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Loads during disruptigaemiii

25 —~ | | | JPN62521 3
2.0F .
15F IPLA [MA] E
1.02—
0.52—

:z: . energy quench e [keV]

~1ms
\

20F

0.9MW/m* (20 pulses), W

49,I1OO 49.l1 056 49,l1 10 49.l1 15 49,l120 49.l125
time [s]
1) loss of thermal energy

to divertor/main chamber
(impurity influx)

@ UUUUUUUUUUUUU JJULICH

FORSCHUNGSZ



EFJEQ- Loads during -(&@&&&&&k&
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Halo current
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presented by M. Sugihara at the ITPA-MDC meeting in Korea 2009
Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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Present state of the ITER requirements

21.7 MJ/m? MJ/m?
Heat Load
VDE_UP 1i=0.85 — Wall
500 — . .-+ 600 ms (q=3.2)
—— 865 ms (q=1.5)
§00 ® Number of
position
400 |-
g Most severe case:
~ | W, at TQ 270 MJ, A, =3cm
300 || : > 22 MJ/m’
| > ¢ =570 MJ/m’/s"°(t=1.5ms)
_ (90 for ideal alignment)
0Tlrpe (ms)
goo Ll P08\ ] Critical value for
400 500 600 700 800 melting of beryllium
r(cm) e =25 MJIm?/s®

melt

presented by M. Sugihara at the IEA Workshop on Disruptions, Culham, October 2009

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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@ Present state of the ITER requirements !) JULIC
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Runaway Electrons
Present day devices ITER
source  Dreicer mechanism Compton scattering,
(Fision < €E) tritium decay
avalanche multiplication ~ 5x10° (JET 4MA) 10%'-10*
runaway current  1-2 MA ~10 MA
runaway energy > 25 MeV 10-20 MeV
total energy < 2-10 MJ 30-200MJ

wetted area for runaways ? (JET: ~0.3m?)
penetration into PFC ? (depends on angle of incidence/fraction of E )
loss mechanism - scaling of loss times ? (JET: several events ~10-100us)

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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methods for disruption mitigation (avoidance)

= Controlled plasma shutdown

® reduce shaping

m stop external heating slow time scale
m ramp down plasma current

m stabilise vertical displacement / control runaway beam

m | ocal Heating not for all disruption types
® disruption avoidance/retardation by ECRH
®m curing (N)TM modes

m |Massive Material Injection

B injection of gas, pellets, liquids last resort
m reduction of forces, heat loads
m avoidance of runaways

™ Magnetic Perturbations
m de-confine runaway electrons acts only on RE

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



EH%‘ Controlled Q&m\\&&&\\\

warning time for JET disruptions
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EH%‘ Controlled utdown ((

reduction of forces by the JET protection system
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reduction of heat loads by the JET protection system
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voltage with RE beam position control

TS#43491 TSH43493
ECS =0 mVim [ "?SRME_SUPRA ] 35 mVim
0.5r 41015 = el 8
Ntn =1.7 1012
0.4F - {1014 - - 0.4
Neutrons (s) Ntn = 2.5 1012
a7 L .
0.2r .

01 [ Mechanical load {a.u) = TTRT—— |
0 200 1000 1500 0 200 400
Time -t . (ms) Time -t . (ms)

* Reduction of the plateau duration with a small voltage (~0.5 V/turn)
* Photoneutrons reduced (~30%) but still a neutron burst at the end

» Further studies required C. Reux et al.. EPS 2009
F. Saint-Laurent et al., EPS 2009

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




& #) JULICH
methods for disruption mitigation (avoidance)

= Controlled plasma shutdown

® reduce shaping

m stop external heating slow time scale
m ramp down plasma current

m stabilise vertical displacement / control runaway beam

=m | ocal Heating not for all disruption types
® disruption avoidance/retardation by ECRH
®m curing (N)TM modes

m |Massive Material Injection

B injection of gas, pellets, liquids last resort
m reduction of forces, heat loads
m avoidance of runaways

