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Outline W

What is the disruption?
Where disruption is probable to occurs?
What is the physical mechanism of the disruption?

How to avoid or mitigate the disruption?
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What is disruption? W

Disruption is a rapid loss of plasma confinement.

 The stored energy in tokamak is approximately proportional to L>
(where L is a linear dimension of the plasma)

- The energy dissipated in the wall in this case proportional to L3

« Conclusion: Doubling the size of the device (JET to ITER)
increases energy load by one order of magnitude. If this energy
is lost, we have problems....®

PROBLEMS:
« Heat loads
« Mechanical loads
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Disruptions get more severe in bigger tokamaks W

In general local heat loads
higher, due to conductive
losses

Plasma Energy W (MJ) =0.2 08 10

Surface AreaA . (m?) = 7 50 200
WIAjas (MJ/m?) =03 .02
Perfect '
disruption C-Mod
mitigation DIl

ASDEX

JET
JT60-U

Disruptions main driver of ITER engineering
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How disruption look like?

R 8
Pictures of JET during a disruption. A cloud of particles is visible in
the vessel’s lower half (left) and upper half (right).

It is clear that disruption is an extreme event which has to be
avoided, at least in its most dangerous form.
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The JET disruption L

After glow and
48.32 residual particles
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lokamak operated normally after this event! Time (s)
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Disruptions are a survivable event I

» Tokamaks can be designed to withstand them

* They can be largely avoided (e.g. the shots used for D-T operation
in TFTR had <1% disruptivity) and their consequences mitigated

» Most of the examples I show are deliberately induced for the
purposes of studying disruption physics
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Where we have the problem with disruption? W

e+1 I

ne R/B (10°m-2/T)

Statistics from JET for the operational period
from 2000 to 2007

[P.C. de Vries et al., Statistical analysis of disruptions in JET. Nucl. Fusion49,
055011 (2009)]
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Where we have the problem with disruption? W

2na’B.
Current limit = ;UT 23
0 p

shaped cross-section,
aspect ratio, magnetic field

B e
ey

ne R/B (10°m-2/T)

The Hugill di d th in limit
Statistics from JET for the operational period e mugii dlagram and tne main fimis

for plasma operations
from 2000 to 2007 [V. Igochine, “Active Control of Magneto-hydrodynamic
[P.C. de Vries et al., Statistical analysis of disruptions in JET. Nucl. Fusion49, Instabilities in Hot Plasmas”, Springer, 2015]

055011 (2009)]
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Where we have the problem with disruption? W

2na’B.
Current limit = ;UT 23
o p

i

shaped cross-section,
aspect ratio, magnetic field

Greenwald limit

A

O/II 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 e_3
0 5 10 15 20 n,

ne R/B (10°m-2/T)

The Hugill diagram and the main limits
Statistics from JET for the operational period for plas?na opgrations

from 2000 to 2007 [V. Igochine, “Active Control of Magneto-hydrodynamic
[P.C. de Vries et al., Statistical analysis of disruptions in JET. Nucl. Fusion49, Instabilities in Hot Plasmas”, Springer, 2015]
055011 (2009)]

Disruption becomes much more probable close to the operation limits!
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Classical disruption picture
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A common limit is radiative ﬂ]]

¥ Carbon time-dependent power 4
netim’s)
o
5
-
S
s Heat Heat
;—3 flux in flux out
K d_T ds jK‘ ld—T ds
+ dr in \ dr out
Te(EV) . .
Carolan et al PPCF 1980 Manr Radlus 18%6/11
* When radiated power ~100% detachment Radiated power
occurs (dT/dr=0) and inward contraction RV
occurs j n.n.R(T)
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Radiative collapse leads to unstable J(r) W

* Kink instability when
effective qqg,=2

or
J(0) Tixed’

* Tearing destabilised by
by saweeth

dJ/dr within g=2 (see
NTM lecture)

d*y C(r)dJ|dr _

2
dr r—r,

0

g4=2 Minor radius
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Classical picture - energy loss is stochastic W
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Forces — Halo currents I

Halo current flowing in )
/ J Toroidal halo
vessel etc, (normally :
dominantly poloidal flow) current flows in
|, direction and
Core plasma:- shrinking and poloidal current
|, decreasing in direction to

increase B,

Halo region _

Plasma system tries to conserve toroidal and
poloidal flux:-

* |, decrease in core =Toroidal current in
plasma halo in direction of |, = Poloidal
current in direction to increase B, (because
halo flow along field line)

