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E 1. Context and motivation
Key driver of divertor performance: Plasma-Neutral Interact® &

Performance of the Divertor... ... and also of the First Wall:
B Heat flux dissipation B FW erosion (CX atoms)
B Pumping efficiency B Impurity plasma contamination
B Impurity confinement B Main chamber recycling

B Erosion resilience

\ ) \ )

Y Y
Key driver: plasma- Plasma-neutral interactions
neutral interactions also contribute

To project divertor solutions to DEMO: better understanding of
the details of plasma-neutral interaction processes is needed
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E 1. Context and motivation
This talk focus: Contributions analysis from simulations &

Goal of this talk: New code output with
SOLEDGE3X domain

each reaction’s
B From full domain ITER simulations with contribution to sources
SOLEDGE3X... et

- Divertor
- Main chamber & FW

B ...impact analyses of 2 parameters... Total Source
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1. Throughput (also validated against
SOLPS-ITER)

2. Density shoulder formation
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B ... and first attempts at interpretation through
deSCription Of inVOIVed plasma'neutral ™ | 50 52 54 56 58 60 -
processes from new code diagnostics " \ \
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1. Context and motivation
Simulations setup &

See talk by P.Tamain
The SOLEDGE3X code and setup: £ tomorrow

B SOLEDGE3X: Fluid multispecies (Zhdanov closure), 3D-turbulent or 2D-mean-field plasma solver
coupled to kinetic neutrals from EIRENE or fluid neutrals

[H. Bufferand et al. 2021 Nucl. Fusion 61 116052]
B Simulation setup:

= Based on SOLPS-ITER cases
(#103027-#103030) -s. Park et al. 2021

Nucl. Fusion 61 016021]
= 2D-mean-field (transport) mode, o
prescribed diff. coeffs. Sensitivity analyses of 2

— L-mode transport parameters:

= PureH 1. Throughput
- 20MW (PFPO-1)
= No fluid drifts

= Advanced options in EIRENE
(elastic ion col., MAR, neutral-neutral
col.)

2. Formation of shoulders
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E 2. Impact of throughput :

Plasma-Neutral Interaction (PNI) model reaction set
Plasma-Neutral
Interaction (PNI) model
(=and so detachement

model) driven by
reaction set

Databases

« AMJUEL
<ov>|* HYDHEL

 ADAS
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2. Impact of throughput :
Plasma-Neutral Interaction (PNI) model reaction set

Plasma-Neutral Most important reactions (exerpt from full set):
Interaction (PNI) model Name (Abbrev.) Reaction Description
(=and so detachement P
model) driven by Atom lonization (Atmlz) e + H° > H* + 2¢- N@ —_—
reaction set H iﬂ e
Molecule lonization (Mollz) e +H, > H," +2e N\ —_—
0 of e~
" Yo — O]
. —_
<ov>|* HYDHEL ) o @ ©>
. ADAS o — (H R
+
Tt . i
—_
Legend: o % w -
lon-Molecule Elastic Collision ©
+ + A\
@ Atom (MolEL) H* + H, > H* +H, @0 —_ 0.
% Molecule Eloct - binati e
ectron-lon Recombination e o
ﬁd’ Molecular lon (Recomb) e+H >H NQ - @9
o Electron Molecular lon Dissociative o (H]) 7

o H* ion Recombination (MollonDissRecomb) e +H, > 2H Nw ’ @&
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E « Molecule-Assisted » Processes involving the
H,* molecular ion i

XP: [K. Verhaegh et al 2021 Nucl. Fusion 61 106014]
MA-processes: sequence of 2 processes: 1 H,* creation process = 1 H,* break-up process
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E « Molecule-Assisted » Processes involving the
H,* molecular ion i

XP: [K. Verhaegh et al 2021 Nucl. Fusion 61 106014]
MA-processes: sequence of 2 processes: 1 H,* creation process = 1 H,* break-up process

( Molecule-Assisted lonisation (MAI) \

—» Molecular lon lonisation-
Dissociation

ON
Net i
\ Kﬁé} — © soufce’o=n+1 }

© ® © .
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E « Molecule-Assisted » Processes involving the
H,* molecular ion i

XP: [K. Verhaegh et al 2021 Nucl. Fusion 61 106014]
MA-processes: sequence of 2 processes: 1 H,* creation process = 1 H,* break-up process

( Molecule-Assisted lonisation (MAI) \ Molecule-Assisted Dissociation (MAD)

— M_olecu_lar: lon lonisation- —
Dissociation

-] ’N () Net ion source

]
N
Net i =0
k K‘Ié’ — © soufce’o=n+1 } Kﬁf — © But H°

o [H © > © TH ® transport!
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E « Molecule-Assisted » Processes involving the
H,* molecular ion i

XP: [K. Verhaegh et al 2021 Nucl. Fusion 61 106014]
MA-processes: sequence of 2 processes: 1 H,* creation process = 1 H,* break-up process

( Molecule-Assisted lonisation (MAI) \ Molecule-Assisted Dissociation (MAD)
—» Molecular lon lonisation- —
Dissociation
’N (N ’N ® | Netion source
Net ion =0
—_ — — —_—
}‘\@’ © source = +1 } p\ﬁé’ © But H°
k o [H © _ o [H) ® transport!

