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Artificial Intelligence

Present pellet size is 28.5 mm, there may be reasons to reduce their size

Q: What are the optimumpellet sizes for shattered pellet injection in [TER for injections before the thermal quench, after the
thermal quench, and into runaway electron beams? What is the justification far the chaice of these optinumpellet sizes?

ChatGFT:

As of my knowledge cutdff in Septenber 2021, | don't have spedific informmation on the gptimum pellet sizes far shattered pellet
injection in MTER for different scenarics [..]

The optimum pellet size for shattered pellet injection depends on several factars, including plasma parameters, magnetic field
strength, plasma density, and the desired effect on the plasma. Researchers and scientists performextensive studies
simulations, and experiments to determine the nost effective pellet sizes for different scenarios

To dbtain the most up-to-date and accurate information regarding optimumpellet sizes for shattered pellet injection in [TER
| recommend referring to scientific publications, research papers, and the latest experimental data fromthe [TER project.
Additionally, contacting experts or organizations involved in the ITER project, such as the [TER Organization or associated
research ingtitutions, would provide the nost current information on this specific topic.
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Outline

Impact of ITER re-baselining on the strategy for disruptions
Present DMS design & technology development

Experiment & Modelling efforts of the DMS Task Force
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DMS design status

DMS Final Design Review
Meeting rescheduled to
March 2024

UP #02, #08, #14
(post-TQ for CQ mitigation):
each 1 injector

EP #02, #08, #17
(pre-TQ & RE mitigation):
total of 24 injectors
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DMS design status

Present design for port plug EP#02
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DMS Technology Task Force - Activities

- Cryostat and cold head to perform fundamental studies
(CEA-Grenoble, France)

gas flow modelling for
propellant suppressor
(CASPUS, UK)

OPD front end optics
(Fusion Instruments, Hungary)

pellet impacting target for
trajectory measurements
(ORNL, US)

4 [ 5}

Experiment

Support Laboratory for S
component testing £}
(EK-CER, Hungary) %

Simulation of pellet fragmentation validated
against experiments (EMI-Fraunhofer, Germany)
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DMS technology development

» |ITER DMS technology meeting held 8-9 February 2023 at IO

» Pellet Formation & Launching
» Propellant Gas Suppression
» Optical Pellet Diagnostic

> Pellet flight accuracy

» Shattering

» Alignment diagnostic

> Alternative Techniques

Contact S. Jachmich for further information
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New ITER Baseline

» Three scenarios were explored of which one was selected by
IO and proposed to the ITER Councll

» This new scenario will be further elaborated and presented to
the September STAC and at the November Council meeting

» Malin features of the new scenario:

=  Augmented First Plasma Phase with inertially cooled first wall and
plasma operation up to 15 MA

= Two main DT phases with multiple campaigns

= Change of first wall material from beryllium to tungsten

M. Lehnen — TSDW July 2023
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New ITER Baseline

i%': DT-1 DT-2
Engineering, Pre-First Plasma Integrated Augmented Post-First Plasma Integrated . . . .
Fabrication of Assembly Comm. | First Plasma Assembly Comm. Il FPlO FPZO FPSO FZO FPO-5 FPO-x (...) FPO-y
System (Pre-FPA) (A-FP) Phase (Post-FPA)

Operation up to 15 MA/5.3T
40 MW EC heating
5 MW IC Wall Conditioning

Start nuclear phase
(DD plasma)

(upgradable to 20 MW for DT) .
PCS and DMS commissioning

Opportunities

>
>

>

33 MW NBI

Avoid Be handling and assembly difficulties
FW more resilient to transient heat loads (PCS,
DMS and ELM-control commissioning in AFP)
Reactor relevant FW (change to W anticipated)
Merge of FP with first experimental campaigns

DT plasmat

» DT operation with limited neutron » DT operation with full neutron
fluence (nuclear licence I)
» 67 MW EC heating

fluence (nuclear licence II)
= Possible NBI upgrade to 50 MW

Challenges

>
>

>

Plasma start up difficult with W

Boronization is mandatory and needs to be
implemented in ITER

B layers retain T - fuel removal scheme required
Risk for Q=10 due to enhanced radiation losses
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ITER New Baseline — strategy for disruptions

