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Fig.1: Multiscale  structural  evolution  of  materials  in nuclear  fusion: J. Marian  et  al ., Recent  

advances  in modeling  and  simulation  of  the  exposure  and  response  of  tungsten  to  

fusion energy  conditions  [5].

1. MOTIVATION:

Å Aging evaluation for nuclear 

applications,

Å Study of plasma -wall interaction 

as a complex phenomenon.

2. PURPOSE: 

Å Open Source calculation of 

critical physical quantities for 

Fusion Nuclear Reactors;

Å Aging in terms of Erosion Length, 

Hardness, Roughness (DTT 

Divertor Tokamak Test facility ð 

Interim Design Report [6]).

3. PROJECT (theoretical  & 

computational approach) [7,19,20]: 

1. Physical model production;

2. Simulation tools for Fusion.

MOTIVATION & PURPOSE
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Multiscale approach !
Many

models in 
literature

Low 
Geometry, 

in cell:
fast speed

Coupled
codes:

rising
input 

sensitivity

Open 
Source 
project

Reaction 
and 

Species
Database 
provided

Plasma,

Matter,

Meso
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Fig. 2: Multiscale  structural  evolution : materials  and  tools  G. Lo Presti, A. La Magna,  

Aging  simulations  of  plasma  facing  materials  through  a  multiscale  approach  [7].

Plasma 
Injection

Plasma KMCAtoms
Continuous

MC
Meso

Fig. 4: AFM reproduction of a W lattice eroded by H plasma [20].

Fig. 3: Schematic

coupling of plasma and 

erosion tools.

Multiscale order

3 coupled codes!

LOGICAL MULTISCALE COUPLING
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Plasma injector Atomistic KMC CT-KMC

Real complexity in complete 3D multiscale simulations of an entire reactor:

ὔ ὔ ὔ ὔ

Multicomponent 3D PDE 

solver

Volume -averaged 

multicomponent plasma 

model (ODE -based)

Geometry -driven 

dimensional extensions & 

fluid dynamic closure

Full lattice formulation

Databased In -cell 

kinetics

Time-jump representation

Exponentially -mapped 

random time variable 

(representation in 

frequencies for reaction 

events)

HPC Perspective & Complexity Reduction
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Scope of reduced -order program :

Å Replacing,  assisting and  benchmarking

expensive  2D/ 3D solvers within  multiscale  

workflows

Å Versatility,  speed,  and  high  sensitivity in 

uncertainty  quantification

Å Embarrassingly parallel parametric scans

Å Portability and efficiency also on laptop

(several hundred nanometres in linear

dimension )

Multithreading & Natural Parallelization :

Å Node multithreading

ÅWorkflow -level : parallel structure in full

code simulations

HPC overview
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For the future : reduced plasma model itself does not require GPU acceleration , the multiscale

workflow in which it is embedded (including MC and PIC components ) is naturally suited to GPU

architectures (MC sampling and PIC particle pushing )

HPC Suitability :

Å Efficient deployment on CPU -based

clusters

Å Already scalable

Å Optimized for multiscale fusion reactor

simulations

Å Suitable for large HPC simulation

campaigns

Å Native Multiscale Coupling :

ü Avoids expensive 3Dð3D coupling

ü Reduced inter -node communication

Many application fields:

Å Nuclear reactors

Å Detectors

Å Semiconductor industry

Å Propulsion systems



Fig.5: Linear device GyM (Gyrotron Machine) CNR -ISTP [4].

0D PLASMA 

SIMULATIONS



Fig. 6: Reactions example Tonello et al., A point plasma model for linear plasma 
devices [4].

OUTPUT

1. Master ODEsSet;
2. Residence time;
3. Concentrations Vs time;
4. Electron temperature:

Å Vs Pressure,
Å Vs Power;

5. Electron concentration:
Å Vs Pressure,
Å Vs Power.

1. Stoichiometry:
ὌȟὌ ȟὌ ȟὌȟὌ ȟὌ ȟ

2. Pressure (Flux),
3. Power,
4. Neutral Temperature,
5. Yield infos,
6. Geometrical infos.

INPUT

Ionization
Recombination

Excitation

Scattering

Bremsstrahlung
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Input Thrust

Input Power

Output Thrust

Output Power

Wall

Recycling

REACTIONS
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Model

Optimized for linear devices.

