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Modelling of low-temperature plasmas
Goal: understand and predict

 Understand
* Predict
* Propose

» Tailor / Optimize

Courtesy: Nor-Call Products
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Modelling of low-temperature plasmas
Species and interactions

th surface

=

e

o\ /electrons . ' T

Rotational interactions £ : : : 3
Vibrational interactions Dissociation ©

Electronic interactions Fragmentation
lonization / recombination J
Attachment / detachment

-

' =

—

Charge / excitation transfer
Association / dissociation

5‘ - » Recombination i J
y-specie - '

e , Radiative transitions

-\.-
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Modelling of low-temperature plasmas
Modelling approaches

.
| @

« Statistical models

o \

* Kinetic models

e

* Fluid models fﬁ 5

By ie
% W | .

Andrew Gibson

B e #

P, L
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Kinetics and Boltzmann models (electron kinetics)
Outline

Electron kinetic modelling

The electron Boltzmann equation
Input data
Workflow for Boltzmann-Chemistry modelling

Examples of tools

Examples of results (argon and nitrogen)
Influence of the reduced electric field
Swarm analysis
Influence of e-vibrational and e-rotational mechanisms

Final remarks and questions
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Electron kinetic modelling
Key references

Foundations of modelling of nonequilibrium low-temperature plasmas

L. L. Alves, A. Bogaerts, V. Guerra, and M. M. Turner
Plasma Sources Sci. Technol. 27 (2018) 023002

» Electron kinetics in atomic and molecular plasmas
C. M. Ferreira and J. Loureiro
Plasma Sources Sci. Technol. 9 (2000) 528-540

« Kinetics and Spectroscopy of Low Temperature Plasmas
J. Loureiro and J. Amorim
Springer International Publishing, 2016

« Plasma Physics, Volumes 1 and 2

Jean-Loup Delcroix
J. Wiley, 1965 / 1968

* Motions of lons and Electrons
W. P. Allis,
Handbuch der Physik, vol. 21, 1956, S. Flugge, Springer-Verlag — Berlin

W ( ) ipfn [SP 24 Summer School, 7-8 June 2019, Naples, ltaly L.L. Alves / N-PRIME

E FUSAO NUCLEAR



Electron kinetic modelling

The electron Boltzmann equation



Electron kinetic modelling
The “master” kinetic equation

* Inclusion of an energy description

* Definition of boundary conditions

« Complete problem : 6D = long run times

—

OF = X OF OF

ot m 07 ot

C

F(r,v,1) is the distribution function, representing the number of particles
per unit volume in phase space (r,v), at time t.

W C . 1pfn [SPC 24 summer School, 7-8 June 2019, Naples, Italy L.L. Alves / N-PRIME 11
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Electron kinetic modelling
The electron Boltzmann equation

oF _ - OF
E‘F’U'VF‘F = E )
Rate of F l l

in configuration space due to collisions

in time in velocity space

Force acting upon particles

» The total electric field acting on electrons
E = E((7) + E, exp(jwt)

l l

dc space-charge field hf field at frequency W

W C ) ipf [SPC 271 summer School, 7-8 June 2019, Naples, ltaly L.L. Alves / N-PRIME
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Charge separation at the boundaries

The space-charge sheath
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Charge separation at the boundaries

The space-charge sheath

.
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Charge separation at the boundaries

The space-charge sheath
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Charge separation at the boundaries
The space-charge sheath

[0)

n/n

[0);

n/n
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The electron Boltzmann equation
Working conditions

» Disregard the space-charge electric field acting on electrons

E ?@—I— E, expl(jwt)

dc space-charge field hf field at frequency W
» No external magnetic field

» The electron distribution function F is expanded
in spherical harmonics in velocity space

in Fourier series in time

F = Z Z Fzﬁ Py(cos 0) exp(jpwt)

W C ) |pf DDDDDDDDD ISP 221 summer School, 7-8 June 2019, Naples, ltaly L.L. Alves / N-PRIME
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The electron Boltzmann equation
The small anisotropy / two-term approximation

Conditions...