AFP will allow to commission the DMS and extensively test all mitigation schemes
before machine activation and implementation of water cooled FW components

W first wall will be more resilient with respect to thermal loads during the CQ

RE impact is not mitigated by changing to W if 8 mm thickness is kept

- larger thickness appears possible and would allow testing the RE mitigation
scheme (H SPI into RE beams)

Trace T in H plasmas of FPO-1 will allow validating strategies for RE avoidance with
beta decay seeds
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New Baseline — consequences for disruptions

» CQ melting avoidance up to 11-12 MA with W wall
» TQ melt limits ~2 times higher

MEMOS-U simulations

(mmvoE)-
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New Baseline — consequences for disruptions

= W has higher stopping power - more localised loads
= Higher heating at cooling interface for W - RE mitigation should be developed with
inertially cooled W PFCs (AFP)

Max. temp. at W/Be-Cu interface

SMITER-GEANT-MEMOS-U workflow 1600 -
1400 -
Be 1200 -
W
o 1000 -
= : Q— 1/mm: é_)

, = 800 -

el

T
600 -

10 mm

400 1

Toroidal
200 1

L. Chen, R. Pitts 50 100 150 200 250 300

deposition energy [k]]

Threshold for cooling channel integrity with 8 mm W (T =~ 800°C):
~70 kJ / roof - toroidal wetting 30% - Iz = 0.4 — 1.6 MA (1 & 100 ms impact)
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New Baseline — consequences for disruptions

» Disruptive plasmas (or plasmas for DMS commissioning) in AFP must deposit energy
(and REs) on inertially cooled wall to avoid W divertor damage

» Passive schemes not viable (Ali moves plasmas down) = use of VS3 to trigger
upwards movement (needs warning time > 10 ms)

JOREK simulations from DINA scenarios
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DMS Physics Basis - Experiments

» JET SPI experiments to be completed in July/August
35 (1) sessions in 2023

(talks by C. Reux and U. Sheikh and next slides for non-RE exp’s)

» DIII-D: 1.5 run days completed in 2023
(talk by A. Lvovskiy, but on earlier experiments)
» ASDEX Upgrade: ITER experiments completed in 2022
SPI hardware remains on AUG for next campaign (talk by P. Heinrich)

» KSTAR: ITER experiments completed in 2022

SPI will be tested offline during shutdown
(initial results presented at APS 2021 by J-H. Kim)
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JET SPI experiments 2023

Tasks
1) SPI assimilation physics

2) Multiple SPI scenarios

3) Effect of g-profile and edge Loads of data, here just a very limited selection.
stochastization

4) Influence of intrinsic impurities All data shown is preliminary!
5) Impact of plasma instabilities
6) Radiation asymmetries

7) Benign RE termination

8) RE generation

- M. Lehnen — TSDW July 2023
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JET SPI experiments 2023

Tasks
1) SPI assimilation physics
2) Multiple SPI scenarios

3) Effect of g-profile and edge
stochastization

4) Influence of intrinsic impurities
5) Impact of plasma instabilities
6) Radiation asymmetries

7) Benign RE termination

8) RE generation

Fast camera
-> particle source

At TS time

©) EUROfusion

Thomson Scattering
- edge density rise

X
O Pre-SPI
O Post-SPI
JPN 101918 x
O
0 O
OO
X x %
O 8
[Vl % 1 % 1 Ow
0.2 0.4 0.6 0.8 1

Note: SPI in JET from top to the HFS - plasmoid drift carries mass towards the core
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JET SPI experiments 2023

Ne admixture reduces difference between ablation

Tasks location and density peak = plasmoid drift mitigation
1) SPI assimilation physics 0.6
2) Multiple SPI scenarios 0.5 <400m/s |....
3) Effect of g-profile and edge % 0.4F
stochastization S
g 03
4) Influence of intrinsic impurities <
o 02
5) Impact of plasma instabilities é \
— 01 4
(O]
6) Radiation asymmetries ?‘i \
0
7) Benign RE termination
0.1 |
8) RE generation : 05 t 15 ?
Neon fraction [%)]
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JET SPI experiments 2023

