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Abstract. A one dimensional (1-D) model is used to evaluéfieces associated with the evolution of the ohmic
plasma and runaway (RE) beam current profiles dutire current quench (CQ) and termination phases of
tokamak disruptions. The model predictions aregreament with the estimated values of the plasreanal
inductanceli,, for JET low elongation limiter discharges withViA plasma current in which disruptions were
triggered to form RE current plateau plasmas. ibisd that the final RE current density profilenisre peaked
that the current profile before the disruptive dydine peaking of the current profile decreasingmwlithe RE
current increases. In order to investigate thefexsfin ITER, an integrated analysis of the REnbéarmation
and termination during ITER disruptions has beerried out using the 1-D model of the disruption and
including: a) the expected RE generation mechaniams b) corrections to the RE electron dynamicsctmunt

for the collisions of the runaway electrons witle fartially stripped impurity ions. Mitigated diptions by Ar

or Ne injection injected before the current quehalie been considered and the CQ times have beéwithin

the range compatible with acceptable forces onlTiER vessel and in-vessel components. The lowest RE
production is found for the shortest CQ times, ipatarly for the case of Ne, due to the collisiarfsthe REs
with the impurity ions. For the case of long CQésnrunaway beams up to ~10 MA can be generatedthan
energy deposited by the REs on the PFCs duringetingination phase can increase to a few hundred4Jsf
mainly due to the avalanche generation of REs duttie termination phase. The peaking of the RE bisam
indeed found to decrease with the RE current fractind the examination of the plasma trajectondgi 0,
space suggests that the beam crosses thdhighpirical stability boundary before the expectetketin ITER

for the vertical instability growth (~100 ms), atigh, by that time, the beam is essentially formgte RE
current profile peaking also enhances significarttig role played by the RE avalanche during current
termination, increasing the energy conversion iefficy in comparison with zero-dimensional calculas.
Mixed impurity (Ar or Ne) plus deuterium injectiaa found to be effective in controlling the fornwatiof the

RE current during the current quench as well asttergy deposited on the REs during current terioima

1. Introduction

Runaway electrons (REs) generated during disruptieme usually found to deposit their
energy in very short pulses and on localized aoédbe plasma facing components (PFCs).
In ITER, there is serious concern about the paérthat large amounts of MeV REs
generated during the disruption current quench (B for erosion / melting of the PFCs.
Although zero-dimensional (0-D) modeling has shdwmprovide a rather complete physics
picture of the CQ and termination phases of theugiton [1,2], there is evidence indicating
that current profile shape effects could be impur{8,4,5]. Hence, self-consistent modeling
of the plasma and RE current density profiles dudisruptions has predicted a substantial
peaking of the current profile during the generaiod the RE current [3,5] which indeed has
been supported by JET observations [4]. Here, adonensional model (1-D) is used to
evaluate effects associated with the evolutiorhefglasma and RE current profiles during the

" See the author list of “Overview of the JET resultsn support to ITER” by X. Litaudon et al. to be
published in Nuclear Fusion Special issue: ovenaed summary reports from the 26th Fusion Energy
Conference (Kyoto, Japan, 17-22 October 2016)
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disruption. The model predictions are found to beagreement with measurements of the
plasma internal inductance for 2 MA JET disruptiomsh RE current plateau formation

(Sec.2). The resulting runaway plasma is more pkakehe plasma center than the pre-
disruption plasma current and the peaking is oleseo decrease when the RE current
increases. Extrapolation to ITER disruptions israddged in Sec.3, where an integrated
modeling of runaway generation and termination gisihe 1-D model is presented for

selected ITER scenarios. Mitigated disruptions withNe as well as mixed Ar+D and Ne+D

injection are considered. The effect of the expkd®= generation mechanisms in ITER
(avalanche and RE primary seeds) is included, hegewith a proper treatment of the RE
dynamics in plasmas with high impurity content. Toaclusions are summarized in Sec.4.

