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TSVV-5: Neutral Gas Dynamics in the Edge

Main simulation tool:
EIRENE code (and
EIRENE-CFD packages)
http://www.eirene.de/

We aim to transform it to
IM- and HPC-ready
neutral gas module
(EIRENE-NGM) suitable
for simulations on ITER
and DEMO scale with
large focus on
(semi)detached divertor
plasmas
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http://www.eirene.de/

EIRENE-NGM DEVELOPERS (TSVV-5) ©
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PLOUTOS (web-based tool) can be used to (®)

www.eirene.de

® to import/export data (JSON, tabular, etc.)

® to produce input data for EIRENE and for other
codes with CRMs
= /oad/improve/save the developed configuration
(selected reactions and parameters) including
starting from the standard pre-sets

® to check data for consistency and abnormal
features

® do sensitivity studies:
= understand A&M side of the problem and
identify the most significant processes (among the
selected ones)

Both statues are at
Glyptothek, Munich.

EIRENE
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General code development of EIRENE — EIRON (ACH-VTT) @)

—

77

On the right: the data flow between subdomains > EIRENE “toy model” — EIRON
and profiling of EIRENE

=>» Test of parallelisation and
domain decomposition schemes

=>» Can be used for other purposes
e.g. optimisation of ML-KDMC

If a
histogram is
yellow or
red, it
indicates a
bottleneck.

Eirene
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What is EIRENE in a nutshell (e.g. in SOLPS)?.. ©

Macroscopic: e ——— - Microscopic:
CFD codes ___Plasmaflow parameters | ['E|RENE-NGM: a
(computational fluid 3D3v MC multi-
dynamic): species transport
B2, EdgeZD, EMCS3, 3D EIRENE code incl. radiation

transfer, kinetic

volume cell

SOLEdge3X, etc...
or F-K hybrid.

¢

ek
P
gévg, e

‘1 2D or 3D Volume grid

/] (e.g. tetraeder) adopted ™ =~ _= CRMs

J/ | for current magnetic Source terms (Particle, <': (HYDKIN, AMJUEL,

7 | configuration / Momentum, Energy) ADAS, ...)
Sk - A A

/ ———— for atomic and
;TS .. | molecular neutrals
I 2, [HA Hoato e
,H,*,..., impurities
o . ~? | lonisation, CX,
/ recombination etc.

y 2 -
- -
— -

Photon tracing
R.Chandra et al., EPS-2023 | opacity, extra ionisation, ....
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A&M data and CRMs in EIRENE

- Photon trapping (opacity)
- ModCR module
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Total volume effects from CRM (local effects much stronger!) )

1) Photon tracing — opacity effects > Photon absorption adds up to ~20% of total
“ CR ionization rate in detached conditions

. . . > Ly-B opacity enhances D-a emission at LFS
2) Resolution by vibrational states SP by 50-100% (JET-ILW detached L-mode)

in H2 (D2, D7—, .- ) ‘ Total ionization rate

2.54

—— - -
Sion. cr DL ]

- ~
___________
- ~

— Sf'on,ph .~
> Up to 40% Effective dissociation rate 20{ 7777 Semsn* Seman 7

= unresolved
0-* vibr. resolved

reduction in
effective
dissociation
rate due to
transport of
vibrational | 0.5
states (for

JET) 10-11 I| | i | | | . f

0 5 10 5 20 PH 30 . , . ‘ : . : : :
06 08 10 12 14 16 18 20 22
Te (eV) Ne, sep 101 M3

=

1D—1'J

Cianfrani, F., Borodin, D.V. & Kiippers, B. Eur. Phys. J. D R. Chandra, M.Groth et al. NME 2024
2023. https://doi.orq/10.1140/epjd/s10053-023-00722-5 https://doi.org/10.1016/j.nme.2024.101794
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https://doi.org/10.1016/j.nme.2024.101794
https://doi.org/10.1140/epjd/s10053-023-00722-5

Ly-a absorption is poloidally non-uniform and cannot be captured with a (‘,j,és;})
single population escape factor requiring photon tracing and opacity =
(R.Chandra, M.Groth - Aalto) JET81472 (D plasma), SOLPS-ITER

low-recycling high-recycling detached

Ly-a absorption rate, ne sep = 7€18 Ly-a absorption rate, ne sep = 1218

Ly-a absorption rate, ne sep = 2018

m—3
1018

101?

