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Background

 Most of the work on disruption generated runaway electrons has focused
on the mechanisms determining the generation of runaways during the
current guench (CQ) of the disruption

e As much of two thirds of the predisruption plasma current has been
predicted to turn into runaway current during an ITER disruption, mainly
due to the avalanche mechanism

(L.G. Eriksson et al., Phys. Rev. Lett. 92 (2004) 205004)

 The estimated kinetic energy of the resulting runaway beam is
W,,,~ 10-30 MJ
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 Much less attention has been paid to the termination phase of the
disruption when the runaway plasma becomes unstable, and the
current and the runaway electrons are lost
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e The processes that lead to the runaway plateau instability are not well
understood:

» movement of the plasma column leading to compression of runaway

plasma against the wall and triggering MHD instabilities
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» MHD instabilities of the runaway beam itself

runaway current is predicted to be more peaked than pre-disruption current:
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(L.G. Eriksson et al., Phys. Rev. Lett. 92 (2004) 205004)

Dill-D

MNATIONAL FUSION FACILITY 5
SAN DIEGO :




211 463117 . JET plasma equilibrium reconstruction with EFIT
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e During current termination conversion of magnetic energy into runaway
kinetic energy may occur, and the energy gained by the runaway
electrons can substantially increase in comparison with the energy gain

during the CQ only

in ITER, the magnetic energy stored in the plateau runaway beam,
W . =L17/2~800MJ(l_~10 MA), much larger than W,

mag

* Experimental evidence that such a conversion takes place has been
reported for the first time in JET, where it has been shown that
conversion of a few tenths of the magnetic energy into runaway
kinetic energy is likely occuring

(A. Loarte et al., Nucl. Fusion 51 (2011) 073004)
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JET disruptions (R,~3m;a~1m)

both, accidental and purposely triggered disruptions by impurity puffing

Pre-disruption plasma current ~ 1 — 6 MA; Plateau runaway current ~ 0.3 -3 MA

DIII-D disruptions (R,~1.67m;a~0.6 m)

purposely triggered disruptions by Ar pellet injection

Pre-disruption plasma current ~ 1 MA; Plateau runaway current ~ 0.05 - 0.4 MA

FTU disruptions (R,~0.935m;a~0.3 m)

most runaway plateaus are observed in disruptions occurring during LHCD
or the current ramp-up

Pre-disruption plasma current ~ 0.3 — 0.5 MA; Plateau runaway current ~ 0.1 - 0.2 MA
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Runaway plateau terminations
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Runaway plasma becomes
unstable and runaways are
lost: the signature is the HXR
or photoneutron emission
when the runaways hit the
PFC

After Ath, /.. all the current
is ohmic and decays
resistively

|, = plateau runaway current
|.«= ohmic current after runaway loss
Aty /neut = FTUnaway loss interval




e during Athxr/meut conversion of magnetic energy into runaway kinetic

energy may occur

current decay (dlp/dt <0)

I
E
VN

runaway acceleration induced ohmic current
and generation (ohmic dissipation)
(Wrun) (WOH)

* the balance between these two effects will determine how much of the

initial magnetic energy is converted into runaway kinetic energy, W

ohmically dissipated, W,
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magnitude of HXR in DIII-D flashes points out up to 10x conversion of
magnetic to kinetic RE energy in slow RE-wall strikes
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(E. Hollmann et al., EX/9-2, 24th IAEA Conf., San Diego (2012))

suggests up to 10x increase in RE beam
kinetic energy for long interaction times!
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Mechanisms determining energy conversion

it is suggested that a fundamental parameter determining ohmic conversion,
|.«/l,, during current terminations is given by the ratio of the ohmic decay time
of the residual current, I ¢, to the runaway loss interval, At, /...