« Conservation of Toroidal flux = Poloidal
current in direction to increase B, = Toroidal
current in plasma halo in direction of |
(because halo flow along field line)

Also decaying moving plasma drives vessel eddy currents
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+ve Ip and —ve loop voltage spike W

STA,RT , , »3_ Standard explanation (Wesson):-

 Conservation of magnetic energy
(LI */2) and internal inductance

D | | | 5 drop (J-flattening) = I increases

i T AT = -ve Vg,

Hiro current (Zakharov NF 2010):-

* VDE causes negative surface
current, which when transferred
into wall = L, rises

i a 1 L
0.0408 ¢.0408 0.0410 0.0412 2.0414

Time(s)
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Classical disruption picture

ap

Limit
proached

In

A 4

stability

Plasma 7
current

Ma) 1T

0

B (O}t

B0

B

Time (s)
BINP/ May 2016 / Lecture for Ph.D. Students

10.76 10.78

i Lock and growth of the mode
I g

0
10.74

]
8

A 4

Plasma
moves and
hits wall

>

Impurities
enter
plasma

cools and || L,
,

Plasma

A

highly

resistive

20

19T

N Plalsma Cll,lrrent I(MA) |

current
quench

themal
quench

precursor
growth

1.0

0.0

Electron temperature (keV)

(from ECE, data smoothed)

1051

|
10.52
Time (s)

Wesson et al Nucl Fus 1989

17

Valentin Igochine



Disruption causes — not simple! I

Flow diagram™ of all 1654 unintentional JET disruptions between 2000-2010*

JG10.212-1¢

VDE

STOP

ML |—

» LOQ}
P MSH
QED;

ITB  jmmpp|PRPJ| KNK| >

*The arrow width gives the frequency this sequence occurred in the cause database
* P.C. de Vries et al, Nucl Fus 2011
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Disruption causes I

* A survey of disruption causes at JET found that the most common disruption

causes were  neo-classical

tearing modes, human error and

density/impurity/shape control: >50% were caused by technical issues
« The JET disruption rate decreased significantly over the years

0.18
35 .
P de Vries, Nucl. Fusion(2011) .1s. == =Technical root cause
o 0 T E== =Physics root cause
0.14
S 0.12-
S o
go2o- || [ L § o0.10-
: T 5
2 L 0.08—
B 15
g \ 0.061 T
10— :
s 0.04
o
e o e T
0 — Only }Jnlnteptlonag dlsruFtlonsl | / % 0 g

1983 1986 1989 1992 1995 1998 2001 20042007 2010

The more we operate the tokamak,
the less disruption probability is!

/'
H/gh Density NTM
n, control
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Key issues

Key issues to be resolved for disruptions:

* Forces

 Heat Loads
* Runaways

 Mitigation

* Prediction and avoidance

Disruption sequence, shot 950112013

t=08685 08695 08705 08715 08725 08735 0.8745

06

T

CP&513.724-2¢

R (m)

1 I
050709

Alcator C-Mod.

Temperature evolution
during disruption in ITER

[R. Paccagnella,
NF , 2009]
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Forces W

* Forces (VDE symmetric load ~100MN,
asymmetric ~40MN)
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Halo currents not always symmetric [[¥

_dec.4  Sec.10 - Sec.12 = Sec. 14
oA outer
B A = - ABCDET
oD J R ﬁ*‘ [} ]
oFE |\, - % Al _d:,_J - ) '
oF |/ I R
o ] TN ] N0
jE i T e !
1D 1 S AU | SR I | [— ]
].C _____-E.rj_. _____‘Z _F. - _______v_ ——————-:\J- 600 - |
Bl | ~F L |}u
iA (A) ABCDEF
o 4.33 1.335 13 Her

time (8)

ASDEX Upgrade have cases with different currents in different
sectors!

G Pautasso et al
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Halo currents not always symmetric

JET Pulse 72926

E octant 1 .

S * Asymmetric currents lead to

= — octant 3 o .