1016

1015

Lyman absorption = increases population of excited D atoms = increased Da emission
=» more consistent with JET-ILW measurements
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Fully coupled plasma-gas-photon: prediction of LFS-plate peak values P
improved by ~30% and increased Ba-a emission by 3x with Lyman trapping &

JET81472 D SOLPS-ITER

. © PN 95889 141 - sops.Ter KT3 ‘
2.00 ? : |=- zgtgg::;ii . by — SOLPS-ITER w/ Ly Zl[m] | spectrometer
J ++ SOLPS-ITER w/ Ly-alpha 50% refl. T 1.2{ o JPN95889
1.75 u o =
—_ ~ g
T 1.0
» 1.50 £ ¥
8 = hid
S 1.25 _ 08 i
£1.00 Z.0.6 o
3 A o
|
20.75 %’ 0.41 | )
S >
0.50 D02  4F
0.25 o = ol _
o 0.01 . . . . ' s . R [m]
2 3 4 5 2 3 4 5 6
(Ne)edge [10%° m~3] (Ne)edge [101° m~3]

Lyman absorption = increases population of excited D atoms =» increased Da emission
=» more consistent with JET-ILW measurements

R. Chandra, et al. PET-20, 2025
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EIRENE: collisional-radiative model (CRM) challenges C)

EIRENE often uses effective (“condensed”) rates tabulated from a CRM.

- isotopes: D,, T,, H,, DT, HD, ..., Be-H/D/T, N-xxx, ...
—> vibrational (and rotational) states in molecules

- treating non-stationary effects e.g. metastables (MS)
in atoms (e.g. He), so as photon trapping (opacity)

- improving performance for simulations on
ITER/DEMO scales

facilitate UQ and design with EIRENE
- control the exploding amounts and quality of data

\Z
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CRM FOR MOLECULES : vibral resolution (®)

N=
+
HZ
H,(X)
o0 —
v=4
v=3
V=2 background
w = Hy +e—>H+H" +ec [EEEEN

Plasma parameters:
+ 0 H+e— H"+2e | T-TfOZ'BOeV
e— limVY-e™ :

Databases: n,=n=101m-3 SEt
AMJUEL, H2VIBR n,=n=102'm-3

1l H,(v) + e — H,(vtl) + e
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CRM FOR MOLECULES: leading reactions

Density [a.u.] Branching ratios H;
1094 10° T e 10°
101
10724 & e
10724
m10_3' 04 Moo >Hihte
10-* Hy+e—H5 +e+e
10-5 sl LT Hy+H* > H} +H
ol N T — M N R H;+e—-H*+H+e+e
S I B B Ees H* . — source
1077 . . . | . 108 L— : ; : ] ]
5 10 15 20 25 30 0 5 10 15 20 25 30
Te (eV) Te (eV)

low temperature (T < 2eV) leading reaction chains:

MAR/MAD

competition at very
low temperature

Branching ratios H

(®)
=2 J

—

100 ]

<H2+H+_> H,+H ;iﬂzﬂre — H+H++§>ml

| T T T T ‘
Branching ratios H,'
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Effect of resolution by vibrostates Q)

—

Hz(V) +e— Hz(V:tl) T+ € rates H2vibr[5] F.Cianfrani et al.

H, density [a.u.] Branching ratios Hx(v = 0) Branching ratios Ha(v =5) EPS-2022

1
3 — Halv=0)

S —
10-* x
10°*
— ; T v=d) ¥ € ~Hilv=5)F€
s o Hyvels) eyl H H H
el : e ) e Fully in line with
o Hav=O)ieHiHte i Ha(v=6)+e = Halv="5)+e
o) e ! oo the EIRENE and
N racsH? i Ha(v=5)+H" = H +H
10 H ” T ::L(I:;c)m H™ +His4e Hg(v:5)+e—ﬂ'iﬂ+e+e_ other c RMS:
o 5 B 5 N b3 3 o 5 0 5 5 0 PP
e e T e Up to 40%
. .
H, density [a.u.] Branching ratios H,(v = 0) Branching ratios Ha(v = 5) reduction in
w \ — Ha =En 0 P 4 H
. \¥ H:(::n ! e rmm———s v — e e S effectlve
Haiv=2) ~ e  SE—
H o . - - -
: = B N — dissociation rate
Ha(v=5)
e . A due to transport of
— H:{v=8) w Halv=0)+€~Hav=1)+¢ l W :,E::::::t:;: H H ”
S R Y e ! vibrational states
TEw=1) 1o Huiv=0}+e~H; +ete e i Talv=sl+e—H+HTe
hiv=12) ] Hafw=0}+H* = H +H i He(v=3)+e=H; +ete
~ Helv=13) } g Hrlv=0)+e—+H"* +Hiet+e | : - H-‘(“=51+H’*_H§ +H
SR . SRR A.Holm, M.Groth,
0 5 10 15 20 5 30 5 10 15 20 Fe) 3 5 10 15 20 b3 30
Te (eV) Te (V) Te (V)
et al.,