Lodl, L o=l . | ot
E ~ ~ ~p_aft
"R dt 2R AL By~ Jon =11~

L 2R,
T :_p; R =
\ / R %

Iaﬁ - (Tres/Athxr)
I0 1+ (T /Athxr)

res

ohmic conversion increases with T.,/At, .

energy conversion into runaway kinetic energy decreases with t_/At, .
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simple 0-D modelling, neglecting runaway generation during current termination,
and taking only into account acceleration by the electric field of the plateau
runaway electrons, confirms the above picture

d | = I0 [ —t/ Tos __ L it —t/ T i

277 E:——(LI ) e — €

RO I dt PP z-res_ z-diff z-res
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* Estimate of |, :

| is defined as the plasma current when the runaway population is lost:

= f (f is a small value, chosen as f =1-5%)

=gt/ = f t. =At =Ty IN f

hxr/neut ~—

|p =. I0 Tres [etlrres — L i et/Tdffj
Z-res_ Z-dif“f 4

res

Iaft Ip(tf) — R (fllR_i) R Tres ~ a2|‘IO
Lo 2Ry7 Ty
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e Fraction of energy into runaways:

run ZITRO_[ E|| rundt~Rj IOH( _IOHbt

AW 1 T a’L

run _ ~ RE res ~ P

L,12/2 R+1

conversion of magnetic into kinetic runaway energy is
determined by T,, /T
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more accurate modelling and comparison with the experiment demands including
runaway generation, induced currents in the vessel and penetration of the
externally stored magnetic energy during termination

27TRE, = —%(Lpl o+ MIV) — current decay

%(N” o+ |_V|V) =-RI, - vessel induced current

E,=n(i,- i) — electric field

‘?j'tr :(z'trj +(C(;'trj - T'r — runaway generation
Dreicer secondary - diff and loss
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(WO ¢int : internal magnetic energy of
the plateau runaway beam)

At
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* lower conversion into runaway kinetic energy in JET is mainly due
to the larger ohmic decay time, T, , corresponding, for similar
characteristic runaway loss times, to larger T,../T
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e Fnergy conversion and avalanche runaway generation:
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energy conversion due to the generation of runaways increases
with the plateau current and for slow terminations
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Summary

 Termination of the current and the loss of runaway electrons following

runaway current plateau formation in JET, DIII-D and FTU disruptions has
been investigated

e Substantial conversion of magnetic energy into runaway kinetic energy is
likely occurring for the slowest terminations

 Simple modelling and experiment suggest that energy conversion in
actual devices is determined to a great extent by T,../T, and that, for
large enough currents, avalanche generation of runaway electrons can
increase substantially the amount of energy deposited on the runaway
population
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ITER disruption terminations:

e Extrapolations to ITER are subject to large uncertainties mainly due to our incomplete
understanding of the thermal plasma and the runaway beam characteristics after the
current quench phase of the disruption as well as of the instabilities leading to the
runaway loss and current termination

I,es ~ 50— 150 ms, T,~ 500 ms — lower conversion efficiency, AW, /W, .. ..°% than in
actual devices

however...

e much larger magnetic energies (W,__ 0 [712)

mag

e larger runaway generation due to the avalanche mechanism
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fraction of internal

magnetic energy converted into |:>
runaway kinetic energy

AV\/run = ZHROJOM | run(E||_ ER) dt

total energy deposited in the form of

runaway kinetic energy during |:>
disruption termination

Wrun = Wruno + AWI’UH

0

mag, int

AW /W

run
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ITER-t _=50ms-t =500 ms
res W
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100
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...moreover, the time for the loss of the runaway current increases substantially
with T7,.mainly due to the avalanche generation of runaways

ITER - T = 50 ms - T = 500 ms

L
- .
8-
B -
< N
= \
— 44 \
'11 1
1."‘ 1.
2- |
I,=10 MA
0 T L | ALY | LR | T T T LI
0,01 0,1 1 10 100
Time (msec)
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Power deposited by the runaway electrons:

