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MATURATION :

Algorithmes PIC sur grilles parcimonieuses 
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Ordre du jour

 10h-10h15 : point administratif (L. Garrigues)

 10h15-11h : derniers résultats 2D (L. Garrigues)

 11h-11h45 : mise en place d'un schéma d'ordre 4 

(P. Pace)

 12h-13h15 : repas – L’Esplanade

 13h30-16h30 : discussion générale

• Recrutement

• Tâches à venir et liens entre équipes

• GitLab

• etc.
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Plan de gestion des données

https://aap.agencerecherche.fr

https://aap.agencerecherche.fr/
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Site web à diffusion interne
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Site web à diffusion externe
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Résultats 2D plasma froids basse pression

Présentation ICPIG – juillet 2023
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Kinetic vs fluid approaches

kinetic

model

fluid

model

hybrid

model

pressure

l/L>1

l/L<<1

𝝏

𝝏𝒕
𝒇𝒔 + 𝐯

𝝏

𝝏𝒓
𝒇𝒔+𝐚

𝝏

𝝏𝐯
𝒇𝒔 =

𝝏

𝝏𝒕
𝒇𝒔

𝒄𝒐𝒍𝒍

𝒇𝒔 ≡ 𝒇𝒔 𝒓, 𝐯, 𝒕

𝐚 = ൗ𝒒𝒔 𝑬 + 𝐯 × 𝑩𝒆𝒙𝒕 𝒎𝒔

Boltzmann equation
Poisson

equation

𝛁 ⋅ 𝜺 ⋅ 𝑬 𝒓, 𝒕 = 𝝆 𝒓, 𝒕

𝝆 𝒓, 𝒕

=

𝒔

𝒒𝒔න𝒇𝒔 𝒓, 𝐯, 𝒕 𝒅𝐯
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PIC cycle with standard approach

Integration of the 

equations of motion
Particle losses/injection

at boundaries/volume 

(absorption, emission)

Collisions

Assignation of the 

particle sources

to the grid nodes of the

regular grid

Dt

Interpolation of the E 

field to particle positions

Resolution of the Poisson’s

equations on the regular

grid

Calculation of the E field

on the nodes of the 

regular grid

V

E

x
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Construction of sparse grid domains

Regular grid

∆𝒙 = ∆𝒚 = 𝟐−𝒏

G4,1 G1,4G3,2 G2,3

k+𝒎 = 𝒏+ 𝟏 = 𝟓 𝐚𝐧𝐝 𝒌,𝒎 ≥ 𝟏

G2,2G3,1 G1,3

k +𝒎 = 𝒏 = 𝟒 𝐚𝐧𝐝 𝒌,𝒎 ≥ 𝟏

Smolyak’s grid

𝟏𝟔 × 𝟏𝟔
𝟐𝑰 × 𝟐𝑱

𝑰 = 𝑱 = 𝒏 = 𝟒

Component grid

𝑬𝒑 ≅ 

𝒌+𝒎=𝒏+𝟏

𝑬𝒌,𝒎
𝒑

− 

𝒌+𝒎=𝒏

𝑬𝒌,𝒎
𝒑

+ + +

- - -

Combination technique

𝑬𝟒,𝟏
𝒑

𝑬𝟑,𝟐
𝒑 𝑬𝟐,𝟑

𝒑
𝑬𝟏,𝟒
𝒑

𝑬𝟑,𝟏
𝒑 𝑬𝟐,𝟐

𝒑
𝑬𝟏,𝟑
𝒑

𝑬
𝒑
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x

PIC cycle with revisited with sparse approach

Integration of the 

equations of motion
Particle losses/injection

at boundaries/volume 

(absorption, emission)

CollisionsDt

Assignation of the 

particle sources

to the grid nodes of the

component grids

Resolution of the Poisson’s

equations on each of the

component grids

Interpolation of the E 

field to particle positions 

using the combination

technique

Calculation of the E field

on each component grids

V1

V2

E1

E2

E
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 Applicability to PIC techniques
o Ions at rest

o Periodic boundary conditions

o No collisions

First plasma simulations

L. F. Ricketson and A. J. Cerfon, PPCF 59, 024002 (2017)

 Numerical tests
o Linear/non linear

Landau damping

o Diocotron instability

3D non linear Landau damping

Comparison of density reference solution computed (128 × 128 × 128)

using regular PIC (left), ~ 30 simulations, 

sparse solution on grid with Npc = 800 (center), 

and regular-PIC solution on grid with Npc = 800 (right)

