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EIRENE code (PLOUTOS and other tools)
http://www.eirene.de/

FZJ is EIRENE origin, however fluid side of EIRENE-CFD
packages often are developed elsewhere, e.g.:

- 2D SOLPS-ITER (B2.5-EIRENE)

- 3D EMC3-EIRENE

- SOLEdge3X-EIRENE (with turbulence)

- many others ...

The atomic/molecular data accumulations were for
decades supported by IAEA

Hydhel, H2Vibr, AMJuel, Hydkin - PLOUTOS (new)
ADAS (external)

rrrrrrrrrrrrrrr

Eirene with
the infant
Ploutos

Statue by
Cephisodotus
the Elder

Glyptothek,
Munich.
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TSVV-5: Neutral Gas Dynamics in the Edge ©

FP-9 deliverables:

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

Macroscopic:

CFD codes
(computational fluid
dynamic):

B2, Edge2D, EMC3,
SOLEdge3X, etc...
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for current magnetic
configuration

i

2D or 3D Volume grid
(e.g. tetraeder) adopted
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1 Plasma flow parameters

3D EIRENE
volume cell

Source terms (Partic_le,
Momentum, Energy)

Y CRMs
<: (HYDKIN, AMJUEL,
ADAS, ...)
\ for atomic and
N molecular neutrals

D.V.Borodin
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R.Chandra et al., EPS-2023
| WP PWIE meeting 2025 |

=
(7N

Microscopic:

1
! | EIRENE-NGM: a
3D3v MC multi-
species transport
code incl. radiation
transfer, kinetic
or F-K hybrid.

¢

) H,H*H,,H,y(v),H,* H-
,H,*,..., impurities
~? | lonisation, CX,
recombination etc.

Photon tracing
opacity, extra ionisation, ....
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Photon tracing: Ly-a and Ly-B opacity - D ionisation  { o)

Total ionization rate

251 Photon absorption adds up to ~20% of total
—*— Sion,cr LN T . . . . g
e Sinpn T Samees CR ionization rate in detached conditions
201 T Shonph* Son.pn Ly-a absorp., Ne sep = 14€18  Ly-a absorp., Ne sep = 20e18 m=3
A 5 1018
~ L5
" 10Y7
:S' 1.0 1 b 4 1016
. . l . 1015
0> 225 250 275 3.00 225 250 275 3.00
f R, m R, m
0.01
06 08 10 12 14 16 13 20 22 ‘Extra’ ionization contribution from
o Ly-a and Ly- B photon absorption:
R. Chandra et al. =» increases population of excited D neutrals
EPS 2023 P1-001 =>» extra ionisation
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Photon tracing: Ly-lines opacity > Balmer emission @ D)

Ly-B opacity enhances D, emission by 50%-100% in the LFS strike point
of JET-ILW L-mode plasmas in hlgh recycling and detached conditions

1e19 Ne,sep = 0.7 X 10%° Gri 11 KT1 I|ne of- 5|ghts

il @& Sight lines of the vertically
viewing scanning mirror VUV-
vis imaging spectroscopy
system (KT1) in JET-ILW
superimposed on the SOLPS-
ITER grid. Blue lines are strike

22 :il.4 2.6 . 28 3.0 32 pOint locations.
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* EIRENE Ly-o and Ly-3 photons tracing module
applied to JET-ILW SOLPS-ITER L-mode plasma
stationary solutions with increasing n, 5., densities

o

D-a LoS emission [ph m~2 s71 sr™1]
=

()]

* Line-integrated D-a emission using KT1 sightlines,
separated by contributions from external densities
and by Ly-f absorption (n,y ,=3), negligible effects

-102 —100 -98 —96 —94

Sight poloidal angle [deg] on the inner strike point

Np+ —= np, e no

_—_-: nP:‘ — Total  ---- tre:nsparent : R. Cha ndl'a et al., PSI 2024
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Fluid-kinetic hybridization (FKH) O