= octant 5 tilting and sideways vacuum

< o octant 7 vessel forces

=, T ' average _
S * For JET peak sideways

force ~4MN

Spring reaction force from
tangential MVP support legs

Viscous reaction
force from radial
MVP hydraulic

dampers

[100 kA] [100 kA] [100 kA] [100 kA]

. \.\ n 2 I Pl
* Poloidal halo currents phase leads Al by ~90° I s
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Current Asymmetries — wall touching kink mode W

1.5} 15' in VDE and
« shrinks =
| 1 B boundary-q
05 05 E" II . d ecrease
f NS external kink mode
* In an external kink mode a helical surface
current (termed Hiro current) flows
* On the side moving towards the wall the Hiro
current is against ||
From L Zakharov PoP 2008
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Forces — Halo and Eddy currents both importantw

Allowable Fp

for rare event B MD_lin

B MD_exp

O VDE_DW._lin
= 1290 MRligwable "~<¥ " @ VDE DW exp
< “~~._ < VDE_UP_lin
"uc'; 1000 =+ @ VDE_UP_exp .
= : Each tokamak has its
> 800 g2 ' own engineering limits
3 & g oS < <>#7 o ] for maximal symmetric
3 esw0f e on and asymmetric
S ¢ ’ o : y
g . #10;’ ] forces. This is defined
g Fiom_ - . _ already on the first
= 200¢ . i design stage.
E * Linear 36ms |
IE. ol Module #1 10 Expon 16ms

0 1 00 200 300 400 500 600 700

Force by halo current (kN)

M Sugihara et al, Nucl Fusion 2007
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Thermal quench and heat loads

Parameter that matters:

e
#17 189
central Te
edge Te .
__"___r.:-; L ;’:‘:"“\n‘,
power
P|max on strike-
point
modules
50 % P_max
T Td
15% e | |t
f T f | L | L | L | L | L |

1.7002 1.7006 1.7014 1.7018

1.701

time (s)

ITER Physics Basis, Chap 3 Nucl Fus 2007

« Similar temporal broadening

(2 7v\ on IET

w

dep MAST 5+10°
ko Areax '’ wo
-4 _ :
Broadening:- £
. ?zs 2-10° “
* In time :

1+10°
0

L

* In space of 4-10 in

Locked mode

0 50 100 150 200 250 300

pixel

Locked mode disruption

50 100 150 200 250 300

pixel

width 250
S0 . . S
« Similar spatial o -
1w broadening on i B
JET, AUG £ 1o
%« But can have local b .
hot spots ¢
_20 30

E Delchambre, Jnrl
Nucl Mat 2007

G Counsell Nucl Fus 2005
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Heat Loads I

Heat load in limiter config is key 21.7 M MU/
issue:- I;'
10/ Loarte-1AEA2004 |
6% o ASDEX
Q 8 ] .
£ e | MAST I Upgrade s
'-.,d- 6 T lJE‘I— n ::.5
4] ] "
{{‘1 ; LB
21 ! TEXTOR '
] 10 0o Large areas receive >10MJ/m
3 _ _ .
Plasma Volume (m™) = & =180 MJ/m?/s%5(At=3ms) ,
(from Sugihara-san IEA workshop JET 2009) Emelt ~ 28 MJ/m?/s9-5

Sets targets for mitigation!

Limiter Scrape-Off Layer expansion during disruption needs study

The term Scrape-Off Layer (SOL) refers to the plasma region characterized by open field lines.
*With limiter plasmas, this region is the region outside the Last Closed Flux Surface (LCFS).
*With divertor plasmas, this region is the region outside the separatrix.
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Runaways W

‘Runaways (~10MA at 10-20MeV)

{ M_artin IAEA'2004
i 1 .;7[' ~ 3

Examples from JET

BINP/ May 2016 / Lecture for Ph.D. Students 28 Valentin Igochine



17114 F

Runaway electrons are generated, which
— are accelerated to ~ MeV range.
— carry much of the original current.
— usually hit the wall => hard X-rays.

— can cause serious damage.

— occasionally remain in the cool plasma
(~ 10 eV) for several s.

F’ulse No: 42155

Start of downward
motion |

Hot spots

=
3

1=
| Plasma current (MA)

Runaway current plateau

|

2001

i Disruption

-1 OO_Loop voltage (V)

0._

-0.21

-0.41Radial position (m

0._
-0.51
Verhcal posmon
-1.0

JG98. 57611

17.110 |- 2000~
1000+ .