|vibrationa| transitions|are the main reaction

. channels at low temperatures PET, CPP 2021
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‘StoichioMatr’ approach for balance equations ©

N¢ = Number of Species, N, = Number of Reactions, k, = Rate coefficient for Reaction r

Reiser, D., von Keudell, A. & Urbanietz, T.

Reactions
Determining Chemical Reaction Systems in Plasma-Assisted
y v Conversion of Methane Using Genetic Algorithms.
. - Pl Chem PI P 41, 793-813 (2021).
Z VX, ke, Z VX, asma Chem Plasma Process (. )
= = > Very good fits with the Ploutous-like CRM files

= General and abstract (no problem to treat e, p, e-e etc.

Rate Laws
driven transitions inside single matrix — “reservoirs”)

N v «+ Abstractisation of reactions in the main loop of EIRENE is
0[Xs] = - ' one of the ModCR goals. Aim: minimise branching by
Sts - Z Vs,rkr H[XP]UP'S reaction type
r=1 p=1

=>» Extra step with “StoichioMatr’ will allow keeping the
basic database on particular solver run (can be several
even by single ModCR start)

Stoichiometric Matrix

Ver =Vgp— Vgp =>» No linearity is implied
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New CRM Solver for EIRENE concepted

O This CRM is aimed to precompute rate coefficients accounting for all parametric
dependences (n,, T, butalso T, ...) in contrast with currently used polynomial fits
(AMJUEL, ...) + add a number of levels/processes not accounted for at this time

O The internal states (e.g. rovibrational states in molecular species) are to be tracked
with a flexible a flexible control over this resolution (as separate specie or variable).

O The nonstationary solution for balance equations should be the default one
(with the stationary only as a useful option).

U The solver should be modular, thus usable standalone or even in various codes.

0 The improved A&M data input should be readable and structured (for starters
JSON, potentially also HDF5). It should be pre-processed mostly automatic and easily
exchanged with other codes and tools. We need tools for visualisation and testing.

» The only way to meet the exploding amounts of data from RMPS and CCC for
molecules (with resolution by rovibrational states)
> |AEA GNAMPP assists, but also reveals the challenges

dt

Why not

also ERO? ..

Not only performance and reliability to be improved, but additional physics can be provided!
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Policy proposal on management of AMNS data

(//ff
{
N

Policy proposal formulated as it spined off from the decennial IAEA
meeting on Atomic, Molecular and surface data in 2024.

+3 additional events at FZJ and IAEA
Including 28th Meeting of the Atomic and Molecular Data Centres
Network (DCN28) (1-3 October 2025): Timetable -

(F.A.l.R data and metadata)

e  GitHub: https://github.com/D-V-Borodin/AMDPolicyDoc (public for the time being. We count on change
requests to be submitted as “pull requests”)
git clone https://github.com/D-V-Borodin/AMDPolicyDoc.git
or git clone git@github.com:D-V-Borodin/AMDPolicyDoc.git
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https://conferences.iaea.org/event/442/timetable/#20251001
https://github.com/D-V-Borodin/AMDPolicyDoc
https://github.com/D-V-Borodin/AMDPolicyDoc.git
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AFN, FKH, KDMC
Hierarchy of (partially reduced) models...
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Fluid-kinetic hybridization (FKH) (®)

A hierarchy of neutral models: D.V. Borodin et al., FEC-2020, NF (2022)
— Accuracy

Code performance
Fluid, Hybrid Fluid-Kinetic approach (FKH)