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

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

Accuracy

I Asymptotic-Preserving MC (APMC)

Spatial FKH Micro-macro FKH (mMH)
- Cancellation error (can be suppressed by
enforcing positivity)

Firm domain allocation

Micro-macro kinetic diffusion (KDMC)
- Bias error (can be suppressed via multi-level)
Evapor./condens. - No coupling with CFD needed

Spatial by source

— Seamless in volume

IJJULJCHm D.V.Borodin | WP PWIE meeting 2025 | IPP CR | 27.03.2025 | Page 7
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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 Tg —|---Sp atoms geometry with fixed
& sl from dissociation background plasma
g kinetic
=< 2 © Sp-mM
- J
= 1
U i.:-' g SR = 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
simulations

8 — Sgep |cm] § — Ssep [cIm]
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Actual DEMO simulations (with NCC) [KU Leven] ©
D +(He +Ar) €pum — €4 T €c + €, + € [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)

discretisation error
(finite grid resolution)

Z [m]

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

W.Dekeyser, W Van Uytven
Bl S — N.Horsten, et al.
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DEMO simulations — actual results [KU Leven] (;)

---------- At=1le4s, P/100 ~At = le-5s, P/LOQ ~-A t= le-6s, P/100 -~A t = le-7 s, P/100
---At=1le4s P/10 ---At=1e-5s, P/10 At=1le6s P/10 ---At=1leT7s, P/10
----- At=le4s,P -—-At=1le5s,P At=1le6s P ——-At=1le7Ts,P
—At=1le4s Pxl0 —At=1le-5s, Px10 ~At=1e-6s, Px10 —At=1le-7s, Px10
T, inner target [eV] T, outer target [eV]
15 ¢ 30
] 25+
10+ 20 -
15+
sr P 10
5 i
0 : : . 0 SASLLLELEes] : : : :
-20 0 20 40 60 -40 -20 0 20 40 60 80
S-S [cm] S-S [ecm]
sep sep
. -3 -3
- 41020 n_ inner target [m™] 10 %1020 n_ outer target [m™]
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“D-only” case:

=>» only time steps 1¢-4s and 1¢-5s
for P/100 lead to a qualitatively
wrong solution

=» no noticeable effect of n-n
collisions on convergence
behaviour

=» bias decreases monotinically with
At

Preliminary: Multi-species cases
appear to have much larger bias
than D-only case. Improved source
averaging and time stepping
schemes under investigation

IPP CR | 27.03.2025 | Page 11



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 Eiron Eirene
yellow or
red, it

indicates a
bottleneck.
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EIRON (ACH-VTT, O.Lappi) — bottleneck analysis ((( o)
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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?
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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

f
(47N

"
—

100MW, Burning plasma (FPO)

5.25% alf counts
between 10q0 and 40000

w0
3
c
S
£
e FPOComb_N1000(N=4212) C;T::S‘i’grf’saj?g;g::d §
PFPO_N1000_COMB(N=33752) itatime s 1 o
104 4 =
103 -
B
% 100MW, D+Ne+He
10t 10? 10° &
No of Collisic & 10! 10 10° 10t
& 107 5 No of Collisions
20MW, pure H
10! E
Courtesy
Y.Marandet,
10-9 10-7 10-5 107! S.Kumar
lifetime[s]
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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 trappea unaer the aome.
» Elastic collisions dominate the collision count for the longest trajectories.
» Trajectories much shorter when turning off neutral-neutral collisions.
@) JULICH D.V.Borodin | WP PWIE meeting 2025 | IPPCR | 27.03.2025 | Page 15
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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

High
Density
Case

be in CRMs (MAR, EIl, EC) — direct

comparison is often not possible.

