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108
o
T

- e ¢ @+ Thermal quench and current quench
» Consequences heat + EM loads, VDE,
halos (which can be non-axisymmetric,
l.e. 3-D)

* Pre-disruption energy loss, 3-D
precursors
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Disruptions.getimoresSevereinbigger tokamaks

In general local heat
loads higher, due to
conductive losses

Plasma Energy W (MJ) 0.2 0.8 10
Surface Area A ,(M?) = 7 50 200
WIA s (MI/M?) =2.03 .02

’

Perfect

disruption C-Mod

mitigation DIl
ASDEX

JET
JT60-U

Disruptions main driver of ITER engineering
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" EFgp4 Disru ption c¢

« Key issues to be resolved for
disruptions:-

* Forces (VDE symmetric load
~10,000 Tonnes, asymmetric
~5,000 Tonnes in ITER)

 Heat Loads

- Runaways (~10MA at 10-20MeV In
ITER) T~

AN

531st Hereaus seminar 30 April -2 May 2013

Examples from JET
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3-D mechanisms causing disruptions
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Limit
approached

. - Plasma Impurities E(I)?)SI?Zn 4 L]
3D | JENergY | Imoves and [+ enter e " lost
Instability | | Loss hits wall olasma highly
yo o resistive
(MA) ;_ \ 20k Plasma r:ll,lrrentl(lﬂ.ﬂﬁh)I ! F:ulse 1|3505_
ﬁc * AH precursor | themal | current
| ‘ | U SN growth quench | quench
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Time (5) Electron temperature (keV)
(from ECE, data smoothed)
10F 7
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- 00k i
3 ’-__———/u 1051 | | 1[]!52 | | | 1053
I } Time (s)
O | ! Wesson et al Nucl Fus 1989
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Time (s)
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i Carreras et al, 1980
Phys of Fluids

531st Hereaus seminar

(t x 103) Tr

| MHD simulation
1.0Bondeson et al, NF 1991
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R (M)

Kleva et al, Phys Plas 2001
Ballooning mixing

7.5282 7.5283 7.5284 7.5285 7.5286
Time (s)

J Paley, S Cowley et al JET preprint EFDA-JET—CP(04)02/16
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3-D conseguences of disruptions:-

 Halo currents and EM forces
e Heat Loads
 Runaway electrons
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* Forces from halo and eddy currents are the main design constraint on the
vessel and in-vessel components in ITER

« Symmetric loads on the vessel reach ~10,800 tonnes

« Asymmetric sideways loads ~5,000 tonnes

Halo current flowing in
V ———— vessel etc, (normally
dominantly poloidal flow for
symmetric currents)

30 April -2 May 2013

Core plasma:- shrinking and
|, decreasing

| ~Halo region

\

Toroidal halo
current flows in
|, direction and
poloidal current
In direction to

W Increase B,
y
T—JSSW Spring reaction force from
AT A tangential MVP support legs
\ o

Viscous reaction S 5
. LRI
force from radial 2 X '.\“.“‘:“‘“{.“\‘t“‘
MVP hydraulic /4 : ’.’01\‘\‘\“\“}}:\‘\\
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* For JET peak sideways force ~400Tonnes
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$CCFE Halo

CULHAM CENTREQZ

Unit : (s)
11.56025

% 50 100 150 200 250 300 350
Toroidal Angle (deg)
JT-60U NF 1999, Nevyanti et al

Outboard Hale Currents

1.1140 i L " T
75
1.1130
1.1120
L:/ 1.1110
.E
C-MOD 1.1100 3.810 3.813 3.816 3.819
1999 ITER . - time (s)
. : KA/
Phys Basis AUG NF 2011, Pautasso et al
1.1080 . o
0 E.)O 1-8.0 270 360
foroidal posion tasgrees) «In JET 41% of disruptions have significant asymmetry
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$CCFE Halo
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$CCFE Halo

CULHAM CENTREZ

Toroidal Peaking Factor (TPFy4)

~

—=Toee .

