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ABSTRACT

The vibronic network model is here

considered for excited sodium atoms and oxygen
molecules collisions. Electronic to vibration

transfer and reaction cross sections are com-
puted with a single adjustable parameter the

ionic covalent matrix element. The comparison

between the atom-molecule and the quasi-free

electron models is presented.. INTRODUCTION

The electron transfer or harpoon me-

chanism is well known for the reaction of al-

kali atoms (I), chemiluminescence or chemi-

i onization processes 2). When the alkali

atoms are excited and collide with electron

accepting molecules, the electronic to vibra-

tion energy transfer process (or quenching)

competes with the reactive process, both go-
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verned by the electron transfer which exibits
the following trend in the case of halogen mo-
lecules (3) the electron transfer cross sec-
tions increase from ground states of the al-
kali atoms to the first resonant states due to
the larger internuclear crossing distances

between covalent and ionic states, then fall

rapidly to sero for second resonant states and

above.
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...Figure Ionic-covalent curve crossings bet-
ween excited states of sodium and molecules.
Region (3) corresponds to negative molecular

ions unperturbed by the presence of the Na
core. For Na + 02 the ionic intermediate
model is stricly valid for the 3P level and

approximate for the 3S level.

The electron transfer process depends

upon the overlap of the orbitals of the ex-
changed electron in the donor atom and the ac-
cepting molecule. If the donor atom is highly

excited, its valence electron cloud has a lar-
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ge size and the overlap with that of a strong-
ly bound molecular negative ion will be rather
poor. This is the case for halogens with elec-

tron affinities in between and 3 eV. By con-
trast, molecules which posess very small ver-
tical affinities and, thus, attach low energy
electrons, will be of interest in collisions

with excited atoms since the overlap will be

more favorable due to the large spatial exten-
sion of the outer electron orbital of their

negative ions.

Colli si ons of exci ted sodium atoms
with oxygen molecules are here considered. The

oxygen molecule has a rather small adiabatic

electron affinity of 44 eV and a very small

vertical affinity corresponding to molecular
negative ions 02 loosely bound as compared to
halogen negative ions. Experiments have been

performed to measure the electronic to vibra-

tion energy transfer of the first resonant 3P

state of sodium by oxygen molecules (4)(5) as
well as reactive cross section of the 3P, 5S
and 4D states (6).

A complete interpretation would requi-

re a calculation of the potential energy sur-
faces and their couplings, followed by trajec-

tory computations on these surfaces. In the

case of the reacting D state of sodium, fop

example, this would require dynamical studies

over several tens of surfaces of different

symmetries. The simpler approach of Bauer,
Fischer and Gilmore (BFG) (7) was chosen. The
validity of this model in the case of Na-O2
collisions is examined in chapter ]I and the
used atomic and molecular data are given. The

results of this model are compared in chapter
]][ to the experimental data of Barker (10) and
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Hertel (4) for the quenching cross sections of

the 3P state. The model is extended to the in-

ter multiplet mixing cross sections and to the
reactive cross sections in chapter JJ/. In this

last case, a comparison is given between this
multiple crossing model and the quasi-free

electron model.

.- !gNIC .COVALENT CURVE. CROSSI....NG. M.,ODE.L
NCL,UDING THE VIBR,ATIO,NAL DEGREE OF FREEDOM

A/ Principle

Two sets of states cv > and 4) i v’ >
corresponding respectively to the covalent Na
+ 02(v) and ionic Na + 02(v’ systems, are

considered. These sets are only coupled by po-
tential coupling terms
(I) )iv H c v > HI2. < v v’ >

At each curve crossing, a diabatic

transition probability P12 is given by the
Landau Zener exprelsin 2
(2) P12 exp 2 HI2 (v Iv’ )/vrASl2
where v r is the radial velocity at the cros-
sing point and

dVi (Rc) dVc (R)
(3) El2 dR dR

The entrance channel is one of the co-

valent curve corresponding to an excited atom
in one of the (n, i) state, with an approach

angle 8 in the molecular frame and an oxygen

molecule in the aZ
9 and v=O ground state. Due

to the centrifugal barrier, the relative too-

tion will be reversed at the turning point and

the representating point will end up in one of

the exit channels, generally an excited sodium

atom in another n’ i’ state with an oxygen

molecule in one of the three electronic states
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1 17.
9

A
9

and 7.
9 At thermal energies here

considered, ion pair formation is energetical-

ly forbidden.

,Fi(lure 2a In the vibronic network, motion of

the Na-O2 representating point for electronic

to vibration transfer.

