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Numerical tools: Particle in Cell (PIC) with 
Monte-Carlo-Collisions (MCC)

Interpolate fields & Advance particles

Charge depositionCollisions

Solve Poisson’s equation

• The model* is fully “homemade”, explicit and electrostatic

• 1D/2D/3D Cloud-In-Cell. 

• Parallelized (hybrid MPI and OpenMP)

• Poisson solver is a multi-grid (2D/3D) or direct solver (2D, Pardiso)

• Magnetic field is prescribed
Performance of the particle pusher

*Developed by the LAPLACE (G. Fubiani & L. Garrigues). Other similar models designed by other groups (LPP, etc.) 



Inclusion of a comprehensive physical chemistry: 
for instance, hydrogen gas with negative ions

particles and consequently the lattermay be chosen randomly inside the simulation domain. In themodel, one
checksfirst if the incidentmacroparticle experienced a real collision,
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where r is a randomnumber between 0 and 1. The probabilities Pc for each reactions (whose total number isNc

for a given incident specie) are ordered from the smallest to the largest and a reaction k occurred if,
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Once a collision type is selected then themacroparticles (both incident and target) are scattered away in the
center-of-mass (CM) frame (see next section). In themodel, neutrals are either considered as a non-moving
background specie with a given density profile or are actually implemented asmacroparticles and their
trajectories integrated. In the case of the former, collisions between charged particles and neutrals are performed
by the so-calledMCmethodwhile for the latter, actual particle–particle collisions are evaluated using aDSMC
algorithm [30]. Both are similar except that in theMCmethod, one artificially extract a neutral particle velocity
from aMaxwellian distribution function. Collisions between charged particles are always performed by aDSMC
algorithm in themodel. Collisions (both elastic and inelastic), are implemented assuming that particles
(incident, target or newly created) are scattered isotropically in theCM. Energy andmomentum is conserved
andwe assume for simplicity that each byproduct partner after the collision have identicalmomentum in the
CM frame. This implies that the lightest particles will equally sharemost of the available energy. For further
details, please refer to [21].

2.1.6. Physical chemistry of charged particles
Wedescribe below themost complete version of the plasma chemistrymodule embedded in our PIC-MCC
model (we often use a simplified sub-set of thismodule, depending on the purpose of themodel). In thismodel,
the plasma consists of electrons,molecular hydrogen (background) gas H2, hydrogen atoms H, molecular ions

�H2 and �H3 , protons and lastly negative ions
�H . Collisions between electrons, ions and neutrals are considered;

the set of reactions is presented in tables 1 and 2 (66 collision processes in total) and is very similar to the one used
by previous authors [15, 31]. Table 1 corresponds to the collision processes associatedwith electrons. Reactions
#2, 6, 7, 8 and 14 combinemultiple inelastic processes included in themodel in order to correctly account for
the electron energy loss. Reaction#2 regroups the excitation of the hydrogen atom from the ground state to the
electronic level � –n 2 5 [32]. Reaction#7 combines the ground state excitation of the hydrogenmolecule

O4 ��( )H X ; 0g2
1 to the vibrational levels Oa � –1 3 [32, 33], electronic levels (for all Oa) 4B u

1 , a 4B u
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Table 1.Electron collisions.

# Reaction
Cross section
reference

1 � l �e H e H (elastic) [71–75]
2 � l �e H e H (inelastic, 4 proc.) [32]
3 � l � �e H 2e H [32]
4 � l �e H e H2 2 (elastic) [76]
5 � l � �e H 2e H2 2 [32]
6 � l � ��e H 2e H H2

(2 proc.)
[32]

7 � l �e H e H2 2 (inelastic,
16 proc.)

[32–38]

8 � l �e H e 2H2 (3 proc.) [32, 77]
9 � l�e H 3H3 [32]
10 � l ��e H H H3 2 [32]
11 � l � �� �e H e H 2H3 [32]
12 � l � �� �e H e H H3 2 [32]
13 � l�e H 2H2 [32]
14 � l � �� �e H e H H2

(2 proc.)
[32, 77]

15 � l �� �e H 2e 2H2 [77]
16 � l ��e H 2e H [32]
17 � l ��*e H H H2 (1%of H2) [77]
18 � l �� �e H e H2 2 (Coulomb) [22]
19 � l �� �e H e H (Coulomb) [22]
20 � l �� �e H e H3 3 (Coulomb) [22]