0 02 04 06 08 4
Halo Current Fraction, Ih qh/ I p I
_ _ - Ellipse just g f
NB Helically rotating elliptic touches at >>a all
distortion 4=0 and 180° current in
halo

= lpap(@v)=0
Pomphrey et al, Nucl Fus 1998

 Similar result at g=1, with m=n=1 kink
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< ~ — octant 1
= s

S —octant 3
- — ——octant5
< ~octant 7
2, | average

o Ih,octant -1 h,average
— Ip,octant-Ip,average

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

n=1 structure rotating counter to |,

* Poloidal halo currents phase leads Al, by ~90°
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Mode |F (Hz) | Mass fraction
* Vacuum vessel and coil systems have low U_xy | 2.77 0,05
frequency resonances U—z | 861 077
« Possibility of dynamic amplification Rot - xy| 8.41 0.80
Rot-z | 4.50 0.88

Vertical Force (MN)

G. Sannazzaro and
ITER Organisation

531st Hereaus seminar

Natural frequencies of the 360° VV

Fz on pedestal ring (rotation)

30 Forces
” " approach
20 peakin2to 3
| periods
10 i
| | —TFGS
0 a -/ —wvGs
| 2 —0.5VV+TF
-10 Crown
-20
30 ITER VDE IV, up, TPF =2.78, 7.7 Hz
T Schioler

Time (s)
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have substantialshalo rotati .

No obvious pattern for whye
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1 Zcentroid [m]

—
B
b—

8735 G736 67 E ] r B
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Neighbouring similar shots have very different halo rotation
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« But long tails to multi-turns and ~400Hz

0.5 600
B C-wall, 155 shots in the range #64329-79381 m 63 JET shots
n B [L-wall, 54 shots in the range #80181-82905
C-wall data
0.4
_ A =L [jemgy .
@ - | p © 400
Q
8 0.3 P.pre S
= 3
9 A>0.5ms o
o (]
© AZY™ > 0.5% “é
> (V)
= 02 -g
= S 200
0 =z
0.1
R E:
0 5 0 5
0 200 400

N turns f (Hz)

S Gerasimov, 2012 EPS
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Consistent with m=n=1
kink mode (Zakharov et al)
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D MHD

Asymmetric force
' normal to wall
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Strauss and Paccagnella, PoP 2010
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Time (s)

17.114 F

17.112

17.110

17.108

17.106

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.

Pulse No: 42155

||||||’||||‘|III\—:

Start of downward
motion =

Hot spots
=
Start of runaway
generation &
- Q
L — | ! 2
t §3>§F§w ’IT‘(E%I\ II‘I AEEEEEEEE
-1.0 -0.5 0 0.5 1.0 1.5

H (m)
531st Hereaus seminar
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|

0_Plasma current (MA)

Runaway current plateau

2001
100+

0
-100r-

Disruption

Loop voltage (V)

0._

-0.21 \
0.4 Radial position (m

0._
-0.51
Verhcal posmon
-1.0

2000~ R Gill et aI
10001 - d signal (Wm™2) i Nucl Fus 2000
0 I : [
17.09 17.10 1711 17.12 17.13
Time (s

R D Gill et al, Nucl. Fusion (2000)
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Note the tokamak continued to operate normally after this event
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: —— ‘ O] | ~ JPN76541
JPN76541, t=4.11ms - = S hg B
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A

HH ”"“I'
N

= JPN76536 = JPN76541

=360 KA l,e=502 kA

« The poloidal extent less than two tiles ( area <1.3 m?) of which only a
fraction is wetted (installation inaccuracy)

* 0.5 MJ in 2 ms give AT~ 800°C =>» wetted area is ~0.3-0.5m?
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Disruption Control and Mitigation
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« Known for a long time that applying static helical field can control
rotating instabilities (e.g. 1980’s on DITE and 1990's COMPASS-C)

rHC N

L

MMWWWWM W sl WWW

0 5 10 5 20 25 30 02,
(a) t(ms) (b) t {ms]
STOR-M tokamak Elgriw et al NF 2011
d /W A frp)?
- (—-—-) x AL(W)a ~ 121047 (&f7)
a

