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Plan of the presentation:

1. Theoretical approaches for vibrationally resolved electron-molecule scattering
* R-matrix method
* Local-Complex-Potential model
* Multichannel Quantum Defect Theory

2. ab-initio state-resolved cross sections and vibrational relaxation time:
o electron-D, cross sections
o D, vibrational relaxation time
o electron-O, cross sections
o electron-H,* cross sections



Outer region
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Inner region: N+l electrons; ab-initio quantum chemistry
codes, including exchange correlations; continuum orbitals
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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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Inner region: N+l electrons; ab-initio quantum chemistry
codes, including exchange correlations; continuum orbitals
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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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Let’s consider electron-molecule scattering with the presence of two interacting

resonances:
e +M->M, M, —-e +M"

The process can be described by two discrete electronic states, |d;) and |d,),

embedded-in and interacting-with a single electronic continuum |§)
W) = |dy) + |dy) + |k)

e _ j V/ >

Interaction between
Resonant bound state electron and neutral molecule




The electron-molecule effective Hamiltonian

Hy = |d)(Ty +Vo +e){dy| + |do)(Ty +Vo +e){dy| + [d ke [k)(Ty +V, +€3) <E|
U - |d1>U12<d2| + h C.
V=[dk |d)Vy m + |d)WVor <E\ + h.c.

-V, is the neutral molecule potential

- €, are the resonance energies respect to V

- U describes the coupling between the discrete states
-V couples the discrete states with the continuum states
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H |¥) = E |¥)

H=H0+V
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E = total energy
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Processes occurring for vibrationally resolved resonant electron-molecule scattering:

e”+AB(v) > AB~ - AB(w) + e~
- A" +B
- AB (W™ ) +y
—-A+B+e”
e”+ABT(v) - AB* > A +B

Vibrational Excitation
Dissociative electron Attachment
Radiative electron Attachment
Dissociative Excitation

Dissociative Recombination

e
=0
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J. N. Bardsley and F. Mandl, Reports on Progress in Physics, 31, 471 (1968)

Resonant
Vibrational-excitation
Ccross section

e+ AB(v) > AB~ - AB(v') + e
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Production of negative ions

Dissociative electron Attachment Radiative electron Attachment
e~ +AB(v) > AB~ > A~ +B e” +AB(v) > AB~ - AB~"(w™) +vy
A+ B

‘\
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electron-molecular ion cross sections L o
Dissociative recomblnatlon

e+ ABT(v) » AB*,AB** > A +B

Multichannel Quantum Defect Theory
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Multichannel Quantum Defect Theory
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electron-molecular ion cross sections L o
Dissociative recomblnatlon

} e~ +AB*(v) - AB*,AB*™* - A + B

Direct process

Cross section

Multichannel Quantum Defect Theory Fano's profile

n
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Incident electron energy
A Giusti, Journal of Physics B: Atomic and Molecular Physics, 13, 3867 (1980)



electron-D, cross sections

D, = {X'ZF,b3SF, BIEF} = {X,b, B}
D, = {X*3].B*X}.C?*Sr} = {X",B7,C7}

Local Complex Potential Model

First time (in my knowledge) of using this approach to calculate
vibrationally-electronically-excited collisions

V. Laporta, R. Agnello, G. Fubiani, I. Furno, C. Hill, D. Reiter, and F. Taccogna, Plasma
Phys. Control. Fusion 63, 085006 (2021)



Potentials and couplings for D,/D,"
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Vibrationally resolved dissociative electron attachment cross sections
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Vibrationally resolved dissociation cross sections
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Comparison with data in literature
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Isotopic effect for D, and H,
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Isotopic effect for D, and H,

vibrational excitation
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State-to-State kinetics for electron-D, collisions

Master equation approach
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Electron-vibration energy exchange

State-to-State kinetics for electron-D, collisions

Master equation approach
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T =T, = const Electron-vibration energy exchange

State-to-State kinetics for electron-D, collisions

Master equation approach
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Electron-vibration energy exchange

State-to-State kinetics for electron-D, collisions

Master equation approach
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Electron-vibration energy exchange
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dEip _ Bl — |
dt Te *