2. Current profile shape effects during RE plateadormation in JET disruptions

Fig.1 (left) shows 2 MA JET disruptions with runamaurrent plateau formation ~1 MA. The
current profile peaking is quantified by the plasmizrnal inductance [4]in;, shown in the
right figure, which is estimated by means of plagqailibrium reconstruction with EFITi

is inferred from the Shafranav, A = [, + lin/2, wherefi, is the poloidal beta of the plasma
provided that the relativistic beam pressure i®maito account to calculate the effectfye

of the runaway plasma [4]:
,Br =(yxV/C)IAO|r (1)

p 2 !
l p

wherev/c is the ratio of the runaway electron velocity e speed of lighty = (1 - v%/c?)™?

is the electron relativistic gamma factor apgl# 17 kA (a monoenergetic beam is assumed
for simplicity). The full lines in the right figurshows the time evolution of\2(li if B, = 0 is
assumed). The strong increasé;jnat ~10.433 is a distinctive feature of the replacement of
the plasma current by the runaway current.
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FIG.1 JET disruptions showing the formation of ~1RE current (black: JET carbon wall; red:
JET ITER-LikeWall (ILW)): Left: Measured plasma rent (full line), and simulation carried out
assuming pure resistive decay (dashed line); Rightievolutionestimated from the Shafranov

A (Bp = 0) (full line) and calculated for the pure retii® decay case (dashed line).

The dashed lines correspond to simulations of tieent evolution carried out by means of a

one-dimensional (1-D) model in cylindrical geomethat takes into account the evolution of

the plasma current density profile during the ditian current quench [5], assuming a pure
resistive current decay (no runaways generatedjepraducing the initial CQ rate,

d, 10| OE | 10| 0nj,
el ' e ) el P L 2
Ho5¢ rar[ ar roar| or @

wheren is the plasma resistivity anglig the plasma current density. In this case, rakipg
(lint Increase) is observed during the current quench.
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Fig.2 shows the measurdg: of the RE plasma for a set of 2 MA purposely teiggl
disruptions in JET showing the formation of a pdateunaway current in a range ~ 0.7 - 1.3
MA. The discharges are all in limiter configuratiorhe estimates ¢f,; assuming3, = 0 and
including corrections due the poloid@lof the runaway plasmas (for a typical energy for
disruption generated REs in JET, E ~ 8 MeV) aregamed and the estimated internal plasma
inductance at the start of the CR.’, is also shown for illustration. In agreement with
theoretical expectations, not only the runawayentrdensity profile is more peaked than the
initial plasma current, but the peaking decreadeswthe runaway current increases [5]. 1-D
simulations of the current decay and RE generdtaore been carried out including in Eq.(2)
the replacement of the plasma current by the rugaweent, E=n jon=nN@p —Jr) (With jo
plasma and runaway current densities, respectively)

0, 10| 05 | 10| an(i,~ i)
= r == r—2 3
Ho ot rar{ or | ror or @

and an equation describing the runaway generatrbith includes the primary (Dreicer) and
secondary generation of runaway electrons,
aar::r = r]el/coll/1 +% (4)

where v is the collision frequencyh is the Dreicesr birth rate [6] and represents the
typical avalanching time [7]. The runaway currenestimated by assuming that all runaways
travel at the speed of light, (F ecn). Although the lack of knowledge of the plasma
parameters during the disruption prevents an atearalysis, the 1-D simulations (red line)
are consistent with the observed behaviorl;gf The modeling assumes the avalanche
amplification of an initial runaway seed and thadid lines in the figure correspond to two set
of simulations obtained increasing the runaway saedent, leeq but keeping constant the
seed profile shape; ‘= 1.2 and 1.9). The resulting; increases with,****and decreases
when | increases but the decay is too slow to explainabgervations. However, if the
runaway seed is assumed to be due to the Dreiadranesm (red line), the seed profile shape
is not constant but,***decreases when the Dreicer seed increases whictuelly leads to
a faster decay df.; in consistency with the measurements.

