
Elementary processes 

Interactions of electron with atoms, molecules, ions ….

Ionization

EPRP 2024 2B



Collisions of electrons with atoms

Classical or quantum approach?

Electron:

1eV → v=5.9x107cm s-1

t~a0/v ~10-8/ 5.9x107=2x10-16s

l~2A = 2x10-8cm  de Broglie

Ar+:

1eV → v=2x105cm s-1

t~a0/v ~10-8/ 2x105~6x10-14s

l~ 9x10-11cm  de Broglie
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Illustration of a variety of applications wherein cross-section data
involving atomic & molecular physical processes are important. 

Gaseous Electronics
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At low energies



low energies - 2010

Ar



Cold Collision Experiments 

- photoelectron source induced by SR -

Lenz system Gas Cell

Detecto

r

Synchrotron
Ar
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Schematic view of experimental setup

Total cross section of Xe in low 

energy region (preliminary data )

Research site: Photon Factory at KEK

Ar + h → Ar+ + e

Xe, Kr, O2

E  10 meV

E0  30meV





Details of Ramsauer effect

Ar

Kr

Ne

He

Kr



Total collision cross sections comparisonAlkali metals

Ne

Ar

Cs(3eV)

(0.3eV)

Ar

e-
(v)

(2eV)

Ne, He

Ar

(3eV)

(0,3eV)

s(v)

H2O (j0) + e(e)➔H2O(j>j0) + e(e)

H2O ➔ H2O(j>j0) 



Frequencies of elastic collisions

~nvs
Collision Frequencies

I=-NQIp x

IP= I0 exp(- QNx)

IPN.xI0(v)

Q(v)

I0

a0=0.53x10-8cm~0.5A

Radius of the first Bohr orbit of H atom

He



Very low energies



Very low collision energies

Kr & CCl4



Electron attachment at very low electron energies

o

A510

o

A510

Kr



Kvantová mechanika
Jednorozměrný rozptyl

Kvantová mechanika I
J. Klíma B. Velický
MFF 1992
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Efekt Ramsauera - Kr
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Excitation energies
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Energy levels H

Rotational states

Vibrational states

Electronic states

Ionisation

13.6eV

13.6eV x 8065,5 cm-1
→ 109000 cm-1

→ 91nm

13.6eV
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Energy levels He PARA ORTHO

24.46eV

24.46eV→ ~198400 cm-1
→ ~50nm

vacuum ultraviolet

Grotrian diagram He

Ionization energy He



Molecules



Time scale of interaction with electron 

e-(e)

10-16s



Interaction with molecules

Typical potential curves of diatomic molecules and H2



Franck-Condon Principle

Franck-Condon Factors

P~<initial. final>
2.



Photoelectron spectrum H2

P~<initial. final>
2.

Franck-Condon Factors



Cross sections for vibrational excitation, dissociation, ionization…H2

H2 + e → H2(v) + e ……. Vibrational excitation

→ H + H +e……. Dissociation

→ H2
* + h + e … Photon excitation

→ H2
+ +e + e….. Ionization

→ H+ + H + e + e Dissociative Ionization



Details of interaction of electron with H2 (1990)



Dissociative ionization              H2 + e→H++H + e



Rotational excitation N2



Vibr. excitation of N2 fine structure

14.5eV

N



Next → IONIZATION



Time scale of ionization 

e-(e)

10-16s



Table of Ionization Cross Sections at 

Specific Energies (tab-delimited ASCII)

Atomic Orbital Constants for BEB 

Calculation of the Direct Cross Section

Total Ionization Cross Section

http://physics.nist.gov/cgi-bin/Ionization/ion_data.

