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Runaway electrons during disruptions (i

* One of the most difficult consequences of tokamak disruptions

« Large uncertainties on RE generation on ITER
« Due to the avalanche amplification factor [Rosenbluth NF 1997], [Vallhagen JPP

2020]
« Some primary mechanisms still subject to uncertainties: tritium seed,

Compton scattering, etc.
« Currents of several MA at 10-20 MeV may be reached
« =» Significant damage on PFCs if left unmitigated

Arfm

TORE SUPRA

JET in-vessel inspections — multiple
runaway impacts [V. Huber] §

Runaway impact on

Tore Supra
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The ITER disruption and RE mitigation scheme (@)
« Based on Shattered Pellet Injection (SPI)
« 24 barrels in equatorial ports + 3 barrels in upper ports
* First line of defense:
« TQ & CQ heat loads mitigation
 CQ EM load mitigation
 RE avoidance
=» Which gas mixture and quantities should be used?
. ) -
= Are all.goals attainable simultaneously” Edjiiitoiial ports
« Second line of defense: S e e
* In-flight RE beam energy dissipation |
S e T g barrels 12 barrels
Diagnostic Pogs 2 She ;;
first wall Flyerplate 03 N ,,é .6
(Plesma propellant q
facing valve |
Component /|
Cold head g S
5 ot
Pellet Propellant s o/ [T 6barrels)
shatter exit vacuumn gasTecovery T - ' I 1
segment
Pelllet Double _ Dl
EEHIES e e valve [M. Lehnen, IAEA FEC 2018]
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The JET SPI system (@)

Installed in 2018-2019 through an
iInternational Eurofusion-US DOE-ITER-JET
Operator collaboration [Baylor NF 2019]

3 barrels: 12.5, 8, 4 mm pellet diameters
10%1-10%2 atoms per pellet (10-600 Pa.m?3)
Pellet composition:

* D,, Ne, Ar, D,+Ne, D,+Ar mixtures

« Mechanical punch for Argon pellets
Pellet speed: 100-500 m/s, depending on
Size, species
Flight time 20-50 ms
Independent firing of all barrels (+/- 0.2 ms)

Shard plume
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« The "D, effect” in VDE cases
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Previous results on runaway mitigation at JET

« Typical runaway scenario:

argon injection from a disruption
mitigation valve (6 Pa.m?3)

Limiter plasma

« High Z massive gas injection

accelerates the RE current decay

Free electron density increases

collisions/dissipation
Destabilizes the beam vertically

Only works when the companion

plasma electron density is low

Higher density companion plasma:
no effect due to penetration shielding -°°

and density saturation

[1 o* counts]
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High-Z MGI accelerates beam current decay, up

[Reux APS 2017]

to a certain companion plasma electron density
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Runaway suppression: high Z injections ((\

Mitigation experiments: fire a Shattered Pellet in the middle of a runaway beam

Target: ~ 600 kA runaway beam, low density companion plasma (n,, ~ 2x10%°
m-2) SPI trigger

15F 7 ~ ~ - ~ v~ T T T T T T T T T rr - - T T T T

T : [ iNe, SPI 121 Pa.m?
ested 1l No SPI » Ar, SPI 70 Pa.m3-
« SPI 245 Pa.m3, argon o5l — L

[MA]

« SPI 70 Pa.m3, argon

. I~ I pra —]
| Ar SPI 245.m
o | Ne.SPl.lnzz. P.a'.m L 0

« SPI 422 Pa.m3, neon S —

« SPI 121 Pa.m3, neon 05 E z
In all cases: E ol
« Beam successfully shortened (500 sl | :
ms instead of 1 s) L ——
* Linear ramp-down rate 4.8-9 MA/s FE o :
(larger with bigger pellets) % zj E
* Increase of HXR & neutron rate S o | —— .
« Vertical destabilization :4'[ffff[iiZiliiff[ffff[fffflfff

« Final impact with PFC heating

)
—T

—
T T T

[104 counts.s’1]
M

High-Z SPI accelerates the RE current

o

decay but does not prevent impacts o o1 0z 03 04 05
time from thermal quench [s]
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Runaway suppression : SPI vs. MGI
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On the same target runaway beam: compare MGI and SPI in similar conditions.