Early CQ as proxy for assimilation

Tasks 7
1) SPI assimilation physics 6l 1
: : x

2) Multiple SPI scenarios 5 q Q

2]
3) Effect of g-profile and edge £ single x X é

stochastization § 41 %

4) Influence of intrinsic impurities & 3 dual

a slow / fast _
5) Impact of plasma instabilities 2 O x single

O x dual
6) Radiation asymmetries 1 staggered
7) Benign RE termination 0 | 2.5 MA/ 4 MJ
: 21 22
8) RE generation 10 10
Ne atoms
@) ElRGHision M. Lehnen — TSDW July 2023
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Single Ne/D SPI

No impact of velocity on CQ
duration = similar assimilation

| Staggered SPI

CQ unchanged despite Ne is
injected into dilution cooled
target (T, a few 100 eV)

- lower Ne assimilation may be
compensated by higher density

Dual Ne/D SPI

Faster CQ - higher assimilation
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JET SPI experiments 2023

Tasks
1) SPI assimilation physics
2) Multiple SPI scenarios

3) Effect of g-profile and edge
stochastization

4) Influence of intrinsic impurities
5) Impact of plasma instabilities
6) Radiation asymmetries

7) Benign RE termination

8) RE generation

At (pellet #1 - TQ) [ms]

100

80 r

60

40 1

20 1

Pre-TQ 100% D

slow / fast
O x single
% O x dual
(m]
x
o O_"‘de\a\]
pre ]
f’/f/ﬂ’f
x’E 25MA/4 MJ
0 5

©) EUROfusion

arrival delay [ms]

10

Single D SPI
» Long pre-TQ, but large spread

Dual D SPI

= Short pre-TQ
- Implications for timing of
Ne/D in staggered SPI

M. Lehnen — TSDW July 2023
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JET SPI experiments 2023

Tasks

1)
2)
3)

4)
5)
6)
7)
8)

SPI assimilation physics
Multiple SPI scenarios

Effect of g-profile and edge
stochastization

Influence of intrinsic impurities
Impact of plasma instabilities
Radiation asymmetries
Benign RE termination

RE generation

number of atoms
—
- 4]

o
o

D SPI assimilation from TS

%1023

B single
® dual
............. 100 eV limit

i
o

o
=

©) EUROfusion

Measurementin Oct 5 (135 deg from SPI)
S5 ms < TS delay <20 ms 100% N, . (dual)

O
0
-
o

"
o

W, [MJ]

M. Lehnen — TSDW July 2023
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Single: ~50 % assimilation

1 Dual: slightly more

assimilation compared to
single, but < 50 %

_ Caution: 3D effects not taken

into account!

1 Dotted line:

Etn
3kTiim

AN =
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Tasks

1)
2)
3)

4)
5)
6)
7)
8)

JET SPI experiments 2023

SPI assimilation physics
Multiple SPI scenarios

Effect of g-profile and edge
stochastization

Influence of intrinsic impurities
Impact of plasma instabilities
Radiation asymmetries
Benign RE termination

RE generation

©) EUROfusion

Pre-TQ significantly shortened for D SPI into seeded scenarios

- Consequences for multiple SPI scenarios

TQ duration [ms]

Pre

70

B0

o
(=]

N
o
1

(5]
o

(L%}
[=]

O NI-: Seeding

M2 Seeding
4 Meon Seeding ||

w/o seeding
(o Nitrogen ™7
Neon
+

a 10 12 14 16 18

Radiated power pre-SPI [MW]
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JET SPI experiments 2023

Tasks

1) SPI assimilation physics

2) Multiple SPI scenarios

3) Effect of g-profile and edge

stochastization

4) Influence of intrinsic impurities

5) Impact of plasma instabilities

6) Radiation asymmetries

7) Benign RE termination

8) RE generation

Te [eV]

I, [MAL,VUV[a.u.]

103 _

10!

