D edge with RMPs=>Non-axisymmetric footprints (“hot spots”)‘iﬁfm

CQ@ divertor. Divertor fluxes with RMPs in ITER ? [Becoulet ITPA2016](@/"
1 A
). Schmitz NF(2016,

Top view IT Tangential view into the lower divertor 0]

CI1II emission Hy \ |

%

%SR» ‘

<€m Distance along wall at IT Distance along wall at OT mp-

leight Z. mp

Figure 1. Divertor light emission patterns showing the formation of a 3D plasma boundary during suppression of ELMs by RMP fields at
DIII-D. A tangential view in the light of double-ionized carbon is shown in the middle figure. The left and right figures show the Balmer-a
emission of deuterium at the inner (IT, left side) and the outer (OT, right side) divertor target.
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Edge ergodisation increases with RMP coils current and

Cea decreases with RMP main toroidal harmonic number (larger elRfm
— for N=3 compared to N=4 at the same coil current). Largest

N=3,45kAt,5Mms - ITER . N=3,90kAt N= 445kA'r 5ms

.. [TER,N=4,90kAt.5ms
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2 4 6 bt Cosbmi skttt
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Ez
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Convective (ExB) density transport due to RMP is similar (
. o éR m
to ELMs but continues in time. e

¥ N_e20m-3 Potential

1.1208 1.5e-5

E1 “le-5

'0.75

fos -0

Eo.25 E_1 e-5
ITER,N=3,45kAt,5ms o) -1.6e-5

ITER,N=4 . ,45KkAI.Sms ITER,N=4,20kAf,Sms
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Divertor heat flux ANUNVE DI s not uniform over

Cea magnetic footprints. Larger splitting for larger RMP.

norm heat flux, no RMP,inner
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Full rigid rotation A¢;=n/N => almost axisymmetric heat flux in

C2A average, BUT full stress on RMP coils: AlImax=2*Imax (180kAt
—  for Imax=90kAt!)

li=lnax COS(N($;—Ad))); N=3,45kAt  ntums, N=3,45kAtnner 0°&60°
0.45p
1007 N=2,90KAL, 0°%50% Aliax=180KAY ;
E B
= >
= T 0.35
| 0
coil number ¢ (rad)
A¢=n/N =60°=> uniform flux in average n turns, N=3,45kAt, outer, 0°860°

norm.heat flux,N=3,45kAt,inner,0°=>60°

0.45
¢ (rad)
norm.heat flux,N=3,45kAt, outer,0°=>60°

o (rad)
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«~New development in JOREK (spectre of several RMP harmonics)

CLbne possible solution was proposed: use of mixture N=3&N=4 to Rfm
~ reduce non-axisymmetry of flux . No rotation (=no stress) of RMP’7

single N=3 single N=4
norm heat =3 S0kAY imer norm heat flux N=d, S0KAR iner

Mixture N=3&N=4
hor. heat flux N=3 (30kAL) N=4(BOKAY), Imax=90KAH inner

, 045
£ ‘ 5 | 'E
T 0.4 0.1 3 0.4 0. E 04
3 0% 0% 503 o 30%
- - i)
0 0
0 1 2 3
0 1) 0 rac) rad)

nom heat flux, N=3, S0kAt outer norm heat fiux N=4 90kAt outer norm.heat flux N=3 (30KAE) N=4({60KAR) Imax=90KAL, outer
£ 3 E
; : ;
21 20 %os 005
- - -

3
b0 ¢(radl
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Conclusions:

Code JOREK is resistive non-linear fluid MHD code especially designed for modelling
of transient MHD events and their active control in realistic tokamak geometry.
Resistive wall, all flows, open and closed field lines, coils, divertor geometry
etc...Reduced MHD (most developed ), full MHD (good progress in stability). 2D finite
elements (cubic 2D Bezier) Cl+toroidal harmonics. 3D finite elements in progress.

Disruptions & control by massive gas injection, runaway electrons(PIC);

ELMs dynamics ,heat/particle fluxes in divertor. Multi-harmonics, multi-cycles.
W transport (PIC) during ELMs.

