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Horáček et al, Physical Review A (2004)!

4 8 12 16 20 24
0

1

2

3

4

5

Celiberto et al, Chemical Physics (2012)!

4 8 12 16 20 24
0

1

2

3

4

5

G. J. Schulz, Phys. Rev. 113 (1959) 816!
D. Rapp et al, Phys. Rev. Lett. 14 (1965) 533!

υi=0!

Re
so

na
nt

 V
ib

ra
tio

na
l E

xc
ita

tio
n!

http://journals.aps.org/pr/abstract/10.1103/PhysRev.113.816
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.14.533
http://phys4entrydb.ba.imip.cnr.it/Phys4EntryDB/view/chartOptionView.php?id_class=1&id_elem_mol=81&typefile=C
http://phys4entrydb.ba.imip.cnr.it/Phys4EntryDB/view/chartOptionView.php?id_class=1&id_elem_mol=84&typefile=C
http://phys4entrydb.ba.imip.cnr.it/Phys4EntryDB/report/electron_84/


A. LARICCHIUTA The state-of-the-art description of vibrational-electronic excitations 
MASTER CLASS 2014 Physikzentrum Bad Honnef (Germany), October 10th, 2014 

H2 Direct Dissociation trough b state!

Gryzinskii approach!
Celiberto et al., !
AtomicData&NuclearDataTables (2001)!

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

10 20 30 40
0.0

1.0

2.0

3.0

Collision energy [eV]

υ=0

Complex Khon method!
Rescigno & Schneider, J Phys B (1988)!

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

10 20 30 40
0.0

1.0

2.0

3.0

Collision energy [eV]

υ=0

R-matrix!
Stibbe & Tennyson,!
The Astrophysical Journal (1999)!
Trevisan&Tennyson, !
Plasma Phys & Controlled Fusion (2002)!

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

10 20 30 40
0.0

1.0

2.0

3.0

Collision energy [eV]

υ=0

Khakoo & Segura, J Phys B (1994)!
Khakoo et al., Phys Rev A (1987)!
!
H. Nishimura, J. Phys. Soc. Jpn. 55 (1986) 3031!

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

10 20 30 40
0.0

1.0

2.0

3.0

Collision energy [eV]

υ=0

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.35.2832
http://iopscience.iop.org/0953-4075/27/11/027?fromSearchPage=true
http://iopscience.iop.org/0741-3335/44/10/309?fromSearchPage=true
http://iopscience.iop.org/0953-4075/21/22/003/
http://www.sciencedirect.com/science/article/pii/S0092640X00908507
http://iopscience.iop.org/1538-4357/513/2/L147?fromSearchPage=true


A. LARICCHIUTA The state-of-the-art description of vibrational-electronic excitations 
MASTER CLASS 2014 Physikzentrum Bad Honnef (Germany), October 10th, 2014 

H2 Direct Dissociation trough b state!

Gryzinskii approach!
Celiberto et al., !
AtomicData&NuclearDataTables (2001)!

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

10 20 30 40
0.0

1.0

2.0

3.0

Collision energy [eV]

υ=0

Complex Khon method!
Rescigno & Schneider, J Phys B (1988)!

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

10 20 30 40
0.0

1.0

2.0

3.0

Collision energy [eV]

υ=0

R-matrix!
Stibbe & Tennyson,!
The Astrophysical Journal (1999)!
Trevisan&Tennyson, !
Plasma Phys & Controlled Fusion (2002)!

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

10 20 30 40
0.0

1.0

2.0

3.0

Collision energy [eV]

υ=0

Khakoo & Segura, J Phys B (1994)!
Khakoo et al., Phys Rev A (1987)!
!
H. Nishimura, J. Phys. Soc. Jpn. 55 (1986) 3031!

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

10 20 30 40
0.0

1.0

2.0

3.0

Collision energy [eV]

υ=0

4 6 8 10 12
0.0

1.0

2.0

3.0

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

Collision energy [eV]
14 18 22 26 30

Collision energy [eV]

υ=0
4 6 8 10 12

0.0

1.0

2.0

3.0

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

Collision energy [eV]
14 18 22 26 30

Collision energy [eV]

υ=0123
4

4 6 8 10 12
0.0

1.0

2.0

3.0

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

Collision energy [eV]
14 18 22 26 30

Collision energy [eV]

υ=0123
4

4 6 8 10 12
0.0

1.0

2.0

3.0

D
is

so
ci

at
io

n 
cr

os
s s

ec
tio

n 
[a
02 ]

Collision energy [eV]
14 18 22 26 30

Collision energy [eV]