™ Magnetic Perturbations
m de-confine runaway electrons acts only on RE

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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FTU: Avoidance in LBO disruptions with ECRH
#29473 (no ECRH) Power Deposition Scan

#29484 (off-axis ECRH) (b) . : lithium conditioned walls
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=3 . - eI . o= - r - r =
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stabilizing phase

B. Esposito, G. Granucci et al., Phys. Rev. Lett. 100 (2008) 045006
Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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methods for disruption mitigation (avoidance)

= Controlled plasma shutdown

® reduce shaping

m stop external heating slow time scale
m ramp down plasma current

m stabilise vertical displacement / control runaway beam

m | ocal Heating not for all disruption types
® disruption avoidance/retardation by ECRH
®m curing (N)TM modes

m Massive Material Injection

® injection of gas, pellets, liquids last resort
m reduction of forces, heat loads
m avoidance of runaways

™ Magnetic Perturbations
m de-confine runaway electrons acts only on RE

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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Injection Volume = 650 ml
Maximum Pressure = 36 bar

Injected Particles = 2.5x10%
Injected species: Ar, Ne, He, D,
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2.0 : : : JPN76314
15 : ; :
1.0 a a :
400 . : :
200 - a : edge T, [eV]
. (R=3.71m)
18: : core T, [keV] :
055 : : (R=2.80m) 3
0.0F : .
40F SXR [a.u.]
20F (ch8, Z~0m)
OF
1.0F
0.6 :
0.2F i i | | =
64.045 64.050 64.055 64.060 64.065  64.07

Time [s]

(L

2.0MA, 1.8T, OH, Neon

1 first gas visible in plasma at
] t~4m/2.5¢,

edge cooling time is 4-9ms
7 depending on q95 and DMV pressure

DMV request at 64.0s
3§ (~40-50ms delay by NBI interlock)

0
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15 :

1.0 "
400 -

edge T, [eV] :
200 . - - (R:371 m) _ P__ =2MW/m’ _ P__=25MW/m’ _Pmax=35MW/m3
0 - - . =

15F T E : =

10E : : core T, [keV] 3 5 oMA, 1.8T. OH, Neon

05F ; (R=2.80m) 3

0.0F - - : 1 first gas visible in plasma at

40F SXR [a.u.] 1 t~4m/2.5¢,

20F ch8, Z~0m ]

0F ( ) 4 edge cooling time is 4-9ms

1.0F a a = depending on 95 and DMV pressure
0'653 DMV request at 64.0s

0.2F . s | | 3 (~40-50ms delay by NBI interlock)
64.045 64.050 64.055 64.060 64.065 64.070

Time [s]
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Timescales

reaction time of the valve / time of flight
defines system delay - to be minimised

cooling duration (delay from gas arrival to thermal quench)
deposition of the gas in the plasma edge

current quench time

fast enough to minimise halo currents -
slow enough to avoid excessive eddy currents

A, 0LICH
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Delay from DMV activation to thermal quench

delay =
cm . a time of flight + cooling phase
10 A /D‘ g - .
| I 5
A

| «— time of flight (4m tube)

shortest delay ~ 7ms

delay [ms]
W
VWw.Vvy

At (tube) =L/ 2.5 c,

1 10 100
injected particles [10%]

additional delay by machine protection
up to 50ms
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EH%Q: Timescales

Duration of cooling phase

cooling time [ms]

o

Ne/D,

Ar/D,
Ne H A

= ..‘Ar

/

fastest cooling ~ 4ms

|, = 2MA, B, = 3.0T, q,, = 5.1

gas to be injected before TQ!

extrapolation to ITER:
scaling with machine size,
thermal energy in plasma boundary

10
injected particles [10

22]

100
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E%% Timescales

Duration of cooling phase

cooling time [ms]