The representating point on the vibro-

nic network may end up on an ionic curve after
the first passage. The exit channel is then

energetically forbidden and the representating

point turns back towards another classical

turning point. This is equivalent to a classi-

trajectory leading to complex formationeal
(I0).

PX,v=o --:.

’":7"’ -///-Na+(’S,)+Or- (t 17,),v’=o

SX,v,o
4:0 :o R

Fi(=ure 2b-Complex formation
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The representating point may also ap-
pear on an ionic curve below the lowest
(3S, v=O) covalent curve.

Reaction will then occur or not whe-

ther it is energetically allowed or not, and
whether or not these initial dynamical condi-

tions are favorable.

Fiqure 2c Reaction

The validity of this many channel mo-
del of non adiabatic coupling has been exami-

ned by Child and Baer, and K!omp and Los. The

BFG model does not allow for interferences

between different paths in the vibronic net-
work and requires a loss of memory of the vi-

brational phases between each crossing. For
the excited sodium atom-oxygen molecule colli-

sions at thermal energies here considered, the

classical times between two electronic cros-
-14

sing are longer than 2. 10 s, vibrational pe-
riod of 02, justifying the use of the BFG
model.

For molecules such as N2 or H2 with

negative electron affinities, the ionic inter-

mediate model., corresponding to crossings bet-
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ween ionic and covalent curves, has been com-

pared to ab initio surface calculations. The

internuclear crossing distances are of the

der of magnitude of the atom and molecule si-

zes. The charge transfer between the excited

atom and the molecule still exists, but the

potential energy curves are very distorted as
compared to the negative molecular ion curves.

On the contrary, for molecules with

positive electron affinities, the crossings

between ionic and covalent systems take place

at large internuclear distances. From ab ini-
tio calculations on alkali-halogen systems,
one can infer that the negative molecular ion

curves are not perturbed by the presence of

the Na core at internuclear distances larger

than 10 A The ionic model is thus probably

valid for sodium energy levels above the 3P

state.

B/ Vibronic network

The covalent potential curves are ap-

proximated by Lennard Jones potential curves.

(4) Vc(R) + liP(n, I)-EA( v, v’ ]
R R

IP (n, i) is the ionization potential of

considered excited state (n, i) of the so-

atom, EA(v, v’ the vertical affinity of

between the v level of 02 and v’ level

where

the
di um
oxygen

of 0 2

(5)

The C 6 coefficients are. given by

C 6 20zn 5n /1-31(1+11

where the oxygen polarizability is equal to
I. 59 As

and n is the effective quantum num-
ber of state n, i).
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The C12 coefficients are given by
-16

(6) C12 (.9 +__ .3) 10 (@ .+ @0 erg
Na 2

where p and @0 are the electronic radii of
Na 2

Na and 02
The expression of the potential energy

of the ionic system is given by

e
2 o; Na

(7) Vi(R)
4;. R 4’n;E. 2R

where

ween

2. 64 A3 A3
and 8

2
Na

The Franck Condon factors <vl v’ > bet-

the 02 + e and the 02 systems are compu-

ted with 0 2 and 02 potential curve Morse ex-
pressions. The autodetachment process of the

02 ion above v’ 3 is ignored since it cot-

-tO -12
responds to a time scale 10 I0 s much

-13
longer than the mean collision time (10 s).

The only adjustable parameter which

is used here is the ionic covalent coupling

matrix element H12. Following Smirnov, Olson

and Los, this H12 matrix element can be writ-

ten, in reduced form, as
(8) H" * "12 A. R c. exp( -B. R c)
where

(9) H" ( )1/212 H12( R c) IP( n, i)- EA( v, v’

( )1/2(10) R c R c 2. I P(n, 1)

The ionic-covalent crossing distance

R c is given by Vi( R c) =Vc(R).
From a simple LCAO calculation exten-

ding to highly excited states the method of

Gri ce and Herschbach (9) we deduced the fol-

lowing

fieients

numerical values of the A and B coef-

A I. 73, B 7 corresponding to
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the electron affinity of 02 Several values of
B were tried in order to fit the available ex-
perimental datas keeping the A coefficient

constant.
Following Gislason (I), a simple esti-

mate of the angular dependance of the ionic

covalent coupling element upon the angle bet-
ween the collision axis can be deduced from
the respecti ve symmetry properti es of the
covalent and ionic atom-molecule surfaces

Fioure ,,3
tion

Sodium-oxygen approach configura-

one combines the symmetry states of Na with

those of 02 in the three configurations cor-
responding to the three symmetry group Ca)v
C s and C2v. When compared to the combined sym-
metries of Na and 02, two states are coupled or
not whether they belong or not to the same
irreducible representation. The Hi2 matrix
elements are then approximated by
(11) Hi2 (R, 8) H12 (R) F(8)
where F($) is a Legendre polynomial.
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BY OXYGEN MOLECULES.