υ=0123
4



A. LARICCHIUTA The state-of-the-art description of vibrational-electronic excitations 
MASTER CLASS 2014 Physikzentrum Bad Honnef (Germany), October 10th, 2014 

ELECTRON IMPACT INDUCED PROCESSES: THE DATA SET FOR N2 

INTERNUCLEAR DISTANCE [Å] 

PO
TE

N
TI

A
L 

EN
ER

G
Y

  [
eV

] 

RESONANT VIBRATIONAL EXCITATION 

VIBRONIC EXCITATION 

PREDISSOCIATION 

NON-DISSOCIATIVE IONIZATION 
Gilmore JQRST (1965) 

Laporta et al PlasmaSourcesScience&Tech (2012)!

Capitelli&Celiberto in !
”Novel Aspects of Electron-Molecule Collisions”!
 Ed KH Becker (1998)!

Kosarim et al ChemPhysLett (2005)!
Laricchiuta et al. AIAA paper 2006-2898 (2006)!

http://iopscience.iop.org/0963-0252/21/5/055018/
http://www.sciencedirect.com/science/article/pii/S0009261405011577
http://arc.aiaa.org/doi/abs/10.2514/6.2006-2898
http://www.sciencedirect.com/science/article/pii/0022407365900725


A. LARICCHIUTA The state-of-the-art description of vibrational-electronic excitations 
MASTER CLASS 2014 Physikzentrum Bad Honnef (Germany), October 10th, 2014 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.9 1.0 1.2 1.4

PO
TE

N
TI

A
L 

EN
ER

G
Y

 [e
V

]

INTERNUCLEAR DISTANCE [Å]

resonant vibrational excitation (eV processes)  

2.3eV shape resonance	



Electron-Impact induced Vibrational Pumping!

υf	



υi 	



υi =0→υf =1-17	


M.Allan, J.Phys.B (1985)   

collection of theoretical and 
experimental cross sections 

L.A.Morgan, J.Phys.B (1986)   

N. Chandra & A.Temkin, NASA-TN (1976)   

υi =0→υf =18-19	



υi =1-7→υf = υi+1-8 	



M. Capitelli et al., Plasma Chemistry & 
Plasma Proc. 32 (2012) 427!

O
LD

 D
AT

A
SE

T 

V. Laporta, R. Celiberto, J.M. Wadehra, !
Plasma Sources Sci. Technol. 21 (2012) 055018!

local theory of resonance 
complete set of cross sections for 
transitions among all the levels 
in the vibrational ladder!

N
EW

 D
AT

A
SE

T 

http://iopscience.iop.org/0963-0252/21/5/055018/
http://link.springer.com/article/10.1007/s11090-011-9339-7


A. LARICCHIUTA The state-of-the-art description of vibrational-electronic excitations 
MASTER CLASS 2014 Physikzentrum Bad Honnef (Germany), October 10th, 2014 

Electron-Impact induced Vibrational Pumping!

2.0
4.0
6.0

IMPACT ENERGY [eV]

CR
O

SS
 S

EC
TI

O
N

 [Å
2 ]

1.0

3.0

5.0

1.0
2.0
3.0
4.0

1.0

2.0

3.0

0.5
1.0
1.5
2.0

1 2 3 4
0.0

0.5

1.0

2.10-1

4.10-1

1.10-1

2.10-1

1.0.10-2
3.0.10-2
5.0.10-2
7.0.10-2

5.0.10-3

1.5.10-2

2.5.10-2

2 3 4 5
1.0.10–3
3.0.10–3
5.0.10–3
7.0.10–3

2.0.10–4
6.0.10–4
1.0.10–3
1.4.10–3

1.0.10-4

3.0.10-4

5.0.10-4

2.0.10-5
6.0.10-5
1.0.10-4
1.4.10-4

1.0.10-5
2.0.10-5
3.0.10-5
4.0.10-5

2 3 4 5
2.0.10-6

6.0.10-6

1.0.10-5

IMPACT ENERGY [eV]

υi=0→υf =1

0→2

0→3

0→4

0→5

0→6

0→7

0→8

0→10

0→11

0→12

0→13

0→14

0→15

0→16

0→9

IMPACT ENERGY [eV]

2.0
4.0
6.0

IMPACT ENERGY [eV]

CR
O

SS
 S

EC
TI

O
N

 [Å
2 ]