SPI 12.5 mm (200 Pa.m3), argon:

« Beam successfully shortened.
(~500 ms instead of 1.0 s).

* Linear ramp-down rate 6.3 MA/s
MGI 280 Pa.m3, argon:

» Beam successfully shortened

* Linear ramp-down rate ~ 5.2 MA/s.

In both cases: increase of
neutron rate & HXR, vertical
destabilization, heat loads on
PFCs

No large difference between MGI
and SPl in beams with low-density
companion plasmas
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Runaway beam suppression :D, SPI

Current increases shortly after SPI
Similar observations on DIII-D [paz-

1.5
.

— 1

<
Soldan PPCF 2019], Compass [Miynar PPCF =, 05|

0-I||||I||||I||||I|||
o2 T

2019], AUG [Pautasso NF 2020], FTU
Neutrons and HXR drop
Electron density drops to <1018 m- 1

— 0
£

* Plasma recombination ;E 05
Voop dECreases % ;

« Argon flushed-out EXE

* VUV dominated by D lines [Sridhar PhD] 2
P..q INCreases £ 2

Runaways disappear in a few ms
Synchrotron emission stops

Large neutron/HXR spike

Huge MHD burst

=\
=N,
7> ,\)}\\
N>
z

=

/7,
(1t
W\

~ SPItrigger |

-0.2r
-0.41

|0.|2| - |0.|3| - II0.|4I - |0.|5| III
time from thermal quench [s]

A
0.1

No visible localized damage
Current decay similar to an ohmic CQ

D, SPI leads to a benign termination
of the RE beam.
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Modelling the effect of D, SPI on the companion @

plasma

* Modelling the D, effect using a 1D diffusion model [Hollmann NF 2019]
« Computes densities and temperatures with radiated power as an input

» Decrease of temperature is confirmed by the model, but not down to
recombination

 The measured density (recombination) can only be matched if 99% of
the radiated power comes from non-thermal sources (i.e. runaways)

* Ongoing effort to understand the power balance of the purged
beam/plasma system: ECE radiation, synchrotron losses...

)

\\\

Ar+D, background plasma (final)

Ar background plasma (initial)

[S. Sridhar PhD thesis 2020]
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Runaway beam suppression: heat loads (@)

« Complete and fast (~1ms) dissipation of the runaway beam
« But no visible heat loads

« Heat loads of D,-mitigated runaway beams below the measurement
threshold of the IR camera (0.5 MJ.m? vs up 10 MJ.m for high-Z or

non-mitigated) 12 ‘
B Non-mitigated
#95135 KLDT-ESWC 48.30000 5 10-Heat flux-at- n A Eeiglgqspl
RE impact / v
6000 ¢
8_ e R "‘f. S, R B P PR . [Reux et al.’
T A PRL 2021]
S 6 ! 1
= A
- 4
m/
§ 2 ‘o". IR sensitivity threshold
- 3000 *',
) — oo Vv V-
0 1.5

05 1
IRE at final collapse [MA]

1000

Two mechanisms at play:
« Large MHD instability

IR camera (3-3.5 um) - Absence of RE regeneration
- SynChrOtron emission

C. Reux et al. Theory and Simulation of Disruptions Workshop 19/07/2021
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Introduction

Mitigating a RE beam
« High-Z SPI
- D, SPI

The “D, effect” : development of the MHD instability
* Pre-collapse conditions
» Mode characterization
The “D, effect” : runaway regeneration during collapse

* The final collapse: analysis and modelling
« Energy conversion

The “D, effect” in VDE cases
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Triggering the instability

qedge [_]

200

dB/dt norm. distance [T.s '.m]

(q from EFIT)
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- A 0.05 < f(high-Z) <0.30

| ®m 0.90 < f(high-Z) < 1.00

® 0.00 < f(high-Z) < 0.05

(
( )

v 0.30 < f(high-Z) < 0.90
( )

« Currentrises up to low g, but not

(@) necessarily g=2 as in previous studies

[Paz-Soldan PPCF 2019]

* Benign terminations associated with
Jedge DEtWEEN 2 2Nd 5.

 Bad terminations happen at any gegge.