1. 0 Dimensional Volume AveragedModel,
2. Linear geometryprovided,
3. Reaction and Species Database provided
4. Automatically writes and solves plasma 

differential equations.

Structure & Features

C M Samuell , C S Corr,  Low-pressure hydrogen  plasmas  explored  using a  global  model  [8].

Plasma modeling



Name Reaction Cofficient ϳ Threshold Ὡὠ

R34 Ὄ Ὡ ᴼὌ Ὡ Ὡ ρȢρπzρπ Ὕ Ȣ Ὡ
Ȣ

15.43

R35 Ὄ Ὡ ᴼὌ Ὄ Ὡ τȢχσzρπ Ὕ Ȣ Ὡ
Ȣ

4.368

R36 Ὄ Ὡ ᴼὌ Ὄ ςȢπυzρπ Ὕ
ҍȢ Ὡ

Ȣ
3.75

R37 Ὄ Ὡ ᴼὌ Ὡ Ὡ χȢψωzρπ Ὕ Ȣ Ὡ
Ȣ

13.70

R38 Ὄ Ὄ ᴼὌ Ὄ φȢτπzρπ 1.00

R39 Ὄ Ὡ ᴼὌ Ὄ Ὡ ρȢψψzρπ Ὕ
ҍȢ Ὡ

Ȣ
0.02

R40 Ὄ Ὡ ᴼὌ Ὄ ρȢωσzρπ Ὕ
ҍȢ Ὡ

Ȣ
ςȢυωzρπ Ὕ

ҍȢ Ὡ
Ȣ

Ȣ 0.007

R41 Ὄ Ὄ ᴼὌ Ὄ ςȢππzρπ 0.00

R42 Ὄ Ὄ ᴼὌ Ὄ
ρȢςψzρπ σππ

Ὕ 0.70

R43 Ὄ Ὄ ᴼὌ Ὄ Ὄ
ψȢςωzρπ σππ

Ὕ 0.00

R44 Ὄ Ὄ ᴼὌ Ὄ Ὄ Ὄ
ψȢςωzρπ σππ

Ὕ 0.00

R45 Ὄ Ὡ ᴼὌ Ὡ Ὡ ρȢςτzρπ Ὕ Ȣ Ὡ
Ȣ

10.00

R46 Ὡ Ὄ ᴼὌ Ὄ Ὄ Ὡ ρȢππzρπ Ὕ Ȣ Ὡ
Ȣ

15.00

R47 Ὄ Ὡ ᴼὌ Ὄ ςȢσυzρπ Ὕ Ȣ 0.01

R48 Ὄ Ὄ ᴼὌ ρȢφσzρπ 0.00

R49 Ὄ Ὡ ᴼὌ Ὄ Ὄ ςȢρωzρπ Ὕ Ȣ 0.025

R50 Ὄ Ὡ ᴼὌ Ὄ χȢσπzρπ Ὕ Ȣ 0.025

Volume 

Reactions

Ὕ electron temperature ,  

Ὕ neutral gas 

temperature. Tab. 1: Coefficients of Plasma Volume Reactions, A. T. Hjartarson  2010, Low pressure hydrogen  discharges  diluted  with  argon  
explored  using a  global  model [9,10].

Fig. 7: Global Plasma Code.