1.0

3.0

5.0

1.0
2.0
3.0
4.0

1.0

2.0

3.0

0.5
1.0
1.5
2.0

1 2 3 4
0.0

0.5

1.0

2.10-1

4.10-1

1.10-1

2.10-1

1.0.10-2
3.0.10-2
5.0.10-2
7.0.10-2

5.0.10-3

1.5.10-2

2.5.10-2

2 3 4 5
1.0.10–3
3.0.10–3
5.0.10–3
7.0.10–3

2.0.10–4
6.0.10–4
1.0.10–3
1.4.10–3

1.0.10-4

3.0.10-4

5.0.10-4

2.0.10-5
6.0.10-5
1.0.10-4
1.4.10-4

1.0.10-5
2.0.10-5
3.0.10-5
4.0.10-5

2 3 4 5
2.0.10-6

6.0.10-6

1.0.10-5

IMPACT ENERGY [eV]

υi=0→υf =1

0→2

0→3

0→4

0→5

0→6

0→7

0→8

0→10

0→11

0→12

0→13

0→14

0→15

0→16

0→9

IMPACT ENERGY [eV]

M Allan, J. Phys. B 18 (1985) 4511!

http://phys4entrydb.ba.imip.cnr.it/Phys4EntryDB/report/electron_29/


A. LARICCHIUTA The state-of-the-art description of vibrational-electronic excitations 
MASTER CLASS 2014 Physikzentrum Bad Honnef (Germany), October 10th, 2014 

Electron-Impact induced Vibrational Pumping!
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Electron-Impact induced Vibrational Pumping!
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The Phys4EntryDB : Resonant Vibrational Excitation !

RVE e-O2!

RVE e-NO!

V. Laporta, R. Celiberto, J.M. Wadehra, PSST 21 (2012) 055018!

RVE e-N2!

V. Laporta, R. Celiberto, J. Tennyson, PSST 22 (2013) 025001!

V. Laporta, R. Celiberto, J.M. Wadehra, PSST 21 (2012) 055018!

http://phys4entrydb.ba.imip.cnr.it/Phys4EntryDB/report/electron_28/
http://phys4entrydb.ba.imip.cnr.it/Phys4EntryDB/report/electron_44/
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Experimental/theoretical investigation of MHD interaction in Air!

A. Cristofolini et al., !
AIAA paper 2012-3179 (2012)!
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resonant dissociation vs mono-quantum excitation in e-N2 collisions!
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ü  Gryzinskii approach!
!
ü  Bef-scaled approach!
!
ü  Similarity approach!



A. LARICCHIUTA The state-of-the-art description of vibrational-electronic excitations 
MASTER CLASS 2014 Physikzentrum Bad Honnef (Germany), October 10th, 2014 

Simplified Theoretical Approaches!

ü  Gryzinskii approach!
!
ü  Bef-scaled approach!
!
ü  Similarity approach!

Y.K. Kim, J. Chem. Phys. 126 (2007) 064305!

e+H2 (X1!g
+, "##) → e+H2 (B1!u+) 

http://scitation.aip.org/content/aip/journal/jcp/126/6/10.1063/1.2434163
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Simplified Theoretical Approaches!

ü  Gryzinskii approach!
!
ü  Bef-scaled approach!
!
ü  Similarity approach!

S. Adamson, Chem.Phys. Letters 436 (2007) 308!
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Collision Energy [eV]!

C
ro

ss
 S

ec
tio

n 
[Å

2 ]!

e+NO (X2!) → e+NO (A 2"+)

experimental results!
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experimental results!
M.J. Brunger et al., J. Phys. B 
33 (2000) 809!

similarity approach!

Xin&Ding, Plasma Science and Tech. 16 (2014) 104!

N2 e-impact induced allowed excitation !

http://www.sciencedirect.com/science/article/pii/S0009261407000991
http://iopscience.iop.org/1009-0630/16/2/04
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Electron-Impact Vibronic Excitation of Singlet Terms in N2 Spectrum!

ü  perturbed vibrational progression!
ü  responsible of emission in VUV region!
ü  efficiently predissociated!

D. Spelsberg & W. Meyer, J.Chem.Phys 115 (2001) 6438!
Z. Fan et al., Molecular Physics (2014)!

http://scitation.aip.org/content/aip/journal/jcp/115/14/10.1063/1.1400139
http://www.tandfonline.com/doi/full/10.1080/00268976.2014.904052#.VD6OHedBk7A
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excitation from theoretical state-to-state cross sections !

state character  !

R. Celiberto et al., The Open Plasma Physics Journal 7 (Special Issue) (2014)!

Vibronic Excitation Cross Sections: comparison with experiments!
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spectral range [12.00-13.82 eV]!
vibrational analysis b[v’ 0-14] c[v’ 0-3] o[v’ 0-3] !