0.2 04 0.6

. . 018
Time from TQ [s]

« Large MHD burst probably not always
a current-limit instability

1.2

150+

@ 0.00 < f(high-Z) < 0.05
A 0.05 < f(high-Z) < 0.30
¥ 0.30 < f(high-Z) < 0.90
B 0.90 < f(high-Z) < 1.00

100+

(&)
o
T

« The normalized growth rate of the
instability dB,,/dt Is better correlated
to the impurity content or the impact

° 4 severity compared to the magnitude of

the instability 6B,,/B,

A fast, rather low-g MHD instability is

0.5

. 1
1

'Ip at collapse [MA]

correlated with benign terminations.
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Hollow current profile {(79,,

« Current profile before the final collapse: evidence of a hollow
profile from SOFT simulations

* Reconstructions of the measured IR synchrotron emission
» Best match between the measurement and the simulations:
« Pitch angle between 0.1 and 0.3

 RE energy < 15 MeV
« Hollow current profile

Experiment - IR camera Hollow, rfa=0.7 Flat Very peaked

ofi-N-

Hollow, rfa=0.5 Parabolic Double hollow

offiolo

#95135

[3—3.5 um] »

Hollow profile: key ingredient to
benign terminations? C. Reux et al. Theory and Simulation of Disruptions Workshop 19/07/2021




Characterization of the instability {(( o)

« Magnetic islands are visible in synchrotron pictures before the collapse

jpn = 95135, t0=48.662000 s, nfit = 256, fstep = 32
T T T T

m=4 (briefly)

Raw Mirnov signals |~ ||

— 103 |4

Voltage )
T T T

wl Tracked Hx F)_J -

|

su—frequency m l\ KW lﬂ
P Al o TIUELL

Tracked frequency [kKHz)

« Two m=5 patterns visible, one moving
iInwards

 m=4 pattern at 0.35 normalized radius
=> very likely to be the inner m=4 island

* n=1 most probable mode from Mirnov
analysis

mode number [

RIn{

~ o

Toroidal angle [deg]

0 1 2 3 4 5 6 7
time [s]
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Z (m)

Z (m)

Jorek MHD simulations

_
(17

Using the g-profile determined above, MHD simulations of the final
Instability were made with Jorek.

Instability governed by a double tearing mode on both q=4 surfaces

Destruction of the entire confinement in ~100 ps
Compatible with the experimental timescale (10-20 ps)

95% of REs lost to the wall through stochastization.

[V..Bandaru.et al.,
PPCF 63035024,
' '52021] T4

2x1016
1.5x10 1©
1x1016

5x101%

2.5 3.21.9 2.5 3.21.9 2.5 3.2

R (m)

R (m)

measured

—dBpol/dt
—neutrons

17

16

o
flog,, s ']

b
I

..........

1113

~1 <12
0.63 0.64 0.65 0.66
time from thermal quench [s]

Jorek simulations confirm
RE losses and the
timescale of the collapse
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Introduction

Mitigating a RE beam
« High-Z SPI
- D, SPI

The “D, effect” : development of the MHD instability

* Pre-collapse conditions
 Mode characterization

The “D, effect” : runaway regeneration during collapse

« The final collapse: analysis and modelling
« Energy conversion

The “D, effect” in VDE cases
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Mitigation using D2: W, to W,;, conversion ()

Following the instability, current
carried by dissipated runaways Is
converted back to ohmic.

But in some conditions: REs are
regenerated

The features of the subsequent CQ
depend on the companion plasma
Impurity content

3 situations:

« Complete dissipation and no
regeneration -

* Regeneration of a small beam

* Incomplete dissipation and
continuous regeneration of a 8 ot lipalt iU Y
runaway beam L o SiSS 5

time from thermal quench [s]

——Ar 3 Pam3 ——Ar 26 Pam3 — Ar 75 Pam3|

neutrons

The D, effect only works
with a clean enough
companion plasma

C. Reux et al. Theory and Simulation of Disruptions Workshop 19/07/2021 19
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Mitigation using D2: W, to W,;, conversion Q)

« Focus on the two imperfect dissipations:

: Incomplete dissipation
Regeneration . .
/ continuous regeneration

KLDT-E5WC 48.58305 s

1400
2500
I 1200
40
1000 2000
60
800 £ 80 Y
3 | 1500 €
8 s
8
6 100
1000
120

MA.s™]

