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1. Context and motivation
ITER simulations: addressing the First Wall (FW) challenge

First Wall panel Impacts of plasma-FW Panels
« interaction

\,«/

B Panel erosion:

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

B Plasma performance:

- = Contamination (sputtering)

= = Impurity transport & redeposition

Requires a tool for estimating Feed input for
FW fluxes and full vessel other codes:
plasma backq_rounds of key ERO2.0
plasma scenarios ’ WALLDYN
=2 SOLEDGE3X
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E 1. Context and motivation
Full vessel plasma numerical domain with SOLEDGE3X

SOLPS-ITER
domain

Pump
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SOLEDGE3X
domain

I Divertor design mainly based on
SOLPS-ITER simulations, domain

restricted to common SOL
[R.A. Pitts et al. 2019 NME 20 100696]

B New self-consistent plasma
simulations with numerical grid
extended to all plasma-facing
components




@ 1. Context and motivation
. . [rfin
Simulations setup G

The SOLEDGE3X code and setup:

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. Parkeetal. 2021 Nucl. Fusion 61 016021]
- 2D-mean-field (transport) mode, prescribed diff. coeffs.

= L-mode transport

= Most recent magnetic equilibrium from DINA scenarios & wall contour

- Pure H

= 20MW (PFPO-1)

= No fluid drifts

= Advanced options in EIRENE (elastic ion col., MAR, neutral-neutral col.)
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@ 2. Up-to-the-wall domain challenge for ITER cases
Key role of H,* molecular ion near divertor legs

&

Molecular ion H,*

. H.* ion role:
density [m=3]: 2

1ot B H2+:intermediate

H+ ticl : product in “molecule-
particie source main assisted” processes

contributors [s.".m-3]; (MAR, MAI)

—-2.5 4

-3.0 1

B Significant n+ just
b Hyt > H° + H* 2
below the end of

End of « non 0
extended » grid_ PP L] “‘common SOL”
\ —_— s domain, even majority
—od =31 species there
Te~ 08 _ 10 eV Poloidal curvilinear coord. relative to target [m] pol
_45 ~
, H,* majority 1015 =» requires transport

4.5 =n =
R[m]

tracking (esp. in transients)
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E 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 & momentum
Qe = 3 - elliTs (2 Strong at low exchange terms become very
m;(2m)2 eg\me T2 temperature ! large at low T, especially during
transients
T,e— [eV] 10°

Eflux (W)

‘.i o Qe (W) ®  Coulomb Log A produces
25 NG 15 | I unphysical values in
w 10 AR : Braginskii/Zhdanov formulation
“304 05 I at T=>0 : Quantum effects
B s 0.0 [ : e correction [Hong-sup Hahn and E. A. Mason,
£ s M i The Physics of Fluids 14, 278 (1971)]

N g -0.5

o B Revisited numerical scheme

- 317:5 318.0 3185 319.0 3195 320.0 for collisional terms for increased

Semi-Analytical stability
10~ solution

[Details to be published]

T T T
45 5.0 5.5
R[m]
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@ 2. Up-to-the-wall domain challenge for ITER cases I
Computation time: neutral sources extrapolation schemes ¥

SOLEDGES3X-EIRENE coupling workflow:

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

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

Cheap
shortcut!

B Requires “shortcuts” i.e.
extrapolations

SOLEDGE3X EIRENE . .
: : N « Short-cycling » .
Mean-field fluid Kinetic neutrals Monte yeing Sources extrapolatlon.
Extrapolation
plasma solver Carlo
; . schemes |
(plasma species) (neutral* species) [ Srl = Natom Ne < o,V >

t
Updated from
plasma background

) Keep spatial distrib.
Plasma sources (particle source,
energy source, momentum source) Extrapolated source from
neutrals
[Details to be published]
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3. Impact of throughput
First view

lllustration case at medium throughput (3.31 x 102 e".s%):

n,[m-=3 T.[eV]
e e
- 102 10?
4 uff 41
1020
- 102
- 19
5 10 2]
L 1018
E E w ot
N © NoO
L 1017
2 1016 =
10°
1015
Pump
T 101 1071
4 5 6 7 8 4 5 6 7 8
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n.[m-3] OMP Throughput [e".s7]:
1019‘ e 1.46&+21 5-1
. ; —— 3.8le+21s!
] i 8.85e+21 s~
1073 i — 113e+2257!
10'° 3 i —— 3.31e+22 s}
105 4 i —— 6.80e422 57!
oed oy — 1.76e+423 57!
-0.10 -0.05 0.00 0.05 0.10 0.15
R = Rsep [m]
Ag[mm]
65 B Probable plasma-
6o ] wall interactions:
551 B Top
B Outer lower
] wall
4.0 4 ) .
— 1 3 7 17 5 B Aq increase with

le22

Throughput [e".s] throughput




3. 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)

