Discussion: MHD stability of ETB. ELMs control. e=®

1. ETB: turbulent transport is suppressed=>Transport through

ETB=ELMs.=> Present theoretical understanding of ELMs:
-Status of ideal linear MHD.
-ELM size,convective and conductive losses. Explanation?
-Transport and non-linear MHD.

What can be used already and what should be done to
progress both in understanding and “theory motivated”
Integrated Modelling of ELMs?

2. ELMs control:

-Stochastic boundaries.
-Ripple losses to control ELMs.
-Pellet injection (AUG).

Understanding? =>Integrated Modelling? Tests on JET?
Implementation on ITER?
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Starting point: linear ideal MHD. (MISHKA, GATO, ELITE) e
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Max pedestal

pressure is limited by

ideal MHD.

DIII-D(ELITE): Snyder '02
Pedestal Te (keV)

Predictive capabillity of linear ideal MHD. =0

Role of triangularity 9.

Max P4 increases with high triangularity
(6) => increase of edge magnetic shear =>
higher confinement.
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Can we predict pedestal parameters in ITER? 0

Shaping,f,,density(=>bootstrap) are important for stability!

Pedestal width A remains a key uncertainty => input : A and density profiles,
Tpeq INCreases until stability boundaries for n=8-40 . High n modes limiting at

narrow widths, go second stable at wider widths.
ELITE: Snyder NF '04
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JETTO-1.5D transport code for T

MHD motivated model for Type | ELMs In JETTO. &&3

e,

N, J,; (with bootstrap) diffusion. Transport
coefficients in ELM area (~ETB) are proportional to the peeling and ballooning
modes amplitudes, estimated from linear MHD theory.
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Present theoretical models can’t predict self-consistently losses in ELMSs.

Experimental scaling: AW/W,, decreases with (Npeq, V¥ peq, T/ -+ ?)
Underlying physics is not identified yet. Extrapolation for ITER is more or less

imicti @ JET-Delta_0.25_35MARBOT
pessimistic. @ JET Dol 33 25MARTT JE
@ JET Delia_0.33 Before_Peliet 25MAR.7
() JET_Defta_0.33_At Pellet_2.5MA2.7T
@ JET-LT-Ar 2.5MAR4T
v () JET-Defta_0.33_1.9MAR2.0T
! | & JET-Delta_0.41_2.5MAR2.7T_Squareness
ala Ty
*k -HT-Ar_2. X
[ ITER vV 2 T
02 | o® ¢
4 o |_[]_ASDEXU
% 015 |enrs o .. ﬁ ...........................................................
-l 1 ﬁj .
w I ! A (N |
2 up } &y () Cn —
< ' : %}o
I | Eﬂﬁ ]
0 05 ‘I:-l-“. HH.H.HT“.“H. H.Hﬁ.'A;”“ HH.HH.*“EHEH “I.‘I_ lllllllllllllllllllllll
aadl R Jo o o 0 o ¢ OOl
} : N - .
CITER - B
o [ it - gt eV
0.01 0.1 . { 10
Vned

Pedestal Physics Meeting, 5/04/2006

n-EIIII

T,DIII-D,AUG,JT-60U: Loarte et al’'02,'03

W VEI LRI T,
() JET Dattn, 033 M Paliat 254/

§ JETLT A 25N2AT

(O JET Dalia_0.33 1.0MAROT

& JET Detie_D.41_2 AT ticus
B JET Detm 050 25MARTT

(] JET HT ALZ SUARAT

A [THU

.ﬁmu

DISCUSSION: MHD stability, ELM mitigation



Conductive and convective losses. ="

AW y—NATg i (conductive) + TANg, , (convective).

decreases when Ny f

~small change with Njeq

At high density (v*?): only particle “minimum” Type | ELMs (DIlI-D, JET, MAST,

JT-60U). Not explained by theory.
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Minimum convective ELMSs at high ggs or(and) high n4. <=2

=)

Conductive losses ATg, /T decreases: :
Small convective ELMs:

- with density (v*?) AW/IW__..<5%.

- at higher gy (=4.5 ) + high 6~0.45

ped

JET: Loarte’04
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decreasing ELM area: high triangularity J, high gqs, high edge magnetic shear,

Smaller affected area =>smaller ELMs?

=

ldeal MHD stability codes+ experiments (JT-60U, AUG, JET, DIII-D)=> Factors

high density. Density effect: bootstrap current is lower, increased transport
through ETB, pedestal widths?...

JT 60U(ELITE) Lao OO Snyder '02, Kamada’'02, Oyama’04
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ELM affected area <7é>energy and particle losses. GC=o

ELM energy loss is not connected with ELM area in a simple way. Mainly
ATg /T decreases for smaller ELMs. Challenge for theory.
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NIMROD (A. Pankin)

Magnetic Energy vs. t

Non-linear MHD:

JOREK (G. Huysmans)

0<n<22=> many

modes become

E.m

-10

-15

time

................