» the electron mean free path is much smaller than any relevant dimension
of the container, A, « L

» the energy gained from the electric field per collision by a representative
electron is much smaller than the thermal energy of the electrons

» the oscillation amplitude of the electron motion under the action of the hf
field is small as compared to L

» the characteristic frequency for the electron energy relaxation by collisions
is much smaller than the oscillation frequency of the hf field, T, «

F(f,v) = FY(f,0) + (5/) - | Fo (F,v) + FL(f, ) exp(jwt)]

/ W
|sotropic component Anisotropic components
(energy relaxation) (transport)

W C ) ipf ISP 221 summer School, 7-8 June 2019, Naples, ltaly L.L. Alves / N-PRIME
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The homogeneous electron Boltzmann equation
Collision operators

» The isotropic equation

10 ev? S ,
T {(@) Re (£, F}) }

» The anisotropic equation elastic collision operator

i 0
ek, OF;
m Ov

(l/.3 -+ jw)ﬁll = inelastic collision operator

W C ) ipfn ISP 274 summer School, 7-8 June 2019, Naples, ltaly L.L. Alves / N-PRIME
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The homogeneous electron Boltzmann equation
The inelastic collision operator

/ u=mv2/2
V, P77/
Entrance Exit
I [ u+Vy;
FO — ; FO u +du
V. _ qry (Vsc da V@) 0 {
I u
Exc. V), lon. V, Vg = § : Vi
J
-V
GROUND STATE 4=
INELASTIC
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The homogeneous electron Boltzmann equation
The inelastic / superelastic collision operator

/ u=mv2/2

V, PHL7A7777772277727777

Entrance Exit
I [ u+ V/
0 0
v ] qF, — (v +1v5) Fy Y u+du
j s u
Ve = E I/j
J
4 u-— Vl
GROUND STATE

SUPERELASTIC INELASTIC
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The homogeneous electron Boltzmann equation
Input data: working parameters

55555555555555555
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The homogeneous electron Boltzmann equation
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Input data: collisional data
u = mv?/(2e)

9,
0 () e (B )+ 0P | = v 1

L eE,OF"
‘|‘]'W)Fll=6 m—

m Ov

=No. (Zeu/m)”2 q,V =N,o, (2eu/m)1/2

N =N — Gas density

N £0 — Chemistry model (heavy-species kinetics)
l
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Input data

Excitation / ionization mechanisms

]
Art as® 3pt
15,755 —
. 15 |
C 7
] 5
> 3p” Sp ///// A=5912-90754
g /
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S o4 |- 3p’ S5s 3p” 34
]
W A=9195 -203&1\\ A/=1 osso 23133k
13 P~ 1-..-3949-4702A
\=6677-114884
1
2 = 1 - Rl1s;) 11,83 ev
3gh “[ FPollsg) 11,72 #
s s Silisg 11,62
Py{tsy) 11,55 «
-]
. A=1048A
1 A=10674
T Ar 3¢ 3p°
o | ‘ r 35 3p

- N(‘S)+N+(3P)

N(ED) +N(D)

N(¢S)+N(D)

N(‘S)+N(*s)

N,

—»R(A)
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Input data

Electron-impact cross sections

IST-Lisbon, e / Ar
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2 F
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6 X ¥
7 o
8 + +
9 oo
4 XX 10 ]20 X-X 30 : :
10 3 3 -1 0
10 10 10~ 10

Energy (eV)
Data from...

» Bibliography
» Databases (e.g. LXCat: www.Ixcat.net)
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Input data

The LXCat open-access website

NS DOCS AND LINKS DISCUSSION BOARD mSWISIRIEESS

HOME HOW TO USE CONTRIBUTORS DATA CENTER ONLINE CALCU

about the project » news and events » statistics and geography » the Ixcat team

About the project

The Plasma Data Exchange Project is a community-based project which was initiated as a result of a public discussion held at the 2010 Gaseous Electronics Conference (GEC), a
leading international meeting for the Low-Temperature Plasma community. This project aims to address, at least in part, the well-recognized needs for the community to organize the
means of collecting, evaluating and sharing data both for modeling and for interpretation of experiments.

At the heart of the Plasma Data Exchange Project is LXCat (pronounced "elecscat"), an open-access website for collecting, displaying, and downloading electron and ion scattering cross
sections, swarm parameters (mobility, diffusion coefficient, etc.), reaction rates, energy distribution functions, etc. and other data required for modeling low temperature plasmas. The
available data bases have been contributed by members of the community and are indicated by the contributor's chosen title

This is a dynamic website, evolving as contributors add or upgrade data. Check back again frequently.