120 ‘ ‘ g : 100 . . . . . .
e | ® Experimental indications that the remaining
; A . argon is responsible:
. v « Small regeneration: Correlation between the
A g
) 50 o Ar/D, fraction and the max P,,4 or dlp/dt
A - . . .
oAy . during the final collapse =» Higher E,
o incomplledsspation 25  When incomplete dissipation occurs: no
) A .
! . A complete CQ =» rollover in P4 and 7.4
% 0.05 0. ‘ 0.2 0.25 03

A 0.15
Ratio N, /N __[-
2% Mooz [ C. Reux et al. Theory and Simulation of Disruptions Workshop 19/07/2021



Runaway regeneration model /@)

8!

A model was developed to estimate the RE avalanche rate following
the collapse

30 (1 = Igg)?
——inel, = —————n¢nzL(T,
200 052 zlATe)
d _
— (LI +L,I,) = -27RE
di
d
— (L, +L,I,)=—I,R,
dt
| Olge ny + 1 e(E — Eey)

Igg Ot Nn__,- InAs(p.) +npyInAp(p,) VZre(pe) +5  mec

« The model solves the evolution of the b - R
plasma temperature, plasma, vessel, Pl LAk et
runaway currents and electric field 2.4 A7

>
The impurity concentration is determined B 3 e
. 408 m  RatioN. /N__[]
by matching calculated/measured P,_ o irpugorato feo
. ¢ B avalanche gain b 15
Results: I
1200 | | = {10

« dl/dt in good agreement with measures ) = - L T . ]
« Argon « purge » ratios of a few 10s to 03"' o | .
300 needed. = mechanism confirmed i " Raton, g, 11 o

Ar D2
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Conversion from magnetic to kinetic energy: how to 7z
reaccelerate runaways during the final collapse

\
)
z

(/ p=
{
L=

« Calculation of the fraction of the initial runaway magnetic energy
converted into kinetic energy

« Elaborated from the method proposed in [Loarte NF 2011]

« Conversion happens when HXR bursts are recorded while current
decreases

|

RE magnetic
energy

External
conducting
structures
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Mitigation using D,: W, to Wy, conversion ®)

« Fraction of magnetic energy converted (method in [Loarte NF 2011])
* 25% < f_,,, < 80% for high-Z
« Similar range as in [Loarte NF 2011]

feory <10% for low-Z

* Note: regeneration of small RE beams not taken into account : too small
RE currents =» probable reason for the gap between pure D2 and pure
High-Z: non-continuous regeneration not here

0.8 v 1o a "
_ o 2
I_I_..t: - A n " * " -
£06 - ) bl T
o) u A = - g = . In
: LT . © e
2 L " @ 0.00<f(High-2)<0.05 % o5 = .
= 04 . m o A 0.05<f(High-2)<0.30 || P . - -
= oim, " ¥ 0.30<f(High-2)<0.90 w [Loarte NF 2011]
2 02 A B 0.90<f(High-Z)<1.00 || .
g @ - ]
= O‘O . A o @ o ; |2 33
% OF @ o® ® @O @ ] lyr (MA)
0 2 v‘xlfmag [S)] 8 160 The absence of conversion from
init ¥ 10 . . .
Wag t0 W, is a key ingredient
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The D, effect in Vertical Displacement Events 7®)

« Lack of vertical position control: potential limit of the scheme on ITER
* D, effectiveness in a « scraping-off » beam? [Konovalov IAEA FEC 2016]

« Fire the SPI into a vertically moving plasma (VDE duration: 15 ms —
purge duration ~ 20 ms)

* Result: D, still efficient if the pellet arrives at the plasma edge at the
beginning of the fast displacement

| |——98182 — 08185 —— 98186 ====Kick | (a)
1 E :
: ; I 1200

\l i j pla

05 E i
E i 1000|
0 1 L 1 1 1 1

[MA]

To

impact

>

re af impact [°C]

g 1
Z‘J
o
o
T

Max tela
p

200 |-========sessescsessessesmsessmeesenomesesnsenaeeasenaaenaaanne -
vessel operating temperature

neutrons

0 1 L 1
no SPI 0 0.05 0.1 0.15
Time between SPI arrival and VDE [s]

j (d) |
p ] The D, effect still works if fired
early into a VDEing RE beam

e s 92 C. Reux et al. Theory and Simulation of Disruptions Workshop 19/07/2021

time from thermal qguench [s]
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Close-up on termination Q)
T T e e e T w The D, pellet slows the VDE

< 0.5

=,

— . pla ] down.
- l |« Several spikes on neutrons even
oL I I

in the « early SPI » case benign
(b) { termination = runaway

' regeneration or effect of the
movement?