Pedestal Physics Meeting, 5/04/2006

n,: convective (due to EXB) « blobs »

DISCUSSION: MHD stability, ELM mitigation





TELM(Becoulet)::MISHKA+nonN-linear heat transport e=®
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ELMs control: understanding=>integrated modelling? <&=o

External control of ELMSs.

-Stochastic boundaries (DIII-D,pre-project for JET,ITER);
-Magnetic ripple (JT60-U,JET,ITER?);
-Pellet injection (AUG, project for JET,ITER?);

Understanding? =>Integrated Modelling? =>Tests on JET before
ITER?
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Understanding of DIII-D ELM suppression? e
Why not heat &l ~y // z(B(l) )2 ,but particle (EXB?) transport?

erg n=3
Poloidal flux n=3 : ¥,

Role of rotation?
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Role of rotation and v*? Comparison with TEXTOR? <=0

Osbhorne EPS2005
High v* Low v*

* Except for toroidal rotation, all profiles similar * Primary affect on profiles with Icoll is

reduced n
* ELM frequency reduced by a factor of 5 €

» Profiles are average over last 20% of inter- * Plasma stored energy and H not
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Design of ergodic coils for ITER: external or inner coils? GO
e bl le
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Ergodisation Coils for JET — Pre-Engineering Phase <=0

P. Thomas,, G.Agarici A.Saille, J-M Verger
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Hon

Magnetic Ripples to control ELMs? Can it be used in ITER? =0

x*

JET experiment 1995,comparison JT60-U and JET (G. Saibene ,N. Oyama et al),

JETTO,ASCOT modelling (V. Parail et al) 0 553/2 NS 3 T 2
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Collisionality regimes:

[~IHigh: (these particles oscillate between banana and ripple trapped state in a
diffusive way)

[~lLow: non-diffusive losses . But what about fast particles losses (NBI,alphas?)
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Pellets trigger ELMs with frequency of
f pellet injector > f _intrinsic ELM.

AUG:Lang’03
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ELM triggering and control by small pellets (AUG).
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Pellet triggered and intrinsic ELMs are similar if fg,, Is the same. =3

gradP is lower with pellet=>Why pellet triggers an ELM?
ELM is triggered after ~200us ~20% of pellet mass was ablated =>transient
3D plasmoid=> Linear MHD is limited, but measured MHD activity is similar=>

the same peeling-ballooning mechanism? AUG:Lang’03
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High Frequency Pellet Injector (HFPI) for JET ey

* Dec. 2004: Welcomed by STAC
eby EFDA SC as part of EPZ™" ™"

Helium flow regulator /
l LHe

§ & deep fuelling A\

» Timeplan: commissioning r:*:;‘;* 007 summer breaks
» Leadership: CEA
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driver

Pellet length
controler

H2 or He

Fast valve cutter
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END
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Finger-like torolidaly localised
structure. Explosive time scale:

(te TA2)Y3~50us(JET)

Cowley '96, '03

q=2(stable phase)=>q=2(unstable)
8t§:y(a—acrit)§+u§2 —vE3+...

Linear term  If this term is
destabilising=>
explosive growth of
the mode

burst to SOL.

Early non-linear phase of ballooning instability. =0

BOUT -3D Braginskii equations
code Xu'02, Snyder'04

= e

Starting poir{t-unstable P profile.
Linear growth followed by a fast
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-high triangularity: 6~>0.55; 2.5¢

-high qgs=6.4 (ITER: ggs~3);

-if high b,~1.64 (ITER: 3, =0.8)+ high 6~0.6
=> lower (45=3.8;

*~0.07-0.16 (ITER: v* ~ 0.05)
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*
* »»

Type Il ELMs =increased 6B and on => transport in ETB &=

-high triangularity 6>0.4-0.5; Sensitive to shaping DN (AUG)!
Jos>4.2 (Type I, AUG) qgs ~3 (mixed Type I+11 ,JET).
-n/ngg~0.85-0.95 (medium v*~0.6-0.8).
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CEe= )

High v*(>1.5) regimes w/o ELM : EDA, HRS.

High v*>1.5-2 (not achievable in all tokamaks!). EDA(Alcator C-Mod),High

Recycling Steady (JFT-2M). Quasi-Coherent (QC) modes => Enhanced
transport through ETB. Pedestal is peeling-ballooning stable ,QC correspond

to resistive ballooning mode. But for ITER v*~0.05!