Supporting organizations
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ntemol ™

Prake

UNIVERSITY

; | Australia o
@sne IEUNVEER 7%
GRS BN (o) |/ Plasma Matters.

L.C. Pitchford et al, Plasma Process. Polym. 14 1600098 (2017)

A

INSTITUTO DE PLASMAS
E FUSAO NUCLEAR

TSP 27 summer School, 7-8 June 2019, Naples, Italy

FAST NAVIGATION
==

NEWS AND EVENTS

2018-07-10 | New links to software

Links have been added to a multi-term Boltzmann
solver, and to three tools by Mikhail Benilov and co-
workers. Visit the recommended software page.

RECENT PUBLICATIONS

2019-03-05 | NEW UNPUBLISHED NOTES
Data needed for modeling low-temperature plasmas by
LC Pitchford ... read more »

PROJECT STATISTICS

Scattering cross sections: 24 databases | 94 x 415
species | 21.1k records | updated: 17 April 2019
Differential scattering cross sections: 4 databases |
29 species | 517 records | updated: 12 March 2019
Interaction potentials: 1 database | 78 x 8 species |
650 records | updated: 9 April 2019

Oscillator strengths: 1 database | 65 species | 150
records | updated: 25 November 2013

Swarm / transport data: 15 databases | 357 x 108
species | 169.2k records | updated: 18 April 2019 13:17
Publications, notes and reports: 5 databases | 30
records | updated: 5 March 2019

L.L. Alves / N-PRIME 26



Workflow

Electron Boltzmann kinetics

Electron
rate coefficients
transport parameters

Electron energy
distribution function
(EEDF)

A
Fg (v)
N.
00 FO
D.N :f Y O(U)4szdv
0 30.(v) ne

~
3
QQ
W

Arv?du

Cz'j = ]OO O'z'j(’U)’U
0
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Electron parameters
Example: the free-diffusion coefficient

0
v Iy

D.N = /OO (U)47m2dv = function(F/N)
0 3o.(v) ne

IST-Li
30 1e25_ _ I ’ AYr ('1','§] Llsbop)

N
€]

g
o
T

=
w
T

Diffusion coefficient x Gas density, (ms)'

0.5 1 ; 0 I 1 I 2 3
10 10 10 10 10
Reduced electric field, Td

W C/// ipfn [SPC 22 summer School, 7-8 June 2019, Naples, Italy
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\ 4
1 Td=1017V cm?2

Ar @ IST-LISBON
www.Ixcat.net
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Workflow

Global (Boltzmann + Chemistry) modelling

Electron energy
distribution function

Electron
rate coefficients
transport parameters

@ @)/))) ipfn [P0 22 summer School, 7-8 June 2019, Naples, Italy L.L. Alves / N-PRIME 29
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Examples of tools
BOLSIG+

http://www.bolsig.laplace.univ-tise.fr/

BOLSIG+

Electron Boltzmann equation solver

ABOUT HOW TO USE MANUAL DOWNLOAD COPYRIGHT

About

BOLSIG+ is a free and user-friendly computer program for the numerical solution of the Boltzmann equation for electrons in weakly ionized gases
in uniform electric fields, conditions which occur in swarm experiments and in various types of gas discharges and collisional low-temperature
plasmas. Under these conditions the electron distribution function is non-Maxwellian and determined by an equilibrium between electric
acceleration and momentum and energy losses in collisions with neutral gas particles.

The main utility of BOLSIG+ is to obtain electron transport coefficients and collision rate coefficients from more fundamental cross section data,
which can then be used as input for fluid models.

G.J.M. Hagelaar and L.C. Pitchford, Plasmas Sources Sci. Technol. 14 722 (2005)

W C ) ipfn TSP 24 summer School, 7-8 June 2019, Naples, ltaly L.L. Alves / N-PRIME 31
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BOLSIG+

The electron energy distribution function (EEDF)

R Plot EEDF (eV-3/2) vs Energy (V) BEIEIES

R1

F3
R4
RS
RE
R7
R&
R9

R10

illl Log ilill:l log [EEDF | [Hnetdots v|  Copy oK
y

LS o

\J

W C ) ipfn S22 summer School, 7-8 June 2019, Naples, Italy L.L. Alves / N-PRIME
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The LisbOn Klinetics Boltzmann solver (LoKI-B)