” “\\\\\x\\\‘\\ﬁ&\\\\\&g\\&\x&

o

Ne/D, B HeinHe

Ar/D,
Ne H A
[ ]

% []

Ne (q,=3.1)

= Ar
I
O
s
Ar(9,=3.1) O I;I:I

q95 = 3.1: fastest cooling ~ 2.5ms

10
injected particles [10

22]

gas to be injected before TQ!
extrapolation to ITER:

scaling with machine size,
thermal energy in plasma boundary

shorter cooling phase for low q95

He injection: long cooling duration

#) 10LICH
TTTTTTTTTT J J U L I C
EUREGIO CLUSTER

FORSCHUNGSZENTRUM



EH%Q: Timescales

Duration of cooling phase

cooling time [ms]

o

Ne/D, B HeinHe

Ar/D,
Ne H A
[ ]

% []

| Ne (g,.=3.1)

= Ar
I
O
s
Ar(9,=3.1) O I;I:I

q95 = 3.1: fastest cooling ~ 2.5m:

10
injected particles [10%]

‘ only small effect of W,
20 T [ [T o [ [T
A
15 F — 22 -
_ N,,=6x10 :
- s
e A
E‘ 10 - A .
O i
T [ P D A
5r N,,=2.9x1 0~ T
_ Ar/D,
I Ne/D,
O ......... IFEEEREREE IFEEEEEREE IFEEREEREE [FEEEERREE IFEEERRREE
0 1 2 3 4 5 6
W, [MJ] |
D S s
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EH%‘ Timescales e

Current decay rate - eddy current limit

Ne and Ne/D,

SprT Tt T T T T almost no difference in current decay
- A extrapolated from ]
' 100%-70% |, decay §  Ar
45— NelEA ] fastest decay
&E A | reference VDE AI’/D2
D OF B0 g A A"  Dbetween pure Ar and Ne
Etr £ Ne/D, ]
2 2— Ar f= A Ar/D, _ He: 6ms/m’
< J O Ll I ]
S m % g TERIimit: OIH / '\DIBlN
- ] e
i 1 | A A Nem,
= |, =2MA, B, = 3.0T, g, = 5.1 : B[] Ar
o | AA A,
0 5 10 15 20 25 30

injected particles [107]
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Reduction of halo currents / forces

initiation of the thermal quench on the timescale of the vertical
displacement

aim for short overall reaction time (ITER: VDE slower)
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EF Mitigation of forces
*  from halo / edd rents

Mitigation of fast VDE

S

plasma current [MA]

vertical displacement [m]

Do ben bbb b b b b bde Be v e s L {Il

halo current [100kA]

\éalve activation
: DMV PS voltage

67.01 67.02 67.03 67.04
SEC.

(L

pure VDE (79538)
VDE + DMV (79541)

ITER_ZSIRSO
1.5MA
1.7T
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EF Mitigation of forces
*  from halo / eddy.curfénis.

halo current fraction x toroidal peaking factor

0.4
0.35

0.37

. TPF

T 015/
0.1}
0.05}

0.25}
0.2}

minimum delay from valve activation
" to thermal quench (10%Ar/90%D2)
< > pure ;/DE_

5 1IO
t(TQ) -t (10cm) [ms]

| reduction by a factor 2.5
1 if DMV is activated at Az = 10cm
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1400

1300

vertical force [KN]

900+

800

Mitigation of forces
from halo / edd)

vertical vessel force

surrens e

—
N
)
o

1100 ¢

1000+

minimum delay from valve activation T
 to thermal quench (10%Ar/90%D2)

g > I

1|0
t (TQ) -t (10cm) [ms]

reduction by ~30%
if DMV is activated at Az = 10cm
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Fv [kN]

