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Inner region: N+1 electrons; ab-initio quantum chemistry
codes, including exchange correlations; continuum orbitals
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The R-matrix method

Inner region

Outer region: exchange and electron-electron correlations are neglected 
and it need to take into account only long–range multi–polar interactions 
between the scattering electron and the target
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The R-matrix method

Inner region

Outer region: exchange and electron-electron correlations are neglected 
and it need to take into account only long–range multi–polar interactions 
between the scattering electron and the target

Boundary: Target wavefunction has zero amplitude
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Inner region: N+1 electrons; ab-initio quantum chemistry
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Basic formulas for electron-molecule scattering

Processes occurring for resonant electron-molecule scattering:
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Processes occurring for resonant electron-molecule scattering:
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Neutral molecule



Resonant
Vibrational-excitation

cross section

! + #$ % → #$' → #$ %( + !

J. N. Bardsley and F. Mandl, Reports on Progress in Physics, 31, 471 (1968)



Resonant
Vibrational-excitation

cross section

! + #$ % → #$' → #$ %( + !

J. N. Bardsley and F. Mandl, Reports on Progress in Physics, 31, 471 (1968)

E



Resonant
Vibrational-excitation

cross section

! + #$ % → #$' → #$ %( + !

J. N. Bardsley and F. Mandl, Reports on Progress in Physics, 31, 471 (1968)

E

N2



!" + $%& ' → $%∗, $%∗∗ → $ + %

$ + %&

$ + %

AB* Rydberg states

AB** resonant state

Total energy

!"

Dissociative recombination



! + #$

! + #

AB* Rydberg states

AB** resonant state

Total energy

Direct process

%&

%& + !#$ ' → !#∗, !#∗∗ → ! + #

Dissociative recombination



!" + $%& ' → $%∗, $%∗∗ → $ + %

Dissociative recombination

$ + %&

$ + %

AB* Rydberg states

AB** resonant state

Total energy

Indirect process

!"



Incident electron energy 
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electron-N2 resonant scattering

The resonance at 2.3 eV in electron-N
2
scattering is described in term of the resonant state
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The quantum chemistry codes MOLPRO and UK-R-Matrix have been used to calculate

potential energy curves, resonance width and scattering
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Potential energy curves
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Vibrational-excitation process:

Comparison with experiments
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!" + N2 X 'Σ)*; ,, . ⟶ N0" X 0Π2 ⟶ !" + N2 X 'Σ)*; ,3, .

Vibrational-excitation process:
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!" + N2 X 'Σ)*; ,, . ⟶ N0" X 0Π2 ⟶ !" + 2 N 3S

Electron-impact dissociation:
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electron-O2(X, v) resonant scattering



electron-O2(X, v) resonant scattering

In order to describe the low-energy electron-O3(X 6Σ89) resonant scattering it needs to include
in the calculations four resonant states, ?@A, ?@B, CDB9, ?DB9 of E?9

Potential energy curves and resonance widths were obtained by MOLPRO and R-matrix within
aug-cc-pvQZ basis-set and MR-CI model

Orbital configurations for O2 target: (2ag, 1b1u)6 (3ag, 2b3u, 2b2u, 3b1u, 1b2g, 1b3g)10
3 core orbitals 9 valence orbitals
frozen electrons

Two orbital configurations for e + O2 scattering:
(2ag, 1b1u)6 (5ag, 2b3u, 2b2u, 4b1u, 2b2g, 2b3g)11
and
(2ag, 1b1u)6 (5ag, 2b3u, 2b2u, 4b1u, 2b2g, 2b3g)10 (6ag, 3b3u, 3b2u, 1b1g, 5b1u, 3b2g, 3b3g, 1au)1
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Low energy dominated by 2Π# symmetry
comparison with Allan’s results Resonance at 10 eV dominated by $Σ&' symmetry

e' + O2 X ,Σ-'; / ⟶ O1' 2Π-, 2Π3, $Σ3', 1Σ3' ⟶ e' + O2 X ,Σ-' ; /′

Vibrational-Excitation process:
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Full set of Vibrational Excitation cross sections for j = 1…

…and the corresponding rate coefficients
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!" + O2 X 'Σ)"; + ⟶ O-" 2Π), 2Π0, 1Σ0", -Σ0" ⟶ O 'P + O"(-P)

Dissociative-Electron-Attachment

Electron energy (eV)

v = 0
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J = 1
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e" + O2 X'Σ)"; + ⟶ O-" 2Π), 2Π0, 1Σ0", -Σ0" ⟶ e" + 2 O 'P

Electron-impact dissociative excitation:
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CO2 Plasma based conversion

Recently, worldwide attention has been focused on

increasing emissions of                                                   decreasing reserves of
greenhouse gases traditional energy sources

CO2 CH4

Highly endothermic carbon dioxide dissociation is one of the key processes affecting the
overall reaction efficiency