Electron-Molecule-Assisted Dissociation

(EMAD)

Molecule lonization =

’N
Net ion
—_ w —_
/m\ + © source = +1
® ®
©

H)
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H,* molecular ion

( Molecule-Assisted lonisation (MAI)

Dissociation

’N
—of — o
\ e/m\‘&b °

—» Molecular lon lonisation-

\

Net ion
source = +1

« Molecule-Assisted » Processes involving the

XP: [K. Verhaegh et al 2021 Nucl. Fusion 61 106014]
MA-processes: sequence of 2 processes: 1 H,* creation process = 1 H,* break-up process

Molecule-Assisted Dissociation (MAD)

o

Electron-Molecule-Assisted Dissociation

(EMAD)
Molecule lonization =
’N e
S8 o — o
(-]
LIPS ®
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source = +1

—
’N () Net ion source
=0
—_— —_—
/@9\@’ O But H°
@ [H) (H]) transport!
Molecule-Assisted Recombination
(MAR)
—» Molecular lon Dissociative
Recombination
(-]
N o .
_ w —_ Net ion
”\ + (H) source = -1
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2. Impact of throughput

3 representative cases: Attached, Rollover, Partial Detached

Throughput scan, 3 selected cases for analysis: from attached to partially detached at

max throughput
(colors are different throughputs — blue: low = red: high)

Upstream (Outer midplane)

Outer Target
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E Analysis of cases: 1D field line plot @ Outer Target

Plot along field line (black): 4 quantities:

-_—

. lon Particle Source
. Number of Reactions
. lon Momentum Source

2

3

4. lon Energy Source

5. Electron Energy Source
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E 2. Impact of throughput :
Particle source (H*ion source)

Volume particle source [s1.m"3]:

(plots include only significant major processes)
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2. Impact of throughput :
Particle source (H*ion source)

Volume particle source [s1.m"3]:
(plots include only significant major processes)

Attached

m— Atmlz
s MoICX
MollonDiss

H,* from

molecule
electron
impact

lon Particle Source [s~1. m~3]

T T T T T T T T
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Poloidal curvilinear coord. relative to target [m]

Dominant processes:

Atmlz: e+ H° > H* + 2e-

Mollz: e + H, > H," + 2e- ?

| EMAD
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2. Impact of throughput :
Particle source (H*ion source)

Volume particle source [s1.m"3]:
(plots include only significant major processes)
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2. Impact of throughput :
Particle source (H*ion source)

Volume particle source [s1.m"3]:
(plots include only significant major processes)

Attached

le25 le25
o — AtmMIZz — AtmIZz
S 15 4 . MolCX 24 === Recomb
T MollonDiss L A’\ s MolCX
= MollonDiss
g 104 H2+ from . ____/\\
@ molecule L
£ 051 electron
s . -2
< impact
- 0.0 i T T T T T T T T _3 ] T T T T T T T T
-0.10 -0.08 -0.06 —-0.04 -0.02 0.00 0.02 0.04 0.06 -0.10 -0.08 -0.06 —-0.04 -0.02 0.00 0.02 0.04 0.06
Poloidal curvilinear coord. relative to target [m] Poloidal curvilinear coord. relative to target [m]
Dominant processes:
Atmiz: e+ H° > H* + 2e- Atmiz: e + H° > H* + 2e-
H,* o
Mollz: e + H, > H," + 2e- m
channel
change

| EMAD

Commissariat a I'énergie atomique et aux énergies alternatives




2. Impact of throughput :
Particle source (H*ion source)

Volume particle source [s1.m"3]:
(plots include only significant major processes)
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2. Impact of throughput :
Particle source (H*ion source)

Volume particle source [s1.m"3]:
(plots include only significant major processes)

Attached ... Partial Detachment
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2. Impact of throughput :
Particle source (H*ion source)

Volume particle source [s1.m"3]:
(plots include only significant major processes)
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E 2. Impact of throughput :
Reaction counts
Volume reaction rates [s1.m"3]:
(plots include only significant major processes)
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2. Impact of throughput :
Reaction counts

Volume reaction rates [s1.m"3]:
(plots include only significant major processes)
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2. Impact of throughput :
Reaction counts

Volume reaction rates [s1.m"3]:
(plots include only significant major processes)
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2. Impact of throughput :
Reaction counts

Volume reaction rates [s1.m"3]:
(plots include only significant major processes)
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2. Impact of throughput :
Reaction counts

Volume reaction rates [s1.m"3]:
(plots include only significant major processes)
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Reaction Rate [s™1. m™3]

Reaction counts

2. Impact of throughput :

Volume reaction rates [s1.m"3]:
(plots include only significant major processes)
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E 2. Impact of throughput :
Momentum sources
Volume momentum source [kg.s2.m2]:
(plots include only significant major processes)
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2. Impact of throughput :
Momentum sources

Volume momentum source [kg.s2.m2]:
(plots include only significant major processes)
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2. Impact of throughput :
Momentum sources

Volume momentum source [kg.s2.m2]:
(plots include only significant major processes)

Lezs Attached

le29

|E 1 — Atz __—/_\ — Atmlz

v m— AtMCX 0 ‘ N s AtMCX 4

v mm MolEL ~ mm= MolEL

o

x 04 — < === Recomb === Recomb

— j -2

I e MoICX e MoICX

3 MollonDiss _4 MollonDiss

n 14

IS

35

5 7

£

Z T T T T T T T T _8 T T T T T T T T T
-0.10 -0.08 -0.06 —-0.04 -0.02 0.00 0.02 0.04 0.06 —-0.10 -0.08 -0.06 —-0.04 -0.02 0.00 0.02 0.04 0.06

Poloidal curvilinear coord. relative to target [m] Poloidal curvilinear coord. relative to target [m]

Dominant processes:

MolElastic: H* + H, > H* + H, ?
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2. Impact of throughput :
Momentum sources

Volume momentum source [kg.s2.m2]:
(plots include only significant major processes)
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2. Impact of throughput :
Momentum sources