2500 [

2000}
1500 |
1000 |

500 |

Mitigation of forces
wrénte

from halo [ edg

vertical vessel force

—— —
low q disruption @ /

low triangularity/elongation

(q95 = 2.8) // low [./1,
downward VDE // _ |
OH: reduction by 30%
o | ~1.25
& ’ NBI: follows scaling for VDE (OH)
& few exception with higher force
Q,}@@ - ,~0.9
< 7
%dpxg% N | W Ar
6‘\\(@ 7 -+ [ Ne
e open: 1ISMWNBI 1 m ArD,
'm closed: OH ] W Ne/D,
2 4 6 8
IP~2 [MA~2]
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Reduction of heat loads

maximise the fraction of radiated power before and during
the thermal quench

high radiation efficiency (Ne, Ar)

maximise impurity deposition before the thermal quench
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2.0F

1.5

0.5F

8.0

6.0 F

4.0
2.0
0.0

1.5

1.0

0.5

0.0F

4.0
3.0
2.0
1.0

1.0F

Ar/D2 injection (N=3x10%)

F plasma current [MA]
P [1TOMW] g

E_J PN77808 \ TQ

diamagnetic energy [MJ]

= radiated energy [MJ]

radiated power [GW]

peak heat flux in TQ (AW > 2MJ)
comparable to ELMs (AW~0.3MJ)

" heat flux outer divertor [1:OMW/m2]

background to be corrected
during CQ

61,70 61.72 61.74 61,76
time [s]
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Eij% Mltlgatlon of Heat Loadsmil

direct measurements of heat loads difficult:

= only small fraction detected in divertor (energy distribution to
be analysed)

= strong background radiation from inside the plasma

energy balance during disruption

structure RE
rad fmag ( mag Wmag Wmag) + fth X Wth

(A |

keep assume no RE
constant constant
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Mitigation of Heat

10 [T [T T

significant more energy is radiated during MGl
compared to reference disruptions

z‘ 1 Ar/Ne+D, MG

W,,=085xW,_, +0.48 xW,

- | A Ar/D, A slow Ar
21| A Ne/D, A slowNe
| mg=2 ©D,

[1 other non-MGl

Wi

= 6.9+0.3MJ.

e = .
| reference

W, =0.65x W,

most non-MGl disruptions:
W, degrades before TQ

*cf. V. Riccardo 2002, J. Paley 2005:
W._,=68% W,

ra ag

ST el = 0.94

structure RE
Wead = frag X (Winag — Wie™e — WEE) + fi, x W,
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Suppression of runaways

high electron density in the current quench
high fuelling efficiency

maximise deposited impurities before the thermal quench
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maximum temperature > 1500°, very localised
fast loss in several events of < 100 us (SXR + fast visible)

e = & _I == & = 5 = .
= i—_i i B =3 & == —=2E

I, [MA] ~—

95 60 65 70 75 time [ms] JLlCH
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EH% Mitigation of runaways

RE generation: E > 0.01 xE ' E

~n /T,

Dreicer Dreicer

Avalanche suppression: E <E_.=10% Vm® x n®

=> increase density
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x 10°

23 JPN77804 Plasma Current

; ' wall contact dlp - _2mhn o I,
2 5 dt AL—L) " n-L/L)
< 15} | Vessel Current
E i dl, _ L _dl
5 it~ 7, dt
8 1r 2\

radiated power = ohmic power

0.5¢ T.) 12
H nenZLrad(Te) — 77(14#
O ] Ll )
10™ 10 10™ 10™

time [s]
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Fuelling Efficiency

Fuelling Efficiency
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Fuelling efficiency

JPN76314

2.0

Neon

LA

T, [keV] (R =2.79m)

200
150
100

T [eV] (R = 4.18m)

1
|
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|
|
1
1
|
1
1
|
1
1
|
1
1
|
1
1
|
1
1
4
1
1
|
+
1
|
1
1
|

e ﬁ/ """""""""""""
" . N, injected (normalised)

64.060 ©64.065

SECS

density increase before TQ:
2-3% in plasma

fuelling efficiency found from
CQ analysis: ~ 5%

lab measurements:
~ 10% injected at TQ

main cause for low f.e.
> gas flow dynamics (4m tube!)
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Electric Field