I Asymptotic-Preserving MC (APMC)

\EE VA | Spatial FKH Micro-macro FKH (mMH) Typical
rigorous, - Cancellation error (can be suppressed by speedup
speedup . : : enforcing positivity)

>100 Firm domain allocation

Spatial by source Micro-macro kinetic diffusion (KDMC)
- Bias error (can be suppressed via multi-level)

Flexible domain "Evapor./condens. - No coupling with CFD needed
border - tested
p— Seamless In volume
g JULICH D.V.Borodin et al. | TSVV-5 for E-TASC SB | 28.01.2026 | Page 19
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F-K Hybridisation approaches utilized in EIRENE-NGM )

A) Full kinetic B) Spatial, “micro-Macro” hybr. C) APMC: KDMC

3 Plasma flow parameters i : Plasma flow parameters :

NGM
1) Kinetic
Mean,
covariance
2) Diffusive
X(tn+1)’ V(tn+1)‘V'

— + : : Kinetic step with
f fF fK’ optionally \_Nlth constant velocity
evaporation/condensation: followed by random
0 fK,F GKF | GKF , GKF | oKF walk with appropriate
ot VfK F — lZ + S?‘C + SCX + Sm()l i SF—>K i SK—*F parameters
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Recent progress with micro-Macro (JET L-mode case) )

(— Kinetic )
N.Horsten et al., PET-2021 — Fluid Purely micro-macro
(mM) approach for
— Sp, atoms from
1020 Inner target 105 dissociation fluid rectangular slab
: A T4 |-—-Sk.atoms geometry with fixed
& sl from dissociation background plasma
g kinetic
=< 2
51 g
U s‘f'. g e ) 0
0 20 40

S — Sgep |11

1020 Outer target

Micro-macro combined with
spatially hybrid approach (Sp-mM)
- factor 5-10 faster than full kinetic!

* Realistic geometry, void regions
* Coupling to kinetic molecules
% | ©Coupled plasma-neutral

0 10 simulations

8 — Sgep |cm] — Sge § — Ssep [cIm]
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AFN: mature, accurate fluid model for S
H/D/T atoms N Y

[N. Horsten et al, NF 2017; W. Van Uytven et al., NME 2022;...]
* Consistency with fully kinetic simulation without tuning parameters

o Transport coefficients and BCs based on AMJUEL/HYDHEL/TRIM
o Including effects of drifts, n-n collisions, ...

o Rigorous comparison with fully kinetic simulations (EIRENE) on various

['(z20Z) 29 AN “|e 10 uaniAn uep "Ml

devices/geometries T
* Integration in various codes 05y

o Default model in SOLPS-ITER extended grids version. Relevant input files 0 0 0 10 20 30 40 50
automatically generated. -

o Basic AFN models (but not yet BCs (!)) implemented in various European 7Pt i : . .
turbulence codes (link TSVV3/B), incl. SOLEDGE3X, GRILLIX, and also 6 Carbon. PV T 8T |
gyrokinetic code GENE-X (link TSVV4/C) st g L B

* Applied to simulate multiple machines, incl. TCV, AUG, JET, ITER, T Mg T e,

DEMO (link WP TE, WP DES) o

* Next step WL

o Fluid model for molecules: first AFN-like model based on ion- o - - - - )

molecule collisions gives promising results S5y o]

= AFN matured in its use and linked to other TSVVs



Spatially hybrid modeling (SpH) to balance accuracy
and computational cost

3 : .
— 1020 1r —Enz=(;,1
= T T T T 2.5 n'=
&8 . Firstflight|  6f | ——Kn'=100
o ! Irst-1hg | JET 0.5 Y Kn'=1000
S 20 gReffects | — . e Kin
Q | | % 4| | 1 ~ o ——AFN
w & - ! E 515
° 1 St ! N d
% = ! 21
2 -0.5
5 07 a7 el 05
c m 1t
% H | 0
2 | ‘
- — Kinetic — Fluid © Hybrid (Kn® = 100) ' lri5<m) ? 1 1F-{5( : 2 [W. Dekeyser et al., PET 2025.]
m
= + Hybrid (Kn* = 10%) Note: kinetic molecules present in hybrid simulations;
molecules become computational bottleneck
» Kinetic effects corrected by SpH * Method:
o Coupling to void regions beyond plasma grid o Launch all neutrals kinetically (first flight effects!)
o Coupling to molecules and impurity neutrals o Transfer atoms to fluid (AFN) population when
o Kinetic effects in low-collisional regions Particle Knudsen KnP <« Knt  Userimposed
« Trade-off accuracy vs. speed: up to factor number transition criterion