Volume reactions
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Effective parameters: area, volume (model 

calibration). Parabolic profile (cylindric chamber)  O 

Solutions for 5 equations system (density , Bohm):

Ὕȟ‌ȟὲȟὰȟὼᴼ ὲ ὲ ᴼὝ όȟ‌ȟ‌ȟὲȟὰȟὼ

Transport and energy conservation laws for

an entire 3D model :
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Flux conservation , Boltzmann relation, charge conservation , positive ion
diffusion equation , Fick laws [11,12]. ‘electonic mobility , Ὀ diffusivity , Ὀ
ambipolar diffusion coefficient for positive ions.
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(6) (7)
Name Reaction Coefficient ϳ Threshold Ὡὠ ‎

R60 Ὄ ύὥὰὰOὌ

ρ

ς
ᶻ

ρ

ɤ
Ὀ Ὄ

ςὠ ς ‎
ὃ ὺ Ὄ‎ 0.0 0.023

R60a Ὄ ύὥὰὰO

ρ

ς
ᶻ

ρ

ɤ
Ὀ Ὄ

ςὠ ς ‎
ὃ ὺ Ὄ‎ 0.0 0.023

R61 Ὄ ύὥὰὰOὌ

ρ

ɤ
Ὀ Ὄ

ςὠ ς ‎

ὃ ὺ Ὄ ‎ 0.0 1

R65 Ὄ ύὥὰὰOὌ

ό Ὄ ᶻ
ρ

ὃ Ὄ
ὠ χȢπὝ

R66 Ὄ ύὥὰὰOὌ

ό Ὄ ᶻ
ρ

ὃ Ὄ
ὠ χȢπὝ

R67 Ὄ ύὥὰὰOὌ Ὄ

ό Ὄ ᶻ
ρ

ὃ Ὄ
ὠ χȢπὝ

ᴼ

Tab. 2: Coefficients N. V. Brilliantov and T. Pöschel , Self-diffusion in granular gases : Green ðKubo versus Chapman ðEnskog
[9,10]. ɤ Debye length, ὺ  thermal velocity.

Surface 

Reactions

Surface Reactions
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Mass isconserved while molecules (or atoms ) can react inside the chamber . 

A feedback system ensures ὖ ὖ ”ὺ ÃÏÎÓÔ.

ɇɳ”Ӷὺ ɫ π,  ɫ source /loss term

Plasma geometry

A Euler algorithm calculates the net flux at each step, even in point -like plasma conditions. It then 

updates the density and velocity to conserve mass. At the first order:

” ὸ Ὠὸ
ρ
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ήὛ
ρ
ς
В
‬ὔȟ
‬ὸ
ὓὓ
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Åὗvolumetric flow, ά ”ὗ,

Åό specific internal energy

Internal energy and concentration

are assumed to vary linearly with x
0 L

x
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*

ὠ ÌÎ
ȟ

ȟ

Ὕ (7)  [13].
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ρ

ς

ρ ‌

ρ ‌
Ὕ
Ὕ

Ὕόуύȟ

Hydrogen plasma simulations

Å Range of power, 

pressure and geometric 

parameters of average 

machines

Å Results comparable 

with other authors (A. T. 

Hjartarson  [9], Samuell  & 

Corr [8], Xu et al. [18]);

Å Adaptable to other 

pressure and power 

ranges.

Plasma simulations : results 1

10
Fig. 8: Thermodynamic  parameters and potential (H plasma) with respect to injection power and output thrust. Cylindrical linear 

plasma device, Ὑ πȢπυά and ὒ  πȢφψά.



*

Fig. 9: Fluences per H plasma component with  respect output thrust. Cylindrical linear 
plasma device, Ὑ πȢπυά and ὒ  πȢφψά.

Hydrogen plasma simulations

Plasma simulations : results 2
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*

Fig. 10: Electron temperature and density for H plasma component varying in radius 
and length . Cylindrical linear plasma device, P  ρπππὡ.

Hydrogen plasma simulations

Å Test on geometrical 

parameters: R, L.

ÅWith length and radius 

the energy density 

decreases, but with 

radius the losses 

decrease.