©) EUROfusion
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#102215
—_—
—t—J — VUV
— pre-SPI TS
—_— pre-TQ TS
post-TQ TS
—— SPI arrival
}M\% —— MG arrival
53.377 53.427 53.477 53.520
t[s]
1021r 105
L]
q o,
- % — 104 %
* I ©
E 102 =
1° o, ?| \ 2 103 -
* L1 .
. . 10 L . 102 1 ‘
3.0 35 3.0 35 3.0 3.5
R [m] R [m] R [m]

Pre-TQ duration and
density rise similar w/ and
w/0 tungsten accumulation

Can be explained by flat
response on T, of W
radiation
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DMS Physics Basis - Modelling activities

|O collaborations

>

V VV V V VY

SPI assimilation (INDEX, QST) completed

SPI scenarios (M3D-C1, NIMROD, General Atomics)

SPI scenarios (JOREK, Beihang University)

RE avoidance (DREAM, Chalmers University) completed
RE mitigation (JOREK + RE fluid, IPP Garching) completed
AUG SPI (JOREK, IPP Garching)

KSTAR SPI (JOREK, Seoul National University)

M. Lehnen — TSDW July 2023
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DMS Physics Basis — JOREK ITER SPI

D. Hu

Plasmoid drift observed when the fragments
from the first pellet reaches the pedestal

3D H-mode simulation of dual SPI with 5x1022 Ne atoms

Initial Wy, drop not radiated
Total f,,4 = 50%

400 50
350
70000 4 40
300
250 0 i 30 T
200 g
®
150 | 120
100
110
50+
0 ' 0
0 1 2 3 4 5 6
time [ms]
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DMS Physics Basis — JOREK RE mitigation

RE loss at 10 x Spitzer resistivity

t=0.34ms

Z (m)

Z (m)

R (m) R (m) R (m)

V. Bandaru, M. Hoelzl, K. Sarkiméki, H. Bergstrom, IO report

nge (1015m‘3)

4

3D simulations of the termination
phase @ g=2.2 with n=1..5

Tested impact of
* Increase in resistivity
» Decrease of ion density

Both lead to reduction in RE

population at end of loss phase

- Supports H SPI induced
recombination recipe

But: in all test cases RE loss is
not complete and reformation
occurs when flux surfaces heal

M. Lehnen — TSDW July 2023
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DMS Physics Basis — JOREK RE mitigation

V. Bandaru, M. Hoelzl, K. Sarkiméki, H. Bergstrom, IO report

Toroidal angle [deg]

3 X Spitzer 10 x Spitzer
Energy load J/m? Energy load J/m?
10° 106 10/ 10° 10° 10’/
= | ‘ I ‘ E—
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© |
513 .'|||i‘.I "H-II..'-HI‘!‘!l
< | AR 1Lk
< 2NN Wi . limn .
]
e 1 [
o
.-IE’ 0’ i i . B I . : ‘ Nl
O o 90 180 270 360 O 90 180 270 360

Toroidal angle [deg]

Energy load more spread for higher

resistivity

Peak energy densities are not reduced
Similar, but weaker effect for lower

D ion density

2
5Energyllgﬁad J/m ,

'l’!"é!(.y.
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DMS Physics Basis — INDEX SPI assimilation

ITER pre-TQ simulations

SPI plume & cold front position

X koo et &~ INDEX | -
E .............. "*'-JOREK
50.8- \\\ AT .
2 06 Two stage plasma cooling
Ee) 4-\— SPIPLME: | rr— - . . .
no4r [ » Dilution cooling to ~100 eV
507 I ablation rate f(T,) = self-regulated
0 L I 1 | Bl
£ : * el . ' » Cold front (~10 eV) through radiation
vp=200 m/s

Note: Current redistribution and TQ onset
depend on cold front dynamics

s ]
2 102 il
~ ——2.2ms —— 7.8ms 1
1 3.6ms ——8.7ms

10°F ——4.5ms ——9.5ms J!
6.2ms

100 1 1 1 1
0 0.2 04 0.6 0.8 1

normalized poloidal flux
A. Matsuyama, PPCF 2022
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DMS Physics Basis — Fragment parameters