New FEM model for PWI in

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

dependent simulations)

JULICH

Forschungszentrum

Low

Density Z!f

Case

D.Borodin |
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Comparison with TS profiles near the target

T i SOLPS-ITER = Sler SOLPS-ITER =
= m B2.5-Eunomia -« o) B2.5-Eunomia -«
NE 6 ﬂ,,'nﬁ:ﬂ.,ﬂ Experiment g 1.2F m Experiment
X o o= = - S EX a,
: o I £ g g o i T
Z4 & & £0.8 b “k,
» ) 5 X
8 .BE. I‘ga' = 3 IFF Bg"; -
=2t \ S04F . fls |
g ot <y = o B5F "53;
32 et -i3s, 5
Dokttt - . . L iawse | WOOL . R ‘ ‘ R ‘
=20 -15 -10 -5 0 5 10 15 20 20 -15 -10 -5 0 5 10 15 20
Radial Position (mm) Radial Position (mm)
“=2f SOLPS-ITER » = SOLPS-ITER =
o B2.5-Eunomia ° 24.0 L-’L,' B2.5-Eunomia ¢
N_C_> Experiment g ﬁ Experiment +
X 23.0f ¥
z| (1l 2 "‘“\%\Lﬂ
é ﬂ:‘ EQ,U - L “"ﬂh., ;"‘E
a . s TP
I o3 L of &,
g TzaZd Nl ~51»0’ zﬂj"]::{'znl h"Ef”"l 1
N P R - Bt
o oL, ! A ‘ ! . A ! ‘ =00k ‘ . ! . A ! ! A
=20 -15 -10 -5 0 5 10 15 20 =20 -15 -10 -5 0 5 10 15 20

Radial Position (mm) Radial Position (mm)

J. Gonzalez, E. Westerhof, et al.,
PET 2021, CPP (2022)
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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)

- improving performance for simulations on
ITER/DEMO scales

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

\Z

‘JJUL'CHm D.Borodin | TSVV-5 status and plans | ITPA DivSOL | 19.01.2022 | Page 17
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PLOUTOS web-based tool for A&M data processing (FZJ) @)

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

® 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.

- The table contains data sources and type(s),
EIRENE ”generation”, other info ...
= we plan adding simulation case references.

@) JULICH D.V.Borodin | WP PWIE meeting 2025 | IPPCR | 27.03.2025 | Page 18
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http://www.eirene.de/

PLOUTOS interface — (H, 2022/23 case) ©

Collision with e
not selected
. data plot
:ECIUded Numberj|reaction range reference data type File/chapter > A"
solver unselect|unselect all
all columns
i can be
1.08e+01
@ O 211 | + H(ls) — [1.08e+ - IJanevEtAI(1987) calculated hydhel H.1
H(2p) + e - E_max:
|2.00e+04 | tu rn ed
T_min:
o  + H(1s) » |[1Z6er00 lhanevEral1987 lculated hydhel H.2 on/off
H(2p) + e -T_max: JanevELAI(1987) calculate ydhel H.
|2.00e+04 ]
sy | > Reactions
e + S) — .Oce
O ® 2.1.2 H(2s)+ e “E_max: JaneVvEtAI(1987). calculated hydhel H.1 grouped by
[2.00e+04 |
T_min: types
e + H(1s) —» |1.26e+00 |
O H(2s)+ e T max: JanevEtAl(1987) calculated hydhel H.2
|2.00e+04 | > R
OWS: one
T_min:
[1.00e-01 | CaI; tflf,lrn |
- T_max: n n
On=1->n'=2 e + H(n) —» [1.00e+03 | . ) h2vibr H.4 on/oit o y
@) On=2 -= n'=1 H(n') + e o min: ISawadaFujimoto(1995)(mixed 2.1.5[cd] selected for
[1-00e+08 |
_n_max: the CRM
|1.00e+16 |
1T 1T 1 1 1
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CRM FOR MOLECULES: leading reactions

Density [a.u.]