Plasma simulations : results 3
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Name Reaction Coefficient ϳ Threshold Ὡὠ

R201 ὌὩ Ὡ ᴼὌὩ Ὡ Ὡ
πȢχω πȢςσzρπὝ υȢστz ρπὝ
τȢφωz ρπ Ὕ Ὡz Ȣ Ⱦ 24.58

R202 ὌὩ Ὡ ᴼὌὩ Ὡ Ὡ Ὡ
σȢψχzρπ ρȢυφzρπὝ σȢχφ
ρzπ Ὕ σȢσυzρπ Ὕ Ὡz Ȣ Ⱦ 78.98

R203 ὌὩ Ὡ ᴼὌὩᶻ Ὡ
πȢπχ ρȢςρz ρπὝ ςȢψφzρπὝ
ςȢςτzρπὝ Ὡz Ȣ Ⱦ 22.92

R204 ὌὩᶻ Ὡ ᴼὌὩ Ὡ Ὡ
σȢψχ ςȢςχzρπὝ φȢψωzρπὝ
χȢπτzρπ Ὕ Ὡz Ȣ Ⱦ ρȢφφ

R205 ὌὩᶻ Ὡ ᴼὌὩ Ὡ
τȢωτzρπ ψȢσφzρπ Ὕ ψȢςρ
ρzπ Ὕ σȢψρzρπ Ὕ Ὡz Ȣ Ⱦ πȢπ

R206 ὌὩᶻ ὌὩᶻᴼὌὩ ὌὩ Ὡ φȢςπzρπ πȢπ

R210 ὌὩ Ὡ ᴼὌὩ Ὡ ρȢππzρπ ρφȢ46*ρπ

Name Reaction Coefficient ϳ Threshold Ὡὠ

R207 ὌὩ ύὥὰὰOὌὩ
ςȢπz ρπ нzŜŎƘzὝκὓὓ Řzŀƭǘƻƴᶻ

ὃ ὌὩ
ὠ χȢπὝ

R208 ὌὩᶻ ύὥὰὰOὌὩ ρπὈ ὌὩ 0.0

R209 ὌὩ ύὥὰὰOὌὩ

ςȢπz ρπ τzŜŎƘzὝκὓὓ Řzŀƭǘƻƴᶻ
ὃ ὌὩ

ὠ

χȢπὝ

R211Ὡ Ὡ ύὥὰὰOὩ ὪὸὬὶόίὸ χȢπὝ

Volume reactions :

Surface reactions :

Tab. 3: Coefficients of He Plasma Reactions. 

Plasma Helium
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Fig. 11: electron  density (panel a) and temperature (panel b), 15 sccm , for a linear plasma device of radius R=0.12 m and length L=2.05 m, initialized with pure 
He stoichiometry, in comparison with Tonelloõs paper [4].

Helium plasma simulations

Plasma simulations : results 4
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Fig. 12: He fluxes varying with inlet power (180 -900 W) for a fixed pressure (1.15 mTorr), R=0.12 m and length L=2.05 m.

Helium plasma simulations

Plasma simulations : results 5

15



Fig. 16:  MC particle free flight [14]. 

ATOMIC SCALE 

MONTE CARLO



Å Code  optimized  for W walls.

Å Able  to  evaluate  up  to  

hundreds  of  nanometers  in 

depth ,

Å Fully 3D angular sensitive, 

also to visibility due to masks.

Fig. 13:  MC particle free flight, G .Lo Presti 
[19], L. Chiaramonte et al [14].

We are setting up a

Monte Carlo code :

This code  creates  a  particle  

from  the  top  of  the  box  and  

follows  it through  interactions  

with  the  first wall  of  the  

divertor .

Definition:

Å Geometry;

Å Angular distribution;

Å Atoms/particles.

Defsystem :

Å System dimension.

Input/Var:

Å Define the values of the 

variables;

Å Evaluate the distribution.

KMC: STRUCTURE & FEATURES

16

Routines:

Å Contains the physical 

processes.



I. Trajectories are interpolated in the grid lines x= nǤL or 
y=mǤL: rT=(nǤL,yT) or rT=(xT,mǤL);

II. Search algorithm to find encounter location.
III. When the particles touch one of material cells, begin to 

interact with the in -cell atoms. 
IV. Example of allowed interactions:

1) Etching ,
2) Sticking .

Particles are created according to input properties (Charge , 

Energy from 0D Plasma) and then free fly on the grid :

Å Ions: Shifted Maxwell Distribution ( calculated or 

tabulated ) adopted , the charge couple them to the 

Sheath Potential ,

ɜ —=Ὃ —ÃÏÓ—

ὙÓÅÃ—Ὡ ὩὪὶὧὙÓÅÃ— ÃÏÓ—

Å Neutrals : Cosine Distribution.
Fig. 14:  Angular Distrigution 

[14].