http://physics.nist.gov/cgi-bin/Ionization/merge.php?file=OI--&mode=ASCII
http://physics.nist.gov/cgi-bin/Ionization/bun.php?Id=OI
http://physics.nist.gov/PhysRefData/Ionization/molTable.html
http://physics.nist.gov/PhysRefData/Ionization/atom_index.html
http://physics.nist.gov/PhysRefData/Ionization/intro.html
http://physics.nist.gov/PhysRefData/Ionization/index.html
http://www.nist.gov/
http://physics.nist.gov/
http://physics.nist.gov/cgi-bin/Ionization/ion_data.php?id=OI&ision=I&initial=&total=Y#start


Ionization cross section

Ionization

Ar + e-(e0) ➔Ar+ + e1
-(e1) + e2

-(e2) 

N2 (,j) + e-(e0) ➔ N2
+(,j) + e1

-(e1) + e2
-(e2) 

➔ N+(eKIN) + N(eKIN) + e1
-(e3) + e2

-(e4)

Simple

Complicated

NH3 + e-(e0) ➔…..to many channels



Ionization 

energies

Ar + e-(e0) ➔Ar+ + e1
-(e1) + e2

-(e2) 

N2 + e-(e0) ➔ ion



Ionization energies



Electron affinity 

A + e-(e0) ➔A-



Ionization energies Electron affinity

A + e-(e0) ➔A-A + e-(e0) ➔A+ + 2e
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Ionization of molecules
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Ionization energies of molecules
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Ionization energies of molecules
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Photoelectron spectrum H2
P~<initial. final>

2.



Ionization cross section He and N2

BEB  W. Hwang, Y.-K. Kim and M.E. Rudd, 

J. Chem. Phys. 104, 2956 (1996).

New J. Phys. 11 (2009) 063047

doi:10.1088/1367-2630/11/6/063047

Cross sections for the interactions of 1 eV–

100 MeV electrons in liquid water and 

application to Monte-Carlo simulation of HZE 

radiation tracks

Ianik Plante1,2 and Francis A Cucinotta1

Electron impact



Ionization cross section He and N2

BEB  W. Hwang, Y.-K. Kim and M.E. Rudd, 

J. Chem. Phys. 104, 2956 (1996).

New J. Phys. 11 (2009) 063047

doi:10.1088/1367-2630/11/6/063047

Cross sections for the interactions of 1 eV–

100 MeV electrons in liquid water and 

application to Monte-Carlo simulation of HZE 

radiation tracks

Ianik Plante1,2 and Francis A Cucinotta1



Ion source



Ionization by electron impact



Thomson’s formula 
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Electron energy [eV]

sj=Cj(e – EION)

e-(e)

Ionization if e>I

Formula of Rutherford for coulomb force

ds=e4dQ/4e2 sin4(f/2)….. si= e4/I . (e−I)/e3

si= 4a0
2(IH/ e)2 . (e−I)/I

➔ si= 4a0
2(IH/ e)2 . (e/I−1) = ffunction(e/I)

Calculated ionization cross section of the 3P0 state in Ne using the DM 

formalism. The full curves refer to the contributions from the various 

subshells and have been labeled appropriately. The sum of the various 

subshell contributions has been labeled by the symbol6. Also shown is 

the Born calculation of Ton-That and Flannery  (broken curve, see 

text for details). The experimental data points (diamonds) are those of 

Johnston et al . Two typical error bars (combined systematic and 

statistical uncertainty) are shown for the experimental data. si=S sin sum of the various subshell contributions 



Near the threshold   ➔ linear approximation
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Ionization cross section – idea of  experiment

e−(e)

Ar+

Ar

0 V

−2 V

A

−50 V

+

+

+

+

IP= I0 exp(- sNx)

+

+

A

0 V
REPELER

I0(e)
IP

0 V

e

Mono energetic electrons

0 V



Electron impact ion source – ion source of mass spectrometer

A+

N2
e−(e)

N2
+

N2

Potential e kinetic energy of ions

1mA 1A

10-3 Torr



Electron impact ionization



Ionization cross section N2 BEB

W. Hwang, Y.-K. Kim and M.E. Rudd, J. Chem. Phys. 104, 2956 

(1996).