1D INDEX ITER simulations

(15 MA L-mode, Ne/H

with 5x10%2 Ne atoms)

12
Fragment size Velocity Aviv

10
& large
g 8 10
o
N
O 12
= 6 17§

o default 5 10 default
o £ large
A E\E\E/E z
g 4 1
10° ! '
0 5 10 15 20
2r E/B/B//E 1T fragment size [mm]
small ‘
O L

2 4 6 8 2 4

6 8 2 4 6 8

24 24 24
NH [10" atoms] NH[1O atoms] NH[10 atoms]

A. Matsuyama, IO report

= Simulations suggest deeper
penetration with

» larger fragment size
» higher velocity
» higher velocity dispersion Av/v

= Recommended from simulations:
v =500 m/s, a = 15° (“large”)
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DMS Physics Basis — Pellet Size

15 MA L-mode 15 MA H-mode
1 . . 7 : ; : Low assimilation driven plasma
—6—28.5mm(500m/s) —=— o« 22 .
09F —e—1/2 size(500m/s) | I +§?25mmgx igzz:e; | COOIIng and TQ onset
= __|Single SPI|—e—1/3 sizesoom/s)|| = © Sl _—
gO.S - * —e—1/4 size(500m/s)|] g 1/4 size (5% 10°“Ne) O | 350 MJ (|) | b b
Sorl & Est ] nly ) plasmas absor
S 06 total = almost an entire 28.5 mm pellet
~— — 4 3
c * c
©0.5 e .. . _ .
z o Z,l Assimilation of 2"d pellet negligible in
© 0.4F o . .
g L L-mode and still low in H-mode for
= 0.3 = L . . . . . .
£ E?2 realistic synchronisation within 2 ms
7w 0.2F s
< <4t
O1r Smaller pellets would allow
0 e 5 . p ¢ testing/using dual injection in pre-FPO
t. . (ms) e, (MS)

jitter

INDEX, A. Matsuyama

5e22 Ne and 1.8e24 H atoms in full size (single/dual)
L-mode: Smaller pellets - Ne quantity reduced proportionally
M. Lehnen — TSDW July 2023
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DMS Physics Basis — Pellet Size

H SPI into ITER H-mode Back-averaging used with

H SPI into ITER L-mode

1025
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H

N

1023 L

1024 -

28.5mm  gplated

assimilated

—

different assumptions
plasmoid energy transport

-
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—e— Ablated
—&— Assimilated

- AssimilatedeahI: 50eV)
------- Assimilated(E, =200eV)

Dual 1/2 size (5 ms delay)
1 L

1 2 3 4

Ny oY (1024 atoms)

INDEX, A. Matsuyama

5

X 1024
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(default,1ms delay)
—e—(1/4 size)

."'Q:

ablated w

&

A assimilated
y
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2 <
injected

Ny (1024 atoms)
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parameter validated with DIII-D
data

Assimilation ~ 25% (L-mode)
~ 8-16% (H-mode)

Low assimilation driven by
plasmoid drift

Plasmoid energy transport limits
assimilation for large quantities

Large pellets needed because
of poor assimilation
(assimilation not limited by TQ
onset as for Ne/H)

IDM UID: 9C5YH6 Page 31

©2023, ITER Organization



Main remaining R&D needs

Impact of plasmoid drift on mass assimilation (back-averaging/teleportation model
used in most cases, though JOREK sees plasmoid drift in H-mode)

Refinement of TQ onset criteria in 1D transport simulations for better estimates of
assimilated mass

Validate required pellet sizes, fragment sizes and speed
Impact of seeded ITER plasma scenarios on mitigation schemes

Quantification of required H for benign RE termination: self-consistent description of
atomic, RE and MHD physics

Assess RE avoidance schemes with more complete and self-consistent models
(impact of vertical displacement, TQ and CQ radial transport losses, etc.)

Simulations/Estimates to quantify required T to carefully assess impact of beta decay
seeds in FPO-1 with H plasmas
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