&

Dashed lines:
SOLPS-ITER

Solid lines:
SOLEDGE3X

Outer Target

-3 ne[m-3
n.[m-] T[eV] - e[m=] o T.[eV]
104 = I B 1 i ———
19 4 | f— -_.'_"'==
10 i 3 | = =
1 |
108 3 102 3 , 4 \ 2 - |
| “ :
17 o ' i -
= 10! § ! : | 17 ! d
15 l | :
1073 i 0 | —— ; 0 e e b
100 4 } . —0.05 0.00 005 010 015 020 —0.05 0.00 0.05 010 015 020
—0.1 0.0 0.1 Distance along target [m] Distance along target [m]
R—Reep [
) 2
=== Separatrix T;[eV 9sym, 1 total [W/m ]
—— 8.85e+21s! SOLPS %101 l[ ] %100 ym,L,
— 8.85e+21 s~ SOLEDGE3X ! P
—— 1.13e+22s°!SOLPS 4 4 ! o =T 20
—— 1.13e+22 s~! SOLEDGE3X ' R g 15 4
3.31e+22 57! SOLPS i P Py '
3.31e+22 s~! SOLEDGE3X 2 1 ! Fir — 1.0~
= 6.80e+22 s SOLPS ! S 05 -
—— 6.80e+22 s~ SOLEDGE3X ! ____‘_._—-__—;:-T"" ’ i
0 7 ; — T 0.0 . . T T )
-0.05 0.00 0.05 010 015 020 —0.05 0.00 005 010 015 o2t

Distance along target [m]
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3. Impact of throughput
FW heat load: well within design limits

Heat flux density deposition on the FW qgym 1 totar [W/M?2]:

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

B FW material limits:
qe ¢ N .
L‘% Wall Dome Puff = 1.76e4+23 5~ 1 B Inner:

] Ji.div.] Plasma |O. di\j 5MW/m?2
106 - 10° Jfaci facing _|facin 44/ 106
E E B Outer:
] <10kw/m2 @ ] 2 - 3MW/m?2
10° 5 machine top 10° 5 _ 10° ’
' E oA B Top:
107 - 8 10* - N 104 2MW/m?2
3 I 3
] ' ] -2 - [ITER Research
10° 4 ! 10° 4 A 10° Plan, 2018]
E i E /
B | & : —41 = B Max FW load: u
10? P"'pl el : : T ki 107 4 : . . 102 0 : b
0 5 10 15 20 0 1 50 7.5 to 20 % of input
Wall coordinate [m] Wall coordinate [m] R[m] power at highest
-=-=inner strike point —— 3.8le+21s7? —— 3.3le+22s7} throughput
-==outer strike point 8.85e+21s7! — 6.80e+22 57}
— 146e+2157? — 1.13e+22s7! — 1.76e+23 57!

Commissariat a I'énergie atomique et aux énergies alternatives



3. Impact of throughput
Quantities at the FW: counter action of T'vs T

Impact of throughput on FW T and total particle flux:

Outer target

Inner target

— T; [sheath entrance, eV]
100 / N Throughput
'_A increasing

10° Outer wall . .
0 2 4 6 8 10

T.[eV]

Top A=——Central column =

12

14 16

10!
100 %

10-1 Outer wall

- . Top . Central column,_______| /
0 2 4 6 8 10 12 14 16

Fsym,J_,total [5'1/m2] (ions+neutrals)

1021 -

1019 .

(]

0 2' Outer wall é 8 1 Top

Distance along the wall [m]
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T
12

Central column;

Z[m]

2D view of wall

coordinate
Top
1IN
2]
Central
, column c\’/&’;ﬁr

18 m J /

a 6 8
R [m]
Throughput: [e".s1]
— 1.46e+21s7!

—— 3.8le+21s71
8.85e+21 51
— 1.13e4225s!

When increasing
throughput:

_ Tiwan ¥:20> 7eV

_ Tewan — - No effect
(except machine top:
10N 1eV)

B FW part. fluxes x 100

[ Counter action I' 7
while T

i,wal

—— 3.31le+22s71
— 5.80e+22 571
—_— 1.76e+23 571




3. Impact of throughput :

l-‘sym,J_,atoms[s T.m _2] |

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

1022

1021

Throughput #
1020 /

1019

Mia

T

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

Central column

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

— 1.46e+21 elec/s
—— 3.81le+21 elec/s

8.85e+21 elec/s
- 1.13e+22 elec/s

Impact on incident atom flux density:

B Largeincrease at machine top and
outer top: x100
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Eqoms[eV]

10%
102 %8

10?

