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Anisotropic e-CO rotational collisions

Why CO ?

Planetology

« Earth, Mars, Jupiter (Cameron bands a3M— X'%)

- re-entry Physics R : . .

Astrophysics
« second most abundant gas in molecular clouds, after hydrogen
(rotational excitation of CO by photoelectrons and subsequent emission of radiation)

Plasma applications
» reforming of CO,
 deposition: CO adsorption on surfaces
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Anisotropic e-CO rotational collisions

Why e-CO rotational collisions ?

Reviews of electron-collision cross sections (CS) and swarm parameters
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Swarm-derivation of complete sets of cross sections

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

107! e T

(a) = Pack et al 1962
i 10%0 pieeeemeen,, « Namakura et al 1987

10" i *+ Roznerski et al 1984
o~ ; [ - + Skinker ef al 1923
= 102 | IS ' — Wagner et al 1967
2 : ) e, ]
8 102" H—Easiic € 10% -~
A f jemm EleCtronic s
S g2 [~ Vibrational = IST-Lisbon
b E [~ Rotational [ = = = Vibrations from [40] *

1023 ;__._:?)':;Z;'grt:on [ peseee no rotgtions

E | . — Attachment 1 10 L Effective
e = ) ) - - s no rotations
: 10¢ 10% 102 10" 10° 10" 10% 10° 10* 10° 102 10" 10° 10" 107
Energy, eV E/N, Td \
[
I Boltzmann solver -
Cross ‘I - Monte-Carlo algorithm Swarm
oo . differential EBE W
Comparison
Adjust cross sections with experlment/

W C ) |pfn XXII Int Symposium e-Molecule Collisions and Swarms, July 2021, Notre Dame, IN (USA) L.L. Alves / N-PRIME 4
// INSTITUTO DE PLASMAS

uuuuuuuuuuuuu



Anisotropic e-CO rotational collisions

Why e-CO rotational collisions ?

Pack et al 1962
Namakura et al 1987
Roznerski et al 1984
Skinker et al 1923
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< 20% disagreement !
P. Ogloblina et al, PSST 29 (2020)

There is room for improving swarm predictions
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Anisotropic e-CO rotational collisions

Why anisotropic effects ?

The differential cross section (DCS) for polar molecule CO

(Born approximation combined with point dipole interaction, for low energy region)
Y. ltikawa, J. Phys. Chem. Ref. Data 44 (2015)
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The scattering distribution is highly anisotropic
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Outline

Anisotropic e-CO rotational collisions
L Vialetto et al, PSST 30 075001 (2021)

The e-CO cross sections

Integral and momentum-transfer cross sections for rotational collisions
Complete sets of cross sections adopted; swarm derivation

Swarm calculations and results
MC code (+ angular scattering model)
The two-term LisbOn Kinetics Boltzmann solver (LoKI-B)
Swarm results

Improving the two-term solver LoKI-B
Implementation of anisotropic rotational cross sections
Swarm results

] Apologies for some busy slides
 Final remarks POTog 4
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The e-CO rotational cross sections

Integral cross section and momentum-transfer cross section

The integral cross section (ICS)

™ do (€,0) ‘R J+1
o3G5 (€)= 2m f T siuoap = f(e/Vian)
0

Q) Vil 2J+1

The momentum-transfer cross section (MT)

T. Makabe and R. White, JPD 48 (2015) 0
"do (,0) | i\
0 (€) = 27T/ 7 (,0) 1 — (1 - H) cos 0 | sin 0d0
’ 0 dQ €
 (app)’ Reo J +1
Vi 241 gCOK(E/VJ’JH)
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The e-CO rotational cross sections

ICS and MT: swarm-derivation of IST-Lisbon cross sections
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Swarm-derivation of IST-Lisbon CS

Too small Too large: adjust / reduce
Oelastic—MT = Oeffective — Z] 0'] ]+1

l

Assuming isotropy
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The e-CO cross sections

Complete sets of cross sections adopted
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Swarm calculations
Monte Carlo code

L. Vialetto et al, PSST 29 (2020)

« adopts null-collision method

« adopts a modified time-step technique

 includes the effects of the finite temperature of the background gas,
with an exact Test Particle Monte Carlo technique

« describes e-neutral scattering events in the centre-of-mass frame

« uses a standard Time-Of-Flight method to calculate bulk transport
parameters

 follows the trajectories of typically ~10%— 10° electrons

 defines the steady-state time tyq, for a deviation of the mean kinetic
energy < 0.1%

« improves statistics by averaging the bulk transport parameters in the
interval [fsg, 10 tss] with a sample time of 109 s

W C ) 'pfn XXII Int Symposium e-Molecule Collisions and Swarms, July 2021, Notre Dame, IN (USA) L.L. Alves / N-PRIME 11
717 ErushonucieR



Swarm calculations

Monte Carlo code - angular scattering model

Angular distribution function
1 do(e0)