« Density spike higher with early
efficient mitigation
* Higher conversion from W, to
ohmic and then radiation?

« Higher assimilation in the full
mitigation case?

1 » Not shown here: density spike
- ] even lower in the non-mitigated

PR | T S S M NN TS SR N S N
012 013 014 015 016 017 018 019
time from thermal quench [s] case

Continuous transition between
mitigated/unmitigated VDE REs
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The D, effect in Vertical Displacement Events (®)
Weak decreasing trend in W, to W, conversion as the SP1 is fired
earlier and earlier
But even at a distance of the VDE, some conversion is still there
(consistent with multiple spikes)

98185 not consistent with the trend, but also shows very low heat loads.
(no camera on 98177)

0.8 . Non-VDE database
D 08—v ‘ : .
= ¢ % ool o
= B no SPI of 06Ran w"s™ u
o 061 B Goree 1 £ T
5 | | ® 0.00<f(High-Z)<0.05
4y = 047 .- A 0.05<f(High-2)<0.30
- £ ai ¥ 0.30<f(High-2)<0.90
; = 2 02 A B 0.90<f(High-Z)<1.00
—~—— L 8179 =
E 0.4 @s177 § . O‘OO R OA g LI
i = 0 ¢ @
= 0 2 \%}mag [§] 10
L p2t 182 it x10°
' @s185 181
& —
§ Lower W, .. to W,;, conversion if
< 0O the VDE is taken on time
nho SPI 0 0.05 0.1 0.15

Time between SPI arrival and VDE [s]
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[MA]

Heat loads timing — unmitigated case

Heating time span: 2 frames = ~ 10 ms.

No significant energy deposition on plasma facing component touched by
the beam while moving up = Only very weak scraping off

Heating only starts when the plasma shrinks at the end of the collapse.

0.12 0.14 0.16
time from thermal quench [s]

98184 - EFIT separatrix - t=0.118

)
/)
e

\
)
7

Ve
{
L=

1 * Possibly linked to
RE regeneration
only happening
during collapse

Heat loads linked to

RE regeneration?

i T
— Unmitigated i a
gzl _Heating @ | o
Lia |
\ 151
L M= 1r
.

0.5

E
Nl
05+
-1k

centroid
L 15+
,,,,,,, . 1.5 2 2.5 3 3.5
‘ @ 1 Al

centroid =
= 05

=

0 I L I I L
0.12 0.13 0.14 0.15 0.16
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Time [s]

0.2
C. Reux et al. Theory and Simulation of Disruptions Workshop 19/07/2021 28



Spatial footprint ®
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Very localized impact point for non-mitigated cases

Gets broader for half-mitigated case and even broader for the fully-
mitigated case

Side note: reflected synchrotron radiation is clearly visible
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Spatial footprint (®)
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Heat load peaking (®)

OO ~+ More peaked heat loads for
I —No mitigation — Half mitigation —Fullmitigation‘ (@) | unmrtlgated cases
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 More spread heat load
pattern for the half-mitigated
case

400;—\&\_\ | « Consequence of the slower
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®) | dump plate?

* « Mid-size » MHD instability?

« Small regeneration of

runaways during the
collapse?
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Prospects for ITER
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The level of companion plasma purity needed to prevent RE
reacceleration needs to be assessed

« Very likely to be high, as the avalanche is very strong on ITER
The accessibility of the large MHD instability is also to be assessed
* More Jorek simulations planned

Even if complete dissipation is unsuccessful, each intermediate
collapse shaves off a fraction of the total current

=>» Repetitive D, SPI until the current reaches a safe level

15 MA

RE beam

' 60
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Conclusions ((f)»)

High-Z SPI not efficient at killing completely a RE beam (~ MGI)
* D, SPI suppresses RE beams up to 1.4 MA without heat loads

 MHD instability in a hollow current profile leads to complete
dissipation of runaways

* No regeneration of runaways occurs in the final collapse thanks to
the absence of high-Z impurities

» Works in a vertically moving beam

« Very promising for ITER and beyond
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Perspectives ®
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Better understand the power balance in the purged
beam/companion system

* More studies on the current profile following the D, pellet arrival
(island patterns)

« Better characterization of RE energy with HXR.