10°

1071 T T T
0 ©  Outer wall 6 8

1Top 12
Wall coordinate [m]

Central column

- 3,31e+22 elec/s
— 6.80e+22 elec/s
— 1.76e+23 elec/s

— 1.46e+21 elec/s
—— 3.81le+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




E 3. Impact of throughput
Gross Be erosion figures: x6 between scan extremes 5

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 [s1.m?] Trends:
sputtering rate [s1 ~900
§ 50E20 P g [s7 Low Throughput High Throughput B 90% frf)m CX ]
+
’ Throughput: 1.46e+21 57! Throughput: 1.76e+23 571 at_oms’ Increasi ng
5 005420 N o . BT with throughput
4 ft location 4 [ location B From ions:
2,50E+20 Y . - ’ ~independent of
T 18 7 18 thrOU h Ut
2,00E+20 0 ’ - 10 ? 10 gnp
- - B Factor 4
1,50E+20 £ o- - £ o- - underestimation vs
| [ [ more complete
1,00E+20 |
’ 104 107 ERO2.0 (not same
Cl -y | -y bg. 3D ]Sf 2
5,00E+19 g, effects?)
’ [J. Romazanov et al 2022
—4 -4 - Nucl. Fusion 62 036011]
0,00E+00
0,00E+00 2,00E+23 : . . T . 106 T T T T T 1016
4 5 6 7 8 4 5 3} 7 8

Throughput [e-.s-1]
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4. Impact of enhanced far-SOL transport (shoulder formation):
FW & far-SOL impact with formation of shoulders? e

Possible formation of Precise shape of profiles in

“shoulders” in OMP profiles: ITER? = Unknown

(JET example) B Probable formation of
@] Fw shoulders (turbulence) — not

modelled in mean-field codes

B What happens for the FW
and the far-SOL then?

Flattened
profile
A

106

Wall heat flux i/
(total, q,) [W/m?2]: -

[A. Wynn et al 2018 Nucl. -2
Fusion 58 056001] N

Commissariat a I'énergie atomique et aux énergies alternatives



E 4. Impact of enhanced far-SOL transport (shoulder formation):
Modelling through increased coeff. in far-SOL

Modelling: Example: Strongest & closest shoulder (in blue):
Prescribed perpendicular diffusivity Te[eV] N n.[eVv] -
coefficients D}, x e, x1i» v, Profile at
the outer midplane:
2 4 4 ' 1020
sep. D1 [m<. s~
I R s
i I 10.0m?/s i F 10%
| z -
5 - ! Increasein 1018
I 2.0m?/s far-SOL E - 10!
| N
| 0
0.3m?/s 0 ? L 1017
000 005 010 015
R _HEEP 21 " 10%6
—— Constant coeffs. (reference)
—_— D,=2m?% 5" @3cm
. 10%%
D,= 2m2.s ! @lcm 0 Q
— D,=10m%.5"! @3cm . ™
— D,=10m2.s! @lcm IR g 1o
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.,lRfm

©

E 4. Impact of enhanced far-SOL transport (shoulder formation):
Increased FW heat load above outer baffle and machine top

Heat flux density deposition on the FW qgym 1 totar [W/M?2]:

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

Qtarget ™
only for @1cm = 2 -1 e e .
y for @ Wall Dome D.=10m" s @lcm W W material limits:
1 1 qrw Va i 1i.div.] Plasma [O. di\j .
1068 3 <40KW/m? @ 106 .gfaci facing |facin 4 4 t . X 106 B Inner:
1 machine to 1 ] \ 5MW/m?2
10° 3 | 5 10° = 2 10°
] E T B Outer:
10° ; 10° - M N CT 10t 3MW/m?,
] 3 /
103 : 10° ‘ I 1 S/ 10° = Top
N 2MW/m?
] I ! [ITER Research
102 P"?l el T T T T Hlpﬂp 102 T T T ! 102 Plan, 2018]
0 5 10 15 20 0 1 5.0 7.5
Wall coordinate [m] Wall coordinate [m] R[m] [ Max FW load: up
--=inner strike point —— D,;=2m?.5"1 @3cm —— D, =10m?.s"! @3cm to 30 % of inpUt
—-—- outer strike point D,=2m2.s71 @lcm — D, =10m2.57! @lecm power at highest
—— Constant coeffs. (reference) throughput
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@ 4. Impact of enhanced far-SOL transport (shoulder formation): infim
Impact on quantities at the FW: combined action of ' & T E
Impact of high far-SOL transport (low throughput):
2D view of wall
Oﬂarget T; [sheath entrance, eV] Innertigiet coordinate With Strongly
o e————— Top enhanced far-SOL
M_\_/_r’ SR AN transport:
10° 5
N B FW fluxes x 10-20
101 Outer wall r : Top —Central column DL
o0 22 >0 "2 100 1 *? lincreasing |z Sentral i B Tiya7:20-30eV
To[eV] T W Tow7:10-20eV
101_
B