10 faster than fully kinetic simulations




KDMC — Kinetic Diffusion Monte Carlo:
An asymptotic-preserving particle method

KDMC — L ‘ .
At At At At A
* The method: « 3D implementation with unstructured
o Alternative, fully particle-based, hybrid method mesh (NEPTUNE-MC)
o Alternate between normal kinetic steps and o lIdentified and resolved problems with boundary
diffusive (fluid) steps conditions
o Couple with AFN model for QOI estimation (plasma o Steps taken to validate scheme on "real" test cases
sources) (WIP)
o Optionally, MLMC for increased speedup o Outlook, TSVV-K: Good candidate for coupling to

- .. . turbulence codes (TSVV-B/C)
* Optimized basic implementation (EIRON)

o Demonstrated that the claimed speed-ups are also * New variant with Slgmflcantly reduced bias

visible in optimized code under development

o ldentified practical issues in combining domain
decomposition and KDMC to be resolved




KDMC: boundary conditions

Problem: the standard derivation of KDMC only
works when not close to the boundary

Solution 1:

(@]

If the new sampled position is outside the domain, throw it
away and simulate that timestep kinetically

Simple to implement, but expensive and may be inaccurate,
especially when there is drift away from the boundary

Solution 2 (new):

Analytically calculate the correct distribution that takes the
boundary condition into account and sample from it.

Cheap to simulate and an accurate approximation of the
fluid equations, but more difficult to implement, and
occasionally less accurate than the fully kinetic BC of
solution 1

= KDMC algorithm is ready for upscaling

9

JULICH
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o = dr

Runtime (s)

KDMC_Kin

0.98 1 09 092

09 092 094 0096 096 098 1
X X
—— Fluid Ar= 107 Ar= 10 Ar=10 Ar= 10"
102 E - . - ___'_é._ — -
F o

10! F | E

10" E

10 1 ul L Il L | Ll

[ 1079 10 1o

At

—— Fluid —5— KDMC_ Kin —— KDMC_ Fluid
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Error analysis, code coupling and sensitivity studies

L-2 norm error Ne [-]

| i Reaction

Dee D"+ 2e
D+ =D+ D
Do+ — 15 +2e
Dy +e = 2D4e
hee = D+D" +2e

2
<o
[

—#— P/100
P/10

P

PX10

A P/100,N =10
P/100, N, =100

p P/100, N, =1000

|
—
]
u
L

|
=)
<

[

|

|
Fl F2 F3 F4 F6

[GZ0Z 13d “1e 18 uanihn uep "M

1-2 order-of-magnitude bias reduction

) [N. Horsten et al., CPP 2024]
due to underrelaxation

AD sensitivities of neutral density w.r.t. reaction rate coeffs.

* FHK model development supported through ¢ Application of Algorithmic Differentiation to
theoretical model development and extensive compute sensitivities of EIRENE output
error analysis studies (e.g. [V. Maes et al.]) quantities w.r.t. code inputs ([N. Horsten et al.,

« Error reduction and code-speed up through CPP 2024])
improved plasma-neutral coupling strategies =» Accurate and faster models and algorithms

(e.g. [W. Van Uytven et al., PET 2025]) are available w



Actual DEMO simulations (with NCC)  [*TfEReS ©

D +(He + Ar)

T,

€pum — €4 T €c T €p T € [K. Ghoos analysis scheme]

L statistical error
(direct result of noisy MC sources)
finite sampling bias error

(deterministic error due to noise + non-linearity)

— convergence error
-, (non-zero residuals)
or ) 4= FD223= . — discretisation error

' - 1-10%° s~ (finite grid resolution)

Z [m]

Goal:
acceptable numerical errors for DEMO SOLPS
cases (e.g. < 10%) as cheaply as possible

[y = 11020571 W.Dekeyser, W Van Uytven
sl A — N.Horsten, et al.
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EIRENE performance on
ITER/DEMO scale
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EIRENE parallelization ©