M.A. Khakoo et al., Phys.Rev.A 77 (2008) 012704!
C.P. Malone et al., Phys.Rev.A 85 (2012) 062704!

Vibronic Excitation Cross Sections: comparison with experiments!

vibrational analysis b’[v’ 0-10] c’[v’ 0-3]!
or!

b’[v’ 0-16] c’[v’ 0-5]!

0 20 40 60 80 100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 20 40 60 80 100
0.0

0.5

1.0

1.5

2.0

Energy [eV]

Ex
ci

ta
tio

n 
cr

os
s s

ec
tio

n 
[1

0-
17

 c
m

2 ]

b!
b

Energy [eV]

Ex
ci

ta
tio

n 
cr

os
s s

ec
tio

n 
[1

0-
17

 c
m

2 ]

υ’’=0!υ’’=0!

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.77.012704
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.85.062704


A. LARICCHIUTA The state-of-the-art description of vibrational-electronic excitations 
MASTER CLASS 2014 Physikzentrum Bad Honnef (Germany), October 10th, 2014 

spectral range [12.00-13.82 eV]!
vibrational analysis b[v’ 0-14] c[v’ 0-3] o[v’ 0-3] !

M.A. Khakoo et al., Phys.Rev.A 77 (2008) 012704!
C.P. Malone et al., Phys.Rev.A 85 (2012) 062704!

Vibronic Excitation Cross Sections: comparison with experiments!

vibrational analysis b’[v’ 0-10] c’[v’ 0-3]!
or!

b’[v’ 0-16] c’[v’ 0-5]!

0 20 40 60 80 100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 20 40 60 80 100
0.0

0.5

1.0

1.5

2.0

Energy [eV]

Ex
ci

ta
tio

n 
cr

os
s s

ec
tio

n 
[1

0-
17

 c
m

2 ]

b!
b

Energy [eV]

Ex
ci

ta
tio

n 
cr

os
s s

ec
tio

n 
[1

0-
17

 c
m

2 ]

(υ!)b!"= 0-10

(υ!)b!"= 0-16

υ’’=0!υ’’=0!



A. LARICCHIUTA The state-of-the-art description of vibrational-electronic excitations 
MASTER CLASS 2014 Physikzentrum Bad Honnef (Germany), October 10th, 2014 

v”= 0!
E= 200eV !

State-to-State Vibronic Excitation Cross Sections: comparison with experiments!
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v”= 0!
E= 200eV !

State-to-State Vibronic Excitation Cross Sections: comparison with experiments!
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R.W.McLaughlin,!
Planet Space Science 26 
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F. Esposito, M. Capitelli, Chemical Physics Letters 302 (1999) 49–54 !
F. Esposito, M. Capitelli, C. Gorse, Chemical Physics 257 (2000) 193–202!
F. Esposito et al., Chem Physics (2006) !
F. Esposito & M. Capitelli, Chem Phys Lett (2006) !

N-N2 collisional-induced processes!

collisional-induced dissociation 

vibration-translation energy transfer 
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F. Esposito et al., Chem Physics (2006) !

N-N2 collisional-induced dissociation!
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F. Esposito & M. Capitelli, Chem Phys Lett (2006) !
F. Esposito et al., Chem Physics (2006) !

N-N2 collisional-induced dissociation!
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R.L. Jaffe, D.W. Schwenke, and G. Chaban, !
AIAA Paper 2010-4517 (2010)!
Munafò et al, Eur. Phys. J. D (2012)!
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N-N2 collisional-induced dissociation: global dissociation rate coefficient!

http://phys4entrydb.ba.imip.cnr.it/Phys4EntryDB/report/heavy_37/
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VT  energy transfer processes in N-N2 collisions!
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VT  energy transfer processes in N-N2 collisions!

0 5000 10000 15000 2000010–24

10–21

10–18

10–15

10–12

10–9

TEMPERATURE  [K]

V
Ta

 R
AT

E 
CO

EF
FI

CI
EN

T 
[c

m
3 /

s]

υi =0 → υf =10

υi =0 → υf =40

υi =0 → υf =1

0 10 20 30 4010–20

10–18

10–16

10–14

10–12

10–10

INITIAL VIBRATIONAL LEVEL
V

Ta
 R

AT
E 

CO
EF

FI
CI

EN
T 

[c
m

3 /
s]

1000K

4000K

500K

0 5000 10000 15000 2000010–24

10–21

10–18

10–15

10–12

10–9

TEMPERATURE  [K]

V
Ta

 R
AT

E 
CO

EF
FI

CI
EN

T 
[c

m
3 /

s]

υi =0 → υf =10

υi =0 → υf =40

υi =0 → υf =1

0 10 20 30 4010–20

10–18

10–16

10–14

10–12

10–10

INITIAL VIBRATIONAL LEVEL
V

Ta
 R

AT
E 

CO
EF

FI
CI

EN
T 

[c
m

3 /
s]

1000K

4000K

500K

R.L. Jaffe, D.W. Schwenke, and G. Chaban, !
AIAA Paper 2010-4517 (2010)!
Munafò et al, Eur. Phys. J. D (2012)!