8

New J. Phys. 19 (2017) 015002 GFubiani et al

1C u
1 , 1D u

1 , a 1D u
1 , 4�a g

3 , 1c u
3 , 1d u

3 [32], Rydberg states [34] and lastly rotational levels J=2 [35, 36] and 3
[37, 38]. Reaction#17models in a simplemanner the generation of negative ions in the ion source volume,
which are a byproduct of the dissociative impact between an electron andmolecular hydrogen O( ).H 42 [32].
The concentration of excited species is not calculated self-consistently in themodel. To estimate the volume
production of negative ions, we assume that 1%of H2 molecules are excited in vibrational levels with O . 4.
This is in accordancewith the H2 vibrational distribution function calculated either with a 0Dmodel [39] or a 3D
particle tracking code [40]. Table 2 summarizes the collision processes of heavy ionswith neutrals. Reaction#9
corresponds to the excitation of the hydrogenmolecule from the ground state to vibrationally excited levels
Oa � –1 2 [41, 42] and to the rotational levels � –J 2 3 [43]. To our knowledge there is no reliable data available
for the elastic collision between �H3 and neutral atoms (reaction#2), we consequently use the same cross-
section as in reaction#1.

2.1.7. Physical chemistry of neutrals
Cross-sections for collisions between neutrals inside the ion source volume, which are summarized in table 2
(reactions#18-20), as well as backscattering, dissociation or recombination probabilities against the ion source
walls are required for themodeling of the neutral particle dynamics (and the associated neutral depletion).
Table 3 shows the surface processes and corresponding coefficients. In a low-pressure plasma device such as the
one used for fusion applications (ITER orDEMO for instance. DEMO is a concept for the next generation of
Tokamaks), the plasma-wall processes have a strong impact on the source characteristics. Low-temperature
backscatteredmolecular hydrogen is assumed to be in thermal equilibriumwith thewall. An average

Table 2.Heavy particle processes.

# Reaction
Cross section
reference

1 � l �� �H H H H3 2 3 2 (elastic) [78]
2 � l �� �H H H H3 3 (elastic)
3 � l �� �H H H H2 2 3 [43, 78]
4 � l �� �H H H H2 2 2 2 [78]
5 � l �� �H H H H2 2 (elastic) [79]
6 � l �� �H H H H [80]
7 � l �� �H H H H (elastic) [80]
8 � l �� �H H H H2 2 (elastic) [78]
9 � l �� �H H H H2 2 (inelastic,

4 proc.)
[41–43, 78]

10 � l ��H H e 2H [32]
11 � l ��H H e H2 [32]
12 � l �� �H H H H2 2 (elastic) [43]
13 � l �� �H H H H (elastic) [43]
14 � l� �H H 2H (2 proc.) [32]
15 � l �� � �H H H e2 [32]
16 � l � ��H H H H e2 2 [32]
17 � l �� �H H H H [81]
18 � l �H H H H [80]
19 � l �H H H H2 2 [80]
20 � l �H H H H2 2 2 2 [82]

Table 3. Surface processes.

# Reaction Probability Accommodation coef.γ Reference

1 l�H H2 0.4 1 [44]
2 l�H H 0.6 0.5 [44]
3 l�H H2 2 0.2 1 [45]
4 l�H H2 0.8 0.5 [45, 50]
5 l�H H3 2 1/3 1 None

6 l�H H3 2/3 0.5 None

7 lH H2 0.4 1 [44]
8 lH H 0.6 0.5 [44]
9 lH H2 2 1 1 None
10 l�H H 1 1 None

9

New J. Phys. 19 (2017) 015002 GFubiani et al~60 reactions implemented in the PIC-MCC model



MAGNIS fluid model* @ LAPLACE Toulouse
§ Multi-fluid: electrons, ions, neutrals

§ Continuity equations with chemistry source terms

§ Full momentum equations including inertia terms

§ Electron energy equation with magnetized heat flux

§ Quasi-neutrality: plasma potential deduced from current continuity

§ Boundary conditions from sheath theory, allowing for different wall 
materials: grounded, biased, dielectric

§ Evolution in time and 2D plane perpendicular to magnetic field lines

§ Parallel losses (along field lines) included via effective source terms 
(2D+½D) allowing for dielectric, grounded, or biased walls

§ Magnetized fluxes handled through original numerical scheme using 
prediction/correction on shifted numerical grids 

