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“Triatomic” molecules

Molecule | Mo electrons | MNo. valence | Bondlength  Bondangle | Dipole
CO, 22 14 1.16 A 180" 0
N,O 22 14 1.13/1.19 A 180" 0.167 D
NO, 23 15 1.19 A 134° 0.316 D
50, 32 32 1.43 A 119° 1.63 D
OC5 30 30 1.16/1.59 A 180" 0.712 D

Q; 24 18 1. 274 1170 053D




“Blanket effect” = water vapour + carbon dioxide
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CQO, contents in atmosphere
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“Greenhouse” *6

effect
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Greenhouse and anti-greenhouse gases
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N,O t=210y (rise cropping, bio-mass burning)

SO, 1= few weeksbut albedo rising cooling)effect
andantropogenigroduction = 10x natural

NO, automobile traffigpoisonous pollutant

OCS tundra de-freezing processes



Semiconductor industry
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“Electron”

4. Ueber die Absorption der Kathodenstrahlen;
von P, Lenard.

Seit in den Metallen zum ersten male feste Korper ge-
funden wurden, welche fiir Kathodenstrahlen durchlissig sind.
gelang es, die Durchlassigkeit auch anderer Stoffe zu priifen.
Es zeigte sich, dass nicht etwa die Metalle allein, sondern
dass so gut wie alle feste Kérper durchstrahlt werden, aber
alle nur in ganz diinnen, zarten Schichten; kein einziger fester
Kérper fand sich, der gegen Kathodenstrahlen sich verhielte
wie etwa Glas gegen Licht. Viel durchlidssiger als die festen
Korper waren dagegen die gasformigen. Hier maassen die
durchstrahlbaren Strecken schon nach Centimetern; sie gaben
so ein leicht zu erhaltendes relatives Maass ab fir die Durch-
lissigkeit. So gemessen zeigte sich die Durchlassigkeit in
Zusammenhang mit der Dichte der gasférmigen Medien in-
sofern, als jedesmal ein diinneres Gas durchlidssiger war als
ein dichteres. KEs schien mir nun, dass dieser Zusammenhang

scattering

Paul Lenard (1895)
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Total (absolute) cross sections: | =1,exponl)

Partial cross sections:

elastic scattering e+Ae+A

electronic excitation e+A->e+A

vibrational excitation e+AB(v=03 e+AB(v>0)
rotational excitation e+CHJ=0)— e+CH, (J=2)
lonization e+A>A*+2e

dissociative ionization e+AB»> A + B*+ 2e
neutral dissociation e+tAB-A+B+e
electron attachment (dissociative) e+ABA -+ B



Hayashi 1992

Electron Collision Cross Sections
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Hayashi 1992
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Hayashi 2003

NATIONAL INSTITUTE FOR FUSION SCIENCE

Bibliography of Electron and Photon Cross Sections with
Atoms and Molecules
Published in the 20 Centurey
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“About 1,240 papers were compiled.
The bibliography covers the period 1901 through 20@for CO,.”



1 1. Introduction

1 1"'1.  General remarks

2 1'2. Review papers

2 1'3. Updating references

4 1'4.  Aims of the paper

4 1'5.  Organization of the paper
12 2. Tetrahedral hydrides
12 2'1.  Methane (CH,4)
22 22, Silane (SiH4)
29 2'3.  Germane (GeHy)
34 3. Hydrides
34 3'1. Ammonia (NHgs)
11 3°2.  Water vapour (H20)
51 3'3. Phosphine (PH3)
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66 3°6. Other hydrogen halides (HF, HBr)
69 4.  Triatomic molecules
69 4'1.  Carbon dioxide (CO2)
79 4'2.  Nitrous oxide (N»O)
87 4'3. Nitrogen dioxide (NO3)
91 4'4.  Ozone (O3)
97 4'5. Carbonyl sulfide (OCS)
104 4'6. Sulphur dioxide (SO3)
112 4'7.  Chlorine dioxide (ClO2)

114 4'8.  Carbon disulphide (CS;)
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Numerical Data and Functional Felationships in Science and Technelogy

New Series | Editor in Chuef: W. Martienssen

Group I: Elementary Particles, Nucle1 and Atoms
Volume 17

Cross sections for photoabsorption, photoionization, and neutral dissociation of molecules
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Cross section (10*°cm?)
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Total vs. partial cross section measurements
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Total cross section (10*°cm?)