 Extension to low 

temperature 

plasmas?
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RF capacitive discharges

 Self-consistent description of the discharge

 Motion of ions

 Time and space evolution of sheaths

 Collisions between electrons/ions and neutrals

 Dual-frequency RF capacitive discharges
• HF: control of the plasma discharge

• LF: control of the ion properties
P. C. Boyle et al., Plasma Sources Sci. Technol. 13, 493 (2004)

J. K. Lee et al., Plasma Sources Sci. Technol. 14, 89 (2005)

Z. Donko, Plasma Sources Sci. Technol. 30, 095017 (2021)

J. Schulze et al., Plasma Sources Sci. Technol. 20, 045007(2011)CCP discharges

P1.6, P1.41, P2.49, P3.11, P3.37, P4.21
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Quasi 1D benchmark conditions

x

y

z

x e

He
+x

Lx

Ly

0 V

x

x

e

He
+

0

0

𝑽 𝒕 = 𝑽𝑳𝑭 cos 𝟐𝝅𝒇𝑳𝑭𝒕 + 𝑽𝑯𝑭 cos 𝟐𝝅𝒇𝑯𝑭𝒕

= all the particlesperiodic

periodic

Discharge characteristics

electrons, Helium ions

Initial electron temperature (eV) 3 3

Initial ion temperature (K) 300 300

Initial neutral temperature (K) 300 300

Frequency fLF (MHz) 2 2

Frequency fHF (MHz) 20 60

Electron-neutral collisions

Ion-neutral collisions

No SEE

Initial conditions

Neutral density (1021 m-3) 1.9 0.7

Pressure (Pa) ~8 ~3

Initial plasma density (1015 m-3) 0.64 1.05

Voltage VLF (V) 600 400

Voltage VHF (V) 450 200

Simulation conditions

Lx, Ly (cm) 6.7 6.7

Number of grid cells (standard) 2562 2562

Time step (s-1) (800f)-1(800f)-1

NPC 130 130
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Results @ 20 MHz

Error (%)

𝑛𝑖 0.5

𝑛𝑒 0.45

𝐸𝐸𝐷𝐹 0.02

𝐼𝐸𝐷𝐹 0.14

𝜖 𝜑 =
𝜑 − 𝜑ref 𝐿2

𝜑ref 𝐿2
=

 𝜑 − 𝜑ref
2du

 𝜑ref
2du
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Results @ 60 MHz

Error (%)

𝑛𝑖 1

𝑛𝑒 1

𝐸𝐸𝐷𝐹 0.08

𝐼𝐸𝐷𝐹 0.15

𝜖 𝜑 =
𝜑 − 𝜑ref 𝐿2

𝜑ref 𝐿2
=

 𝜑 − 𝜑ref
2du

 𝜑ref
2du

L. Garrigues et al., in preparation

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

x/L
x

 

 

D
e

n
s
it
y
 (

2
 x

 1
0

1
5
 m

-3
)

ion density

 PIC

 PIC-Sg

electron density

 PIC

 PIC-Sg

PIC

N
T
 = 8.5 x 10

6

PIC-Sg

N
T
 = 8.5 x 10

5

0 50 100 150 200 250
10

-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

 

 

f(
)

 (
e
V

-3
/2
)

Energy (eV)

 PIC

 PIC-Sg

0 100 200 300 400 500 600
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

 

f i(
) 

(e
V

-1
)

Energy (eV)

 PIC

 PIC-Sg



16Réunion d’avancement, IMT, Toulouse – 03/10/2023

Multipolar cusp confinement

 Multipolar cusp confinement
o Reduce electron losses on chamber walls

o Larger plasma densities

o Permanent magnets placed behind the electrode/dielectric wall

-

m
a

g
n

et
s

fi
la

m
en

ts

 Partially magnetized low temperature plasmas 

ion sources

D. Lunedin et al.,

“High Power Impulse Magnetron Sputtering”

DC magnetron for sputtering

D. M. Goebel and I. Katz,

“Fundamentals of Electric Propulsion”

Kaufman ion source
DECR source

S. Bechu et al, Surf. Coat. Technol. 186,

170 (2004)

Bmax
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More about the grid-based error
component grid