A J // Asym, L total =
0 _ -
. om 40kW/m2 @ machine
107" 1 OicRyol Top Central column / ] top

0.0 25 5.0 7.5 10.0 125 15.0 17.5 a ﬁ[é] 3
Lsym, Ltotar [S7/M?] Gons+neutrals) B Combined increase
—— Constant coeffs. (reference) 1 72and T /7
— D,=2m%.5"! @3cm
D,=2m?.s! @lcm

1021

1019
I 1 T T T T t T .DJ_=10m2.5-1 @3cm
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
— — 2 -1
Distance along the wall [m] D 1 =10m*.s @lcm
Outer wall Top Central column
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1022

1021

1020

1019

1018

l-‘sym,J_,atoms[S T.m _2] |

4. Impact of enhanced far-SOL transport (shoulder formation):
CX atoms: FW incident flux & average energy, flux increased

D,
increasing

T R | Vall

0 Outer wall 6 8 Top 12 Central column

Wall coordinate [m]
— D,=10m2.5"! @3cm
— D, =10m2.57! @1lcm

— Constant coeffs. (reference)
— D, =2m2.s71 @3cm

D,=2m%s! @lcm

Impact on incident atom flux density:
B Machine top: x10 - 20
B Above inner & outer baffles: x10 — 20
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Eqoms[eV]

drfm

103
102 LR
10

10°

1071

0 ~ Outer wall 6 8

] Top 12
Wall coordinate [m]

Central column

— D,=10m2.5"1 @3cm
— D, =10m2.5"1 @1lcm

— Constant coeffs. (reference)
— D, =2m2.571 @3cm

D,=2m2.s"1 @lcm

Impact on average atom energy:
B Almost no impact from shoulders




4. Impact of enhanced far-SOL transport (shoulder formation):
Gross Be erosion figures: x40 between scan extremes 5

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

First Wall total

gross sputtering

rate [s1]

4 5E+21
4,0E+21
3,5E+21
3,0E+21
2,5E+21
2,0E+21
1,5E+21
1,0E+21
5,0E+20
0,0E+00

1,1E+20

coeff.) |

Recall:
throughput
scan_= x6

4,2E+20

mFrom lons ®mFrom Atoms
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9,7E+20

Ref. (Cst : D=2.0 @ 3cmD=2.0 @ 1cm :: D=10.0 @
1 3cm
U U Jm -

1 W

- SOL
! D{ar SOL —9 :i Dfar — 10
! 1
. Shoulder Shoulder :E Shoulder  Shoulder
I @3cm @lcm Y% @ 3cm @ lcm
1 1

4,1E+21

D=10.0 @
lcm

Z[m]

Gross sputtering

rate density [st.m2] Trends:

B Shoulders = ions
now dominant (50-

Puff
4~ /\ Ioce?tion 70%)
N

7 10> M Largeincrease

Highest diffusivity

, ] - B Top & outer lower tiles
' (#8,4#9 & #18)

NIR -1 W Factor 10
s underestimation vs

LI
‘ / [ ERO2.0 (not same bg,
P

3D effects)

[J. Romazanov et al 2022 Nucl.
Fusion 62 036011]

1017

1016
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@ 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 In both scans, increase in q, 5,mm 0N FW, but still very low values (for 20MW cases)

B Impact of throughput:

[ Counter action T 2 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 increaseof I' » and T » at the FW

