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Global SPI performance predictable from validated modeling

tested at DIlI-D, JET, and KSTAR

e Neon SPI dynamics primarily driven by global energy balance
instead of MHD

— Predictive model tested on DIII-D data, also applied successfully to JET
and KSTAR experiments

— Empirical scalings of assimilafion consistent with this
— Multi-pellet shutdowns also described by this picture

e Neon SPI generates asymmetric TQ radiation, due to localized SPI
particle source

— Peaking factor estimates from DIII-D are close to ITER surface melt limits

e Deuterium SPI dynamics driven by MHD growth
— Data from DIII-D, JET, and KSTAR support this picture
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SPI modeling developed at DIII-D has now been tested on
KSTAR and JET data
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Global energy balance drives disruption dynamics during

neon SPI

Predictable from 0D KPRAD'2 simulations with SPI ablation model3, which tracks:
— Species-dependent, shielding-limited ablation of SPI plume
— Main-ion and impurity ionization, recombination, and radiation
—  Ohmic heating
— Inductive coupling to wall currents
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Simulations do NOT include MHD or particle transport effects
Particle assimilation determined instead by global energy balance
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Empirical scalings for CQ density are also consistent with

global energy balance being the dominant physics

DIlI-D SPI database, with 7 mm Ne pellet

* For given pellet size/composition, CQ densities 8 - - -
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Empirical scalings for CQ density are also consistent with

global energy balance being the dominant physics

DIlI-D SPI database, with 7 mm Ne pellet
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Cooling duration trends are matched by KPRAD, governed

primarily by injected neon quantity

Coolling duration 15 g
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Cooling duration frends are matched by KPRAD, governed

primarily by injected neon quantity
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e Particles unablated by this time (end
of TQ) travel ballistically through CQ
plasma with minimal assimilation

— Consistent with fast camera images
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CQ rates are quantitatively predictable, determined largely

by neon assimilation and resulting post-TQ plasma resistivity

CQ Duration (100-80% fit) [ms]

* Model accurate except at lowest

40

energy (W, < 0.8 MJ) O KSTAR
— Difficult to accurately model (| © DII-D ©
ablation rates at low temperature s0k| © jg Wthfgg “'\”I':J’ l
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 Simulations are accurate across 00 0 20 30 a0
device size, giving confidence in Simulation
projectability
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Dual-SPIl performance matched by KPRAD, consistent with

global energy balance being primary physics over 3D effects
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TQ radiation asymmeiry due to localized injection source is

observed experimentally and in extended-MHD simulations

SPI2

 Asymmetries observed from comparing first-
wall IR thermography for different SPI systems O

 Radiation peak is broadly centered around
SPI port

— Due to rapid localized injection, rather than
MHD heat flux

e Estimated TQ toroidal peaking factor
=1.9 +0.5/-0.3
— Consistent with DIII-D NIMROD simulations!

e Close to ITER surface melt limit? (peaking
factor ~ 2)

— Not yet known if multiple SPIs reduce peaking

I C. Kim, et al., This conference
2 M. Sugihara, et al., Nucl. Fusion 47 (2007) 337

30 20 10 0 10 20 30
9 D”’ -D D. Shiraki/IAEA-FEC/May 14, 2021 Asymmetry factor [%]

NATIONAL FUSION FACILITY




MHD growth determines disruption timescales following

deuterium SPI

* Deuterium SPl important for RE mitigation, by increasing collisional
dissipation and decreasing hot-tail seed formation through dilution cooling

e Without neon impurity radiation,  |In all three devices, TQ occurs
MHD growth becomes important when n=1 MHD amplitude reaches

process critical value
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A Novel Path to Runaway Electron Mitigation via

Devuterium Injection and Current-Driven Kink Instability

Produced by: JET Infrared Thermography
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Conirasting Approaches Highlights Key Differences

Conventional Approach: Line Density (10%°m?) <
. . | !
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Synchrotron Emission Confirms