4.0

3.5—- JET -2 MA o Iimo; L Iint

. [ ]
Dreicer v | P(E=8MeV)

int

3.04

254 |
2.0-
1.5-

1.0 1
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0.0 0.2 0. 0.6 0.8 1.0

FIG.2 Estimatedli,; of the RE plasma for 2 MA JET disruptions (blagkT C wall; red: JET
ILW) vs. RE current fraction: assumifig = 0 (full circles) and corrections b&lpr (E = 8 MeV)
(triangles). The estimated internal plasma inducwrmat the start of the CQimo, is also shown
(open circles). Red line: 1-D simulations carriedt aising the Dreicer seed; Black lines: 1-D
simulations obtained increasirig.ec and assuming constal>**%(1.2 and 1.9).
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These observations might have important implicatifum ITER: (1) due to the increaselgf,

for the same RE current magnitude, the magneticggnef the RE plasma could be
substantially larger; (2) as the current peakingh&f runaway beam{) depends orthe
magnitude of the runaway currefit), the runaway plasma magnetic energy does not scale
linearly with }?, which can counteract the effect described in (3):the post-CQ plasma
current profile might be MHD unstable as plasmathweaked current profiles can be prone
to the tearing-mode instability. The consequendeshe current profile peaking for the
stability of the RE beam are illustrated in Fig.Bigh showsl,; vs. the edge for the RE
plasmas of Fig.2 together with the high-empirical stability boundary for JET limiter
disruptions (full line). The calculatel}; tends to be in a range corresponding to MHD
unstable regions in thig-g, diagram. Indeed, these RE plasmas are observeedome
unstable and finally lost, although the processeslihg to their termination are not well
understood and difficult to identify from the obgations.

JET -2 MA
¢ FIG.3 lint vs. edge q (black: JET C wall; red:
3 oo _ JET ILW) for the RE plasmas of Fig.2 (full
o . &° circles: B’ = 0; open circles: corrected b,

%e OO for E = 8 MeV). The higlhn; empirical stability

_E | /;%ﬁ% boundary (full line) is indicated.

® not corrected by Bp'
by Bp’ (E = 8 MeV)

4 6 8
9,

O corrected

N 4

3. Modeling of runaway beam formation and terminaton in ITER disruptions

The RE beam formation and termination in ITER dasians has been analysed using the 1-D
model described above [Egs.(3) and (4)] for setestenarios ranging from 5 MA to 15 MA
DT H-mode and L-mode plasmas. We will focus onrmults for H-mode plasmas as they
have the largest seeds due to their higher tempesatand fusion production. Mitigated
disruptions by Ar and Ne injection are consideredr a given impurity density, nthe
temperature, I is determined using the power balance relatigg,> = nes N, Limp, Where g

= ny +(Z) n; is the free electron density(ms the total hydrogen, DT, densityY) is the
averaged impurity charge andy}-the radiative cooling rate (atomic data taken frtra
ADAS database). The resulting exponential curreaig rate is chosen to be consistent with
acceptable forces on the ITER vessel and in-vesseponentstes ~ 22 - 66 ms for 15 MA
disruptions) [8]. It should be noted that evalugtips by applying a 0-D model of the current
decay [2,8] tes ~ La%/2Ryn) results in a substantial overestimate of the arhai the
impurities required to obtain a givaps in comparison with 1-D CQ simulations. This is
illustrated Fig.4 which shows, for a 15 MA disrgptiand f = 16° m?, Ar (circles) and Ne
(triangles), the 0-D (black symbols) and 1-D (omsymbols) estimates of the number of
injected atoms (in kPa¥nassuming 100% assimilation efficiency vg, The largest amount
of impurities is found for the shortests which for Ar requires ~0.1 kPa’n(Te ~ 4 eV)
while, for Ne, with a much lower radiation ratd@w T, it requires ~6 kPa-H{Te ~ 3 eV).