 Grid-based error in 2D
o Terms along 𝑥 and 𝑦 directions cancel out with 

combination technique … but not along mixed directions

o Error associated with 𝜌

ℎ𝑦

ℎ𝑥

𝜀𝑠= 𝑏1
𝜕2𝜌

𝜕𝑥2
ℎ𝑥
2 + 𝑏2

𝜕2𝜌

𝜕𝑦2
ℎ𝑦
2 + 𝑏1,2

𝜕4𝜌

𝜕𝑥2𝜕𝑦2
ℎ𝑥
2ℎ𝑦

2 + 𝑂(ℎ𝑥
4, ℎ𝑦

4)

error along 𝑥 error along 𝑦 error along mixed directions

Y. Jiang et al., Phys. Plasmas 27, 113506 (2020)

 Oversampled method to reduce the grid-based error 

in the mixed directions

S. Muralikrishnan et al., J. Comput. Phys. X 11, 100094 (2021)



18Réunion d’avancement, IMT, Toulouse – 03/10/2023

The offset sparse method – component grids

G4,1
G3,2 G2,3

G1,4 G3,1 G2,2 G1,3

+ + + - - -

𝒍𝟎 = 𝟎, 𝒍𝟏 = 𝟎 𝐚𝐧𝐝 𝒌,𝒎 ≥ 𝟏

𝑘 +𝑚 = 𝑛 + 𝑙0 − 𝑙1 + 1 = 5 𝑘 +𝑚 = 𝑛 + 𝑙0 − 𝑙1 = 4

𝒍𝟎 = 𝟏, 𝒍𝟏 = 𝟎 𝐚𝐧𝐝 𝒌,𝒎 > 𝒍𝟎

G3,2 G2,3G2,4G4,2 G3,3

𝑘 +𝑚 = 𝑛 + 𝑙0 − 𝑙1 + 1 = 6 𝑘 +𝑚 = 𝑛 + 𝑙0 − 𝑙1 = 5

+ + - -

G3,2 G2,3 G2,2

+ -

𝑘 +𝑚 = 𝑛 + 𝑙0 − 𝑙1 + 1 = 5 𝑘 +𝑚 = 𝑛 + 𝑙0 − 𝑙1 = 4

𝒍𝟎 = 𝟏, 𝒍𝟏 = 𝟏 𝐚𝐧𝐝 𝒌,𝒎 > 𝒍𝟎

𝟏𝟔 × 𝟏𝟔
𝟐𝑰 × 𝟐𝑱

𝑰 = 𝑱 = 𝒏 = 𝟒
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Simplified 2D modeling of a cusp discharge

Y. Jiang, G. Fubiani, L. Garrigues, and J. P. Boeuf,

Phys. Plasmas 27, 113506 (2020)

Discharge characteristics

Magnetized electrons, argon ions

Initial electron temperature (eV)  3

Thermalization temperature (eV) 3

Initial ion temperature (eV) 0.1

Electron-neutral collisions

Initial conditions

Pressure (mTorr) 0.1

Neutral density (1018 m-3) 3.2

Initial plasma density (1015 m-3) 1

Magnetic field max (G) 400

Simulation conditions

Lx = Ly (cm) 4

d1, d2 (cm) 1.6, 2.4

Number of grid cells (std) 2562

Time step (s-1) 0.2/wp

NPC 50

d
ie

le
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ic

= all the particles

x
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x e
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periodic
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Results @ 0.1 mTorr - 400 G (1/2)
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L. Garrigues et al.,

in preparation

Error (%)

𝑛𝑖 (2D) 4.5

𝑛𝑒 (2D) 4.5

𝜖 𝜑 =
𝜑 − 𝜑ref 𝐿2

𝜑ref 𝐿2
=

 𝜑 − 𝜑ref
2du

 𝜑ref
2du
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Results @ 0.1 mTorr - 400 G (2/2)
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L. Garrigues et al., in preparation
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Discussion
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Tâches – diagramme de Gantt
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Budget

Partner 1

LAPLACE

Partner 2

Concace

Partner 3

IMT

Partner 4

MdS

Staff expenses 103 196 €

(2-year post-doc)

48 000 €

(1-year post-doc)

57 180 €

(1-year post-doc)

3 900 €

(1 Master Internship)

Instruments and material costs

(including the scientific consumables)

13 000 € 3 000 € 14 000 € 4 000 €

Building and ground costs 0 € 0 € 0 € 0 €

Outsourcing / subcontracting 2 000 € 2 000 € 2 000 € 2 000 €

General and administrative costs &

other operating expenses

17 200 € 22 000 € 15 200 € 5 900 €

Administrative management &

structure costs (13 %)

17 601 € 9 750 € 11 489 € 2 054 €

Sub-total 152 997 € 84 750 € 99 869 € 17 854 €

Requested funding 355 470 €