I1CS
o (E) df? J=0—1ate=0.01eV

. . 90
Sampling of scattering angles 120 1 e0
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—— Dipole-Born DCS
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The LisbOn Kinetics Boltzmann solver (LoKI-B)

(developed under MATLAB®)

I Nitrogen plasma

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

f(e\’-m)

» solves the time and space independent
form, or the time-dependent form, of the b EN=30Ta
two-term electron Boltzmann equation [ ——with VDF

p = without VDF
> includes e-e collisions, CAR operator, o 1015
and growth models for the electron

density.

sopauP| UOGsIT

Joule
Elastic

The LisbOn Kinetics Boltzmann solver S
was developed as a response to the need of having an electron 0
Boltzmann solver easily addressing the simulation of the electron o

kinetics in any complex gas mixture (of atomic / molecular Growih
species), describing first and second-kind electron collisions with
any target state (electronic, vibrational and rotational), -1 P— '

characterized by any user-prescribed population. 10" 10° 10°
E/N (Td)

Electronic

A. Tejero-del-Caz et al Plasma Sources Sci. Technol. 30 (2021) 065008
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Swarm results - |

Biagi cross sections
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« Excellent agreement between MC (isotropic) and LoKI-B

« 2% agreement between MC (dipole-Born DCS) and experiment
-at 300 K
-at 77 Kfor E/N< 0.2 Td, E/N > 0.8 Td (8% in other cases)
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Swarm results - 11

IST-Lisbon cross sections

4 Dutton database (exp.) § | 4 Dutton database (exp.)
® LAPLACE database (exp.) ; ® LAPLACE database (exp.)
- —— MC (Isotropic) ¢ 1 - —— MC (Isotropic)

——MC (Kushner ——MC (Kushner '
24 | — MC (Longo and Capitelli, Biagi O i 24| — MC (Longo and Capitelli, Biagi i
10 r —— MC (Dipole-Born DCS) Q"Gfb@ ; 10 r —— MC (Dipole-Born DCS) M@ ;
i LoKI-B ] i LoKI-B 1
102 107 10° 10’ 102 102 107 10° 10’ 102
E/N (Td) E/N (Td)

« Between MC (isotropic) / LoKI-B and experiment
- agreement below 1% at 300 K
- up to 20% disagreement at 77 K
« Between MC (dipole-Born DCS) and experiment
disagreement between 30% (300 K) and 50% (77 K), for this cross section set
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Improving the two-term solver LoKI-B

Implementation of anisotropic rotational CS

Expanding the DCS in Legendre polynomials

Makabe and Petrovic, Plasma electronics: applications in microelectronic device fabrication (2014)

= 2i4+1 .
doy, (¢, 0) :Z )+ oy, (€) P; (cos6)

df? s 47
: "d v | _
O'i; (e) — 27r‘/0 Jkd(é’ )P‘7 (COS 9) sin Bd6 .. orthogonality relation

By truncating the expansion to the first order
Ics ~ -0
5031 (€) ~ 9J,J+1 (€)

O—:]},/{}Zjl—l (€) = 09,J+1 (€) — U},JH (€)

The angular distribution of scattering can be described using only
ICS and MT cross sections
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Improving the two-term solver LoKI-B

Implementation of anisotropic rotational CS

The updated first anisotropy equation

B E 1 dfo (E)
file) = N Q. (€) de
Z5Uzela —I—ZPJM 5gz€—|-sz 0 (€+‘/;3)
i,5> "9 e

J - .
4 Z nggg{]al S 9 0‘(]]\/{}1;_1 (e)] ... for negligible V, ,,, energies
JJt gj+1

The improved treatment distinguishes between ICS and MT cross sections
for rotational collisions

W C ) 'pfn XXII Int Symposium e-Molecule Collisions and Swarms, July 2021, Notre Dame, IN (USA) L.L. Alves / N-PRIME 17
1 Eflsonuciean



Swarm results - 111

Improved LoKI-B with Biagi cross sections

SO S
L 25 4% 25 -
w 10 1 @D 10 [ ]
£ 1 E
%_ ¢ Dutton database (exp.) _ %_ 4 Dutton database (exp.)
® LAPLACE database (exp.) ® LAPLACE database (exp.)
- = LoKI-B (w iso. dipole) — — LoKI-B (w iso. dipole)
10%4 | LoKI-B (w aniso. dipole) . 10%4 | LoKI-B (w aniso. dipole) =
[ LoKI-B (w aniso. dipole + iso. quadrupole) ] [ LoKI-B (w aniso. dipole + iso. quadrupole) ]
10 107 10° 10’ 107 10 107 10° 10’ 10°
E/N (Td) E/N (Td)

Between improved LoKI-B and experiment
- agreement within 8% (at intermediate E/N values) with
anisotropic dipole rotational collisions
- excellent agreement (below 2%) with
anisotropic dipole rotational collisions + isotropic quadrupole rotational collisions
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Final remarks

INSTITUTO DE PLASMAS
E FUSAO NUCLEAR
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