Volume momentum source [kg.s2.m2]:
(plots include only significant major processes)
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E 2. Impact of throughput :
lon energy sources
Volume ion energy source [W.m3]:
(plots include only significant major processes)
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2. Impact of throughput :
lon energy sources

Volume ion energy source [W.m3]:
(plots include only significant major processes)
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2. Impact of throughput :
lon energy sources

Volume ion energy source [W.m3]:
(plots include only significant major processes)
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2. Impact of throughput :
lon energy sources

Volume ion energy source [W.m3]:
(plots include only significant major processes)
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2. Impact of throughput :
lon energy sources

Volume ion energy source [W.m-3]: Atom CX now source at

(plots include only significant major processes) Farge_t .
(reheating/diffusion)
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Only ar coord. relative to target [m] Poloidal curvilinear coord. relative to target [m]

Dominant processes:

MolElastic: H* + H, > H* + H, ?
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2. Impact of throughput :
lon energy sources

Volume ion energy source [W.m-3]: Atom CX now source at

(plots include only significant major processes) Farge_t .
(reheating/diffusion)
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2. Impact of throughput :
lon energy sources

Volume ion energy source [W.m-3]: Atom CX now source at

(plots include only significant major processes) Farge_t .
(reheating/diffusion)
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E 2. Impact of throughput :
Electron energy sources
Volume electron energy source [W.m3]:
(plots include only significant major processes)
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2. Impact of throughput :
Electron energy sources

Volume electron energy source [W.m3]:
(plots include only significant major processes)
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2. Impact of throughput :
Electron energy sources

Volume electron energy source [W.m3]:
(plots include only significant major processes)
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Dominant processes:

Atmliz: e + H° & H* + 2e- Atmlz: e+ H° > H* + 2e-

Mollz: e + H, = H," + 2e- l MolCX: energy taken from the ions .
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Electron Energy Source [W. m~3]

2. Impact of throughput :
Electron energy sources

Volume electron energy source [W.m3]:
(plots include only significant major processes)

Attached

Partial Detachment

le7 le7 le6
0 1 o 1 2
N m— Atmiz - — Atmlz — Atmlz
—1 A = Mollz = Mollz 0  ====_MollonDissRecomb _|
=== MollonDissRecomb -1 A === MollonDissRecomb == Recomb
-2 MollonDiss MollonDiss 24 MollonDiss
—3 4 -2 4
-4
—4 4 _34
-5 4 —6
—4
-6 —8 -
T T T T T T T T T T T T T T T T T T T T T T T T
—-0.10 -0.08 -0.06 —0.04 -0.02 0.00 0.02 0.04 0.06 —-0.10 -0.08 -0.06 —0.04 —-0.02 0.00 0.02 0.04 0.06 —-0.10 -0.08 -0.06 —0.04 -0.02 0.00 0.02 0.04 0.06

Poloidal curvilinear coord. relative to target [m]

Dominant processes:

Atmliz: e + H° & H* + 2e-

Mollz: e + H, > H," + 2e-

Commissariat a I'énergie atomique et aux énergies alternatives

Poloidal curvilinear coord. relative to target [m]

Atmlz: e+ H° > H* + 2e-

Poloidal curvilinear coord. relative to target [m]

Atmlz: e+ H° & H* + 2e-

MollonDissRc: H,* + e > 2 H°

Recomb: e- + H* > H°




2. Impact of throughput :
Electron energy sources

Volume electron energy source [W.m3]:
(plots include only significant major processes)
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3-body recombination =
electron heating at low T
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2. Impact of throughput :
Qualitative picture of processes evolution during detachment &

Particle
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Mom. &
Energy
sources

Commissariat a I'énergie atomique et aux énergies alternatives




2. Impact of throughput :
Qualitative picture of processes evolution during detachment &
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2. Impact of throughput :
Qualitative picture of processes evolution during detachment &
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2. Impact of throughput :
Qualitative picture of processes evolution during detachment
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E Outline

1. Context and motivation

2. Impact of throughput

3. Impact of enhanced far-SOL transport (shoulder formation)

4. Summary
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E 3. Impact of enhanced far-SOL transport (shoulder formation):

Commissariat a I'énergie atomique et aux énergies alternatives

Possible formation of

(JET example)

7/‘
5>

[A. Wynn et al 2018 Nucl.
Fusion 58 056001]

(@)

“shoulders” in OMP profiles:

FW

Impact on divertor from formation of shoulders?

Precise shape of profiles in
ITER? = Unknown

B Possible formation of
shoulders (turbulence) — not
modelled in mean-field codes

B SOLEDGES3X simulation
database includes far-SOL
enhanced transport cases
for FW fluxes studies

= Question: does this
inclusion of shoulders have an
impact on what happens in the
divertor?




3. Impact of enhanced far-SOL transport (shoulder formation):
Modelling & Impact on quantities at the FW

Observed Impact of high far-SOL transport

Modelling through D,y (low throughput)
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E 3. Impact of enhanced far-SOL transport (shoulder formation): b
Impact on targets: Significant effect only for close shoulders e

x1020 Ne- [part. m~] x10! Te- [eV] x10! T+ [eV] %106 Qsym, L, tot [W.m™?] /2
i LomP = 3 ! : : ! : ToMP = Qtot,peak
-1 ' I 1 ]

kT * Lem | 2.0 1 i 15 4 ilcm _—~TGuter strike point
— 31 2 1 i E ' — Constant coeffs. #106002
] l 151 ' —— D,=2m?. st @3cm #106008
|: 27 E 1.0 1 E 107 D,=2m2.s1 @lcm #106007
S 1 | I —— D,=10m2.s"! @3cm #106010
3 1 ! 5 051 | ; 0517 . — D, =10m2.s"! @1cm #106009
O ' EOMP= ! EOMP=