(developed under MATLAB®)

LoKI-B
https://qgithub.com/IST-Lisbon/LoKI

> solves the time and space
independent form of the two-term
electron Boltzmann equation

> includes e-e collisions, CAR operator,
and growth models for the electron
density.

so1aUly UOgs!T

The LisbOn Kinetics Boltzmann solver

was developed as a response to the need of having an electron
Boltzmann solver easily addressing the simulation of the electron
kinetics in any complex gas mixture (of atomic / molecular
species), describing first and second-kind electron collisions with
any target state (electronic, vibrational and rotational),
characterized by any user-prescribed population.

£V

A. Tejero-del-Caz et al Plasma Sources Sci. Technol. 28 (2019) 043001

V4
N FrinE

loki@tecnico.ulisboa.pt

a6 [ E/N=30Td
[ e with VDF
p = without VDF

Nitrogen plasma

Joule
Elastic
Rotational
Vibrational

Electronic

Growth

10°
E/N(Td)




LoKI-B

Examples of simulation

* Install MATLAB®

sonaUy UOgs!

« Get the code
https://github.com/IST-Lisbon/LoKI

 Get the data

lllustration for “swarm analysis” in nitrogen,
iIncluding e-rotational mechanisms

W C . ipfn [SPC 24 summer School, 7-8 June 2019, Naples, Italy L.L. Alves / N-PRIME 34
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Examples of results



Results — influence of the reduced electric field
Argon @ 0.1 Td < E/N<100 Td and T, = 300K

Results (graphical)
. EEDF Electron Reduced Diffusion Electron Reduced Mobility Electron Energies >

E/N = 1.000e+02 (Td) ka Show First Anisotropy (dashed) Clear Graph

10 T T T T T T T T

E/N = 1.000e-01 (Td)
E/N = 1.000e+00 (Td)
E/N = 1.000e+01 (Td)
E/N = 1.000e+02 (Td)

w—
o
(=
T ¥
/
1

=
o
o

b
o
ES

'
=]

Distribution Function (eV'3’2)
5 o
o]

P

o
R
(=)

i
o
=
no
I
7

| I | | | |
15 20 25 30 35 40 45
Energy (eV)

-
o
E
=
o
(3, =
— |
o
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Results — “swarm analysis™
Argon @ 10 Td < E/N< 100 Td and T, = 300K

Results (graphical)

Electron Reduced Diffusion @on Reduced M@ Electron Energies >

E/N = 1.000e-04 (Td) T

. Show First Anisotropy (dashed) Clear Graph
4 Y axis logscale

105 T T T T T T

Distribution Function (eV*?)

0 D 10 15 20 25 30 35 40 45
Energy (eV)
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Results — “swarm analysis”
Argon mobility as a function of E/N

Results (graphical)

EEDF Electron Reduced Diffusion Electron Reduced Mobility

Electron Energies

><1025

—
o

T LB B R | T T LR | T T T T Trrr T

n B (&>}
q T T
o)

o
o
0

o)

0

¢

o
o]

Reduced mobility (1/(msV))
o
T

(@]
000004,

Lol 1 1 ool I

[o]eleYoYeYaYoToYaToloTaYaYoYaYaYo oYa oN:

0
107 1073 1072 107" 10°
Reduced Field (Td)

W C - ipfn TSP 271 summer School, 7-8 June 2019, Naples, Italy
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Results — “swarm analysis”
Argon mobility as a function of E/N — comparison with experimental data

Simulations:
300 K

Measurements:

Nielsen 1936
Bowe 1960
Pack and Phelps 1961
Wagner et al 1967
Robertson 1977

| Christophorou et al 1979

> Nakamura and Kurachi 1988
Kucukarpaci et al 2001

10™ 10 10° 10°
E/N (Td)

W C ) ipfn TSP 24 summer School, 7-8 June 2019, Naples, ltaly L.L. Alves / N-PRIME
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Results — “swarm analysis”
Swarm adjustment of cross sections

Complete sets of cross sections are those describing the
total transfer of momentum and energy between electrons and the gas

Simulations:
—300K

Measurements:
Nieisen 1936
Buwe 1960

ack a mPhebs 96

uN(m's'V?")