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

. : -11-
First Wall total gross sputtering rate [s™]: calculations done with specialized codes ERO, WALLDYN
Throughput scan Shoulder formation scan (enhanced far-SOL transport)
7,0E+21 T S !
1 . . o e
Hi far—SoL _ -SOL _ ' High diffusivit
gh Throughput 1D =2 D{ar =10 ! g y
Throughput: 1.76e+23 s
6,0E+21 ; !
1 Shoulder  Shoulder | Shoulder  Shoulder
I @3cm @ 1cm @ 3cm @ 1cm | 10
! 1
5,0E+21 !
1
— 1 1
4,0E421 S ! ! -
|
| :
1 1
3,0E+21 | :
1 | 107
1 1
1 1
2,0E+21 . |
: 1 1015
\
ﬂ\ T} 1 1,1E+21 9,7E+20 :
1,0E+21 A PRy | |
— 278420 | 31E420)1 | 428420 I
58E+19 7,5E+19 11E+20 12E+20 21E+20 : | 1,1E+20 | |
1
0,0E+OO — — I - - : - 1 — : - : 0
15E+21 38E+21 8,9E+21 1,1E+22 33E+22 6,8E+22 | 1,8E+23, Ref. (Cst! D=20@ D=2.0@ |D=10.0@ 'D=10.0@"i
E----- coeff.) : 3cm lem | 3cm | 1cm ::
L= L2222,

®From lons ®From Atoms
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E 4. Impact of enhanced far-SOL transport (shoulder formation):
@

Plasma conditions in far-SOL: T,/T, ratio

T;/T¢(Outer midplane) n.(Outer midplane) T./T, ratio in far-SOL.:
T separatrin | . B Key input for erosion
— Twlle Low TP [O] R ' codes and impurit
> —— Tw/Te High TP [] 1 10* 5 t t y
—— Twu+/T.- High Diff. (low TP) [@] S o : ranspor
am=ven g B Main SOL: T/T,~1.2-2
, o] B FarSOL: T/T,~1.2-5
i » f | - B Ratio \ with throughput
21 : / 1016 4 77 Separatrx Y AN and diffusivity (low: 5,
H |/ ] — ne Low TP [part. m~°] . )
L — 1"2 Lois ]~ M High TP [part. m™] \ high: 2)
| SOL  farSOL - C;a"””’gh Dilf. (low TP) [part. m™] m  Correlation with n, but
0 A ~ 1014 - not only (collisionality)

T T T T T T T T T T T T
—-0.10 -0.05 0.00 0.05 0.10 0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
R- Rsep [m] R- Rsep [m]
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Plasma conditions in far-SOL: SOL flows

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

SOL flows:

B Key input for erosion codes
and impurity transport

Mach Number

High flow
(M=0.4-0.7)

B Mach 7 with increasing

throughput
B Mach \ in presence of
Low flow shoulder
(M=0.1-0.4) . .
3 (b‘ivg{'_" OV;) I Stagnation point around the
upper outer section
Low flow
(M=0.1-0.3)

Low throughput
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x10°

Qtot [W m_2] ospP

1.5

1.0

0.5 4

0.0

x10°

T
0.0 0.1 0.2
Distance along target [m]

Gtot [W. m™2]

1.5+

1.0 +

0.5 A

0.0

T
0.0 0.1 0.2
Distance along target [m]

Qneutrals [W. m—Z] OSP

0.2

x10% Qplasma [W.m~?] OSP x10°
1 1
104 | 3090
1 1
I - [/
08 4 : 2.5
i 2.0 -
0.6 1 !
| 1.5
1
0.4 1 1.0 - :
_ ]
0.2 . 0.5 !
1 1
0.0 } T 0.0 } T
0.0 0.1 0.2 0.0 0.1
Distance along target [m] Distance along target [m]
-2 -2
%10 {plasma [W.m™¢] %105 Qneutrals [W.m™]
1 1
1.25 A 2.0 4
1.00 + 15
0.75 A
1.0 1
0.50 N
]
0.25 - 051 /i
i i
0.00 t T 0.0 T T
0.0 0.1 0.2 0.0 0.1

Distance along target [m]
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1
0.2
Distance along target [m]

x10°

Qrad [W. m~2] OSP

1.0 -

0.8

0.6

0.4 -

0.2 -

0.0

x10°

1
0.0 0.1 0.2
Distance along target [m]

QRrad [W. m_z]

T 1
0.0 0.1 0.2
Distance along target [m]

4. Impact of enhanced far-SOL transport (shoulder formation):
Targets heat fluxes

inner strike point
Constant coeffs. (reference)

D,=2m% s @3cm
D,=2m? s @lcm
D,=10m2%.s"! @3cm
D,=10m2.s"! @1lcm

outer strike point
Constant coeffs. (reference)

D,=2m% s @3cm
D,=2m% s ! @lcm
D,=10m2%.s"! @3cm
D,=10m%.s5"! @1lcm