0 0 = L 0.0 == L 0.0 Blue &

0.0 0.1 0.2 0.0 0.1 0.2 0.0 0.1 0.2 0.0 close (1cm
Distance along target [m] Distance along target [m] Distance along target [m] Distar OMP) shoulder

*Close and diffusive shoulders have an impact on the divertor
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No shoulder (Roll-over)

3. Impact of enhanced far-SOL transport (shoulder formation):
Reaction structures are identical for close shoulders

Large & close shoulder

Poloidal curvilinear coord. relative to target [m]
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Poloidal curvilinear coord. relative to target [m]

With strongly enhanced
far-SOL transport:

B Almost identical
reaction profiles

B Simple reduction in
amplitude

* Presence of shoulder does not seem to change divertor regime in these simulations
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E Outline

1. Context and motivation

2. Impact of throughput

3. Impact of enhanced far-SOL transport (shoulder formation)

4. Summary
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5. Summary

B First self-consistent full vessel simulations for ITER with SOLEDGE3X applied to ITER low power phase (20MW),
analysed with new detailed per-reaction source contributions diagnostics

B Enables analysis of mechanisms of plasma recycling and their changes from attached, rollover, and partially
detached conditions in ITER simulations

B Macro picture of plasma-neutral interaction structure in detachment onset:

Molecule interactions present even in attached cases (H,* dissociation is a major contributor, net source if mol.
El)

Switch mechanism of H,* formation: molecule electron impacts at low regime (high T,), the fully replaced by
molecule CX at roll-over

First detachment of atom ionization front at roll-over, then further spread out with increased detachment

Roll-over and after: momentum loss dominated by ion molecule elastic collisions, CX turns into a heating
source for the plasma at target

Electron-ion recombination (EIR) & molecule assisted recombination (MAR) appear only in (partially) detached
cases, not before, and neutral-neutral collisions start taking importance (cloud compression)

B Enhanced far-SOL transport (shoulders) effect in the divertor: only with close shoulders, and does not induce change
of regime. No change of PNI structure, simple amplitude decrease of sources

B Next steps:

Commissariat a I'énergie atomique et aux énergies alternatives

Run to full-power 100MW FPO neon-seeded cases (WIP)

Assess effect of impurities on PNI processes in simulations
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2. Impact of throughput
FW heat load: well within design limits

Heat flux density deposition on the FW g, | totar [W/M?]:

(2D-axisym., perp. no shaping, pl+neut.+rad)

B FW material limits:
qt ¢ N :
\—Q% Wall Dome Puff = 1.76e4+23 5~ 1 B Inner:

] Ji.div.] Plasma |O. di\j SMW/m?
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E 3. Impact of enhanced far-SOL transport (shoulder formation): b
Increased FW heat load above outer baffle and machine top &

Heat flux density deposition on the FW g, | totar [W/M?]:
(2D-axisym., perp. no shaping, pl+neut.+rad)

Qtarget ™
only for @1cm = 2 g-1 T
y for @ Wall Dome D.=10m"s™ @lecm o FW material limits:
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Summary of throughput and shoulder formation on FW
gross erosion rate

Caveat: Trends analysis only (sputtering from H* & H° only), rough estimation, better
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E 3. Impact of enhanced far-SOL transport (shoulder formation):

Plasma conditions in far-SOL: SOL flows

Mach Number High flow SOL flows:

(M=0.4-0.7) . .
B Key input for erosion codes
and impurity transport

B Mach 7 with increasing

throughput
'S B Mach \ in presence of
Low flow n shoulder
(M=0.1-0.4) Low flow J B

Stagnation point around the
upper outer section

(M=0.1-0.2)

_____

Low throughput
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CX atoms are screened at high TP, not with
enhanced transport &

High Throughput Large shoulder

AtMCXNyeac [reac.s™1. m™3] AtmCX H* energy source [W. m‘130]8 AtMCXNese [reac.s™1. m=3] AtmCX H* energy source [W. m‘3]8
10
10%8 107 10% 107
4 4
1027 10° 1027 106
105 105
1036 2
2 A . 10 24 . 104
Screening : No screening
10 10 103
_ of fast CXN 107 of fast CXN 10°
E. 0 10 —] 0 0 i — 0
N N -102 N -102
1023 1023
-10° -10°
-2 4 1022 - —-104 -2 1022 —-104
, -10° -10°
102 ‘ 102
’ ~106 -10°
4 102 i -107 =41 ‘q 1020 -107
0 T T T T T —-108 T T T T T 0 T T T T T -108
4 5 6 71 8 4 5 6 7 8 4 s 6 71 8 4 s 6 71 8
R [m] R [m] R [m] R [m]
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2. Up-to-the-wall domain challenge for ITER cases o
Computation time: neutral sources extrapolation schemes &

SOLEDGE3X-EIRENE coupling workflow:

, , B Time step ~107s (CFL)
Plasma state (particles density, temperature,
momentum density) B ITER solution equilibrium

N I I S . time: ~ 1s
Very costly !
~few seconds
(x100-1000 vs a
SOLEDGE timestep)

SOLEDGE3X EIRENE

Cheap
shortcut!

B Requires “shortcuts” i.e.
extrapolations

« = » "
Mean-field fluid Kinetic neutrals Monte UL cyclllng Sources extrapolatlon .
Extrapolation
plasma solver Carlo
. . . schemes |
(plasma species) (neutral* species) B Sn = Natom Ne < 0,V >

t
Updated from

plasma background

g‘- EEN EEN - ' Keep spatial distrib.

