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Sudden, uncontrolled termination of a tokamak discharge
B Thermal Quench (TQ)

B Current Quench (CQ)

B Runaway Plateau

Temperature/electric field Currents
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1. Heat fluxes 2. Excessive forces 3. Runaway electrons
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B SPI — baseline disruption mitigation
technique for ITER.
B Shattering a cryogenic pellet
B Shards ablate along their paths,
depositing material.
B Different mitigation schemes
» Single injection
» Multiple injection
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Disruption mitigation: Shattered Pellet Injection 4/ 32

LCFS = "Last Closed Flux

B SPI — baseline disruption mitigation Surface”
technique for ITER. LCFS

B Shattering a cryogenic pellet ;o et

B Shards ablate along their paths, | | ), shards
depositing material. DT /

B Different mitigation schemes 2, Shatring

» Single injection
» Multiple injection
» Staggered injection

B Optimized shards number and size.



Background — Modelling disruptions and runaways 5/ 32

B DREAM simulations for ITER scenarios
» 1D fluid model for disruptions and REs

> ja, jie )

DREAM
> T, T

» Fixed, toroidal geometry

» Various reduced kinetic RE models:

» Fluid avalanche, Dreicer, hot-tail O chalmersplasmatheory/DREAM

> Partial screening Hoppe et al, CPC 268 (2021)
» Energy-dependent radial transport doi:10.1016/j.cpc.2021.108098

» SPI accounting for ablation + deposition
B Vallhagen et al. NF 2024 studied ITER SPI
scenarios with DREAM

Mitigation possible in hydrogen plasmas
x Mitigation NOT possible in D-T plasmas


https://github.com/chalmersplasmatheory/DREAM
https://doi.org/10.1016/j.cpc.2021.108098
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B DREAM simulations for ITER scenarios
» 1D fluid model for disruptions and REs

> ja, jie )

DREAM
> T, T

» Fixed, toroidal geometry

» Various reduced kinetic RE models:

» Fluid avalanche, Dreicer, hot-tail O chalmersplasmatheory/DREAM

> Partial screening Hoppe et al, CPC 268 (2021)
» Energy-dependent radial transport doi:10.1016/j.cpc.2021.108098

» SPI accounting for ablation + deposition

B Vallhagen et al. NF 2024 studied ITER SPI
scenarios with DREAM

Mitigation possible in hydrogen plasmas
x Mitigation NOT possible in D-T plasmas

But a number of important effects were missing!


https://github.com/chalmersplasmatheory/DREAM
https://doi.org/10.1016/j.cpc.2021.108098
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I. New models

Plasmoid drift

RE scrape-off

Compton scattering

Suppression of thin current channels

Il. Revisit scenarios of Vallhagen et al (2024)
Include new models

lll. Effect of hyper-resistive diffusion
IV. Lower Ne injection scenarios
Conclusions
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B Pellet material deposition location shifted

» Dueto E x B drift
» Primarily affects pure D/H pellets

> due to weaker radiation, higher temperature
» Affects amount of assimilated material

Vallhagen et al, JPP 89 (2023) doi:10.1017/S0022377823000466
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B Pellet material deposition location shifted

» Dueto E x B drift
» Primarily affects pure D/H pellets

> due to weaker radiation, higher temperature
» Affects amount of assimilated material

B Radial shift described by

A Ar= 1/ Ey(Ay, T)dt,
B o

o'y where
""""" » B = magnetic field strength
» E, = electric field L to plasmoid cloud

B Main free parameters:

» Ay = plasmoid cloud radius
» T = electron/ion temperature during drift
(different for H and H/Ne pellets)

Vallhagen et al, JPP 89 (2023) doi:10.1017/S0022377823000466
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I. New models — RE scrape-off 8/ 32

B REs scraped off during VDE
» Plasma vertically displaces during CQ
» Flux surfaces intersect the wall, lose RE
» VDE limits potential avalanche gain
» Reduces possible A and avalanche again