The electronic to vibration energy

transfer in collisions between the resonant 3P

state of sodium by several molecules has been

studied in beam experiments by Hertel (4) and

Blais (5) By measuring the kinetic energy
loss of the sodium atom after collision with a
molecule, Hertel et al have determined the va-

riation of the quenching cross section Qg of

the 3P state of Na as a function of the kine-

tic energy Ecru (in the center of mass frame)

after collision. The experimental curve shown

in figure (4) represents the energy, dependance

of the differential cross section
d-). Eem.

The entrance channel Na(3P) + 02( sT. 9)
corresponds to the three electronic states
(with spin multiplicities 2 or 4) according to
the three orbitals Px, Py, Pz of the sodium

atom. Two cases are here considered in the mo-
lecular (and not the laboratory) frame an
equal mixture of the three p orbital of sodium

or separately, the three Px Py and Pz
orbitals.

An alternative to the Landau Zener ex-

pression of the probability of the BFG model

has been proposed by Barker, taking into ac-
count trajectories which are classicaly allo-

wed on the lower adiabatic Iotential energy
curves, but classicaly forbidden on the diaba-

tic curves. The two expressions of the transi-
tion probabilities (BFG or Barker) have been

tested and give very nearly the same results.
The best fit of the experimental data

i.e. the total quenching cross section (10)
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and the energy differential cross section (4)

are displayed on figure 4.

The total quenching cross section does

not appreciably vary for incident energies be-

low 27 eV which corresponds to the energy

threshold of the reaction
(12) Na (3P) + 02 NaO + 0

The influence of the values of the C 6 and

coefficients of the covalent potential (equa-

tions 5 and 6) has been tested by dividing

these values by a factor of 2, leading to a
variation only of the total cross section.

In the vibronic network, the maximum

number of 16 vibrational levels is necessary.
If one reduces this number, for computation

simplicity, to only 11 levels, the total cross
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section does not appreciably diminish (41. 4 A2
instead of 42. 3 A2) but the bump of the expe-
rimental curve is not reproduced.

The internal reflexion which was first
described in the BFG model, corresponds to
exit channels on the ionic curves which are
energetically forbidden and lead to several
round trips as in complex formation. The beha-
vior obtained in this work is similar to the
results of Barker (10). Instead of considering

an equal mixture of the orbitals of the Na
atom, the cross sections have been calculated
for the three entrance channels Na(3p x, 3py,
3p z). The total cross-sections at relative
energy of 15 eV are respectively 41. 15, 43.
and 43. 8 A2 The energy transfer differential
cross section depends strongly upon the prepa-
red state.

Fiqure 5
Na 3Px( a),

Differential cross section for the

3pz(b) and 3py(c) quenching by 02

IZ. I NTERMULTI PLET HI Xl NG AND REACTI ON.

The cross
transfers from a

sections for collisionnal

gi yen exci ted state of the
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sodium atom towards the other excited levels,
as well as the reaction cross section of these

exci ted states wi th oxygen molecules have been

calculated with the same preceding molecular
parameters. For the reacting 4D state, it va-
ries from 5 A2 A2at 1 ev to 250 for 8 eV in
qood aqreement with the experimental observa-

tions. The 4S state provides a cross section

in between 2 and 20 A2 in the same enerqy ran-
qe. The main problem of this multiple crossinq

model is that the 5S and the 4D levels have

reactive cross sections with the same order of

maqnitude, in contradiction with experiment.

It is possible that for excited states, the

exchanged electron behaves as if i t were

quasi-free. The selection rules for reaction

become then those of creation of the 0, the

shape resonance is due to 1 2 (d wave) cor-

responding to a D state in the atomic symmetry
group.

The multiple crossing model has been

used with success by Gislason for the reaction

of ground state alkali atoms with iodine. It
is shown here that this model is able to pre-

dict the correct total cross section and re-
produces the energy differential cross section

for the quenching of a first resonant state by

oxygen molecules. The intermultiplet quenching

cross sections can be also predicted in the

case of a large number of excited states in-

volving more than hundred ionic and covalent

potential energy curves without any approxima-

tion, but for rather highly excited states,
this model must be used with caution when the

symmetry of the reactants is taken into ac-

count.
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