Plasma sources (particle source,
energy source, momentum source) Extrapolated source from

neutrals
[Details to be published]
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1. Context and motivation
ITER simulations: addressing the First Wall (FW) challenge 5

First Wall panel Impacts of plasma-FW Panels
= =1 interaction
SENNY ¥ -—) m Panel erosion:

- FW lifetime (incl. # of spares)
- Dust generation (Be)
- Fuel retention

B Plasma performance:

- Contamination (sputtering)

= Impurity transport & redeposition

. =i e — Yy
;

e —  — | p—1

a Requires a tool for estimating Feed input for

i FW fluxes and full vessel other codes:
plasma backq_rounds of key ERO2.0
plasma scenarios — WALLDYN
= SOLEDGE3X
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E 1. Context and motivation
This talk focus: Contributions analysis from simulations

Plasma-Neutral Interactions Goal of this talk:

B Highly non-linear ® From full domain ITER Contribution from
. . . each reaction
B Larae number of simulations with
9 . SOLEDGE3X...
processes involved
- Divertor
I State of the art simulation )
L. - Main chamber & FW
is kinetic Monte Carlo:
dlfflCUIt to analyse a prlorl b . |mpact analyses of 2 Total Source
EIRENE parameters...
Plasma ae 7"
nvp T, T ffi? o--- 1. Throughput
! : E
! 2. Density shoulder N
Part. source |1 : a2
E Mom. source : formatlon
Ener. source . —4.4
e Atom 1 T i S —
Plasma e ! I ... and description of structure S S
ux o Lo of plasma-neutral processes I
1}( /./ Databases involved with new contribution
Recyoling Sove - HYOUEL code diagnostics
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1. Context and motivation

Full vessel plasma numerical domain with SOLEDGE3X &
SOLPS-ITER SOLEDGE3X

domain domain _ _ _
_ “Self-consistent” plasma simulations :

I Grid extends up to all PFCs (no
distinction main SOL vs far SOL)

+

 Mag. Eq: Most recent DINA
scenario (drg,, = 6.5cm)

« Wall: Up-to-date (increased
inner wall neutron shielding)

B “Up-to-date” divertor solution
(SOLPS-ITER like plasma-neutral
interaction model with EIRENE)

Output = Erosion/Imp. transport
codes:

B FW fluxes
B Plasma backgrounds up to the FW
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E Outline

1. Context and motivation

2. Up-to-the-wall domain challenge for ITER cases

2. Impact of throughput

3. Impact of enhanced far-SOL transport (shoulder formation)

5. Summary
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E 2. Up-to-the-wall domain challenge for ITER cases
Key role of H," molecular ion near divertor legs

Molecular ion H,*

density [m-3]:

—-2.5 1

—-3.0

End of « non
extended » grid

=40 -

- -

—4.5 4

H,* majority

4.5

Commissariat a I'énergie atomique et aux énergies alternatives

.U =

R [m]

1018

1015

le25

H* particle source main
contributors [s."'.m3]:

Hy' > H° + H*

\/ H2+H+9H2++Ho

Poloidal curvilinear coord. relative to térget [m]

|

= Many still open/unresolved
questions in divertor A&M
modelling and simulations

H,* ion role:

H2+ : intermediate
product in “molecule-
assisted” processes
(MAR, MAI)
Significant Ny just
below the end of
“‘common SOL”
domain, even majority
species there

/.lpol

~5cm>d
mfp H%‘ cell

=> requires transport
tracking (esp. in transients)




2. Up-to-the-wall domain challenge for ITER cases
Stiffness of physics in cold divertor conditions &

Example: Electron-ion energy equipartition:

_ mgZ%e*A 1 — B Collisional energy exchange &
Qoo = @ )% 5 neni—% (Ti = Te) ftm"g att fow friction force terms become
MULLTL)Z &gy Tte T, emperature - very large at low T, especially
during transients
T,e— [eV] 10°
. Q. (W) B Coulomb Log A produces
25 15 | I unphysical values in
10 Lo I : Braginskii/Zhdanov formulation
301 S os | at T=>0 : Quantum effects
_ 10 5 o0 . : i correction [Hong-sup Hahn and E. A. Mason,
E ] = M The Physics of Fluids 14, 278 (1971)]
N . -0.5
/ - o B Revisited numerical scheme
] =15 FIB ORI S RI0INI200 for collisional terms for increased
Semi-Analytical stability
e o solution [Details to be published]

T T T
4.5 5.0 5.5
R[m]
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2. Impact of throughput :

l-‘sym,J_,atoms [5-1 . m-2] |

CX atoms: FW incident flux & average energy, counter action

1022

1021

Throughput #

V7, e\

0 Outer wall 6 8 Top 12
Wall coordinate [m]

1020

1019

Central column

— 3.31le+22 elec/s
—— 6.80e+22 elec/s
— 1.76e+23 elec/s

— 1.46e+21 elec/s
—— 3.8le+21 elec/s

8.85e+21 elec/s
— 1.13e+22 elec/s

Impact on incident atom flux density:

B Large increase at machine top and
outer top: x100

Commissariat a I'énergie atomique et aux énergies alternatives

Eatoms[ev]
103
102
10!
10°
1071 + T T T T T T T
0 © Outer wall 6 8 1Top 12 Central column

Wall coordinate [m]

— 3.31le+22 elec/s
—— 6.80e+22 elec/s
— 1.76e+23 elec/s

— 1.46e+21 elec/s
—— 3.8le+21 elec/s

8.85e+21 elec/s
— 1.13e+22 elec/s

Impact on average atom energy:

B Large decrease =10 - 100
B 100 eV - 3 eV at machine top




3. Impact of enhanced far-SOL transport (shoulder formation):
Comparing current assumptions in far-SOL: T,/T, ratio &

T;/T.(Outer midplane) n.(Outer midplane)
6 —— 3 . -
--- Separatrix 5 TilTe ratio in far-SOL.:
—— Ty+/Te Low TP [2] )
57 Tu+/Te- High TP [©] 1 B Main SOL.: TilTe ~1.2-2
O [ B FarSOL:T/T,~1.2-5
i B Ratio \ with throughput
3 i and diffusivity (low: 5,
2 i — 1016_; --- Separatrix ~S. hlgh 2)
! —— ne- Low TP [part. m™3] [ ~Correlation with Ne, but
. b 1"2 1015 ] ne- High TP [part. m=3] \ m not only (collisionality)
| main : { — n.- High Diff. (low TP) [part. m~3]
!:SO|:_: far SOL > 1 mmm wall
0 T T } T T T 10 T T } T T T
-0.10 -0.05 000 005 010 0.15 -0.10 -0.05 000 005 010 015
R—Rsep [m] R_Rsep [m]
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E 5. Summary

B First self-consistent full vessel simulations for ITER with SOLEDGE3X applied to ITER low power
phase (20MW): grid up to the FW in main chamber critical for FW impact studies

B Overall good agreement with SOLPS on throughput scan on common parts of the domain

B Inboth scans, increase in q, s, on FW, but still very low values (for 20MW cases)

B Impact of throughput:

B Counter action ' /~ while T \ at the FW

B Overall throughput impact moderate on FW gross erosion rate (x6 between scan extremes, only
from CX atoms)

B Impact of enhanced far-SOL transport (shoulders):

B Combined increase of I' 7 and T ~ at the FW

B Much greater impact than throughput on FW gross erosion rate (x40 between scan extremes,
mainly from ions)

B Higher impact of shoulders = Importance of refinement on D, y, assumptions !
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2. Impact of throughput :
CX atoms: FW incident flux & average energy, counter action

B Energy decrease from T decrease from

103 s
lonisation
102 . .
B Further TP increase cold ions screen CXN
10! from core edge

Thl’OUghpUt 7 g AtmCX H* energy source [W.m™] o

10° ] Low TP .
10_1 T T T T T T T T 4i25: 102

0 . Outerwall ¢ 8 1Top 12 Central column Em_ 0
Wall coordinate [m] 375 4 o
— 1.46e+21 elec/s —— 3.3le+22 elec/s = o
—— 3.81le+21 elec/s —— 6.80e+22 elec/s 200 | -

8.85e+21 elec/s —— 1.76e+23 elec/s a0 a3 50 s‘; &0 s 70
—— 1.13e+22 elec/s !

AtmCX H* energy source [W.m™3] ,

Energy atom = | | High TP 10

. I 1

Impact on average atom energy: ion (atom g -

cooling) ]

B Large decrease =10 - 100 0
B 100 eV - 3 eV at machine top

T T T T T T
40 45 50 55 60 65 70 75
Rim]
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E 1. Context and motivation
Full vessel plasma numerical domain with SOLEDGE3X i

SOLPS-ITER SOLEDGE3X
domain domain

“Self-consistent” plasma simulations :

B Grid extends up to all PFCs (no
distinction main SOL vs far SOL)

+
B “Up-to-date” divertor solution

(SOLPS-ITER like plasma-neutral
interaction model with EIRENE)
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2. Impact of throughput
Significant plasma at machine top, broadening of 4,

lllustration case at medium throughput (3.31 x 102 es):

n,[m-3] T,[eV] n,[m-3] OMP Throughput [e~s™]:
- 1019 4 —_— ] 46e+21 5-1

Lot — 3.8le+2ls7!
uff I 1 8.85e+21 57!
10%7 1.13e422 5!
102 1016 - NO -1
100 shoulders 3.3le+22s
1 10 ] 6.80e+22 s~1
, 1.76e+23 st

1014 <

1021 103

F 101 -0.10 -0.05 0.00 0.05 010 0.15
E 0 E 0- k10! R = Rsep [m]
F 10V Aq[mm]
o5 4 B Probable plasma-
2] S ool wall interactions:
10]5 X
T s m  Top
_4,ﬁ’ ( R Q ] m  Outer lower
F)LJTT1[) 457 \/\/Eill
S I . .
R [m] R [m] 1 2 3 1 1+ 5 B ] increase with

le22

Throughput [e".s™] throughput
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2. Impact of throughput
Quantities at the FW: counter actionof ' vs T
Impact of throughput on FW T and total particle flux:

2D view of wall

Outer target Inner target .
-— T; [sheath entrance, eV] —_— coordinate
Top 0 .
1ot Throughput When increasing
J\ increasing 1 ¥\ throughput:
10° Outer wall , , Top A———Central column=———= 21 B Ti,wall V20> 7 eV
0 2 4 6 8 10 12 14 16 _ Central
E  column Outer B Towan — - No effect
T.[eV] ’ el (except machine top:
. Throughput 10\ 1 eV
10 increasing 8m ‘ eV)
10 / B FW part. fluxes x 100
4] 0 :
10-1 Outer wall . . Top . Central column,_______ | / ) . . " . B COl_‘nter action I’ 7
0 2 4 6 8 10 12 14 16 Yo 8 while T \
| [s-1/m?] (ions+neutrals)
ym,L,total T
X Throughput Throughput: [e~.s™]
10 1 increasing — 1.46e+21 s}

Lo ] N — 38le+21s7! —— 3.31e+225s7!
. | AL 8.85e+21 s~} —— 6.80e+22 57!
0 > Outer wall 6 8 1 Top 12  Central column; 1.13e+22 5_1 —_— 1.76e+23 5—1

