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Scenario: sequence of actions making a plasma discharge.
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Advanced tokamak operation

> Conventional H-mode operation > Hybrid (advanced inductive)
operation
" High confinement (H,=1.2~1.4)

High non-inductively driven
current & long-pulse

However it requires a flat q
profile at the core region

> Steady-state operation

" Very high confinement (H,,
>1.4, ITBs)

" Almost fully non-inductive
operation

" However it requires a reversed
g profile to be favourable for
forming/sustaining ITBs.

’ [J [ [J ®
** Advanced tokamak operation requires an active plasma profile control

ITER 15MA baseline H-mode operation (S.H. Kim, PPCF 51)
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IPp

* 1982 IAEA F. Wagner et al. (ASDEX, Germany)

- Transition to H-mode: State with reduced turbulence at the plasma edge
- Formation of an edge transport barrier: Steep pressure gradient at the edge

Regime of Improved Confinement and High Beta in Neutral-Beam-Heated Divertor
Discharges of the ASDEX Tokamak

F. Wagner, G. Becker, K. Behringer, D. Campbell, A. Eberhagen, W. Engelhardt, G. Fussmann,
O. Gehre, J. Gernhardt, G. v. Gierke, G. Haas, M. Huang,'” F. Karger, M. Keilhacker,
O. Kliiber, M. Kornherr, K. Lackner, G. Lisitano, G. G. Lister, H. M. Mayer,
D. Meisel, E. R. Miller, H. Murmann, H. Niedermeyer, W. Poschenrieder,
H. Rapp, H. Rohr, F. Schneider, G. Siller, E. Speth, A. Stabler,
K. H. Steuer, G. Venus, O. Vollmer, and Z. Yu‘®

Max ~-Planck -Institut fiiy Plasmaphysik, EURATOM-Association, D-8046 Gavching, Miinchen, Germany
(Receivec_i 6 August 1982; revised manuscript received 1 October 1982)

A new operational regime has been observed in neutral-injection—heated ASDEX divertor
discharges. This regime is characterized by high 3, values comparable to the aspect
ratio A4 (3, <0.654) and by confinement times close to those of Ohmic discharges. The
high-3, regime develops at an injection power =1.9 MW, a mean density n, = 3% 10%?
cm™®, and a g(u) value = 2.6. Beyond these limits or in discharges with material limiter,
low B, values and reduced particle and energy confinement times are obtained compared
to the Ohmic heating phase.

PACS numbers: 52.55.Gb, 52.560.Gj
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M, 1019 (m-2)

1982 IAEA F. Wagner et al. (ASDEX, Germany)

IPp

Transition to H-mode: State with reduced turbulence at the plasma edge
Formation of an edge transport barrier: Steep pressure gradient at the edge
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* Established in stellarators as well
Wendelstein 7-AS
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V. Erckmann et al, Physical Review Letters 70 2086 (1993)



IPp
°* 1982 IAEA F. Wagner et al. (ASDEX, Germany)

- Transition to H-mode: State with reduced turbulence at the plasma edge
- Formation of an edge transport barrier: Steep pressure gradient at the edge
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electron pressure [kPa]
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1982 IAEA F. Wagner et al. (ASDEX, Germany)

Transition to H-mode: State with reduced turbulence at the plasma edge
Formation of an edge transport barrier: Steep pressure gradient at the edge
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KSTAR
* First H-mode Transition in KSTAR (November 8, 2010)
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 Separation of plasma from wall by a limiter and a divertor

Last Closed LCFS ="Separatrix”
Flux Surface

W Limiter

Scrape-off layer X-point
Strike point
Divertor target plates

* Advantage of the divertor configuration

- First contact with material surface at a distance from plasma boundary

- Reducing the influx of ionized impurities into the interior of the plasma
by diverting them into an outer ,SOL"



ASDEX Upgrade
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KSTAR

e Role of wall condition

Shot number @ 4333 Z2618-11-15 4:808:80 :688

KSTAR TV1 (t=—18Bms)
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IPp
°* 1982 IAEA F. Wagner et al. (ASDEX, Germany)

- Transition to H-mode: State with reduced turbulence at the plasma edge
- Formation of an edge transport barrier: Steep pressure gradient at the edge
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IPp
°* 1982 IAEA F. Wagner et al. (ASDEX, Germany)

- Transition to H-mode: State with reduced turbulence at the plasma edge
- Formation of an edge transport barrier: Steep pressure gradient at the edge
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°* 1982 IAEA F. Wagner et al. (ASDEX, Germany)

- Transition to H-mode: State with reduced turbulence at the plasma edge
- Formation of an edge transport barrier: Steep pressure gradient at the edge

Gyrokinetic Simulations
of Plasma Microinstabilities

simulation by

Zhihong Lin et al.