* More advanced modelling on the runaway behaviour after D, arrival
(Jorek? DREAM?)

C. Reux et al. Theory and Simulation of Disruptions Workshop 19/07/2021



Acknowledgments C O

This work has been carried out within the framework of the EUROfusion
Consortium and has received funding from the Euratom research and training
programme 2014-2018 and 2019-2020 under grant agreement No 633053. The
views and opinions expressed herein do not necessarily reflect those of the
European Commission.

Some of the simulations presented in this article were performed using the
Marconi-Fusion supercomputer.

This work was supported by the EUROfusion - Theory and Advanced
Simulation Coordination (E-TASC).

The views and opinions expressed herein do not necessarily reflect those of
the ITER Organization.

C. Reux et al. Theory and Simulation of Disruptions Workshop 19/07/2021



\
Z

Authors affiliations

Ve
(
L=

CEA, IRFM, F-13108 Saint-Paul-les-Durance, France

General Atomics, PO Box 85608, San Diego, CA 92186-5608, United States of America

Department of Applied Physics and Applied Mathematics, Columbia University, New York, New York 10027, USA
ITER-Organisation, Route de Vinon sur Verdon, 13115 St Paul Lez Durance, France

Max-Planck-Institut fir Plasmaphysik, Greifswald, Germany

CCFE, Culham Science Centre, Abingdon, Oxon, OX14 3DB, United Kingdom of Great Britain and Northern Ireland
Max-Planck-Institut fir Plasmaphysik, D-85748 Garching, Germany

Institute of Plasma Physics of the CAS, Za Slovankou 1782/3, 182 00 Praha 8, Czech Republic

University of California-San Diego, 9500 Gilman Dr., La Jolla, CA 92093-0417, United States of America

Oak Ridge National Laboratory, Oak Ridge, TN 37831-6169, TN, United States of America

Universita di Roma Tor Vergata, Via del Politecnico 1, Roma, Italy

Istituto per la Scienza e Tecnologia dei Plasmi, ISTP-CNR, via R. Cozzi 53, 20125 Milano, Italy

School of Mathematics and Physics, Queen's University, Belfast, BT7 1NN, United Kingdom of Great Britain and Northern
Ireland

14. University Milano-Bicocca, Piazza della Scienza 3, 20126 Milano, Italy

15. Laboratorio Nacional de Fusion, CIEMAT, Madrid, Spain

16. Consorzio CREATE, Via Claudio 21, 80125 Napoli, Italy

17. Forschungszentrum Jilich GmbH, Institut fir Energie und Klimaforschung, Plasmaphysik, 52425 Jilich, Germany
18. loffe Physico-Technical Institute, 26 Politekhnicheskaya, St Petersburg 194021, Russian Federation

19. Universidad Complutense de Madrid, Madrid, Spain

20. European Commission, B-1049 Brussels, Belgium

21. Instituto de Plasmas e Fusdo Nuclear, Instituto Superior Técnico, Universidade de Lisboa, Portugal

22. Ecole Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), CH-1015 Lausanne, Switzerland

23. Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge, MA 02139, United States of
America

© 0N O~ PE

e N
w D k- o

C. Reux et al. Theory and Simulation of Disruptions Workshop 19/07/2021



Additonal material
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Heat loads timing (®)

« Camera pictures: when does heating start?

» Unmitigated case: only one frame (5 ms) before temperature max.
« Half-mitigated case: 2 frames before the spike

900

900 #98184 KL7-EBWB 48.19130 s
#98184 KL7-ESBWB 48.18693 s

800
700
600
500 %
400
300
200

100

800 = #98186 KL7. -EBWB 48 .18693 5 800 #98186 KL7-EBWB 48.19130 s 800
0

Half-mitigated
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Max Tmp [°C]
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Heat loads timing — half-mitigated case ()
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Peaking factor for various cases (@)
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