(*n,.s)?(V.V/rs)2
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I .
0f— RMF on — * Also experiments
0 g1 ] using rotating helical
s fields as means of
o~ RMPoR ] direct disruption
I : , |
. R ™ control (e.g. on DITE)
EMP off lm RMP on 1346
L... T T T q T T T T lﬂﬂ T T T T T
r Tp N E Ip 3
\\‘ 60
B, E ]
M 3 20 WIW"[\ hlﬁ | E
L Fl L) 3
; g, . .3
mn sze (ms) 105 125 Tmm {ms) 126

COMPASS-C Hender NF 1992
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S CCFE

CULHAM CENTREQZ

* Most popular mitigation method is massive gas injection (using noble gas)

[ATS'DEX»T

Geriany, &

old g~y
valves A

Sector 13 ] ]
valve screened by a protecting tile

« Very effective at reducing disruption forces and heat loads but not proven on REs
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= A\

-— —

s 0.2 {20 §

3 5

S S

= 2 D Whyte et al Jrnl
= =.

g o & MNuc Mat 2003
g . g

x o—n8 > S

3 : A\ 11,0

o 0.00 0.05 0.10 no mitigation

AZnreshold (M)
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gas jet port
“ Ar-l plume

pE"1.0
Pl P
p=04

E Hollmann, Nucl Fus 2008

#122521 - pulseNo76321

tt,=39ms
4.3 ms
4.9 ms
56 ms
6.9 ms
8.3 ms

visible emission [counts]
] %]
8 8

2

20 40 60
toroidal angle [deg]
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thermal quench
: v current

cooling quench

chvveH#

2.981 2.9815 2.982 2.9825

channel n.

2.981 2.9815 2,082 2.9825
time (s)

G Pautasso Nucl Fus 2011, ¢=0° is MGI neon injection location
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S CCFE

1 gas jet results:-

Pre-TQ TG co 26 :
— F o AXA ] Y | e e S = .- Moo =]
L o100E Aol Averaged Over  (a) B . - S
= E 0.66 <A_<0.83 E 2 22 =g ;
= i 7 E’ﬂ‘ 2.0 .
W 105‘ —= s §
i = 3 © < 1.8 N SR N
= [ il w ] 5 g : ‘ ‘ 1
2 4L e 23 18 |RA = 0.47 Inr) + 0.06
&5 E i b & «© : :
- M Reinke, NF 2008 -3 3
L 1 L 1 L 1 1 1 N 1 . 1 L 1 L 1 E=han m O L_modes
&30 25 20 -15 10 £H5 00 05 10 15 20 1.2 -\ m H-modes
Time [ms] 1.0 £ ‘ ! ‘ :
. 0 20 40 60 80 100 120 140 160

2 gas jet results:- e-folding time of n=1 mode (us)

Prod asymmetry in pre—TQ

b S : - With 2 gas jets asymmetry can be
. osh M Ogo g . controlled pre-thermal quench
E oD ] - But MHD still affects asymmetry
s 0Of . ] during thermal quench
E O
5 _os| ne e : - ITER plan with 3 equally spaced
: i upper port toroidal locations and 1
B S P— — e equatorial port for MGl

relative delay time (ms)

CCFE is the fusion research arm of the United Kingdom Atomic Energy Authority  ~ -

531st Hereaus seminar

30 April -2 May 2013



 Disruptions are caused by helical instabilities and are .. intrinsically
3D

* More importantly consequences are 3D:-

- Halo currents non-symmetric toroidal (leads to sideways forces on
vacuum vessel, more difficult to handle)

* Non-symmetric halo currents can rotate = can cause mechanical
resonances

- Runaway electron power loads can be non-symmetric due to
asymmetries in surrounding structures

+ Disruption control by applied helical fields demonstrated but not
considered viable in general (risk of locked modes)

- Disruption mitigation by massive gas injection — |local radiation loads a
Issue = multiple injection locations on ITER (needs careful timing)
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