10

B Ne/D2
® Ar/D2 |3.0T
_ A _ B Ne
o/
02| o . _ /m Ar1.8T/3.0T
. °.° |

runaway generation

- runaway generation:
N 1 Ar - strong
' i Ne - weak
107} | Ar/D, and Ne/D, - absent

Dreicer

E/E

| higher densities for
. | deuterium mixtures

10 7 '
5 10 20
injected particles [10%7]
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EH% Mitigation of runawa \m&\&&&k\&\&

Avalanche Suppression

b o — — — — — — — o — — —
| r ; B Ne/D2
n (SOVIm*) 11w appD2 |3.0T
' B Ne
— 402! ®/m Ar1.8T/3.0T
s |
3 x50
,c_'? [ |
[s
(())
(- 1021 [ | 1 0 B =
- " F _ "
5 10 20

injected particles [10%7]

*impurity injection can lead to higher E @ UUUUUUUUUUUUU J JULICH
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EH%‘ Mitigation of Q&&&&&m

current quench times - consequences for avalanche suppression

1026 10-% — -
L. [Wm’] .
. 1072 /, S
8T | -
— 10°%* S7 T | -34 | <
i 1000 T\ 10 '\
E | (/ -
= | N N 1073 -
S N N T _ .
="10% R / H C -
: Be Ne -
S 10740 He Ar -
20| JET JET DMV o-+2| ADAS96
10 ) ) L . . L . . L 1 Ty | 0ol T T A W
107 107 10° 107 0.1 1.0 10.0 100.0
T/S [ms/mz] T, [eV]
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EH%‘ Mitigation of Q&&&&&m

current quench times - consequences for avalanche suppression
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i 1000 T\ 10 '\
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S 10740 He Ar -
20| JET JET DMV o-+2| ADAS96
10 ) ) L . . L . . L 1 Ty | 0ol T T A W
107 107 10° 107 0.1 1.0 10.0 100.0
T/S [ms/mz] T, [eV]
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EH%‘ Mitigation of Q&&&&&m

current quench times - consequences for avalanche suppression

1026 10-% e -
Neon L [Wm] _
8T | -
—_ 24 S T, i -34| <
i 1000 T\ 10 '\
E | N | (/ |
= | AW 1073 -
S NN T _ .
="10% R / H C -
: Be Ne -
S 1070 He Ar -
20| JET JET DMV o-+2| ADAS96
10 ) ) L . . L . . L 1 Ty | N T R A T T A W
107 107 10° 107 0.1 1.0 10.0 100.0
T/S [ms/mz] T, [eV]

opacity could lead to stagnation in the reduction of 1,

(seen in AUG, JET data not clear) i
more sophisticated model needed @UMM; #) )ULICH
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EH%‘ Mitigation of runaways @

current quench times - consequences for avalanche suppression

26 . .
10 maximum electric field
Neon = S
. Argon : T FooAg
/8T pomom _“
24| R x5 T g
— 10 7T . . 5o
@ S el —_ o ] [ Ne -
“ 30 ] e
e R O =
A A N S - O
A~ ~“~~ el - B
= ~.~~ - .
\‘% ~~~~~~~~~ L 20 E_ _:
CGJ 1 022 ~~~~~~~~~ -
B - WM q95=51 — GIMS5, g95=3.1, Argon ]
10 - M q95=4.0 --- Btramp down, q95=2.0 B
- M q95=3.1 ]
- M q95 =27
/ (O S T R S S
JET JET DMV 0 5 10 15 20 2b
1020 L . e injected gas [10~22]
-2 -1 0 1
10 10 10 10