VDE

Vallhagen et al, JPP 91 (2025) doi:10.1017/S0022377825000327
Wang et al, NF 65 (2024) doi:10.1088/1741-4326/ad8d66


https://doi.org/10.1017/S0022377825000327
https://doi.org/10.1088/1741-4326/ad8d66

I. New models — RE scrape-off 8/ 32

B REs scraped off during VDE
» Plasma vertically displaces during CQ
» Flux surfaces intersect the wall, lose RE
» VDE limits potential avalanche gain
» Reduces possible Ay and avalanche again

B Modelled with a RE density sink term
» Fixes “edge” poloidal flux, ¥s
» (based on 2D JOREK simulations)
» Removes all REs outside ¢ = s

VDE

Vallhagen et al, JPP 91 (2025) doi:10.1017/S0022377825000327
Wang et al, NF 65 (2024) doi:10.1088/1741-4326/ad8d66


https://doi.org/10.1017/S0022377825000327
https://doi.org/10.1088/1741-4326/ad8d66

I. New models — RE scrape-off 8/ 32

B REs scraped off during VDE

Plasma vertically displaces during CQ

Flux surfaces intersect the wall, lose RE
VDE limits potential avalanche gain
Reduces possible Ay and avalanche again

vVVyyvyyYy

B Modelled with a RE density sink term
» Fixes “edge” poloidal flux, ¥s
» (based on 2D JOREK simulations)
» Removes all REs outside ¢ = s

VDE

B Avalanche gain in good agreement with
JOREK

Vallhagen et al, JPP 91 (2025) doi:10.1017/S0022377825000327
Wang et al, NF 65 (2024) doi:10.1088/1741-4326/ad8d66


https://doi.org/10.1017/S0022377825000327
https://doi.org/10.1088/1741-4326/ad8d66

I. New models — Compton scattering 9/ 32

Motivation: ITER first wall is changed from Be to W
Original model (Martin-Solis et al. 2017):

_In(E, [MeV]) + Cy
_ G

(Ey) =T 0exp(—exp(z) —2z+1), z

(%) =re | r(EIeiEE,
gf

.. RE
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Motivation:
During CQ, strong Vj, lead to the formation of
narrow current channels
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Motivation:
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Motivation:
During CQ, strong Vj, lead to the formation of
narrow current channels

B Locally heat the plasma — incomplete TQ

B Thin current channels would be rapidly
flattened by MHD instabilities

Approach in DREAM:

300
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Motivation:
During CQ, strong Vj, lead to the formation of
narrow current channels

6]/— t=0ms (a) Ohmic current

B Locally heat the plasma — incomplete TQ [ e=ams

NE 4 — tf8ms
= t=12ms
B Thin current channels would be rapidly . g 1

flattened by MHD instabilities , T T
ApproaCh in DREAM: 300 (b) Temperature
. - T
B DREAM does not resolve MHD instabilities $ 200 >
B The model triggers enhanced transport of: " 0 A/"-\
» Runaway density nge — very low /| ,\

0

(Conservative) 000 025 050 075 100 125 150 1.75
r(m)
» Internal energy Wyoq
» Poloidal magnetic flux 1,

when Vj exceed a critical threshold.



Il. Revisited simulations



Il. Revisited simulations — Simulation setup 11/ 32

Scenarios:
B H26 — L-mode 15 MA Deuterium
> To~5keV-ne~5x10"9m-3
» Without nuclear RE seeds
B DTHmode24 — H-mode 15 MA
D-T
> To~20keV-ng~9x10"¥m-3
» With nuclear RE seeds
Injection schemes:
B Single injection (S cases)
B Multiple injections (M cases)
B Staggered injections (St cases)

» First pellet — pure D
» Second pellet — Mixed D-Ne
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L-mode H H-mode D-T
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L-mode H H-mode D-T
® s ° ® ® s
101 A WM™ L 101 A ™ L )
<
s m st K3 s m st
5 e © & ‘..
o o
g ° t. g ° [
A,
0 e A 0
1020 10-'® 1070 10°° 100 10° 1020 10" 10-'© 10-5 10° 10°
Iseed, repr (A) Iseed, repr (A)