Ionization cross section -acetylene C2H2

Product channels
C2H2

+

Pragmatic approach



Ionization cross section data from http://webbook.nist.gov

C3H8
+

C2H5
+

CH3
+

C3H3
+

C2H4
+

CH3
+

How to recognize spectra ???



Ionization  - EII of CH4

Determination of ionization energies (IEs) 

for EII of CH4 for the following reactions:

e +CH4 →CH+
4 + 2e (1)

→CH+
3 + H + 2e (2a)

→CH+
3 + H− + e (2b)

→CH+
2 + H2 + 2e (3)

→CH+ + H +H2 + 2e (4a)

→CH+ + H− + H2 + e (4b)

→C+ + 2H2 + 2e. (5)

σw(E, p) = 0 for E < IE1(Ar)

A1(E − IE1)d1 for E > IE1 and E < IE2

A1(E − IE1)d1 + A2(E − IE2)d2 for E > IE2



Multiple ionization Multiple ionization of helium and krypton by electron impact 

close to threshold: appearance energies and Wannier exponents

J. Phys. B: At. Mol. Opt. Phys. 35 (2002) 4685–4694



Ionization of He



Multiple ionization Multiple ionization of helium and krypton by electron impact 

close to threshold: appearance energies and Wannier exponents

J. Phys. B: At. Mol. Opt. Phys. 35 (2002) 4685–4694



Multiple ionization



High efficiency 

Grid ion source

Filament

+ +

Mass filterIon optics



Flight paths of electrons



Flight paths of electrons 3D



Flight paths of positive ions



Flight paths of ions 3D



Cross Beam ion Source, calculations

e-

A+ A

Flight paths of ions 



Cross Beam ion Source 



Mass spectrometer



Ion detector – Discrete dynode SEM

IONS

I
Ie~ 1000xI

-2kV 0 kV~0 kV
10ns



QMA 

Cross 

Beam

SOURCE

Preamplifier



Mass spectrum



Ionization of clusters

saverage total=Z. seffective

(H2)Z + e ➔ ions



Ionization of C60 Fulleren

Distribution of carbon clusters produced under various experimental conditions. 

a) Low helium density over graphite target at time of laser vaporization. 

b) High helium density over graphite target at time of laser vaporization. 

c) Same as b), but with addition of "integration cup" to increase time between vaporization and cluster analysis.

e− + C60 → C60
+ + 2e− 

e− + C60
+ → C60

2+ + 2e−

e− + C60
2+ → C60

3+ + 2e−

e− + C60
3+ → C60

4+ + 2e−



Electron-Impact Induced Fragmentation of Fullerene Ions

PHYSICAL REVIEW LETTERS 23 OCTOBER 2000

The measurements were performed employing the electron-ion crossed-beam setup. A commercially available powder of fullerenes was

evaporated with an electrically heated oven. The neutral vapor was introduced into a 10 GHz Electron Cyclotron Resonance Ion Source (ECRIS). 

The extracted ion beam was collimated to 2x2 mm2 after mass to charge analysis and crossed with an intense electron beam. The energy of the 

electrons can be varied between 10 and 1000 eV. After the electron-ion interaction the fragment ions C58
q+ were separated from the incident ion 

beam of C60
q+ by a 900 magnet and detected by a single-particle detector. The flight time between the interaction of the C60 

q+ ions and the 

analysis of the product ions is in the order of 10 s. The current of the parent ion beam was measured simultaneously in a Faraday cup.

Absolute cross sections s for the electron-impact induced C2 fragmentation of C60
q+

ions. 