Full RE Termination on Sub-Millisecond Timescales

t-t =-0.5ms | t-t

collapse = =+0.3 ms

collapse

- After D, injection: REs can
persist very long time
— Up to 5 seconds in DIII-D

JET IR Synchrotron

- After crossing MHD
instability boundary
REs vanishin <1 ms

D Vis. Synch.

e /
Original VB Background &
RE Beam (no RE Beam)
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MHD Model + Orbit Following w/ Observed 6B/B Levels

Confirms Nearly all RE Orbits are Lost to the First Wall

Orbit Loss Fraction %

 RE orbits followed in linear 100
MHD eigenmode siructure 100 G
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MHD Model + Orbit Following w/ Observed 6B/B Levels

Confirms Nearly all RE Orbits are Lost to the First Wall
RE Strike Position (10 Mev)

* RE orbits followed in linear 360 ol oarel T 1ora
MHD eigenmode siructure o
scaled to experimental 6B ? e
< se%%or \BBp
— 4 \
- 3B/B at experimentally = ﬂ:‘h”****h*u.#mmﬂﬂl i ¢ )
relevant values (~ 5%) = SB
causes most orbits to be - T P
lost to the first wall % 3600 8600 860
Toroidal Angle

small 6B large oB

* RE kinetic energy disperses

intfo a large wetted area
— Reduced peak heat flux Large
Localized wetted

losses with area with

small 6B/B big 6B/B

Improved Scenario for
Kinetic Energy Handling
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Extended MHD Modeling Reproduces Total Loss

: Early Growth  Stochasticity
- M3D-C1 and JOREK with RE At = 60 us

fluid model deployed >

* Near-total stochasticity found
in both simulations

v
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Extended MHD Modeling Reproduces Total Loss

Prompt RE > Ohmic Current Transfer in DIlII-D and JET

. M3D-C1 and JOREK with EarIyGrowth SFochastmty

. 1.0
RE fluid model deployed M. —_
0.8} total current| _ —
g s X
----- ()
- Near-total stochasticity = 0 5 O
found in both simulations £ 04] § =
0.2} £

177040 \ RE current 9
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D, Injection: 1) Facilitates Low Safety Factor Access

2) Accelerates Alfvenic Instability by Reducing Density
DIII-D
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D, Injection: 1) Facilitates Low Safety Factor Access

2) Accelerates Alfvenic Instability by Reducing Density

DlI-D

151~ D2 (recomb) 29 |

D2 (|on|zed)
He Tort
Ar/Ne 10

5 _

wn

- D, cases tend to 310
evolve to lower safety &
factor (more unstable) # 9

— ... hot guaranteed 0 , 0 S S
. 2 3.4 5 6 7 8
— .- noressential Safety Factor Safety Factor
60 ® 8 dB/B * L
- Key D, affect: bulk 50 g%%vth 60 Gréwth
recombination . Rate (%/ms) 50 | Rate (%-m/ms)
— Decreases density 40 40 |
— Shortens Alfven time 30 30
— Accelerates MHD 20 ; 20
1076 10|
L < J J
OO 0:5 15 4‘1.5 0 1018 1019 1020 1021
Density (1020 m-3) Density (m3)

/-
/é
(f;
\
\\

Dlll-

NATIONAL FUSION FACILITY

s\) EUROfusion

C Paz-Soldan/IAEA-FEC/2021-05



New Approach Deployment in ITER DMS

Will Likely Involve Multiple Loss Events (& Pellets?)

* |ITER’s RE beam expected to ]
access low safety factor Candidate ITER DMS Scheme

— Kink should be accessible Primary (Ne+Ho)
{ Secondary (H2)
1029) still an issue

l Additional Ho
— “Remnant” REs will

re-avalanche 10 _,'iP (MA)
. 6B (au)

- ITER’s avalanche gain  (~

* Multiple, but benign, loss
events are foreseen 5

« Goal: keep recombination

& promote large 6B/B 0 | |
0 50 100 150

Validation Needed

@ High RE Current / Gain
... INITER Pre-FPO Phase
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