Molecules: Iinelastic processes!

= = N N w W
o (¢1 o a1 o gl
| | | | |

a1
1 |

o

Kennerly
Zecca
Hoffman

e Szmytkowski

=

T T T
2 3

Electron energy (eV)

Total cross section (10™*°cm?)

20

=
[4)]
1

=
o
1

Electron energy (eV)



Experiment— Theory (NO)
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Experiment— Theory (NO)
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Total cross sections (10*°cm?)

Total cross sections — analogies
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lonization — experiment and models

4.0

2

3.5

U=<p2>/2m — electron
momentum in subshell
W- ejected electron

B- binding energy

R — Rydberg energy

1 S=41a,°N(R/B)?

%> 1 t=T/B,...

-16

lonization cross section (10 cm

3.0/~| W
[ ]
254 F
£
]
204 F

I
1549 4

1.0

054N Kim

0-0 i T I T I T I T I L]
0 200 400 600 800 1000
Electron energy (eV)

o(t)=S/(t+u+1)[D(t)Int + (2-N'N)((t-1)t-Int/t+1)]

... and Deutsch — Méark model

Kim, Rudd 1994



16

Cross section (10°cm?)

40 -

N
o
1

SN
1

=
(o)) 0 O
1 1

Energy (eV)
Vibrational:
CO 1/6
N 1/6
NO 13 ?

co, 13

Partitioning - resonances

60

N
o

16

Total cross sections (10°cm?)
N
o

=
o O
T

(o]
T

4 O Uy
i o
Attachment Electron energy (eV)
CO, @.4eV) 0.1%
N,O 2.2eV) 0.3%
NO, (1.8eV) 0.8% ?

0CS  (L.3eV) 0.5%



Swarm experiments

0 0 0’ 0° 0°
—n.(r,t) =-w—n_(r,t) + D;| = n.(r,t) +—n(r,t) |+ D, —n.(r,t
5 (D) az(){axzuayz()} o ()

A I
Hal B
G Do — Wz_(gj“ eFT E df (E)
_ . m) 3Nyo.(E) dE
< |
v — 22 ekl Ry =
. | BT f,(E)dE
G, T P — ) (mj 3N£Um(E) b2




Swarm experiments

R_ Ibc+|bc

Ibd 3 Ibd

@ R = F (Dy/1, D, /1)
|
K\/

Lowke (1973):

- n(p,2) = Y 1% (2 2kh)(Br, +Dexp(:  z—Br,)
k=—00
el
<—C> < L > E /
with r, =|(z-2kh)?+(D, / D, )p?|"”

: 1/2

x 20 W

B—)\{1+()\LH where AL:ZD and o'= n—ao
L

“effective: ionization’



Difusion coctficients - Measuremenis
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Huxley and Crompiton, 1974

Rzl—%exﬂ—m(d—h)); d°= h2+ b2, A =
Lowke, 1973
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= Iinteractive procedure for D, /p, D;/p, a, 1




Transverse diffusion CEN,O (resonance region)
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D/u (V)

10

0.01

D, /uin CO,-N,O (resonance region)

Ll 1 Ll 1 Ll

1

T

LI R R |

CO

T L R R R | T

2

LA B B |

T L R R R |

Ll

1

1l

Schlumbohm 65
Saelee 77
Wagner 67
Roznerski 94
Hasegawa 94
Lowke 69
Kucukarpaci

1

L1l

0.1

E/N (Td)

A
1000

CO2-DL

D/u (V)

3.5

0.0

—0— CO,

T
100

1é0 I 260
E/N (Td)