T/S [ms/mz]

opacity could lead to stagnation in the reduction of 1,
(seen in AUG, JET data not clear) )
more sophisticated model needed @ .. YioucH
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Timescale and amount of gas for avalanche suppression in JET

ok Ne/D, ]
D | A Ar/D, ]
S Ne B relevant for avalanche |
o ] - Ar suppression in JET -
j= T " mgp
o Ne (qe=3.1) ELEI
= 128
o) ..
9 T |
50-500 x gas amount "t o
to be injected within 1-3ms " '
1 . . N . . N | " " " .\.\..'ﬁ._
1 10 100 1000
injected particles [10%]
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methods for disruption mitigation (avoidance)

= Controlled plasma shutdown

® reduce shaping

m stop external heating slow time scale
m ramp down plasma current

m stabilise vertical displacement / control runaway beam

m | ocal Heating not for all disruption types
® disruption avoidance/retardation by ECRH
®m curing (N)TM modes

m Massive Material Injection (Gas, Pellets, Liquids)

B injection of gas, pellets, liquids last resort
m reduction of forces, heat loads
m avoidance of runaways

™ Magnetic Perturbations
m de-confine runaway electrons acts only on RE

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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Runaway generation by Argon injection

TEXTOR
3.5 ! | 3x10 injected Argon atoms
3 |
IP [105A] IP = 0.3 MA
2.5W 1 B,=2.25T
| | ohmic
T, (ECE) [a.u.] loynorro [8-U.]
1.5} Ere > 25MeV . E™ ~20V/m
11
RE diagnostic
0-51 DMV trigger¢

— —— IR camera (synchrotron radiation)

0 - . .
198 199 2 201 202 203 204 Neutrons
time [s] ECE

current plateau

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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Runaway generation by Argon injection

TEXTOR

1_

DMV triggeri

----------- with RMP

[a.u] |

synchro

€. > 25MeV |

S |'—:-' ______ L\ _______

O ! !
1.98 1.99 2

201 202 203 204

Perturbation Field switched
on 200ms before DMV trigger

300¢
200t / |, [KA]

100| .. [1/20kA]/ L
0 . . .

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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Dynamic Ergodic Divertor (DED)

s

. W "
/- 0.4 B mT]
0.2}
E 10
N
1-20
-0.2 : :
typical size
of RE beam*
-04
-0.5 0 0.5

rim]

16 coils at the HFS: m/n = 12/4, 6/2, 3/1

current / coil < 15kA— B,,/B, ~ 1%

* as measured by SXR

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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Dynamic Ergodic Divertor (DED)

s

e 0.4} 6/2 |
W B, [mT]
0.2}
E lo
N
1-20
-0.2 : :
typical size
of RE beam*
-04 ¢
-0.5 0 0.5
rm]

16 coils at the HFS: m/n = 12/4, 6/2, 3/1

current / coil < 15kA— B,,/B, ~ 1%

* as measured by SXR

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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RE suppression with n=1 RMP

120
100_- _ runaway current | Strong reduction of RE current
.............. . for l,ep/n > 1.4kA
s0/™ \“. l
2 5l . ‘, 60% reduction | current decay rate unaffected
E .
4071 ‘\._- i
31| EEm oo = 1.4KA
20| v Xyt
 [#102528-35:103007-13,261105634:44.46 | “\_i Bm1 (r:a) =25-35mT (m=2,3,4)
100 - - -
. current decay rate
(2
< 80} O O -
= O .
% (@' OD O 0 O - O O O 8
o 60 |- o~ m OO
© mn=1
® n=2
40 '
0 1 2 3 4
IDED / n [kA]

M. Lehnen et al, PRL 100, 255003 (2008)

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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RE suppression with n=2 RMP

120 . .
100! runaway Current _ redUCt|On Of RE Current
O
g0y 9. @ . | 6/2: more shallow penetration B,
< o
= 60} °-...
- Teel [
4071 ) ~“~.~
6/2 S
20 Tel
#102529-35;103007-13,29;105634-44,46 e ®
O 1 1
100
. current decay rate
(2
< 80 O O
= oy ° .
5 (3] - O o U 0O O O 8
060 [ o - m 5 o
© mn=1
® n=2
40 -
1 2 3 4
lep / N [KA]