0
10°1 10
101
1072
102
10—3 1
m 104
1074
1075 o “‘\ _______________ L H2 10—6
10-° Y I R — H2+
107 ; 10-8
0 5 15 20 25 30

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

MAR/MAD

competition at very

low temperature

<

9

JULICH
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Branching ratios H»

H;+e—- H+H+e
H;+e-H; +e+e
Hp+H™* = H +H
H;+e->H*+H+e+e
source

0

| WP PWIE meeting 2025 |

5

10

15 20 25 30
Te (V)

f
/1‘,’5\}\\
S}‘s;’&))

Branching ratios H,

| T T T T Y
Branching ratios H,"

100 ]

Hy HH— H,™+H §H2++e - H+H+@ YL

2 3 4 5

Te (V)
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EU-DEMO and JET - effect of resolution by vibrostates (@)

= MAR/MAD branching ration modelling results significantly depend F.Cianfrani et al.,
on resolution by vibrational states in H, EPS-2022

=>» So as other parameters such as total ionisation rate in the volume
Fully in line with the

Effective dissociation rate EIRENE and other
—— unresolved CRMS:
1072 4 vibr. resolved
JET modelling:

“Up to 40% reduction in
effective dissociation
rate due to transport of

| vibrational states”

ID—I-:I .

I A.Holm, M.Groth, et al.,
0 5 10 15 20 25 30 PET, CPP 2021
Te (eV)

1[:,—11 .
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New CRM Solver for EIRENE - “ModCR”

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.

O The improved A&M data input (encapsulated data - JSON, potentially also HDF5).
We need tools for visualisation and testing.
> Meet the exploding amounts of data for molecules
(with resolution by rovibrational states)

Not only performance and reliability, but additional physics can be provided!
= For instance, what if detachment is caused by non-stationary effects?!..

O\
N\
V)

i

~
Z

(//ff
{
N

dt

Why not
also ERO? ..

/2N

WORK

IN PROGRESS

‘JJULgICHm D.V.Borodin | WP PWIE meeting 2025 | IPP CR | 27.03.2025 | Page 22

rrrrrrrrrrrrrrr




YACORA

Ploutos

Data sources
MCCC, R-matrix, ...
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Summary: TSVV-5 progress and plans f;)
L 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-PSI, verification at ITER and EU-DEMO
scales with realistic geometry) — in progress incl. with new features - FKH etc. Time-dep. runs |

see M.Groth talk

O Code development

> 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.) — good progress, 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)

[ Organisational and techical items

> New EIRENE license, “infectious open source”, Coding guidelines, ChangelLog, JSON schema
(€STYX), improved CI - available at www.Eirene.de and as part of EIRENE Git repo, good progress

» Regular VCs and annual Code Camps, also strong and regular communication with ITER, IAEA
and neighbour TSVVs (mostly 3 and 7, but also others).
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Thanks for the attention!
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Standalone CRM vs EIRENE (statistic issues)

f
(47N

T Te=3eV ne=3.6e+11cm™3 Te=23eV ne=1.0e+13 cm™3
_125 e 1 —a— EIRENE 1 —e— EIRENE
: \ 102 —e— EIRENEx10 —o~ EIRENEX10
: - =&~ EIRENEx100 o =& EIRENEx100
. = ¥- CRM = v v (RM
\ - -:;10'2 ! :;10'2
® - ’ - - . > A N
. 1 \ -
-4 -4 AR
-150 ’ 01 2 3 405 0012 3N s
. 101 Te=7eV ne=3.0e+12 cm~> Te=88eV ne=1.2e+13cm3
= i 1 —e— EIRENE 1 —e— EIRENE
=~ EIRENEx10 =&~ EIRENEx10
s —&— EIRENEx100 —&— EIRENEx100
= *— CRM =
31072 ~510-2
<175 . - ; - R e
240 260 280 ] 21
-4 4 10-4
el iy ’p:s’ i L L
\
Standalone CRM V,, SOURCE H,(v=0)

- overestimates at low temperature
- underestimates at large temperature
the excited state population
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EIRENE: 793’300 histories
EIRENEx10: 7’933’000 histories
EIRENEx100: 79'330’000 hist.
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