The generation of the RE current is assumed topkdae by the formation of a runaway seed
at the start of the CQ followed by the avalanchreglsamplification. The primary RE seeds are
estimated following Ref.[2] and include the Dreieceechanism, the hot-tail RE generation,
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the tritium decay seed, and the Compton sourcereCaons to the runaway dynamics and
generation are considered to account for the cmhgsof the REs with the impurity ions,
including the collisions with the free and bounéottons as well as the penetration of the
REs through the electronic shell of the partiathpped impurities [2].

| . FIG.4 Comparison between the 0-D (black

3 0-D model: —@—+ Ar; —w— Ne

10 e +v 1-D model: =04 Ar, —v—Ne | Symbols) and 1-D  (open symbols)
] v

E E I evaluations of the number of injected atoms
g 10°3 o\' \ ITER 1}3 MA - H mode (in kPa-rﬁ) assuming 100% assimilation
2 ] < X\Q I efficiency vs.res for Ar (circles) and Ne

3 ! v—_| (triangles) (15 MA current, = 10%° m®).

5 v— |

%i ~ P— range of res values leading to acceptable

._
\:\o forces onto the vessel and in-vessel

! x p s o 00 components in ITE

1, (Msec)
No RE losses are considered during the CQ phase. tdimination phase is modelled
including a loss term for the RE current in Eq.M)/tqi, With characteristic timescamix

(tair = 0.1 - 10 ms [1]) at the expected time in ITERtlee vertical instability growth (~ 100
ms) [9]. The example of Fig.5 shows a 15 MA H-mdduption with Ar injection andes=

34 ms. At 100 ms, the runaway current (left) iSMAR and the RE beam kinetic energy (right)
~21 MJ. Then, the termination phase starjg € 5 ms) and the plasma current and the REs
are lost. The loss of the current gives rise tonaliced electric field and an ohmic current,
and magnetic energy is converted into RE kinetiergy, the total energy deposited by the
RES Wun = Wi + AW, where W, is the runaway kinetic energy at the start of the
termination phase (~21 MJ) atMV,,,, the magnetic energy converted into RE kinetic gyer
during current terminatiodyW,y, ~ 172 MJ, so that W, ~ 193 MJ.

1°§ d:\o\o \k The vertical red dashed lines indicate the
I
II

18 250
161 15 MA - H mode - Ar -1 = 34 ms 15 MA - Hmode - Ar-1__ = 34 ms
T..=5ms 200
141 dift T, =5 ms
iff
12
i & 150-
1
< 8_ .!I ] VC
= ' — 5 100
61 . =
I'li run
e ———e—.a
00 | T, lon 501
24 Y ; ~~~~~~~~~~~~~~
0 kS T |I T T \~I T T 0 T T T T T T T
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time (msec) Time (msec)

FIG5 For a 15 MA H-mode disruption with Ar injeatiot,es = 34 ms: Left: Time evolution of the
plasma current ¢) , runaway current },) and ohmic current @) during the CQ and termination
phase of the disruptiortdiz = 5 ms);Right: Time evolution of runaway kinetic energyngai

The predicted RE current at 100 ms is plotted m@={left) for 15 MA H-mode disruptions
with Ar vs. Tres The predictions for the different runaway primageds are compared (in
case that a few or all of them are acting togettier,final result will be dominated by the
largest one). The collisions of the REs with impurions can play an important role,
particularly for Ne injection because of the lag®ount required due its small radiation
efficiency at low T, leading to low runaway production and energy @vsion during current
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termination for the shortest CQs (~22 ms). Forltmgest CQs, significant RE currents can
be found and several primary runaway mechanismsntake a significant contribution.
Dreicer generation is found to be always negligiBlestrong dependence is also found on the
pre-disruption plasma current and, at 5 MA, thelmted RE current is less than 2 MA.

12 v Cnr"lp_t-:!n: ) s tritium _ . 4 Compton: Ar Ne
@ hottail it =1ms); O hottall (t, =3 ms) tritium: Ar Ne
hot tail (t, =1 ms); @ Ar; Ne
104 ! [ ] ¢ hot tail (t, =3 ms); O Ar; Ne
1 ® |
1 | 34
B4
° : o
T 64 | ) _ 0 v
E .l ) :) C,li _S \? ‘1 wv
— 2 2 Y
= 4] Al A A A ! (J
Yi. U w & .’\ v
| v v 1
7 ! ! ITER 15 MA - H mode (100
O1  ITER 15 MA - Ar H mode (100 miec) 14 - H mode (100 msec)
01— —————— T T T T T
20 30 40 50 &0 70 5 10 15 20 25 30
T (ms) qa,

FIG.6 Left: Predicted RE current at 100 msuss for 15 MA H-mode disruptions with Ar injection
(to: characteristic thermal quench duration). The i@t red lines show the range ot values for
acceptable mechanical loads in ITER; Right: Plagpaeameters at 100 ms ipdg, space for 15 MA

ITER disruptions, Ar and Ne injection, angs = 22-66 ms. The highsl empirical stability
boundary (red line) is also indicated.