— - Hard signal (W.rln

: Start of runaway 0 I : [

i . generation § 17.09 17.10 17 11 17.12 1713
17.106 |- = 2

~|SXR|‘WIE||\|||H|I| gin _ _ Time (s

-10  -05 0.5 1.0 15 R D Gill et al, Nucl. Fusion (2000)
H(m)
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» Disruptions: quick cooling of the plasma (thermal quench - TQ)

» Current quench (CQ) as the resistivity is increased (R ~ T-3?2)
= |, cannot drop arbitrarily fast - toroidal electric field is induced

Al

knock-on

collisions,

where eED
enough @
momentum@

avalanche » E/Ec g  De In A
g m,c2

temperature
-]

can be
transferred¥=
from
existing
runaways ¢)
toslow ‘&=
electrons L=
to transport s EEEnE Runaway
the latter
beyond a eEB
critical . :

- 2 2
momentum 0 Te 1/2 Mg V5 ~mgC Energy

Y

neln A
To

tion fo

E]_‘)C)C

current

Time

50 ms< ITER <150 ms

f NALGRE |
DANGER

 Runaway electrons (RE) can be generated with O(MA) current
= poses a great risk to plasma facing components = JET 2014

» Runaway generation: complex dependence on Etor, Ne, Te, Ze, ...
= Need to understand the self-consistent evolution of all

2015-09-10 Stochasticity in Fusion Plasmas Gergely Papp
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Disruption control W

FORSCHUMGSZEMTRUM

@ Disruption Control !) JULICH

real-time diagnostic input
disruption pre-cursor: coupled
detection with trained predictors (SVM/NN)

/ real-time disruption classification

Disruption Avoidance

Disruption Detection

act on developing instabilities: Disruption Mitigation
heating, gas/impurity control, ...

action depends on warning time

plasma control (shape, current,...)

last resort: abrupt termination by material injection
runaway control / suppression

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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Disruption control

ITER Needs

Most demanding requirement for mitigation:
Heat loads during thermal quench and from runaway electrons

Three key elements:

(1) Disruption rate; < 3% (Avoidance)
(2) Prediction success rate; > 95% (Prediction)
(3) Heat flux mitigation by DMS; < 1/10 (Mitigation)

All these three target values must be satisfied simultaneously
to meet the requirement for lifetime (2-3 times replacements

during life)

M. Sugihara, ITPA-MDC March 2011

(a) Side view (b) Upper ports

0605 o4

e

. PF1

VS3U . PF2

/'/‘\

EC
13794 15
South
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Detection - Example JET

1.0

25% not detected (ITB,VDE)
0.8-

______
-~

0.6

0.4

Accumalative fraction of disruptions

0.2

Unintentional

JG08.198-11a

| 1 | | I ‘ | 1
0.01 0.100
tpisrupTION — tsTOP ()

0 I L1
0.001

\\IIII‘ 1 1
1.000

7710000

Type of shutdown disruptions

Mode Lock 630 48.4%

Technical (PPCC, SC, etc.) 304 23.4%
MHD mode 40 3.1%

None 327 25.1%

only a few of the detected disruptions (~20%)
have a warning time < 100ms

P. de Vries, NF 2009
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Routine mitigation in AUG: locked mode detector triggers valve W

1 || 1 ] 1 1 L H 1 } L } | IFERYE]
|_p=09MA o
valve
|
noloidal coil (a.! ‘ '_ II U
| 11| 3
_ \ '
gt i | L l gt gl R l,, AU | Ry By
o L T 0 ) I |
i
| ,
locked mode
s . — e — o — o — o —— e — . — e —— e — . — & ——————————————————
treshold
1 ] ] 1 1 1 1 1
2.15 2.2 225 2.3
time (s)

But

gas injection is not always
the best choice

locked mode detection does
not always allow enough reaction time

in many cases other events are
the root cause bringing the

plasma onto the path to mode lock
and eventually to disruption

detection of a single pre-cursor does
not ensure safe prediction of a disruption

G. Pautasso, NF2007
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Detection - Neural Networks W

30

JET trained from ASDEX upgrade

Neural Networks (NNs) are a family of
models inspired by biological neural
networks (the central nervous systems
of animals, in particular the brain)
which are used to estimate or
approximate functions that can depend
on a large number of inputs and are
generally unknown. (We use it for the

N
o
1

Best = 30.7%

Late failure rate (%)

—
o
|

© G05.178-6b

disruption because we do not know the 5| ASDEX upgrade 100% training
exaCt phyS|CS') ° I.IEngy failure rate (%2) °
Fig. 7.11 Performance of a
4

Pro: It works well NN trained on ASDEX
Contro: (1) It is almost impossible to Upgrade and applied to JET.