ELMs control by RMPs. External kink response=>ELM suppression?. Divertor
fluxes in ITER (ITPA task).

ELMs control by pellets.

QH mode (naturally small ELMs regime)

Recycling in divertor

VDEs, ELMs control by vertical kicks

Future: ITG turbulence, L/H, ELMs+ITG, RMP+ITG etc.
Numerical improvements needed: mesh with complicated wall geometry, memory for

larger matrix inversion (multi-harmonics), stability with flows ( when large
diamagnetic, full MHD), better convergence on non-linear phase of large ELMs....
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Runaways electrons modelling éRfm

METHOD & MODEL

The method is based on the implementation of a Guiding-Center [2] and full orbat
relativistic particle tracker wathin the JOREK code (3], [4], wlhach 15 being used for
simulating plasma disruptions [£]. The main features are:

=  Full interpolation in 3D physical space and time (global €1 field description)

= Particle Tracking in 2D flux-aligned non structured grid

* Guiding Center orbit infegration via Runge-Kutta (Cash-Karp) method

dR 1 = HEHE+FEEFE+;I§E:*
dt b - B* q Piat v Ly
dp B* . ab v B
f=~—- — '[qE_F._,;:-' —
dt b - B* ar Y
—. — — — Pr -2 2B
B* =p,Vx b+ qB and ].-"__JI'_’I.—I—I::"“_) +—=

*  Full orbat imtegration via Volume Preserving Algorithm [6]

=153.07 m=

: 7 - . =175.00 w=

= A —=738.77 us ey =196.9S3 =

: & —75055 us i e

222 ==

2 4 =—781°3 us =25632 s

= = 4 =—S0332 us 2 =278.275 ms
R im
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BORIS method is implemented in PIC code for tungsten

CZa  transport.

dV q(
« Equations: gi
dt

XU X = St

=V

* Boris method:

— . —i 1 1
— Implicit gt _ gt :5t%(Et+g6t +%(V _|_Vt+5t) Bt+25t)

— Split electric and magnetic field updates
Implicit equation can solved

. qgE L . N T
Vo = t—§5t+ﬁ%5t Vl—VOZ( 1+V0)><b
V-V, q,. -\ = -~ _ got
= V. +V )xB b= B
St 2m(1 o) 2m
_ . gE R A T~
t+§5t_vl+ﬁ%5t 1~V 1+b2(VO+VOXb)Xb
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Non-linear phase. The mean flow generation is due to Maxwell lRfm
(2

Cea stress (Huysmans NF2007, Morales EPS2014, PRL sub)

0

Vorteity Eq. terms n
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e PNYSICS Of RMPS penetration. Plasma response currents on
CClArational surfaces (q=m/n). Screening of RMPs is typical éRfm

response,

ITER. RMP screening by rotation

Response current on g=m/n with RMPs.
P , : q (Becoulet IAEA 2012)

e

w/o flows

T _start_keV
2 4 6 8 10
Emmm———

0.11 10.8
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ELM mitigation by RMPs. Mitigated ELMs= non-linear driven
modes coupled to RMPs=> edge ergodisation, continued MHD ‘f»Rfm
turbulence prevent large ELM crash (Becoulet PRL2014)

W L f2.n=3
= ELRM wio RRMP with RMP SS5kAt
g (shift in time dt=4000)7]
= N3
=
(g B =
20 =6 —
2 { 5
o : : : B e e s e T
O 1000 2000 3000 4000 S5000 S000 7000 S000

time(1 0'65)
RMP off: ELM (most unstable n=9) Mitigated ELMs: continued MHD, mixture of n=3,6,9

ITER,15MA/5.3T,n=3:9,RMP 35kAt

- T_start_keV
6.051
6

ne(10220m-3) %

1 h | 0.444
o] : = 1.1
’ ITER,15MA/5.3T,RMP 35kAt,Nn=3,6,2; 1=3.43ms
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