B RE current scales monotonically with RE seed current
» Successful cases: S3, St1, St2, St3

B Seed (= and RE) can be suppressed ONLY in non-activated scenarios
» D-T plasmas dominated by seed from Compton scattering

B Same overall picture as in Vallhagen et al (2024)
» NOTE: This is still a conservative estimate
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lll. Effect of hyper-resistive diffusion
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Hyper-diffusion term added to ), equation:

ot oYy B

B Models current relaxation in Thermal Quench
(Boozer JPP 1986, Nardon NF 2023)

0 0 0
ﬂ— ‘/IOOp+M081/J <¢t ma tht)-



lll. Effect of hyper-resistive diffusion 14/ 32

15 —— w/o hyperres. diff.
T penes. B Hyperresistive diffusion favours edge
< 10 REs
= » Flattens ohmic current profile
5 » Redistributes poloidal flux
0 /e » Reduce local avalanche gain

. . A
t(s) Gira = exp (w Up )
5.0 Ohmic current profiles e-fold
N Initial (Boozer POP 2015)

<~ 15 — W/0 Ay
Sol” == Whn B Much less RE current in DT scenario
= > S12:5.80MA — 0.83MA
<os| T T T T e

0.0 - B Seed REs scraped-off more quickly

0.0 0.5 1.0 1.5
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B Ne content in previous simulations limited to > 1%
» To respect CQ time < 150 ms
» TQ unachievable for too low Ne
» Thin current channels re-heat plasma in simulation
» Experiments can go to low Ne quantities

» MHD instabilities?
» Intrinsic impurities?
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B Ne content in previous simulations limited to > 1%

» To respect CQ time < 150 ms
» TQ unachievable for too low Ne

» Thin current channels re-heat plasma in simulation
» Experiments can go to low Ne quantities

» MHD instabilities?
» Intrinsic impurities?

B HERE: Trigger transport when thin current channels arise
» Can avoid re-heating

B Why less Ne?
» Reduces RE avalanche
» Upper CQ time “limit” (150 ms) may not be actual constraint
» Desirable for benign termination



IV. Lower Ne scenarios 16/ 32

8 L-mode H 8 H-mode D-T
A M ® S H St A M ® S lSt|
=61 =61, e
54
g
=2
o lal
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Ne fraction (%) Ne fraction (%)

B In H plasmas: lower Ne — less RE
» In L-mode, due to longer pre-TQ

B In D-T plasmas: little or no effect
» seed dominated by Compton/tritium
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Baseline model Physics that change the outcome
B L-mode (H26): staggered SPI and B VDE scrape—off can be decisive if the
low—Ne single SPI can suppress REs. seed is already minuscule (acts with
high ng).

B DT H-mode (DTHmode24): nuclear
Compton seed dominates; low—Ne alone
is insufficient. But If combined with

B Hyper-resistivity during TQ flattens
J, shifts E off-axis:

» DT cases drop from ~5-6 MA —
sub—MA (~ 100 kA), even with
higher seeds.

We can hope to suppress runaways in ITER nuclear scenarios!
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IV. Effect of RE transport in CQ
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We use a Rechester-Rosenbluth model for nye transport:

8nre o 1 a / anre
ot - \/f@r(VDf’ar)’

B 2

B



IV. Effect of RE transport in CQ 19/32

H-mode, D-T plasma (S15)

1012 6B/B =0.001%
0.01%

2 108
g
3
= 104

10° | E—

000 0.01 002 003 004 005 006 0.07

B /B/B~ 10~*in CQ can suppress RE
» Interplay with scrape-off model

B Plasma shrinks due to scrape-off
» RE losses more efficient



Drift of the ablating material 20/ 32

B Pellet ablation in hot plasma 2 99562
produces a cold, dense plasmoid i
18820
B Charge separation from 15
electron/ion drifts — vertical E z 18077
B E x B drift shift the plasmoid ERUS 1335
radially toward the LFS & &

o
T

B Consequences:

» Alters pellet penetration depth
» Shapes radial deposition profile 0
» Critical for disruption-mitigation

models

0.431 0.862 1.294 1.725
Radius (m)



Current Density and Electric Field Evolution 21/ 32

Ampeére’s Law (Toroidal current density):

ot 107, 2\ 0
2m pio <B'V¢>h§t = Viar [V <|Zr2| >8ﬂ

Poloidal flux and electric field:

oY E-B
ot = _Vloopa 27T<B'V¢> = Vloop

Wall coupling model:

Vlgvg?)") = Ruwaillvai,  Ywal = —Lext (Ip + hvan)

Wall response time: Tywa = Lext/Rwai



lonization and Charge State Evolution 22/32

lon density evolution equation:

anY) 1 1 —1
(%) = (¢ o e
oniz

ionization
loss to r;;xt state

+ Ri(jH) <ncold> n'UH) - R,'(j) <ncold> n,('j)

]

recombination

lonization/recombination coefficients /, R! from ADAS; model follows Garland et
al., PoP 27 (2020).



Cold Electron Energy Balance
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Thermal energy of cold electrons:

3

Weold = 5 (Neold) Teold

Energy balance equation:

oW, ji =
Id Q i) (J
8(;0 B (E-B) — (Ncold) Z Z n,('j)l—/('j)

—_——
Ohmic heating

line radiation

1 0 ’ 8Wcold
@)ty [v (choldw "

coll. heat transfer -
radial transport

Note: (Qc) includes both electron-electron and electron-ion collisional heat
exchange.



Runaway electrons 24/32

Runaway electrons are treated as (independently of cold/hot electrons)

anRE 8nRE Dreicer anRE tritium
== Fp + +
o L ot ot

Primary (Dreicer) Tritium decay

8nRE 107 8”RE avalanche 19 anRE
+<8t>+<8t Jrr8r rD@r

Photons Secondary (Avalanche) Radial diffusion

B Hot-tail and Dreicer generation (primary)

B Avalanche multiplication (secondary)

B Tritium beta decay and high-energy photon interactions
B Radial transport



Disruption model: density evolution 25/32

The disruption starts with the SPI — Density evolution

6n,(j ) B 8n,(j ) N an,(/ )
ot Lot ) ot |
tot ioniz injection

B Material deposited in neutral state at t = 0

B SPI models resolve shard ablation and deposition:

on? 472 pp ko k PdensNa
( o f,,z AR H(T, pp )
injection

fj: particle fraction of the material contributing to nj
fok = W ablation velocity of the k-th shard
Pdens: Mass density of the pellet

M: molar mass, Nj: Avogadro number

H(r, ppx) = '&%ﬂ) normalized deposition profile

vVvvyyvyy



Disruption model: temperature evolution 26/ 32

Initial cooling occurs via dilution of thermal energy

Radiative cooling from partly ionized impurities

» via line radiation
» Vvia ionization and recombination

High-Z impurities enhance plasma cooling by triggering MHD instabilities
— magnetic field stochasticisation — increased radial transport of thermal
energy.

Self-consistent energy balance is required:

OWy
ot

Stochastic magnetic fields allow radial diffusion of thermal energy (RR):

5B\ 2

Local electron heat diffusion — Integrating D over a Maxwellian

= Transport — Radiative losses + Ohmic + Collisional + Ablation losses



DIlI-D experimental validation: shot #186588 27/32
Parameter #186588
. #186588 No. shards 250
— j MAm) | No. D atoms 2 x 10?2 atoms
151 — . (102m¥) [0 No. Ne atoms n/a
— Te (keV) _ Shard velocities 544 m/s + 50%
< 0l &S Divergence angles | £15° pol. & tor.
=~ e Composition Pure D>
05 2 Pellet release time 2.9954s
lon transport D, =1m?/s
0.0 : . . . 0 Heat transport XL =1m?/s
00 02 04 06 08 10

Table: Simulation parameters for discharge

#186588.