A. Laganà , G. Ochoa De Aspuru, E. Garcia, 
Temperature dependence of quasiclassical and 
quantum rate coefficients for N + N2 !
Dip Chimica, Università di Perugia, Italy (1996)!

http://link.springer.com/article/10.1140%2Fepjd%2Fe2012-30079-3
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VT  energy transfer processes in N-N2 collisions!

P.J.S.B.Caridade, B.R.L. Galvao, A.J.C. Varandas !
J. Phys. Chem. A 114 (2010) 6063–6070!
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B.R.L. Galvão, A.J.C. Varandas, J.P. Braga, J.C. Belchior!
Chemical Physics Letters 577 (2013) 27–31!
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heterogeneous recombination at surface!
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heterogeneous recombination at surface!

http://phys4entrydb.ba.imip.cnr.it/Phys4EntryDB/report/gas-surface_3/
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CO2 vibrational kinetics!
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bending 

Armenise & Kustova, !
Chemical Physics (2013) and (2014)!

Tomáš Kozák and Annemie Bogaerts,!
Plasma Sources Science &Technology (2014)!

http://www.sciencedirect.com/science/article/pii/S0301010413000633
http://www.sciencedirect.com/science/article/pii/S0301010413004084
http://iopscience.iop.org/0963-0252/23/4/045004/
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R. Celiberto, V. Laporta, A. Laricchiuta, J. Tennyson and J.M. Wadehra,!
The Open Plasma Physics Journal, 2014, 7, (Suppl 1: M2) 33-47!

http://benthamopen.com/toppj/openaccess2.htm
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energy transfer processes in CO2-CO2 collisions!

M. Bartolomei, F. Pirani, A. Laganà, A. Lombardi, J. Comp. Chem. 33 (2012) 1806!
!

A. Lombardi, N. Faginas Lago, A. Laganà, F. Pirani, S. Falcinelli, S.!
in: Murgante, B., Gervasi, O., Misra, S., Nedjah, N., Rocha, A.M.A.C., Taniar, D., Apduhan, 
B.O. (eds.) ICCSA 2012, Part I. LNCS, vol. 7333, pp. 387–400. Springer, Heidelberg (2012)!
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energy transfer processes in CO2-CO2 collisions!

rigid-monomers ➨ stretched&bent monomers 
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energy transfer processes in CO2-CO2 collisions!
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heterogeneous recombination of CO2 at silica surface!

Pablo Gamallo, Hèctor Prats and Ramón Sayós!
Journal of Molecular Modeling 20 (2014) 2160!

TS = 300K!
𝜗 = 0°!
CO (𝜐,j=0)!

! CO2 (ER) + SiO2

! CO2@SiO2

𝜐=2 
𝜐=3 

𝜐=5 
𝜐=1 𝜐=0 

𝜐=2 𝜐=3 

𝜐=5 
𝜐=1 

𝜐=0 

CO(X1⌃+, �, j) + O@SiO2

! CO(X1⌃+, �0) + O@SiO2

REFLECTED CO  

Energy [eV]!
Re

ac
tio

n 
Pr

ob
ab

ili
ty
!

Re
ac

tio
n 

Pr
ob

ab
ili

ty
!

http://link.springer.com/article/10.1007%2Fs00894-014-2160-5


A. LARICCHIUTA The state-of-the-art description of vibrational-electronic excitations 
MASTER CLASS 2014 Physikzentrum Bad Honnef (Germany), October 10th, 2014 

A clear  research  imperative  in  the  next  decade  will 
therefore be to increase our knowledge of the chemical 
and physical interactions in such plasmas of electrons, 
ions and radicals with neutral species!

N. Mason “The 2012 Plasma Roadmap” J. Phys. D: Appl. Phys. 45 (2012) 253001!
citing the report of the Washington: National Research Council (1996) !
Database Needs for Modeling and Simulation of Plasma Processing!