R. Futtersack, PhD thesis (University of Toulouse, 2014)

S. Sadouni, PhD thesis (University of Toulouse, 2020) *Developed by G. Hagelaar



Main fluid model equations
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§ Continuity & momentum equations for each species a:

// // ( )L n na a a a=Ñ × µw

§ Quasi-neutrality & current conservation: 

ext col //
3 5 ( )
2 2

e e
e e e e e T

n T
n T P en L L

t ^ ^ ^

¶
+ Ñ × +Ñ × = + ×Ñ F- -

¶
w Q w

5
2

e e e
e e e

e e

n Te T
t m m

n
¶

+ - ´ = - Ñ
¶
Q

Q B Q

§ Electron energy:

§ Boundary conditions from sheath theory:
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Examples: plasma properties of a fusion-type 
negative ion source (2.5D-3V PIC-MCC)

Comparison with experiments

PIC-MCC



Extraction of negative ions (PIC-MCC)

Slight magnetization of the negative ions affects the beamlet current density profile

Zoom near one aperture

Courtesy of Tsumori et al., NIFS, Japan

Experimental validation



Rotating structures in RF Penning discharges 
(2.5D-3V PIC-MCC)
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Comparison with experiments performed on 
RAID at SPC EPFL
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4.3.Helicon plasma generator development for cybele (SPC-EPFL)
SPC laboratory andHelyssen Sarl are developing for Cybele a 10 kWhelicon plasma generator operating at
13.56 MHz on the resonant antenna ion device (RAID) test bed at SPC. Although a single 10 kWhelicon
generator will probably not achieve the relevant plasma density required for ITER orDEMO
( JD−∼300 Am−2), the 10 kWhelicon source is an intermediate step allowing investigation of themain
technology and physics issues of high power helicon sources. These include tests with hydrogen and deuterium
gas at different pressures,magnetic field andRF power levels, spectroscopicmeasurements of theH/D
dissociation rate and Langmuir probemeasurements of electron density and temperature profiles.

Figure 12 shows the experimental set upwith themain elements; the helicon antenna [41–43] is axially
mounted on the right end side of the vacuum chamber. The cylindrical vacuumchamber (diameter 0.4 m,
length 1.8 m), is equippedwith 6magnetic coils allowing the generation of an axialmagnetic field up to
approximately 50 mT that canmimic themagnetic field configuration of Cybele.

The helicon antenna, shownonfigure 13, is based on a resonant network antenna [41–43], also dubbed
birdcage antenna. TheRAIDdevice is equippedwith a positioning system allowing for three-dimensional
measurements with internal probes (Langmuir andmagnetic probes). A spectrometer in the visible range also
equips the RAID, which allows for absolute spectroscopicmeasurements.

An experimental campaignwas performedwith a compensated Langmuir probe in collaborationwith LPSC
laboratory tomeasure the radial profile of electron density and temperature along the diffusion. Themovable
Langmuir probe is installed perpendicularly to the RAID axis at 37 cm away from the helicon antenna in the
downstream region. The probe tip is oriented perpendicularly to themagnetic field; hence the drift coefficient
defined by Popov et al [44]ψ⊥ is weak (<0.3)with respect to 1, the reference value given in [44]. As a

Figure 12.The resonant antenna device (RAID) testbed, with the helicon antenna on the right end side generating a plasma jet in the
downstream vacuumchamber.

Figure 13.Helicon antenna [41–43]which consists of a 9 leg cylindrical resonant network used for helicon excitation.
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Comparison PIC vs. fluid* models (2.5D). Large 
scale structure formation in RF Penning discharges 

• Arm velocity varm same direction and magnitude as !×# drift (also for the ions)

• Fine structures vs rotate in the direction of the electron diamagnetic drift

varm

vs

Fluid

PIC

B

*Model developed by G. Hagelaar



2D axial azimuthal model of a Hall 
Thruster* (2D PIC-MCC calculation)
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Conclusion

• Numerical tools are readily available or in development to model Low 

Temperature (magnetized) Plasma – LTP – devices.

• 1D/2D/3D parallelized OpenMP/MPI explicit PIC-MCC algorithms.

• Electrostatic with prescribed magnetic field maps. 

• Can cope with arbitrary physical-chemistry.

• 2.5D fluid models including the magnetic field.

• 2D/3D PIC-MCC developments : (i) use of sparse grids, (ii) fully implicit energy 

and charge conserving algorithms, (iii) electromagnetic. 