DIlI-D experimental validation: shot #186588 28/32

DIII-D #186588, Ay = 12.5mm, T' = 150.0eV, d = 0.284

Electron temperature Electron density

10! 5 .
e DIII-D data °

100 =4 DREAM °
— |
> g 31
[ =3
£ 107! R
& =2

10?{ [—— DII-D data =

—— DREAM
102 : : ‘ ‘ 0 ‘ ‘ ‘ ‘
00 02 04 06 08 1.0 00 02 04 06 08 10

Un wn

Paper under preparation from O. Vallhagen et al. (incl. L. Votta) about AUG-SPI
modelling



Parallel heat losses 29/ 32

Motivation:
In VDE, experimental evidence of parallel heat flows to the halo r > r;¢rs.

Implementation: Sink term P in the electron energy equation:

0 Wcold _
ot

=Py

2
P = 3L O(r = ricrs), g = 2mnneCsTe

O(r — ricrs): step function limits losses to open field line region
Cs = +/(Te+~T;)/m;: sound speed; v =5/3, T = T,

vn = 8: heat transmission coefficient

Ly = 2rqgRy: flux tube length along magnetic field

Verification: Power balance comparison vs. 0D model (Artola. J et al. 2024)

njﬁa/o = nenimerad(Te) + 27ihNekB TeCs/L||

Agreement within 0.2-0.5% for all tested parameters



3D MHD simulations benchmark: DREAM vs. JOREK 30/ 32

B Ensures correct reproduction of avalanche gain by preserving poloidal flux
variation.
B Matches JOREK results during RE generation
Current evolution Avalanche gain

o —— DREAM Loss on 102 {——DREAM Loss on ——
—-=DREAM Loss off _—_':DREAM Loss off | -
—— JOREK Up 5 JOREK Up >
<101 N JOREK Down 1071 \
2 £ 1010 ||
& 5101 I
= ] s ::\‘
1
10° 1 i
!
- - ; ; : ! pm———-
0 50 100 150 200 100 1= r il — T
Time (ms) 0 50 100 150 200
Time (ms)

Paper accepted in JPP O. Vallhagen et al. 2025 (incl. L. Votta)



Numerical Implementation in DREAM

31/32

Transport Trigger: Enhanced transport is activated when:

a ajtot
(tot) Or

‘vjtot’norm — ‘

> [Viotlmax > Urot) = / Jrot(r

Diffusion Coefficients:
B Runaway transport:

0B

B Hyper-resistive flux diffusion:

 poRAVau? (0B)?
- 28822 B
where V, = B/, /upp and 1 is the enclosed toroidal flux.
Transport Duration:

B Transport remains active until |Vjit|"*™ drops below 90% of its peak.

B Afterward, transport coefficients are reset to zero.



Test on ITER disruption simulation 32/ 32

Setup: Scenario S9 from ITER baseline H26 is simulated using DREAM. It
models a single-stage pellet injection of 2 x 102 Ne atoms
Test Cases:

B Case A - No transport: 6B/B =10

B Case B — With transport: 68/B = 10~* and |Vjit|™°" = 2.7

No Transport With Transport
2 — t=0ms 2 — t=0ms
..... t = 1lms ;:éms
P EYTRE t = bms :.;.,. """ [ = dIms
5 i DA LT t = 10ms 5 | t = 10ms
= . TR R ;".‘ ..... t = 20ms = L NG | t = 20ms
= [P N LD t = 30ms . A . D O t = 30ms
- Y | t=40ms < WL T I S
= 1 * . J t = 50ms = 1 . A t = 50ms
= . . . =T ALLTPLT . .
= g Tl
o s | Tl
0 SRTEETIREL: 0
0.5 1.0 1.5 0.5 1.0 1.5

Radius [m] Radius [m]
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