» OpenMP parallelization layer added (now hybrid MPI/OpenMP) for Monet Carlo particles, using shared memory for tallies
- reduce memory footprint w.r.t. pure MPI approach

2 10000
| ¢ .
181y ¥ OpenhP +MPL ¥ OpertP | *  Works very well memory wise
= OpenMP with o ? .

o T g | S ° . EffICIenCY degr.ades strgngly after
o 14 z 12 cores, investigated with EIRON
0 B .
§ 12 L g * (memory bottleneck, next slide)
Q
£ 1ivy B 51000
3 os 7 3 i
= 0 Y
T A\
g 0.6 | E *
o y .,E,

|
N i E tvy v v v v
02 H g .
& & D.V.Borodin et al.,
0 100
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 NF 2022
Number of cores Number of cores

Achieves a x10 memory footprint reduction with good efficiency

» MPI parallelization of A&M data rate calculations (in view of CRM usage : 1 solve/grid cell/time step before MC run);
computational domain divided in blocks sent to separate CPUs
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Domain Decomposition tested in EIRON ©

>

>

9

To reduce memory load per node, split the computational grid in subdomains and
distribute domains among cores

These methods have been investigated in other fields, such as neutronics
= origin of OpenMC

Different algorithms depending on communciation scheme, termination scheme, ...

Algorithm with original efficient termination scheme (fully asynchronous)
implemented and tested in EIRON

Superlinear behaviour observed (efficiency > 100%) and related to cache behavior
(e.g. when subdomains are small enough to fit in cache)

Provides a blueprint for implementation in EIRENE

Next big item : load balancing, requires calibration runs on coarser grid to allocate
domains to processors in an optimal way

EIRON also reproduces similar to REIRENE the efficiency drop when using
- OpenMP shared memory

(b) high-collisional

Grid resolution 126* Grid resolution 2567
| ek
-
% b
\G\
“u,
b
L
Grid resodution 5122 Grid resolution 10242
1 BO08 11
650 !
400%:4 Mﬁ—ai'
100 a‘f/na-__u;o‘___n_.-. -!, - M .
3 .- =y 1 e '\
5. P »\
| N
k| s
fi :> ~
Grid resolution 20482 Grid resclution 40962
G400 : %
1B00%,
A0
1005
6% "r g (f f-,_
*-3', il B
1 2 4 B8 1832641281 2 4 B 18 32 B4 128
# CPU cores

|| Domain replication [+ Shared memory
= Domain decomposition [~] Linear scaling
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STYX2 0 generic interface to fluid codes ©

>

>

g JULICH

Joint work with TSVV3, STYX1.0 is the interface used in Soledeg3X-EIRENE since more than 10 years

STYX2.0 redevelopped from scratch to improve maintanability (separate repos), modularity, fluidity of

data exchange, input format (JSON), HDF5 output.
Basic version in final testing

Test with other plasma solver foreseen in TSVV-K,
making all the TSVV5 models available

The interpolation routines between the EIRENE grid
and the fluid code grids have to be developped on
the plasma code side

TSSV-K : decoupling the plasma code grid and the

EIRENE grid (avoid over-resolution and strongly
reduce memory footprint)

Forschungszentru

SOLEDGE3X-STYX2.0 coupled run test run:
Particle source per stratum

STRATUM #1 | S, .-
Im3.571]
symleg scale

STRATUM #2 | S, -
[m¥.s71]
symlog scale

STRATUM #3 | 5, -
[m~¥.571]
symlog scale
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1015
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0

D.V.Borodin et al.
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First runs on ITER scale — performance challenges [AMU/CEA]

» Lifetime vs No of
generations for
each Eirene
particle in log log
scale

» FPO (blue dots) vs
PFPO (red crosses)

> Very few particles
have a linear
relationship
between
generations and
lifetimes

> Impact of this
linear section on
the plasma
solution?

g JULICH

Forschungszentrum

No of occurances

103 4

102 4

20MW, pure H (PFPO)

0.00% of counts
between 1000 and 40000

SOLEDGES3X-EIRENE,
TSVV-3 & TSVV-5

(®)
&

"
—

100MW, Burning plasma (FPO)

5.25% alf counts
between 10q0 and 40000

® FPOComb_N1000(N=4212)
PFPO_N1000_COMB(N=33752)