) Also shown 1is the
transfer (2) It needs to be trained and performance of the network
we can not do disruptions for this O Uperade. From

purpouse in ITER
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Disruption control — magnetic feedback W

36694/36695 )

External coils
suppress the mode.

Plasma Current
(kKA) o
o

T (The same idea as
e for resistive wall
£ mode control)
g
g
23 i g
E
o i b
© 1%

0 ] | ] l &}

0 100 200 300 400 500

Time (ms)

Fig. 7.12 Two nominally identical pulses with a magnetic feedback applied from 240 ms and
b no feedback. The feedback lowers the magnetic fluctuation amplitude (dB/df) and allows a
higher density to be achieved. From [68], copyright 1990 by the American Physical Society
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Disruption control - ECRH W

: o 'P"NBI #25208; As soon as the disruption precursor
S ﬁ signal (the locked mode detector
» P | and/or the loop voltage) reaches the
k- n=1 amplitude |  preset threshold, the Electron
B : Cyclotron Resonance Heating (ECRH)
- : fLWdetectors  howeris triggered by real-time control
and heat the island.

Pl'\.IBI PECRH “'LI
[ 1{ —

B |

o0 =1 amplitude Figure 1. (top) Reference disruption at high By: time traces of I,
9 Pxgr, Pecrus Pn, Mirnov coil signal and locked mode (LM) detector
o signal with its thresholds. (bottom) Same discharge repeated with

£ aty LM detector? injection of ECRH (pgep ~ 0.5) real-time triggered by LM.

T/is

Time (s)
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Disruption mitigation — gas puff

After a short flight time for injected gas the edge electron
temperature (‘edge Te’) drops and then the outer region of the
plasmas cools causing a drop in the plasma thermal energy
(Eth), this is followed by a rapid loss of plasma energy (as shown
by the central Soft X-ray) known as the thermal quench.

The three aims of MGl are:

« to reduce disruption heat loads to
surrounding components,

» to reduce disruption EM forces

* to mitigate runaways.

Reduction of heat loads is achieved by
the MGl increasing the radiated power
fraction, which spreads the heat loads

more uniformly.

1.0

thermal quench
l current quench

23256

polmdal c0|| (T/s) i

WWV

Time (s

2.02
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Disruption mitigation — gas puff

Pulse No: 77808 MW m™2 MW m~2
2 20 2
4
15 1
3
2 12 o
-1 L wif
0
3
R (m) " .
DMV activated Vo e T
2 : —
|
1= : « . . Plasma current (MA)
| ToF : Cooling
hase
o= | P
| |
Diamagnetic energy (MJ
l i o (W) / Radiated energy (MJ)
g
-‘__'_——x
: : ><\ Energy outer divertor (MJ)
| |
1 l /\
L | / Radiated power (GW)
|
: | /
e ]
0 : ‘
| |
ol : : Heat flux outer divertor
. S B (10MW/m?) i
| S ]
o : | g
21.75 TQ 21.76 21.77

Time (s)

Fig. 7.16 Data from JET for an argon-deuterium MGI mixture, showing contour plots of

BINP/ May 2016 / I%'adiatcd power from .tomographic reconstructions, which illustrate how the core radiated power 41y Igochine
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Disruption control - Killer pellets

: . DIII-D
An alternate scheme for disruption
mitigation, that pre-dates MG, is by (C) |al‘ge pellet
the injection of frozen gas Kkiller pellets.
As with Massive Gas Injection, the
killer pellets were successful in
mitigating heat loads and halo
currents, but there was a tendency to
produce runaway electrons

outer wall

#138649
t=2013.5ms

Hollmann et al.
Phys. Plasmas 22, 021802 (2015)
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Conclusions (1) W

Disruption is .....
Disruption becomes much more probable close to ....
Typical sequences of the disruption:...

Disruption problems:
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Conclusions (1) W

Disruption is a rapid loss of plasma confinement.

Disruption becomes much more probable close to the
operation limits.

Typical sequences of the disruption: Approach the
operational limit — instability — energy losses —
plasma toches the wall — plasma cooling — lost of
current

Disruption problems:
 Forces

 Heat Loads
 Runaways
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Conclusions (2) W

Disruption detection:

Actions which can be done to avoid or mitigate the
disruption:
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Conclusions (2) W
Disruption detection:

« Lock mode sensor (magnetic coils)
* Neural network

Actions which can be done to avoid or mitigate the

disruption:

« Magnetic control of the mode
- ECRH

« Gas puff

+ Pellet
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