etal
Nakamura V‘GK achi 1988
Kucukarpaci et al 2001

10* 10 10° 10°
EN( Td)

Boltzmann Swarm
solver ‘I parameters

Comparison
Adjust cross sections with experiment/

sections

L.C. Pitchford et al, J. Phys. D 46 334001 (2013)

W C//, ipfn ISP 22 summer School, 7-8 June 2019, Naples, Italy L.L. Alves / N-PRIME 40



Results — molecular gases
Argon vs Nitrogen

h . AVievl
Art a
15,755 |— ARLLA RG[- +
_ _ N(ésS)+N(3P)
_ 15 |-
C 7
- 3 5o (A0 A=5912-90754 +
© / Nz
x 4 ag* ss 3p° 34
& A=9195 -203&‘ A/=1 osso -23133k
N % N(D)+N(%D)
/ 3p® 4p
13 b~ A=3049-4702A N(¢S) +NED)
L=6677-114884 N(*S)+N(*S)
12 | 1. i ,;P (1s;) 11,83 oV
3p® “l JFolisg) 11,72 »
. g 3 (154) 11,62 *
%Pa1sg 11,85 = N,
. A=10484A
1 A=10674
T Ar 35 3p® 2
oL [ ‘ —»R(A)
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Results — influence of e-vibrational mechanisms
Nitrogen @ E/N =10 Td and T, = 300K

0

G 10 o | | 1 1 T 1 T 3
-S - Treanor-Gordiets VDF
= T =300K
g
= T =4000K
g Vi
=
=TS
:_9 10 C -
2
S
= \._\
8 '\-..__,_ _
.g .-..-_-.-....
£ 107 J
> - :
] 1 1 1 | .
0 2 4 6 8 10
Vibrational quantum number
E,—FEq AE ’
exp §{ —v v—1 v <
50 — p { |:ABTVII) ( )ABT(}
v v > V¥
U —
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Results — influence of e-vibrational mechanisms
Nitrogen @ E/N =10 Td and T, = 300K

10°
Without vibrational distribution
With vibrational distribution
"I | _Vibrational plat |
i ﬂ
5 10%} w .
> |
o ‘.
c ‘l
o \
g . ',
| —
u:_’ 10 .‘
[ < |
Ke) \
5 |
2 |
® -8 '\ -
= 10 |
|
|
“l
1070 F ‘.
I.I
10-12 | | ] I | |
0 2 4 6 8

10 12

14
Energy (eV)
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Results — influence of e-rotational mechanisms
Nitrogen — swarm analysis

' 1 ' I ' I
@® = with rotational mechanisms
- - \\/ithout rotational mechanisms
25
'_.'/—\ 10 -
‘ny
g
%.‘ O Frommhold 1960
o Pack and Phelps 1961
1024 | & Wagner and Raether 1962
< Lowke 1963 - 293K
<& Errett 1951 (from Engelhardt et al 1964) - 293K
3 1 3 1 N 1
-4 -2 0 2
10 10 10 10

E/N (Td)
MA Ridenti et al, Plasma Sources Sci. Technol. 24 035002 (2016)
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Final remarks



Final remarks
Word of caution — topics beyond this lecture

« This lecture was about electron kinetic modelling:
solving the two-term homogeneous time-independent electron Boltzmann equation

- there are other approaches to solve the EBE (multiterm expansion, Monte-Carlo, ...)
- the two-term approximation is valid only in the presence of small anisotropies
- the homogeneous EBE cannot describe plasmas with relevant spatial features

- the time-independent EBE should not be used to describe plasmas
with relevant time-evolution features

@ C . ipfn [SPC 24 summer School, 7-8 June 2019, Naples, Italy L.L. Alves / N-PRIME
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Final remarks
Word of caution — topics beyond this lecture

« The quality of simulation results depends on
the quality of the tool and data

- if you are a developer...
verify your tool (benchmark tests, asymptotic behaviours, ...)

- if you are a user ...
learn about the tool you are using (validity limits / operating options / input / output / ...)
read the documentation and send queries to the developers

- workout your kinetic model
do the bibliography; make educate choices when collecting data

- Validate modelling resulits,
by comparing simulations with experiment

W C - ipfn [SPC 24 summer School, 7-8 June 2019, Naples, Italy L.L. Alves / N-PRIME
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