104 «

103 -
"]
[

% 100MW, D+Ne+He

10! 102 100 5
No of Collisic T

& 102 4

101 4

tail of particles with
collisions>10,000 and
lifetime >10ms

No of occurances
1

10! 10?2 103 10*
No of Collisions

1077 1077 1075
lifetime[s)

20MW, pure H
Courtesy
. S. Sureshkumar,
10-1 Y. Maranadet
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ITER FPO performance challenges — analysis [S.Kumar, CEA]

Longest trajectories simillar and dominated by elastic neutral-neutral collisions

ISTRA: 1 ISTRA: 4
Last 28367 / 28367 Collisions of Last 73203 / 73203 Collisions of
Top 1/1708 Longest Particle Trajectories Top 1/15300 Longest Particle Trajectories
T R — pump Fre SN pump
—3.00 z A gas puff —2.51 \ A gas puff
@ First plotted Collision @ First plotted Collisiol
—3.251 7 @ Last Collision @ Last Collision
_30 .
=3.50 A
N =3.75 1 N —3.5
—4.00 -
—4.251 PFPO — H recycling —4.01
450 stratum FPO — D recombination
| 45 stratum
_4'75 B T T T T 1 T T T T !
4.0 4.5 5.0 5.5 6.0 4.5 5.0 5.5 6.0
R R
Highest reaction counts (for longest Particle): Highest reaction counts (for longest Particle):
ELASTIC COLL.(5): 27002, SURFACE(8): 694, CHARGE EXCHANGE(6): 590 ELASTIC COLL.(5): 72301, SURFACE(8): 813, PERIODICITY(11): 53

» Longest trajetories are for recombination and recycling strata tor particies trapped unaer the aome.
» Elastic collisions dominate the collision count for the longest trajectories.
» Trajectories much shorter when turning off neutral-neutral collisions.
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EIRENE validation
JET-ILW, Magnum-PSI, etc.

Contents lists available at ScienceDirect

Nuclear Materials and Energy

journal homepage: www.elsevier.com/locate/nme

Validation of SOLPS-ITER and EDGE2D-EIRENE simulations for H, D, and T
JET ITER-like wall low-confinement mode plasmas
N. Horsten *2", M. Groth *@, V.-P. Rikala "“, B. Lomanowski ¢, A.G. Meigs ¢, S. Aleiferis 4,

X. Bonnin ¢*“, G. Corrigan ¢, W. Dekeyser **~, R. Futtersack ¢, D. Harting ', D. Reiter
V. Solokha ", B. Thomas ¢, S. Van den Kerkhof®'*, N. Vervloesem ?

3

, JET Contributors’

JULICH
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N.Horsten et al., Nuclear
Materials and Energy
42 (2025) 101842
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EIRENE application to Magnum-PSI

Q

9

Comparison of SOLPS-ITER

(B2.5-EIRENE) with
B2.5-ENOMIA

Aim: transfer all the useful
development into EIRENE

Main differences are identified to
be in CRMs (MAR, EIl, EC) — direct
comparison is often not possible.

New FEM model for PWI in
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Comparison with TS profiles near the target
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SOLPS-ITER =
B2.5-Eunomia ©
Experiment

>
=)

g
o
T
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SOLPS-ITER =
B2.5-Eunomia ¢
Experiment +

EIRENE (based on FreeFem++)
»Aim: treat self-consistently
temperature and sputtering,
absorption and outgassing,
recycling, transients (time-

dependent simulations)

JULICH
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J. Gonzalez, E. Westerhof, et al.,
PET 2021, CPP (2022)
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Magnum-PSI simulations with vibrationally resolved H2 )

vibrational state

\=?
Based on high density (0.47 Pa) case from 3 . . it s A
20
Chandra and Gonzalez et al. z b
16
0
-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
vibrational distribution around plasma beam zim]
log Hz(v= 1) density
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+ g 18
-? L ] 16
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% 1 8 " log Hz(v=2)density
f':'- ¢ 20
T ¢
> 18
H_?\l 16 * + 16
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General code development and
IMASification
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IMASification of EIRENE (with ACH-IPPLM) (®)

Codes with interface to EIRENE on 2D poloidal are first priority (like SOLPS), yet 3D packages
like EMC3-EIRENE will profit from it as well.