Binding energy value of about 11 eV

e− + C60
+ → C58

+ + C2 +  e− 

e− + C60
2+ → C58

2+ + C2 +  e− 

e− + C60
3+ → C58

3+ + C2 +  e− 

IONIZATION

FRAGMENTATION



Electron-Impact Induced Ionization of Fullerene Ions

IONIZATION

C60
C60

+ C60
3+



Cross sections for vibrational excitation, dissociation, ionization…H2

H2 + e → H2(v) + e ……. Vibrational excitation

→ H + H +e……. Dissociation

→ H2
* + h + e … Photon excitation

→ H2
+ +e + e….. Ionization

→ H+ + H + e + e Dissociative Ionization



Cross sections for ionization…H2
H2 + e → H2(v) + e ……. Vibrational excitation

→ H + H +e……. Dissociation

→ H2
* + h + e … Photon excitation

→ H2
+ +e + e….. Ionization

→ H+ + H + e + e Dissociative Ionization



Koniec rospravky



Ionization cross section

Ionization, excitation …..

N2 (,j) + e-(e0) ➔ N2
+(,j) + e1

-(e1) + e2
-(e2) 

➔ N+(eKIN) + N(eKIN) + e1
-(e3) + e2

-(e4)

Complicated

NH3 + e-(e0) ➔…..to several product - channels



Neutral – Rydberg 

interaction



Photoionization from Ar metastable



Franck-Condon principle  - FOTOIONIZATION
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h = 21.22 eV

MO diagram for the three highest occupied MOs in CO accessible by HeI radiation. PES of CO obtained by HeI 

radiation and potential energy curves for the neutral molecule and the three ionized states.



Total collision cross sections Na, K, Cs…

Alkali metals

Cs

e-
(v)



Very low collision energies



Electron attachment at very low electron energies

o

A510



Partial cross section for excitation

NO + e

NH3 + e



Rate coefficients of elementary processes 

⚫ reactants products rate coefficient

⚫ Electron atomic ion rec. Ar+ + e- Ar + h ~10-11cm3s-1

⚫ Electron - ion recomb. O2
+ + e- O + O 2x10-7cm3s-1

⚫ Ion – ion recombination Ar+ + Cl- Ar + Cl 2x10-8cm3s-1

⚫ Ion – molecule reactions H2
+ + H2-> H3

+ + H 2x10-9cm3s-1

⚫ Attachment CCl4 + e- Cl- +CCl3 ~10-7cm3s-1

⚫ Penning ionization He* + Ar Ar+ + e- + He 7x10-11cm3s-1

⚫ .

[ ]
[ ][ ]

d A
k A B

dt
= −

kA B C D+ ⎯⎯→ +
kA B products+ ⎯⎯→

~300 K
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Electron attachment at very low electron energies

o

A510

o

A510



Collisions of electrons with atoms – Ramsauer’s method

Lenard 1903

Akesson 1916

Ramsauer 1921

B C

e-

Ar

B ATENUATION METHOD

I~-NI x

I=-NsI x

I= I0 exp(- sNx)

x

I0(v) I

IP

e-

I= I0 exp(- sNx)

N

Mono energetic electrons

Photo cathode



Collisions of electrons with atoms – Ramsauer’s method

Lenard 1903

Akesson 1916

Ramsauer 1921

B C

e-

Ar

B



Collisions of electrons with atoms – Ramsauer’s method

Lenard 1903

Akesson 1916

Ramsauer 1921

B C

e-

Ar

B



Total collision cross section – e/atoms

a0=0.53x10-8cm~0.5A

Radius of the first Bohr orbit of H atom



Understanding plasma

Classification of collisions ➔ elastic

➔ inelastic

The concept of collision cross-section

I=-NQIp x

IP= I0 exp(- QNx)

Collisions

Hypothetical gas of rigid spheres of cross section Q

Slow decrease of interaction potential - Small deviation …. 

→ problem with concept of integral cross section

Electronic and ionic impact phenomena

Volume 1 – Collisions of electrons with atoms

H.S.W. Massey and E.H.S.Burhop, Oxford, Clarendon Press, 1969
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