Fig. 15:  MC  Etching  case . 
From source  code  of  
Chiaramonteõs group  [14]. 

(9) 

1. Plasma particles

injection, stochastically

according to:

Å proper flux ratios ,

Å Angular distribution ;

Å Temperature,

Å Yield infos,

2. Simulation box infos:

Å 2D (3D) square

(cubic ) cell ,

Å Size.

(new) INPUT

OUTPUT

1. Xyz files:

Å Erosion Lenght , 

Å Roughness,

ÅConductivityéin 

future.
17

KMC: STRUCTURE & FEATURES 2



Choose:
Å Particles (ὌȟὌ ,Ὄ ȟὌ ȟὌ ȟὌ );

Å Bulk (ὡ bcc) ;

E.g.: Etching & Sticking , growing W+H coverage

Total: 2 neutrals , 4 ions, 11 surface compounds .

Tab. 4: Compaunds for Surface MC Reactions Maroudas  D. et  
al ., 2016, Helium  segregation  on  surfaces  of  plasma -exposed  
tungsten  [15].

Fig. 16:  Modelling sigmoidal adsorption (C. 
Buttersack ) and Temperature Dependence of 

Sorption (S. Shimizu and N. Matubayasi ) 
[16,17].

 

Å Reactions ( ὡ ὌᴼὡὌȣ);

Å By-products ( ὡȟὡὡȟὡὌȟὡὌȣ Ƞ
Å Index for cell -type (ὡȟὡὡȟὡὌȟὡὌ ȣ Ƞ

Tab. 5: MC  events  classified  by  routine  and  particles,  with  
graphical  representation . G. Lo Presti [19].

KMC: Reactions & Species
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GIF. 1: Combined simulation, initial thrust ρράὝέὶὶ and power ρπππὡ. 
Cylindrical linear plasma device, Ὑ=0.05ά and ὒ= 0.68ά. Tungsten wall 

of τππὼρψπὼρψπ lattice sites.

FIRST SURFACE VS TIME

KMC: Results1

19



Fig. 17: Combined simulations as a function of the initial thrust and power parameters. Cylindrical 
linear plasma device, Ὑ=0.05ά and ὒ= 0.68ά. Tungsten wall of 400x180x180 lattice sites.

Å Dependence  on  both  

dose  and  pressure. 

Å Physical  Quantities  are  

greater  for  low  thrust 

and  powers  because  

of  the  greater  

penetration  length .

Global results of coupled codes:  Physical Quantities Vs Parameter Space (Equal dose)

KMC: Results2

20



a) e)

b)
f)

c)

d)

Fig. 18: Simulations varying the plasma -wall coupling potential for two different initial configurations (flat and with regular pyramids 5 cells high). Plasma flow 
components equally distributed. Tungsten wall of 400x180x180 lattice sites.

TESTS VARYING THE POTENTIAL AND THE FIRST SURFACE MORPHOLOGY

KMC: Results3
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Fig. 19  Bubble distribution CT -MC,
(old code strong damage [20]) 0.5 relative vacancy 

motion and 0.05 sinking probability, H plasma 2.33 mTorr 
and 1000 V .

MESOSCALE MC



MC ACCELERATION 

TECHNIQUES: Tree 

simplification for highly unlikely 

processes;

H & V RANDOM MOTION:

Mutually interacting, lattice -

connected, dedicated 

memories;

BUBBLE DYNAMICS:formation, 

evolution and evaporation 

processes;

EFFECTS ON MORPHOLOGY: 

swelling on first surface .
Fig. 20: Mescoscale  lattice behavior, G .Lo Presti [32]

Å Bubble  growth  influences  the  

morphology  of  the  solid [22,23].

Å The fundamental  formation  

processes  are  loop  punching  

and  shear  loop  emission [21].