M. Lehnen et al, PRL 100, 255003 (2008)

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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RE plateau length with RMP

0.035 T .
I #102529-35;103007-13,29;105634-44,46
u e
0.03} S
< m n=1
0.025/ £ ® n=2
@ 002 W® _ IS
. |
_._E .. ® ® : g [ |
< 0.015] 2 °
8
0.01} |
0.005¢ | A -
; ad ©
I I ‘ - ..
0 1 2 3 4
loep /N [KA]

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




suppression of high energetic runaways

synchrotron radiation
(Exe > 25 MeV)

_ 2.5 :

5 |

@ — mNn=1

% 2‘. - ® n=2

£ ® " o

_51.5- O i o

© | =

O l

£ 97 |

c :

o |

o !

EOS' !

2 |

) Of " Qy ®Sng e on
0 1 2 3 4
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critical diffusion for runaway suppression

Primary RE (Dreicer)
Grp ~ exp(E/Ep)

10 — | S |
o ' B 5. 502 —
I TEXTOR RMP 3/1 10°ngp/0r® = Grp

sl 1 10"%m® S ox10"m3 /|

10 ¢ . 5ev’r<n ! 5eV* ; DL =6 DPT

Dreicer

10 ¢ : ;
U .~ Avalanche | Avalanche
10‘8- L N . | Grp ~ E/E,
0 20 40 60 80 100
E [V/m]
* |« = 10KA
Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ




normalised toroidal flux ‘W,

0 100 200 300
poloidal angle [deg]
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Mapping of particle trajectories”
for DED 3/1 configuration

high degree of ergodisation,
if RE beam close to the DED

case A

D.. =2.8x10”° (¥,=0.4)
D.. =4.5x10° (¥,=1.0)
=> D.. ~ 10° m“/s

j~(1=p%)"
v=1.5

q,= 1.5

re= 0.2m
E.. = SMeV
loep = 3.79KA

*details: contact S.S. Abdullaev

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



@ Conclusions/Summary/Questions O JULICH
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= Controlled plasma shutdown

m acts on a relatively slow time scale
m forces can be reduced

m runaways could be reduced, if plasma current is ramped down
® reduction of heat loads less effective due to energy confinement

= |ocal Heating

® (N)TM can be healed in LBO and high 3, disruptions (see talk by M. Maraschek)

" detection by loop voltage or directly by ECE
m efficiency depends strongly on position of heat deposition

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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m Massive Material Injection (Gas)

® reduction of forces has been achieved by MGl in JET mainly

by halo current mitigation

heat loads are reduced (50% of thermal energy is radiated)

distribution of the remaining energy is to be analysed

runaway generation is avoided with Ar or Ne + D2 mixture

cooling duration - critical timescale for fuelling efficiency

eddy currents might become critical for strong MG

(maybe saturation caused by opacity)

extremely high gas rates for avalanche suppression (5x10* in a few ms)

heat load by radiation to be assessed (number of gas inlets)

® a3 short distance valve-plasma is needed for faster reaction time
and a higher fuelling efficiency

Reliable for the reduction of forces and heat loads
Suppression of the runaway avalanche needs much more work

Michael Lehnen | Institute of Energy Research - Plasma Physics | Association EURATOM - FZJ
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m Magnetic Perturbations

m suppression of the runaway avalanche has been shown in TEXTOR
(but not 100% reliable)

m scaling to ITER challenging and needs further analysis of the mechanism
no additional coils foreseen > perturbation coils for ELM mitigation

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







Wdia [MJ]

thermal energy

cooling time

8 [ L L A A I L R 8 [ L B A L
_ 4.0 [ q95 72
6 - u . — 6f O 5.1 3
| 95 | E £ N 4.0
. > 0
S | 84 o @ -
&
L)I J
21 7 21 O q95=4.0 | ]
P = 18MW | O Bt=3.0T
0 T S SR S 0 T T SR S
1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0

plasma current [MA]

plasma current [MA]

to be checked: ELM size, pedestal parameters,...
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d.. / B,/ |, scan: fuelling efficiency

