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H-mode: reduction of the turbulent transport W

Phase transition to high confinement regime (ASDEX 1984)

Reduced density fluctuation level Reduced radial diffusivity
= stronger pressure gradient
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Typical H-mode signature is Edge Localized Modes (ELMs)
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Schematic representation of the ELM cycle W

Kamiya, PPCF, 2007

@ A Core .
Pedestal
g 1 H-mode ?_.:TSOL
E;. . i
a o
@ ELM crash
5 (MHD), |
7] 1o
4 ie )
= L-mode :
1+] |
L R <
= ELM recovery . :
(transport) .-~ ‘.
0 -
0 1
Normalized radius, r/a Heat flux profile on target

ELM crash, ejecting plasma energy/particle towards
Scrape-Off-Layer (SOL)

BINP/ April 2016 / Lecture for Ph.D. Students 4 Valentin Igochine



Why is ELM control urgent for ITER?

Zhitlukhin INM 2007
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... but predicted for large ELMs:
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ELM suppression/control is required for a steady state operation of ITER!
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Physics of ELMs
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Stability condition in plasma W

Drives for instabilities in MHD are current
and pressure profile gradients

Linearization:
A=A, +A;

07 equilibrium .
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ELM trigger: ideal MHD W

Altis widely believed that ideal MHD instabillities provide the trigger for the ELM

ATheoreticaIIy, the instability properties can be understood from dw for radial
displacement, X, at Iarge toroidal mode number, n:
Ya ‘ ‘ 1 ! ( 2 Field-line bending:
N =p nj 5 KX JBIﬁIX# strongly stabilising unless
0 I R By Ry k, is small

_pg L%) B_gl_ f pB? X*IJXS Pressure gradient/curvature
> dy & W e 22 2J)8° pg n py; drive: destabilising if average
curvature 1 s i
_ _JBlﬁaéﬁxOJr XJBIﬁX Current density gradient/edge
- W En 5 current drives kink/peeling
modes

s=normalised current density

AMust ensure field-aligned perturbations or field line bending will suppress the
iInstability: ideal MHD naturally produces filamentary structures
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Kink or peeling modes W

AA single, resonant Fourier mode

Ya 8 102 R2B2 2 Single Fourier mode, highly

aN =p rfly ﬁjqf B X‘Z + o1 M Bk X localised at rational surface
A P2 | JB? In . : : .

0 [ p eliminates field line bending

. o o x . 5 |X|? constant around poloidal
'ZJﬂgfoaJrB_g_'_f“BX“xg pl ane, so expe
B°dyag WE 22 2JB°Ug n W average curvature

Y Pressure gradient is
stabilising

Driven unstable by current

X JBK|%£X§+ H QiXJBI{;X*ZNU gradient at modest n: kink
n cw  + W &n Hy mode

Or edge current density at
large n: peeling mode

A Peeling and kink modes are essentially the same thing
| Driven by current density gradient, stabilised by pressure gradient

I Highly localised
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Ballooning modes W

AMuItipIe Fourier modes couple to tap free energy of pressure gradient

, To couple, each Fourier mode
1 M (JB X must extend across multiple
n Kl rational surfaces:
4 o o
Field line bending is
minimised, but not eliminated

o9 ?
W =p i}y 7Yig IIRsz\ku \
0

Multiple Fourier modes
- 2] dpg X2 _é 82 i f uB* X’ pxﬂ couple to constructively

B> dyag ' W g 2 O 2382 ug n Wu interfere in bad curvature
region: |XJ? is maximum on
outboard side

X JB a xg+ H é,ix A Current gradient does not
cw = W Hy play a role at large n; edge

current can influence mode

A Ballooning mode is unstable when the curvature exceeds field line bending
| Critical dp/dy is required (depends on shear, and therefore current)
I Many coupled Fourier modes Y radially extended mode structure
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ldeal MHD stability diagram

AThe peeling-ballooning mode stability diagram

A
Py
2
9 Peeling/kink
% unstable
= Ballooning
O unstable
Stable
>

Pressure gradient

Important (slightly subtle) point
A Although stability diagrams are shown in terms of local dp/dr and J, profile effects

cannot be neglected (when nis finite)
A Higher pressure gradient can be achieved for a narrower pedestal Y care when

interpreting experimental pedestal profiles
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ldeal MHD stability diagram W

ATypicaI ELITE stability diagram (model JET-like equilibrium)
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Types of ELMs W

Definitions from Connor, PPCF, 98

L-H
transition type |

Q | (giant)
N
i : Most dangerous!
= |
I
LL] |

I

I

: type 1lI

5di t hle®M g o

LMs
I ELM-free H-mode
Input power

typell( or, someti mes, O6gr assy 6-3hapadtakammlsatoci at ed

high edge pressure when there is access to the second stability at the plasma edge
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The ELM cycle: Type | W

Alnitial models: Type | ELM cycle
I High pressure gradient in pedestal (so good performance)
I Low collisionality, and strong bootstrap current
| Extended linear mode across pedestal region
| Anticipate a substantial crash

A
o Large, Type | ELM cycle
9 | Peeling/kink - T T =
®© | unstable - :
g igh
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>

Pressure gradient
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The ELM cycle: Type Il W

Alnitial models: Type Ill ELMs (more speculative?)

A
2| Small, Type lll ELM cycles
C
q) . .
o Collisionless
c |Peeling/kink
qt) unstable
>
O

Collisional

Either highly collisional edge, destabilising resistive ballooning, driving
pedestal to lower gradient and crossing peeling stability boundary

Or at higher temperatures, higher current pushes pedestal directly
across peeling stability boundary

However, data seems to suggest Type lll are stable to ideal modes (but
uncertainty over edge current) ‘
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Saarelma, PPCF, 2009
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The ELM cycle: Type Il W

Alnitial models: Type Il ELMs (speculative, again)
I Higher collisionality would help to suppress bootstrap current
I Strong shaping can also push peeling boundary to high current density
I Removes role of peeling mode, providing a pure ballooning mode

A
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ELM Types: experiment W

AThe positions of Type | ELMs on an edge stability diagram are consistent with

this picture:
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Understanding ELM size requires
understanding transport processes

A ELM size shows a strong dependence on collisionality

I Cause for concernon ITER

I Must identify the origin of the collisionality scaling
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Loarte (PPCF 2003)

A Likely nonlinear physics
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Behaviour of the pressure gradient W

Saturated gradient, non-linear phase! ASDEX Upgrade
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Burckhart, PPCF, 2010
Figure 7. ELM-synchronized maximal V p. of (a) the slow and (/) the fast ELM cycles indischarge

Non-linear physics is important!
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Nonlinear ballooning Theory W

A Progress can be made analytically for the early nonlinear evolution (Wilson,
Cowley PRL 2004)

A Predictions are
I Initially sinusoidal mode narrows in direction across field lines, in flux surface

I Mode tends to broaden radially, forming field-aligned filamentary structures
1 Even at linear margmal ctahility ac Nnne Aantare nnnllnanr ranimea mnra

suddenly erupts
I Maximum displacemer
field line), elongated al

SoL W

PEDESTAL *==-=/4- -

CORE » -

A Filament could strike material surface on outboard side whlle remaining connected to

pedestal on inboard
I Potential damage to plasma-facing components, especially on ITER
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Non-linear simulations of ELMs W

Non-linear MHD code JOREK solves the time evolution of the reduced
MHD equations in general toroidal geometry

Density

»
|

time Hyusmans PPCF (2009)
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