T
250

T
300




Diffusion coefficients — Boltzmann analysis

Eqg. Boltzmann rn e
of ek (af j ¢ — S —
col : :

=S et N =
ot
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Two-term approximation
f(r,v,t) = f (r,v,t)+ f (r,v)v

2
(eEf d 0 dfy),2md (- Nam(D)x(fo+def°j i
3 dO(No ()dd) M dO dO

+3(@+0) f@+0))No,([@+0,)-0 f ©ONa; @)+

+3(@+0)fO+0)No,@-0)-0 f ONa_, (@) =0

ELENDIF, W.L. Morgan, B.M. Penetrante, Comp.Phys.Comm. 280} 127



Diffusion coefficients — Monte Carlo

ﬁ/g\f :.;«
@ii’;g ;

(@) @)

E

MagBoltz
S. Biagi, Nucl. Instr. and Meth. A421 (1999) 234

V.D. Stojanovi¢ and Z. Lj Petrovi¢, J. Phys. D31 (1998) 834
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NO —resonances
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NO —resonances
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Swarm-derived cross sections f&zO,
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W (10° m/s)
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0 (10°° m?)

Cross sections forOCS
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Still no (chemical) details!
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Electronic excitation — NO and,
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,>lmple system”: Nafteglow

ON THE IMPOSSIBILITY OF N(4S) ATOM RECOMBINATION TO
EXPLAIN THE APPEARANCE OF THE PINK-AFTERGLOW IN A
N; FLOWING DISCHARGE

J. Loureira!, P. A. 841% and V. Guerra!

In a flowing nitrogen discharge two different types of flowing afterglow may occur.
Ome existing in the far remote zones of the post-discharpe with origin in the homo-
zeneous three-body recombination of N(48) atoms, which leads to a strong emission
of first positive system bands Nz(B *II;, v/ — A 3T}, "), that is the classical yellow
Lewis-Rayleigh afterglow (LEA). The other ocomrring upstream to the LEA, at a
short distance from the end of the discharge, characterized by the emission of the
first negative system bands corresponding to transitions between the lonic states
N(B2H v = X *Tt, v") with a pink colouring, which is the so-called pink

F P . [ 3 H A i
afterglow (PA). This latter is hence Tepresentative of a re-ionization zone in the

The vibraticnally excited No(X ]E;'. v) molecules and the ground-state atoms
N(?S) are the sole flowing long-lved carriers that may come from the discharge to
the post-discharge zone [0,10]. As a consequence of this, the ground-ionic state
NGH(X 233'] needs to be created in the post-discharge too. HRe-lonization in the
afterglow may occur as a result of Penning ionization reactions due to collisions

between metastable species No(A *EZF) and Na(a’ 'Z7) [11,12)

Na(A)+ Nala') — Na(X) + NN ) +e (2)

Ny(a") + No(a') = Na(X) + N (X) +e, (3)
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FIG. 2. The 57 and C5™ fragment ion cross sections as a func-

tion of wncident electron energy. The open svmbols indicate the

DEA cross section from the excited 'B, neutral state. The solid

symbols represent the ground-state cross sections. In the S7 exci-

tation the DEA signal from the ground state 1s multiplied by a factor
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These are absolute cross sections!
... and nott so smalll (1%o)!

Krishnakumar et al. PRA 57 (1997) 1945



Dissociative attachment: NOO,

RANGWALA, KRISHNAKUMAR. AND KUMAR

12

(<] ©w
T —

Lo
T

cross section ( 1078 em?)
S &8 8o

0 2 4 6 8 10
electron energy (eV)

FIG. 1. O ecross section as a funetion of inecident electron en-
ergy from (a) NO, and (b) O;.