Distance along the wall [m]
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2. Impact of throughput :
- ] é/Rfm
Gross Be erosion figures: x6 between scan extremes
Caveat: Trends analysis only (rough estimation, H* & H° only, no 3D), better calculations done with
specialized codes (ERO, WALLDYN)

First Wall total gross Gross sputtering rate density [s71.m] Trends:
sputtering rate [s™! ~0N°
5505420 P 9 [s7] Low Throughput High Throughput B 90% fr_om CX .
. +
Throughput: 1.46e+21 s7! Throughput: 1.76e+23 s71 aisoms’ IncreaSIng
£ 005420 - BuT . BuT with throughput
4 ( t location 4-[ location B From ions:
2.50E+20 4 I - & I ~independent of
; . ] . throughput
2.00E+20 » ? - 10 2 10 gnp
- - B Factor 4
1.50E+20 £ o- - £ o- - underestimation vs
L I [ more complete
1.00E+20 |
107 10t ERO2.0 (not same
2 -y -y b3D1S|-'t’)
5.00E+19 g’ enects : )
’ [J. Romazanov et al 2022
4 4 Nucl. Fusion 62 036011]
0.00E+00
0.00E+00 2.00E+23 : . . . . 1016 . . . : , 1016
Throughput [e-.s-1] 4 5 R6[m] 7 8 4 5 :[m] 7 8
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3. Impact of enhanced far-SOL transport (shoulder formation):
Impact on quantities at the FW: combined action of T & T
Impact of high far-SOL transport (low throughput):

Outer target

Inner target

2D view of wall

— T; [sheath entrance, eV] —_— coordinate With strongly
o e——— Top enhanced far-SOL
\H\_/_/_, 4] N transport:
100 -
N B FW fluxes x 10-20
1071 4 Outer wall . + Top — Central column DJ_
0.0 2.5 5.0 7.5T [evl:i).o 12.5 15.0 increasing % 0 S;T,t,:,a,: C‘);:ﬁr B Ti,wall 2:-20-30eV
€ I Te,wa” /‘ 10 = 20 eV
10!
“18m ‘ / B CIsym,J_,total =
? - 40kW/m? @ machine
10-1 Outer wall | : . Top — Central column, X . . . tOp
0.0 2.5 5.0 7.5 10.0 12.5 15.0 D, o [r:] 8
Csym, 1 total [s-1/m?] (ions+neutrals) increasing B Combined increase

1021

1019
A

T T T T
7.5 10.0 12.5 15.0

— Constant coeffs. (reference)
— D, =2m?% s @3cm

D,=2m?.s7! @lcm
D,=10m2.s"! @3cm

0.0 2.5 5.0 D )
Distance along the wall [m] . 1 . - DL =10m-.s @].CI’]“I
Outer wall Top Central column| NCr€asing
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E 3. Impact of enhanced far-SOL transport (shoulder formation):

Modelling:

Prescribed perpendicular diffusivity
coefficients D, x, ., x1;, v, profile at
the outer midplane:

2
sep. D1 [m<. s~

i |
o i 10.0m?/s

|
|

54 Increase in
|

i 2. 0mls far-SOL

|
0.3m?/ L
m=</s D I

0 5

0.00 0. 05 0. 10 0. 1
R — Rsep
—— Constant coeffs. (reference)
— D,=2m? 5! @3cm
D,=2m? s @lcm
— D, =10m?%.5"* @3cm
— D,=10m?.57! @1cm
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A 4

Z[m]

Example: Strongest & closest shoulder (in blue):

Modelling through increased coeff. in far-SOL

T.[eV]

103

I 102

101

101

n.[eV]

100 4]

/~\ 1\-
“\

1021
1020
L1019

F 1018

L 1017

|
|

1019 4

1018 4

ne- [Mm=3]

E=——

|

\:
4%\ |

R [m]

-0.1 0.0

R — Rse, [m]




3. Impact of enhanced far-SOL transport (shoulder formation):
Gross Be erosion figures: x40 between scan extremes &

Caveat: Trends analysis only (sputtering from H+ & H® only), rough estimation, better calculations done with
specialized codes ERO, WALLDYN
Gross sputtering

i 1 . .
First Wall total | pfar-soL _ , :i pfar=SoL _ 40 | rate density [s'.m™] Trends
gross sputtering, L poot ! Hiahest diffusivit B Shoulders = ions
-1 ! Shoulder Shoulder |\ Shoulder Shoulder ! 9 y :
rate [s]
! “@3cm @1cm ' @3cm  @lcm | now dominant (50-
| i , Puff 0
"~ Recall ! | 4 /'\ £|Oc:ati0:In 70%)
4.5E+21 : 41E+21 N .
10 B Large increase
408421 throughput ; p : 9 |
3.5E+21 _scan = x6 - 2 - B Top & outer lower tiles
1 -
3.0E+21 : ! I (#8,#9 & #18)
2.5E+21 ! o
2.0E+21 : ,E | 4 c10° W Factor 10
- N F . .
1.5E+21 ' I : & | F underestimation vs
: ! I} 9.7E+20 | r
1.0E+21 | 42420 ! ! ‘ / ERO2.0 (not same bg,
50E+20  1.1E+20 | | - -2
* ' BN :: . ! - / 1017 3D eﬁeCtS)
0.0E+00 — ! ! 1 / [J. Romazanov et al 2022 Nucl.
Ref. (Cst | D=2.0 @ 3cmD=2.0 @ 1cm,: D=10.0 @ D=10.0 @ : Fusion 62 036011]
coeff.) 1 ! 3cm 1cm i —a
L _____. o Do !
mFrom lons =®mFrom Atoms N 1016
4 5 6 7 8
R [m]
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2. Impact of throughput
Overall good agreement with SOLPS-ITER runs