Stiffening, embrittlement, 

hardening, loss of ductility, 
desorption and diffusion 

Conductivity and expansion 

coefficients

DL, precipitates, voids and/or

H-He bubbles

CONTINUOUS TIME (asynchronous systems) [24,25]

The transition of the system can occur after any positive time 

spent in a state: exponentially -mapped random time variable.
ὖὶὢὸ Ὤ Ὦȿὢὸ Ὥ ὭȟὮ ήȟὬ έὬ

ὭᶅȟὮɴ ὛȟὗȡὛ ᴼᴙȿВ ήȟ ήȟ. 

CT-MC [31]
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Fig. 21: simulations  of motion in CT -KMC as a function of time ( motion frequency 1 respect to KMC clock). 1 000 000 time stemps , 1000 
particles in random positions. Panel a: H std in 3 directions; panel b: V std position in 3 directions. Tungsten wall of 400x 180x180 lattice sites.  The 

particles were initialized uniformly on the horizontal plane and concentrated randomly (uniform distribution) between index 1  an d 100 

SPECIFIC MOTION TEST

CT-MC: Results1
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Fig. 22: Simulations varying the normalized routine parameters (respect to clock) for the KMC+mesoscale  configuration. Fluxes from 22.33 
mTorr and power 1000 W H plasma (10 000 H+ dose  old code strong damage ). H-motion freq. = 1. Tungsten wall of 400x180x180 lattice sites.

TEST VARYING THE PROBABILITY OF SINKING AND V-MOTION

Å V-motion  slightly increases  the  formation  and  size of  bubbles ; 

Å The decay  probability  decreases  the  size of  the  bubbles .

CT-MC: Results2

24



Fig. 23: Simulations of implantation of CT -KMC varying the normalized sink probability  (respect H -motion referred to KMC clock) for the 
mesoscale configuration and for the penetration depth. 5000  initial V in STD depth of deposition. Tungsten wall of 400x180x1 80 lattice sites. 

Panel B is for relative emission frequency equal to υ  ρπȢ

TEST VARYING THE PROBABILITY OF SINKING AND STD DEPTH OF DEPOSITION

CT-MC: Results3
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Fig. 24: Multiscale morphological evolution of W bcc. 0, 250, 500, 750, and 1000 single -cell bubbles in sub -critical conditions (8 Hs) at  random 

locations across the entire lattice (180 x 180 x 400 unit cells). As time varies (dose of ρπ H+), panel (a) represents the average sample 
height, panel (b) shows the roughness (Ra), both in units of the number of conventional cubic unit.

PLASTIC DEFORMATIONS INSIDE THE LATTICE

CT-MC: Results4

26



Fig. 25: erosion atomic detail .

CONCLUSIONS



MULTISCALE APPROACH

Many
models in 
literature

Low 
Geometry, 

in cell:

fast speed

Copled
codes:

rising input 
sensibility

Open 
Source 
project

Reaction 
and Species
Database 
provided

Global
Plasma+Matter

COUPLED CODES GLOBAL FEATURES

DATABASE PROVIDED

3D 

IMAGING

OPEN SOURCE

Å Solve plasmas  for:

1. Species,

2. Reactions,

3. Geometry  databases .

Å Obtain  solutions for:

1. Electron  density,

2. Temperature  

3. Sheath  potential  

Å Varying :

1. Thrust,

2. Power .

INPUT

1. Stoichiometry,

ὌȟὌ ȟὌ ȟὌȟὌ ȟὌ
2. Pressure (Flux),
3. Power,
4. Yield infos,
5. Geometrical infos.

OUTPUT
Xyz files

1. Erosion lenght
2. Roughness
3. H penetration
4. Bubbles position
5. Lattice 

deformations

COMBINED APPROACH

Minimum conditions for erosion

Maximum life of the walls

FUTURE WORK:

Å Match  ὌὩ and  Ὄ plasma  

reactions  set,

Å Calibrating  the  Monte  

Carlo,

Å Evolution  of  plasma  

chamber

Å PDEs description  of  

millimetric  phenomena

Plasma 
Injection

KMC

Continuum
Tool

ρπ ρπ ρπ ά

CONCLUSIONS
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Cloud  platform  computing
https ://plasma .offleonardo .it
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