The effects associated with the evolution of thespla and RE current profiles during the CQ
phase of 15 MA H-mode disruptions with Ar and Ngation andt,s ~ 22 - 66 ms are
illustrated in Fig.6 (right). The figure shows thiasma parameters at 100 msiin g, space
(the red line corresponds to the highempirical boundary) and it illustrates the peakuig
the RE current density profile in comparison witle tinitial (at the start of the CQ) plasma
current (flattish profilel;, ~0.7). The peaking is larger (higHgy) for the case of the hot-tail
seeds due to the significant peaking of the hotR& seed profiles (high,"*® while the
Compton and tritium RE seed profiles are usuallgegfiat (low ;. The increase dfy;
with g, is associated with the decrease of lfhewhen | increases discussed in Sec.2. The
figure also suggests that, in most of the cases;uhaway beam may become MHD unstable:
the Compton and tritium seed cases typically ctustese (and above) to the high-
boundary, while the hot-tail seed cases, with stutially largel;, can lie well above this
boundary. Nevertheless, it should be noted thahbytime {s.ap) at which the plasma crosses
the stability boundary ihn - g, Space, the RE beam is almost fully formed andutsent and
energy values do not significantly differ from tlecst 100 ms.

Fig.7 (left) shows the total energy deposited o€® By REs during the termination phase,
Wiun, VS. Tgir for 15 MA disruptions with Ar injectiontes ~ 34 ms and three selected cases
with different runaway seeds showing a significRit formation during the current quench
(Fig.6). The REs are assumed to be lost in a siegbmt andigix = 0.1 - 10 ms [1]. During
fast terminations (smatlx), the conversion of magnetic into RE kinetic eyaggnegligible
(Wrun~ Wiurd). However, wheng increases, the avalanche RE generation plays oriamt
role and the energy deposited by the runaways eas tbarge as a few hundreds of MJs (~ 10
X Wruno) for the slowest terminations. The peaking of Rte current profile during the CQ
phase increases the current density in the plasemderc and, hence, the avalanche
multiplication in the core plasma during currentntaation, leading to a larger energy
conversion during the termination phase than inOtize modelling. The increase b during
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RE termination (right Fig.7) is the signature afteong avalanche in the plasma center which
increases withgi¢ and with the amount of RE current generated duheglisruption CQ.

] 2,6 . _ ~
1 —@— tritium seed o hot tail seed (t, = 1 ms) 1,=01ms
1 —®— hot tail seed (t, = 1 ms) ] T, =1.0ms
hot tail seed (t, = 3 ms) o—° 221 Ty = 5.0 ms
2,04 T, =10 ms
g 100 181
= _® | =16l
3 ] L) @ /
=] / 144 |
] |
| e 12 |
/. 104/
104 ® 15 MA - H mode - Ar - T_ =34 ms 08/
T T T T T T T T T T T T T T T T T T T
0.1 1 10 0 100 200 300 400 500

T, (Msec) Time (msec)

FIG.7 Left: W, vs.Tgifr for selected scenarios of Fig.6; Right: Time etiolu of |, during RE
beam formation and termination for the hot-tail @€ = 1ms) case and different valuesrg.