Alcator-C-Mod:Mossessian, Hubbard '01,'02 JFT-2M:Kamiya, Oyama’'04

d

, 1#/Br=025 M Alf ET[qsﬁ-EE}
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t (sec)
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Low v*~0.05 QH-mode at counter NBI. (DIlI-D,AUG,JT-60U,JET)

-high upper clearance, conditioning;but not sensitive to shaping (0);
-counter neutral beam injection =opposite to |, (not foreseen for ITER!);
-larger E, shear at the edge as compared to ELMy H-mode;

-low density: n/n;z~0.1 (DIII-D, strong pumping) -0.5(JT-60U w/o pumping);

-higher Z_4=3.3-5, higher P__g;

rad?

-edge MHD = Edge Harmonics Oscillations (EHO);

AUG:Suttrop’03
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3. Active control of ELMSs. =

Type | ELMs =peeling-ballooning modes.
How to control ELMs?

1)Maintain edge in stable region:

0L~<OL; Providing transport mechanism
through ETB (artificial Type Il small
benign ELMs?)=>external magnetic
perturbation(COMPASS-D,DIII-D)

2) Triggering ELMSs at given fg,,,to avoid

large Type |, local change in pedestal v*.
-small pellets(AUG);

- edge current (COMPASS-D,JET, TCV);

DISCUSSION: MHD stability, ELM mitigation
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8 (g8c)

ELMs triggering by external perturbation in COMPASS-D. &5

Resonant (g=m/n) at the edge
radial magnetic perturbation n=1,
m=4-5.

ELMs are triggered by magnetic

perturbation. W/O 8B" —ELM-free.

Radial perturbation dB'

Density decreases with 6B"
Temperature decreases with 5B"
Why ELMs are triggered ?

New position in (a-] ) MHD
stability space, different modes
can be unstable?

DISCUSSION: MHD stability, ELM mitigation



Peeling mode destabilisation in |, ramps experiments. G=3

Edge current can destabilise peeling JET: Becoulet M.'03

modes: Type Ill ELMs (COMPASS- _*Jp ramp-up " 55601

D,JET) or dithering L-mode(JET).The =

result is very sensitive to edge Te, ne, =

dl /dt. .. 2 Ip ramp-doWn
P COMPASS D Fielding’01 ' '

. Typ
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Bl Edge current generation by vertical movements of plasma

Vertical oscillations of plasma column (up-down U=UZ§Z) iIn inhomogeneous
poloidal magnetic flux =>Surface voltage=>Edge current=> Peeling ELMs with

feLm~Tariver ? TCV:Degeling’03
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Conclusions(1) =0

1.High confinement scenarios for ITER and Type | ELMSs.
-Unacceptable ELM losses predicted for ITER at low pedestal v*~0.05 :
AW /W q~20%, acceptable losses ~5% -15%.

-Conductive losses decreases at high 6,high n,.,, high ggs. Small
(AWg /W eq~5%) only convective Type | ELMs at high density n/ngz>0.8 or
high qgs>4.5.

2. Progress in ELM theory.
-Ballooning-peeling linear MHD (MISHKA,ELITE,GATO,..) predicts LFS
localisation, pedestal P, .., effect of 5, ELM area => triggering mechanism of

Type | ELMs is identified. Type | ELMs are predicted for ITER pedestal (ELITE,
n=10-30).

-Transport codes model pedestal pressure profile relaxation due to the peeling-
ballooning modes destabilisation, ELM cycle, ELM-time. Present models cannot
predict ELM loss self-consistently.

-Early non-linear stage of ELM: explosive evolution of ballooning mode=>finger-
like structures; particles and energy bursts into the SOL (BOUT-3D).
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Conclusions(2) =0

3. High confinement (Hy,~1) benign ELMs (continuous edge MHD
Instead of burst transport in ETB ) were demonstrated in present
machines, but their relevance for ITER parameters (H-mode:
v*~0.06, 4,~0.8, gg5~3) Is still questionable.

-Grassy ELMs (JT-60U):low v*=0.07-0.16, but high gos~6, g¢5~3.8 at high ,~1.6;
-Type Il and mixed: too high v*>0.6; sensitive to shaping DN(AUG), high qgc;
-EDA(Alcator-C-Mod) , HRS(JFT-2M): too high v* ~1-10 regimes;

-QH and QDB(D-IIID, AUG,JT-60U): low v* ~0.05 regimes; but high upper
clearance, counter NB injection, low density, high Z ;

-Type Il in impurity seeded discharges. ITER at 17MA?
4. Active control of ELMs Is in progress.

-Stochastic boundaries: ELMs can be suppressed at const confinement (DIlI-D).
-Small pellets can trigger ELMs with given frequency and size (AUG).

-Edge current density can be controlled and trigger “peeling” ELMSs.

(current ramps (JET, COMPASS-D) ,vertical oscillations of plasma(TCV))
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	Early non-linear phase of ballooning instability.