A promising approach for this conversion involves the non-equilibrium chemistry in the
plasma phase by electric discharges

!"# + %&# → !&% + #&#"



Electron-CO2 cross sections

! + #$%(' ()*+, -) → #$%0(%12) → ! + #$%(' ()*+, -′)
Vibrational-excitation 

CO2 SYMMETRIC MODE
MOLPRO (MRCI model, aug-cc-pVQZ basis set, D2h):
3 CORE ORBITALS:  ( 2Ag + 0B3u + 0B2u + 0B1g + 1B1u + 0B2g + 0B3g + 0Au )6

12 VALENCE ORBITALS:  ( 3Ag + 2B3u + 2B2u + 0B1g + 3B1u + 1B2g + 1B3g + 0Au )16

CO2 BENDING/ANTISYMMETRIC MODE
MOLPRO (MRCI model, aug-cc-pVQZ basis set, C2v):
3 CORE ORBITALS:      ( 2A1 + 0B1 + 1B2 + 0A2 )6

12 VALENCE ORBITALS:    ( 5A1 + 2B1 + 4B2 + 1A2 )16



R-Matrix potential energy curves

! + #$%(' ()*+, -) → #$%0(%12) → ! + #$%(' ()*+, -′)
Vibrational-excitation 



! + #$%(' ()*+, -) → #$%0(%12) → ! + #$%(' ()*+, -′)
Vibrational-excitation 



CO2/CO2
-

MOLPRO (MRCI model, aug-cc-pVQZ basis set, C2v):
5 CORE ORBITALS:      ( 5A1 + 0B1 + 0B2 + 0A2 )10

10 VALENCE ORBITALS:    ( 4A1 + 3B1 + 3B2 + 0A2 )16

In preparation…

Dissociative-excitation for CO2

! + CO%(X) → CO(X) + O(*P) + !

Dissociative-attachment for CO2

! + CO%(X) → CO(X) + O,(%P)
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electron-BeH+ and -BeD+ scattering

! + #$%& ' ()&; +, - → #$%& ' ()&; +′, -′ + ! (VE)

→ #$∗ 1 = (…(4 + %(46) (DR)

→ #$& 46 + % 46 + ! (DE)

V. Laporta, K. Chakrabarti, et al., Plasma Phys. Control. Fusion 59, 045008 (2017)
S. Niyonzima, V. Laporta, et al., Plasma Sources Sci. Technol. 27, 025015 (2018)
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I.T.E.R.
plasmas Be-wall interaction



UK-R-Matrix
Potential energy curves and couplings
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electron-H2
+

Dissociative Recombination

Vibrational Excitation

Dissociative Excitation

V. Laporta et al. In preparation…





electron-H2
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electron-H2
+



! + #$%& collisions

A. Abdoulanziz, F. Colboc, D.A. Little, Y. Moulane, J.Zs. Mezei, E. Roueff, J. Tennyson, 
I.F. Schneider and V. Laporta, MNRAS 479, 2415 (2018)
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e + OH collisions
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Dissociation Dissociative electron attachment
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• Ab-initiomolecular Quantum dynamics;

• State specific cross sections and rate coefficients for vibrational excitation, dissociative
attachment, dissociative recombination and dissociative excitation processes;

• Non-equilibrium molecular plasmas modelling;

• Extensions to atom-molecule and molecule-molecule scattering in particular for the
reaction:

Be# + H& → BeH# + H
Be# + H& → BeH + H#

• Data base for e + H2 and e + H2
+ collisions.

Conclusions and perspectives
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• Non-equilibrium thermodynamics is an extension of equilibrium thermodynamics it attempts to describe the
physical processes in their time-courses in continuous detail.

• A central role in non-equilibrium thermodynamics is played by transport equations which are the
corresponding to equations of state in equilibrium thermodynamics.

• Transport equations describe the amount of heat, mass, electrical charge… which are transferred per unit
time between different systems and different regions of a system as a response to a non-homogeneity in
temperature T, molar concentration c, electric potential je…

Non-equilibrium molecular plasmas modelling



Applications: non-equilibrium dissociation mechanism

- Despite its apparent simplicity, the dissociation rate for a molecule is very difficult to be determined

- Polak shows that experimental dissociation rates cannot be reproduced by direct electron impact
dissociation involving vibrational ground state of molecules.

- The “pure-vibrational-mechanism” is the theoretical framework to explain the dissociation rate
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M. Capitelli, G. Colonna, V. Laporta et al., Chemical Physics 438, 31 (2014)
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Application: Electron-vibration relaxation in oxygen plasmas

V. Laporta, K.L. Heritier and M. Panesi, Chemical Physics 472 (2016) 44–49

• State-to-State vibrational kinetics
• Vibrational relaxation time is comparable to chemical relaxation: vibrational non-equilibrium



Time evolution of non-equilibrium vibrational distribution function:
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Time evolution of non-equilibrium vibrational distribution function:

Vibrational relaxation time: 
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