Throughput scan, from attached to partially detached
(colors are different throughputs — blue: low = red: high)

Upstream (Outer midplane)

ne[m~]

T.[eV]

1084 = |

1019 4 !
|

1018 5 102 3 ;
|

10%7 3 !
10! 3 i

1015 3 |
|

n ]

10° =— f

T
—0.1 0.0 0.1

R — Rz [m]

---- Separatrix

—— 8.85e+21 s SOLPS

—— 8.85e+21 s~ SOLEDGE3X

— = 1.13e+22 57! SOLPS

—— 1.13e+22 s~! SOLEDGE3X
3.31le+22 s7! SOLPS
3.31le+22 s™! SOLEDGE3X

== 6/80e+22 s~ SOLPS

—— 6.80e+22 s7! SOLEDGE3X
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Dashed lines:
SOLPS-ITER

Solid lines:
SOLEDGE3X

Outer Target

-3
%100 ne [m ] w10 TE[eV]
i ——
3 A E ;i' ,'_-_.-'-====
i
2 !
: o |
i i _//_::::'—
t = ] ===

T T
-0.05 000 005 0.10 0.15 020
Distance along target [m]

T T T
-0.05 000 0.05 010 0.15 0.20
Distance along target [m]

x10° qsym.l,total [W/mz]

2.0 1
15 1
1.0 1
0.5 1

-1

R Y
x10
; e
4 4 : - i -
i P ts
| r -
1 r &
: ,
21 i r /) -
:/'/:_
| L
i —y—a
1 -
0 T —

T T T
—0.05 000 005 010 015 0.20
Distance along target [m]

DD T T T T
-0.05 000 005 010 015 nart

Distance along target [m]




3. Impact of enhanced far-SOL transport (shoulder formation):
Modelling & Impact on quantities at the FW

Impact of high far-SOL transport (iow throughput):

2D view of wall

Outer target Inner target f
-— T; [sheath entrance, eV] —_— coordinate
2 -1 ] —
Sep. D 1 [m -3 ] FW 10! -M — Top
o4 ! ; . ¥\
: 10.0m%/s 10° 5
| ]
| . 10-1 4 Outer wall . . Top — Central column D, 27
5 - - Increase in 0.0 2.5 5.0 7.5 10.0 12.5 15.0 increasing | 2 Central o
! E uter
i 20musfill far-SOL T.[eV] N o column wall
I
1 1 A
0 i T T T 10 \/\_\_/_/J_/ ,‘ﬁ', “18m J .//
0.00 0.05 0.10 0.15 100
- -4 0
R HEEP 10-1 Outer wall | : . Top . Central column x : ‘ m :
0.0 2.5 5.0 7.5 10.0 125 15.0 D, 4 R[ﬁj 8

increasing

l-‘sym,J.,total [5-1Im2] (ions+neutrals)

1021

1019

T
0.0 2.5 5.0 7.5

T
. 10.0 12.5 15.0 D
Distance along the wall [m] . 1 )
Outer wall Top Central column| NCr€asing
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E 4. First comparison attempt with other MST cases

3x throughput scans, unseeded

ITER — -ﬂ_

n,e” [part. m~3]

R [m]

First attempt at simple look on obtained plasma-neutral processes:

L1020

L1012

Z [m]

0.5 4

0.0

—0.5 4

=1.0

~151

n,e — [part. m3]

~

T T
25 3.0
R [m]

B Do contributions importance vary widely ?

[ Do we observe the same trends as in ITER cases ?
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T
35

T
4.0

L 1020

1018

Z [m]

0.5 1

0.0

~1.0

n,e — [part. m~3]

L 1020
1019
T T T T T T T 1018
0.8 1.0 1.2 14 16 18 2.0 2.2
R [m]
CAVEAT:
Preliminary work,
exploration




4. First comparison attempt with other MST cases

Same overarching trends recovered across machines
Volume ion particle source [s1.m3]:

ITER JET Y -('[cN  Observations:

le25 15 le26 le26
T e - ot B Many
MollonDiss 1.0 A MollonDiss MollonDiss H
S o differences
© 0.5 021 ] but
‘.‘.: e
< 0.0 — — 0.0 1 = - | 0.0
-0.10 70’.08 70’.06 70‘.04 70‘.02 0.;)0 0.;)2 0.04 -0.10 70‘.08 70‘.06 70‘.04 70‘.02 0.60 0.62 0.04 -0.10 70‘.08 70‘.06 70‘.04 70‘.02 0.‘00 0.‘02 0.04 I Same Ove ra"
Poloidal curvilinear coord. relative to target [m] Poloidal curvilinear coord. relative to target [m] Poloidal curvilinear coord. relative to target [m]
patterns
2 m— Atmiz 1.0 4 m— Atz 2 m— Atmiz

= Recomb === Recomb = Recomb S' 'I t d
MolCX MolCX 14 j MolCX I I m I a r re n s
__———/\ ~ MollonDiss | 0.5 4 MollonDiss

MollonDiss

—
|

iR

!

| ]

Same spatial

0.0 ~ |
-2 4
] I f. mf
scales (cf. mfp
T T T T T T T T T T T T T T T T T T
-0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04
Poloidal curvilinear coord. relative to target [m] Poloidal curvilinear coord. relative to target [m] Poloidal curvilinear coord. relative to target [m] I Req u i reS fu rth e r
le24 le25 le24
5.0 H
e | > — 5.0 — | d
Atmlz 1 Atmiz Atmliz ana ySIS an
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