ITER - | =1OMA/W °—20MJ-t =50ms
Iun |es

T = 0.1 ms;- -t = 0.5ms
T _=1.0ms;------ rdiﬁ:S.Oms

Ty = 0.0 ms; 1. =10 ms

Time (msec)

e for fast terminations, the total deposited energy is namely the plateau kinetic energy,
with only a small fraction of the magnetic energy converted into runaway kinetic
energy, but the peak power is the highest

e for slow terminations, the peak power load is substantially lower but the plasma facing
components (PFC) are exposed for a significantly longer time and the total amount of
deposited energy increases due to energy conversion
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AT

Estimate of surface temperature increase:

a(x,t) = o, (t) e

(runaway heat source)

> Example: JET runaway heat loads

a ¢t P') 41y (1 , ) ,
= r e erfc| =./a (t—t") |dt
KJ-[O A, o (t=t)

_ K
as—:
pC

800

JET-A,=03m*-5=2mm

700:
600:
500:
400:
300:
200:

100 -~

0

R CEC e at low (d,-ff, com/.ersion of magnetic into rur.faway kin.etic
cemgy =1 ms ¢ energy is negligible and the thermal loads increase linearly
e o with I, (deposited energy: W, ~ W, °[71,)

* for increasing Ty energy conversion is stronger and,
- AT~ W if 1, is high enough, magnetic energy conversion will
e dominate the runaway energy, showing a trend to
| ® JETData | increase with the square of |,
0,0 ' OH Oé dS d4 ds l dB ' 0,7
W, (MJ) (for the simulations: W, ° [Jl, with 0.5 MJ for 1 MA, i.e., E,° ~ 8 MeV)

(JET Data: V. Riccardo et al., Plasma Phys. Control. Fus. 52 (2010) 124018)
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Minimum wetted area for Be melting avoidance:

A ATAN=1m2 o AT _ :calculated AT during termination for A =1 m?
in = a0
ATme|ting ® AT iing - AT for Be melting (~ 1000 K)
ITER:z__=50ms;n_=510"m"
—— 1, =10 MA E, =15MeV-5=2mm
----1,=5 MA
104 |——1=2 MA
I |---1,=1 MA
Né B - _
< 14T
|—- - SSSSSnTIIIIS ST T TTIIooETT } runaway wetted area estimated
1--- Rl for ITER (~0.3 — 0.6 m?)
0:1 T T T T T T T T
0,1 1 10
T, (MS)

under these assumptions, the plateau runaway current should be reduced to ~ <2 MA
in order to avoid damage on the first wall
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Control of the runaway heat loads:

the amount of deposited power might be reduced:

e increasing the density (collisional dissipation)

* increasing the ohmic decay time, T, (less energy conversion)
ITER: 1, =5MA;W_°=10MJ; 5 =2mm @
t =50ms; n_ =510"m"
----- T, =150 ms; n, =510 m" * not efficient for rapid terminations
10_; -—-t_=50ms; n_ = 10%m”
{|-—1.=150ms; n_ = 10%m"
“c * fast terminations can only be controlled
§= e e / 0.
Fq| T—= e reducing W, °:
_______________________ ) ;t‘_“;._ ~ hence, in order to keep A . <0.6 m? during
fast terminations, the plateau runaway energy
o1 must be lower than ~4 M)J
’ 0.1 1 10
Cair (ms)
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control of the runaway damage on the first wall for both fast and slow terminations demands
a combination of a low enough energy of the plateau runaway beam together with high
enough n, and T, to prevent large conversion of magnetic into runaway kinetic energy

es

ITER'W_°=4MJ; 6=2mm

107 ~——
_\\\‘ l\“‘"'-._‘\‘ T T . . . 2
R e Minimum required n, for A_. < 0.6 m?and
T terminations in the range 0.1 < T, < 10 ms
c’ o ~ N -~
——1,=10 MA Ny
---1,=75MA N
-—-1,=5 MA
107 | o =35MA S
s0 75 100 125 150
T_ (ms)
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