Science 281, 1835 (1998)




'H-mode: Why?

@f Theoretical physics
v
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 Safety factor g = number of toroidal orbits per poloidal orbit
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Tokamak Operation Modes

g-profiles
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current density (j)

inductive

q=rB,/RB;

magnetic shear
s=r/q(dq/dr)

Q

-

=

()]

()}

al

|

S

oyt

= core

U) -

)

Q -
pedestal
1 1 1

. a
plasma radius

Mild pressure gradient with steep
edge pedestal

Naturally peaked current profile

Monotonic g-profile

Positive magnetic shear




« Stability of H-mode plasmas related safety factor profile: g(r)

r H-mode, g-profile

0 0.5
r/a

q, < 1: Sawtooth instability, periodic
flattening of the pressure in the core



‘Sawtooth

ASDEX Upgrade

L

- nonlinear low-n internal mode
- - internal (minor) disruption

8 - enhanced energy transport

in the plasma centre
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« Stability of H-mode plasmas related safety factor profile: g(r)

- H-mode, g-profile

q, < 1: Sawtooth instability, periodic
flattening of the pressure in the core

qg=3/2and q = 2:

Neoclassical Tearing Modes (NTMs):

- limit the achievable B = 2u,p/B?

- degrade confinement (+ disruptions)
- often triggered by sawteeth

ITER work point is chosen
conservatively: B, < 1.8
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Neoclassical Tearing Mode (NTM)

M | M | M | M |
0 0.2 0.4 0.6 0.8
r/a

* Pressure flattening across magnetic islands due to large trans-
port
coefficients along magnetic field lines
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Neoclassical Tearing Mode (NTM)
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/ H-mode: Limitations

« Stability of H-mode plasmas related safety factor profile: g(r)

5 H-mode, g-profile
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K. Miyamoto, “Controlled Fusion and Plasma Physics” Taylor & Francis (2007)
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« Stability of H-mode plasmas related safety factor profile: g(r)

- H-mode, g-profile q, < 1: Sawtooth instability, periodic
flattening of the pressure in the core

q,. =3 qg=3/2and q = 2:
Neoclassical Tearing Modes (NTMs):
9=2 . limit the achievable B = 2u,p/B>

g=1 q33%7] - degrade confinement (+ disruptions)
""""""""""" - often triggered by sawteeth
0 05 ITER work point is chosen
r'/a conservatively: B, < 1.8

q.s (oc 1/I)) = 3: Safe operation at

Periodic collapses of max. /,

the ETB (ELMs)



Edge Localised Mode (ELM)

* Example of sawteeth and ELMs JET, Pulse 52022

B :_' — DAC1-G101
— DAJC1-G102
':}.-2
M S AL AN \.k\'\ AN \“\\ W
4o
5 =
tE =
— DDIS3-AD34 E
sE =
=
Ll = =
-I = =
=5 =5 SE O S
SEL
2.0 —
D —
&
— DE/JS-SXR<SEB:011/1
e — DB/JS-SXR<SE:010/1 -

— DB/JE SXR=S8:006/1

57 E =1 = ]
SEC

oo EUROCFEAN FLARION DRDEVELODFMENT AGREEMENT
R
k JET

34




MEGA-AMPERE SPHERICALTOKMM

Disruption
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/ Edge Localised Mode (ELM)

Pedestal region

Collapse of the
pedestal by ELM
(decrease plasma

Ejection of the
core plasma

Plasma pressure

pressure) by ELM
Plasma Plasma
center Plasma radius surface

36



Faraday’s law
Plasma Current

[MA] 4 v =- i IB ds
s s dt

» 1(s)

ower Supply Limit

PF Coil Flux P
[Wb] 4 T —- =

Inherent drawback of Tokamak!

» 1(s)




Plasma Current
(MA) A /-\
/ \>

t(s)

CS Coil Current
(kA) 4

l

\ » t(S)

d/dt ~ 0 \_/

Steady-state operation
by self-generated and externally driven current




Faraday‘s law

d
v =- EIB ds

dl . By

dt induction IOH

I, =1, + 1, Standard inductive operation

IP =0 + IN’ Non-inductive (steady-state) operation

« Conventional H-modes cannot reach steady state
(producing continuous fusion power by fully
non-inductive operation in a tokamak reactor).

—
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