30 T T T
_ JPN 78744,46,48,50,52,55 H_Mode
2 . .
= 25/ 1 10%Ar in D2 injection @ 30bar
©
O] —
S 2 g - P = 18 MW
=
= u 4.0
g O
z 15¢ 5.1
~ O
©
© q95
S O q95=4.0
N 5f 0 Bt=3.0T
Z

O 1 1 1

1 1.5 2 2.5 3

plasma current [MA]
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Runaway generation

10"
Ffriction ~ nIV2 .
runaway regime
- |:ric ion < eE
10 16 | frict
_____________ es0V/im _
Z 10°
© 107°}
é T=20eV
Dreicer o
10201 AS OVAVa =10
— 1
avalanche
29 -20
10 ' ' ' 10
10° 10" 10° 1 10°

energy [MeV]

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




@ Remark on runaway generation/suppression in ITER
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Primary runaway generation by Tritium decay

10

force [N]
S

-
o

10

—
<:>|

-14
..... :
0.’.|
Ffriction nel V2 ......
16
i , ek,
_________ I'.'______________A
18 |
T= I
: A
|
-20 | .
2 eE,
~I
O]
|
-22 | I | |
-6 -4 -2
10 10 10 1 10
energy [MeV]

mean energy E < 6keV:
critical density is 1x10°'m~,
instead of 5x10*”m for
unconditional suppression

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



@ Remark on runaway generation/suppression in ITER

runaway current [MA]
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main source for primaries: electrons from compton scattering

12 : 10%° operation:
DT operation at full
10l °© o performance
© 5 10"°
3 o : g S no operation:
é ‘= Mmaximum radiation level
: 02 immediately after DT
6 o i © 108 operation at full performance
o : O =
I = e Q
4 B % : 9 O 10° S Reference:
oy . © NUCLEAR ANALYSIS REPORT
26 e compton s 9 G73DDD2W 0.2
scattering : & : O .
0) ' : | 0 =
10" 10° 10" 10 rate =T, o N,

electron rate [s'1 ]

c=6x10"m’
ree = 1M

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



EH%‘ Runaway generatl B
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Figure: An estiation of the number of delivered particles from
the ideal model.

n+1

% n"
(n+ 1)n+1 Z

blst APS Meeting, Atlanta, Novembar 2000

» The number of particles
delivered before the current
quench gives the correct
magnitude.

The model notation: A - the
cross-sectional area, K - a
correction factor, x - distance
from the valve to plasma, V -
the valve volume,

n=2/(y—1), £ =x/(cot),

(-1}t (n+ 1)

N=N/(nV).
& k—1
(n—k+ 1)k 1_(5)

S. A. Bozhenkov et al., MGI in JET, 13/14
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F/}ociazione EURATOM ENEA sulla Fusione GJI—?IP] ) ENEN
Power Threshold Analysis
fiir Plasmaphysik
2.9 — , TERscemaro 2 | Data considered are for
: scenario 2 .y .
/ | q=2 stabilization
20 Error bars indicate the
o Fru | range between the saved
£ + ! 1 case and the unsaved case
= 15} ‘m T-10 / i
= | | The EC power density is
< / ¢ FTU | taken from the absorbed

power divided by the q=2
corona (width=FWHM)

S| 1 The minimum required
| 5 | power in ITER is 4 MW of
: | absorbed power (assuming
O s 1 s, FWHM~3.75cm)

ECRH abs
—
o
\>
cC
®
C L
<
-
N
=2
)
_|
v

P

<J> (MA/m 2 ) G. Granucci et al., RF Topical Conference 2009,
,ECRH: A Tool To Control Disruptions In Tokamaks."

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