Modelling of disruptions with mixed Ar+D and Ne+Djéction has also been addressed (up
to 14 kPa-rh D, injection). Deuterium does not radiate signifidarso that mixed impurity
(Ar or Ne) + D injection allows the achievementd$ruption mitigation with similar CQ
times to Ar and Ne injection alone but with incredplasma density due to presence of D.
The injection of deuterium, increasing the plasmdisionality, has an effect on both the
primary RE sources and the multiplication by avekenof the runaway seed during the CQ
phase. Fig.8 (left) shows the calculated RE beamnetec energy (W.g at 100 ms for 15
MA Ar+D disruptions andes ~ 22 - 66 ms as a function of the RE current. fitaximum
predicted Whag decreases from ~300 MJ with Ar injection alone-1®0 MJ for 3.5 kPa-n
D, injection, ~10 MJ for 7 kPainto less than 1 MJ for ~14 kP& B injection. Moreover,
the injection of D also reduces the effects assediwith the acceleration of the REs and the
secondary RE generation on the conversion of magm#b RE kinetic energy during RE
termination. Hence, for 3.5 kP& m injection, Tres ~ 34 ms and hot-tail RE seed withais
small as 0.1 ms, the total energy deposited ontosRiy the REs during runaway termination
decreases down to M~ 6 x W’ (~80 MJ) (Fig.8 (right)). For Ar+7 kPa’ injection the
total RE electron energy deposited onto PFCs ihdurdecreased to only W~ 2 x Wy
(~7 MJ) and for ~14 kPainD injection fully prevents the conversion of magadhto
runaway energy during disruption termination arelRE energy loads are less than 1 MJ.

10"+ ]
1| black D, 0kPam’® ;90 ] ITER 15 MA - H mode
1| blue: D 35kPa-m’ '

L ? ArD, (3.5 kPa-m")

100 5

E 3 3
11 red:  D,7kPa-m’ Ny ] Ar/D, (7 kPa-m’)
g 10 3| green: D,14kPam’ ° ® |

104

= V¥ Compton seed ]
E A  tritium seed ///

10° ® O hot tail seeds

(MJ)

run

-
S,
w
ol
W

ITER 15 MA - Ar H mode (100 msec) hot tail seed (t, = 0.1 ms) T, =34ms

lo- T T T T T l T T T

10" 10°  10° 100 10° 10 0.1 1 10
1. (msec)

Ir (MA) dif

FIG.8 For 15 MA H-mode disruptions and Ar+D injixt: Left: Magnetic energy of the RE beam
at 100 ms vs, Right: Wy, VS. Tairr for 3.5 kPa-m (red) and 7 kPa-Fr{blue)D injection.




8 TH/P1-36

4. Conclusions

Current profile shape effects have been analyze@ fdA JET disruptions with RE current
plateau formation. Measurements|gf indicate that the RE plasma is more peaked in the
plasma center than the initial plasma current dgmsofile, the peaking decreasing when the
runaway current increases in agreement with ther¢ieal expectations. The dependence of
li on k is also found to be strongly dependent on the &€l profile shapd;.; increasing
with 1i,***®and, adi (I;), the magnetic energy of the RE beam does not sqttel,”>. The
observed peaking also suggests potentially RE Mid&table plasmas. Integrated modelling
of the RE beam formation and termination in ITER baen carried out to investigate current
profile shape effects for selected disruption sdesawith Ar and Ne injection using a 1-D
disruption model. Low RE generation has been fdonthe shortest CQs, particularly for the
case of Ne, whereas for long CQ times RE curreptsou~10 MA can be produced and,
during current termination, the generation of RE<he avalanche mechanism can increase
the energy deposited by the REs onto the PFCs apféar hundreds of MJs (~ 20Wu.).
The peaking of the RE current during the CQ phaswehses with the RE current fraction
and the RE beam is found to cross the higlempirical stability boundary ihn - ¢a Space
before the expected time for the vertical instapdjrowth (~100 ms). The RE current profile
peaking also enhances significantly the role plapgdthe RE avalanche during current
termination, increasing the energy conversion igfficy in comparison with 0-D calculations.
Mixed Ar+D or Ne+D injection is found to be effeatiin controlling the formation of the RE
current as well as the energy deposited by the dRiiag current termination. For 7 kP&-m
D, injection, the magnetic energy converted to kinRE energy decreases tqM\- 2XWy’

for the slowest terminations, while 14 kPAninjection prevents the conversion of magnetic
into RE energy during disruption termination.
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