SOLPS-ITER
SOLEDGE3X

IMAS

<

Input for EIRENE

ACH-IPPLM:
P.Chmielewski,
D.Yadykin
M.Owsiak
B.Pogodzinski

l) JULICH

Forschungszentrum

Following steps were selected to be done first place:

Develop standardized IMAS interfaces for EIRENE input based on output data from
SOLEDGE3X and SOLPS-ITER codes.

Create a universal interface enabling data transfer from IMAS to EIRENE.

Adapt SOLPS-ITER output data to the corresponding EIRENE IMAS Interface Data
Structures (IDSs).

Adapt SOLEDGES3X output data to the relevant IMAS IDSs.

Outcome:

EIRENE interfaces developed generating geometry files (grid nodes, triangles, and triangle
neighbours) from IMAS IDSs for SOLPS-ITER and SOLEDGE3X; interface module enabling
the generation of initial tallies for EIRENE based on data stored in IMAS IDSs developed.
EIRENE simulations can be launched using input data stored in IMAS IDSs with full
compatibility with the EUROfusion Integrated Modelling framework - validation tests on the
New Gateway.

Simplified coupling with other IMAS-ified edge and core plasma codes is now available.

The concept of IMAS-ified EIRENE output for future implementation as a subroutine
executed directly within the EIRENE code is defined.

Documentation and a demo version of the EIRENE interface provided.
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Code development

* Roughly 20 different code versions (FZJ, ITER, ...) have been analysed and merged
together. Following features are included.

/7,
|

« The main loop of EIRENE was significantly cleaned up from legacy constructions, useless
branching etc. Many variables were grouped into structures mimicking the I/O in main
routines.

« 1st EIRENE MsV released in NOV 2024; already in use by ITER and other colleagues.

* Most part of the code is now in modern FORTRAN. We actively use ModCR as a testbed
for new technologies (e.g. we use now actively UML diagrams and OOP).

 ModCR development started (standalone code), large parts (e.g. LTE approach, data
processing) are already available.

We hope to continue that development in TSVV-K...
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EIRENE licencing — new User Agreement (UA)

www.eirene.de/EPL
Dual with open source CC BY-NC-ND 4.0

7

(

New UA “EPL (EIRENE public license)”

O Based on copyleft licence (however GPL3.0 occurs to be not suitable).

O Similar declarative statements as in the old FZJ UA.

O More clear statement about the EIRENE-based publications.

O Developers and users are divided into “basic” (BD) and “associated” ones (AD).
O NEW: commercial use of executable by any AD groups.

= ADs get more rights on decision-making, direct access to the repository, etc.
€ ADs must keep to the “Developer Code of Conduct” of one of self-governed communities.

Current status: License is broadly accepted by over 20 parties including ITER (“B2”
legal forms provided), 154 “basic developers” registered
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http://www.eirene.de/EPL

Summary and outlook
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Summary: TSVV-5 progress and plans f;)

U Physics

» Fluid-kinetic hybridisation (FKH) development successfully continues — incl. new branches (KDMC)

» A&M CRM extension and refinement (Ploutos + ModCR, photon tracing - opacity)

» Establishing simulation cases (validation at JET, Magnum-PSlI, verification at ITER and EU-DEMO
Scales with realistic geometry) — in progress incl. with new features - FKH etc. = new: SimDB

d Code development repo in FZJ...

» Parallelisation: OpenMP-MPI hybrid (related code refactoring done; EIRON “toy™-model (ACH-VTT)
allows testing CPU loading and domain decomposition approaches so as new FKH options)

» Code streamlining (Segregation of the numeric core, etc.) —new big changes (e.g. ModCR
substituting CRM part in the inner loop) — concepted and progressing.

» Merging all existing versions into first milestone one (MsV) — released in Nov 2024

» Improved I/O (JSON/HDF5), visualisation, IMASification, etc. — done or in good progress (with ACH)

> Interfaces (IMAS, codes of related TSVVs, STYX2.0)...

O Organisational and technical items

> New EIRENE license, “infectious open source”, Coding guidelines, ChangelLog, improved ClI -
available at www.Eirene.de and as part of EIRENE Git repo, good progress

> Regular VCs and annual Code Camps, also strong and reqular communication with ITER,
IAEA and neighbour TSVVs (mostly 3 and 7, but also others).
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http://www.eirene.de/

Thanks for the attention!
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