Ny = 1022 part/m3

95% of D, 5% ofe

1074 ¢ -
) I i
S
= 1{]'5: ]
= s .
< i i
3 I i
2 - -
- — Iﬂibzm.'JK — 719, =5000K |
e 70~ 10000 K =—— 70 = 50000 K
vib vib
—ﬁ 1 1 1 L1 11 L1 11
10
102 10° 104

Electron temperature (K)

V. Laporta, D. Reiter in preparation

= [
=
[}



Electron-vibration energy exchange
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Potential energy (eV)

electron-0, cross sections
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Dissociative-Electron-Attachment
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electron-H,* scattering
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Potentials energy curves for H,* and H,*
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electron-H,*
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Ro-vibrational cross sections for HD*
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(N;F =2,0] =0)and (N;" = 4,v;" = 0) - rotational excitation and vibrational de-excitation, blue
and red respectively.



Vibrational Relaxation time of H,*
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Conclusions

| hope to convince you about the importance to have ab-initio (and state resolved) cross
sections and rate constants for elementary processes to describe kinetics of cold plasmas.

LCP and MQDT models are the only serious theoretical frameworks - completely ab initio - to
describe state-resolved electron-molecule collisions which are able to take into account
correctly nuclear vibrations (and rotations).

LCP and MQDT models are the only approaches able to calculate Dissociative Attachment
and Dissociative Recombination processes.

Molecular input data come from ab initio quantum chemistry approaches, i.e. R-Matrix.
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  𝒆 +  𝑫 𝟐  (  𝑿 , 𝒗 ) → 𝒆 + 𝑫  (  𝟐 𝒑 ) + 𝑫  (  𝟏 𝒔 )


  𝒆 +  𝑫 𝟐 ( 𝑿 , 𝒗 ) → 𝒆 +  𝑫 𝟐  (  𝑩 , 𝒘 )


  𝒆 +  𝑫 𝟐 ( 𝑩 , 𝒗 ) → 𝒆 +  𝑫 𝟐  (  𝑩 , 𝒘 )


  𝒆 +  𝑫 𝟐  (  𝑩 , 𝒗 ) → 𝑫  (  𝒏 = 𝟐 ) +  𝑫 − ( 𝟏  𝒔 𝟐 )


  𝒆 +  𝑫 𝟐  (  𝑩 , 𝒗 ) → 𝒆 + 𝑫  (  𝟐 𝒑 ) + 𝑫  (  𝟏 𝒔 )


  𝒆 +  𝑫 𝟐  (  𝑩 , 𝒗 ) → 𝒆 + 𝑫  (  𝟏 𝒔 ) + 𝑫  (  𝟏 𝒔 )


  𝒆 +  𝑫 𝟐  (  𝑩 , 𝒗 ) → 𝒆 + 𝑫  (  𝟏 𝒔 ) + 𝑫  (  𝟏 𝒔 )


   𝒌  𝒗 , 𝒘 (  𝑻 𝒆 )


   𝒌  𝒗 , 𝒘 (  𝑻 𝒆 )


   𝟏   𝒌  𝟏 − 𝟎


   𝟏   𝒌  𝟏 − 𝟎


    2 Π g


     Σ u −    4


   e −   + O 2  (  X      Σ g −    3 ;   v )   ⟶    O 2 −  (    2 Π g ,     2 Π u ,    Σ u −    4 ,    Σ u −    2 ) ⟶    e −   + O 2  (  X        Σ g −    3   ;   v ′ )


   e −   + O 2  (  X      Σ g −    3 ;   v )   ⟶    O 2 −  (    2 Π g ,     2 Π u ,    Σ u −    4 ,    Σ u −    2 ) ⟶    e −   + O 2  (  X        Σ g −    3   ;   v ′ )


   𝐞 −   + 𝐎 𝟐  (  𝐗      𝚺 𝐠 −    𝟑 ;   𝐯 )   ⟶   𝐎  (   𝐏    𝟑 ) +  𝐎   − (  𝐏    𝟐 )


   e −   + O 2  (  X    Σ g −    3 ;   v )   ⟶    e −   + O  (   P    3 ) + O  (   P    3 )