Oy 3 times more!
DE: 3.11 eV (NQ), 1.04 eV (Q)

Rangwala et all. PRA 68;(2003) 052710)

Ozone ('A;) Nitrogen dioxide (*A,)

FIG. 2. Electron density plots for valence orbitals of O3 and
K0,

l.e. also Quantum Chemistry



Integral cross section (10™°cm?)
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Optically allowed (radiative)
vs. forbidden (dissociation)
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Electronic excitation (C¢)
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Electronic excitation (2)

e Predissociation path;
%&xwﬁ“- 1000 lHu_) O(lS)+CO()<I_Z+)
Viliti B A ,Hydrocarbon combustion

Gy by pulsed DC discharge”

Figure 2. Representative example from the result of our spectral deconvolution procedure, In this
case the energy-loss spectrum was measured at Ep = 100 eV and 8, = 207,

involving excited atoms of oxyvgen O(1D) which are produced by direct electron impact from @l@culm‘

oxXVgern, Q

Op4e— O—I—D{ID)—I—C. ‘\0

and, in the process of recombination of molecular ions of oxygen. A\
OF +e— O+O('D).

In the case of partially processed rich apd stetslmmmsstsie ) ctures, @

CO3+e—CO40(D)+e,
may become the main channel of generation or o o), 10 so doing. t-1'1(}.»1‘11‘1a,t.iu11 of radicals from

water cannot be ignored in the case of either lean or rich 11111"5111‘9.*«.0
Therefore, under our experimental conditions, the excitat®Rge»dissociation, and ionization of
saturated hydrocarbons by electron impact do not affect the oxidation rate. The process of oxidation

is governed by the processes of production of excited molecules and atoms from oxygen, water, carbon

dicxide, and. possibly, stable mtermediate substances.



Dissociation into neutrals @)
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Dissociation into neutrals ¢O)

TABLE 1. Absolute cross sections for the production of O('S) following

Xe O* eXCi mer decay electron impact on O(*P), O,(X 3):;}, and N,O(X'E*") in units of

10~ '® cm®. The atomic oxygen data are taken from Ref. 57.

E (eV) o) 0, N,0
4.4 0.54
_ 4.8 1.30
PHA 5 1.60
6 2.57
| Jgp—— 7 3.02
P TAC DHA U . s
TP 10 3.27
12 3.15 5.12
H PMT 14 2.97 9.52
16 2.79 0.35 13.8
LNo 20 2.44 0.92 18.1
EG @ F 24 1.26 20.5
| r 28 1.47 21.7
- = — 32 1.61 22.2
4{ I I 16 1.73 2.4
— Vo= 40 1.37 1.82 22.4
[ == CE 45 1.21 1.92 22.5
DP \ 50 1.07 1.97 224
FC—[I_l]— B8 = TC 60 2.04 22
NV N 70 0.69 2.07 217
NV CG 80 fes 2.08 21.1
90 2.06 20.6
= 02 L3 100 0.38 2.04 20.1
120 1.98 18.9
140 1.90 18.0
160 1.82 17.1
180 1.75 16.3
200 0.08 1.67 15.6
N O O A 250 1.53 13.9
= 300 1.39 12.8
2 ( S)) 350 1.26 11.8
400 1.16 11.0
450 1.08 10.3
500 1.02 9.60
600 0.92 8.63
700 0.82 7.91
800 0.75 7.39

lLeClairr and McConkey, JCP 99) (1993) 4566 900 0.69 688

1000 e 0.65 6.49




Dissociation into neutrals (GF
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Dissociation into neutrals (GFCH;F...)
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Cross secitions
In (trieteomic) gases -
ihe need for caia

Conclusions (1): elastic cross sections

e Beam cross sections requirerass check
(spread in data > declared errors)

e Electron diffusion measurements are not straigivhods
(difficilty in deriving diffusion coefficients)

e Boltzmann models fail for polar molecules and higN
e Monte Carlo codes neadkll chosercross sections data

e Theory: input from experiments
on inelasting contributiom resonances



Cross secitions
in (triatomic) gases -
ihe heead for cata

Conclusions (2): inelastic processes

e lonization — only recently satisfactory agreememt semiempirical
models

e Dissociative (non-dissociative?) electron attachimmeew labs

e Electronic excitation: extend the angular rangee gntegral values

e Dissociation channels: develop new techniques



Cross sections
In triatomic gases -
the need jfor cata
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