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CHAPTER

I

Introduction
The major part of this thesis is devoted to the description
of vibronic excitation which occurs in atom-diatom collisions.
Some experiments which provide crucial information about these
vibronic transitions will be presented, together with a new
theory which explains these experiments. The mechanism of vibronic excitation which is due to a curve crossing will be clarified. The relation between the collision dynamics and the excitation profitability, which gave rise to many difficulties in
the past, are shown to be logical consequences of the theory.
Vibronic excitation in an atom-diatom collision can be schematized as follows:
M + XY (v=k)

-* M* +XY* (v'=£)

The atom may change its electronic state during the collision,
while the molecule may have been subject to a change of its
electronic as well as its vibrational state. A very important
class of reactions, in which vibronic (de)excitation occurs,
are quenching reactions:
M* + XY. (v=k)-• M + + XY*(v'=ü.)
In such a reaction the electronically excited atom may transfer
(some of) its electronic energy to the molecule which gets
electronically and/or vibrationally excited. These reactions
have been studied extensively because they play an important
role in laser physics and gas discharges. For many collision
systems, vibronic transitions are inferred to be due to a curve crossing process. The electronic transition occurs when the
system passes a crossing between the potentials which belong
to the electronic states between which the transition takes
place. Several models have been put forward previously in order to explain the influence of such a transition on the vibra-
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tional motion of the molecule. On the other hand, many experiments show that this vibrational motion affects the transition probability.
Another important class of reactions in which vibronic transitions occur are ion-pair producing reactions:
M + + XY~(v'=£)

<

M +XY(v'=£) + e ~

Also for ion-pair producing reactions it is inferred that the
vibronic excitation process is due to a curve crossing. Some
experimental work on ionizing atom-diatom collisions will be
presented in this thesis. There are some reasons for ion-pair
producing reactions to be well suited for investigating vibronic excitation:
1) From an experimental point of view, charged particles are
easy to deal with. They can be detected, mass-analyzed and
energy-analyzed very easily.
2) The ionic products are predominantly prepared in only one
electronic state.
3} For many collision systems, the branching ratio's between
electron and ion production are, although rather crude, probes for the vibrational state of the produced molecular anions. Some examples are presented in this thesis.
4) Curve crossings between covalent and ionic potentials occur at rather large atom-molecule distances if the ionization potential of the atom is not too high and the molecule
is electronegative. When the curve crossing lies outside the
repulsive region of the interaction potential between the
atom and the molecule, vibrational excitation is due to an
electronic transition, rather than to direct momentum transfer between the colliding heavy particles.
From these reasons it will be clear that collisions between
an alkali atom and an electronegative molecule are (nearly)
ideal systems for studying vibronic excitation which is mediated by a curve crossing.
In this introduction the basic ideas which lead to the theory of Chapter IV will be discussed. At first, the basic theory on electronic transitions at a curve crossing is briefly
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summarized. Then it will be shown that a large part of this
theory can be transferred from the atom-atom to the atom-diatom
case. But, treating an atom-diatom collision in terms of the
atom-atom theory, even when some additional assumptions for the
vibrational degree of freedom are made, lead to some inconsistencies. Finally, the concept of vibronic transitions has to
be introduced. This is done by modifying the basic equations
which describe electronic transitions in an atom-atom collision.

1. ELECTRONIC TRANSITIONS IN AN ATOM-ATOM COLLISION
Before the more complicated vibronic transitions are discussed, it is necessary to gain some insight into the mechanism of electronic transitions which are mediated by a curve
crossing. Because there is no vibrational degree of freedom,
electronic transitions can be studied most clearly in atom-atom
collisions. The problem of electronic transitions which are due
to a curve crossing has been attacked by Landau (1), Zener (2)
and Stueckelberg (3) some fifty years ago. They treated the
transition as an electronic two state problem.
The electronic wave function of the atom-atom system is expanded into a set of two orthonormal and real electronic base
states <j>., and <j>2:
^{R,r,t) =C1(t)(()1(R,r) +C 2 <t)$ 2 (R,r)

[1]

The nature of the electronic base states will be discussed later. In formula Cl] R denotes the distance between the atoms,
which may depend on the time t because the relative motion of
the atoms is treated classically, r stands for the electronic
coordinates. The wave function [1] is demanded to be a solution of the time-dependent Schrödinger equation:

in which H stands for the electronic Hamiltonian of the system.
Throughout this introduction atomic units will be used. By taking the electronic matrix elements after substituting [1]

into [2J, the following equations are obtained:
dC,

,
[3D

dC

In order to solve these coupled differential equations it may
seem reasonable to take an adiabatic basis set. Adiabatic wave
functions are eigenfunctions of the electronic Hamiltonian:
H01=E1(R)$1

and

H 2 2 = E 2 (R) <J»2

E.(R) and E_(R) are the adiabatic potentials which belong to
the states <}>, and <J>~. By choosing an adiabatic basis set, the
following relations hold:

From equations [3] it can be seen that coupling between adiabatic states is due to the terms <<j>. \-^r\ 4'2>

an<

* ^sldt^l3

generally are non-zero. These terms are referred to as being
the adiabatic coupling matrix elements.
For many atom-atom systems, the adiabatic potentials which
belong to states which represent a pair of neutral atoms, respectively a pair of ions

in the separated atom limit, exhibit

an avoided crossing. This is the case if these states have an
identical electronic symmetry (4). This implies that in the
neighbourhood of the avoided crossing the adiabatic state which
represents an ion-pair in the separated atom limit suddenly
changes its character from ionic to covalent. The state which
represents neutral atoms in the separated atom limit, exhibits
the reverse behaviour. A classical treatment of the motion of
the atomic nuclei in the region of an avoided crossing, allows
us to rewrite the adiabatic coupling matrix elements in the
following way:

v R denotes the relative radial velocity of the atoms. Transitions between adiabatic states become more probable when the
collision velocity increases. The adiabatic coupling matrix
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elements peak in the neighbourhood of the avoided crossing.
This is because the wave functions <f>. and <j>2 are changing rapidly at this point as has been argued before.
It turns out, however, that the set of equations L3J can
not be solved analytically if an adiabatic basis set is chosen.
For this reason Landau and Zener constructed "diabatic" states
which are a linear combination of the adiabatic ones. A very
clear treatment of transforming adiabatic to diabatic states
has been given by Nikitin (5). These diabatic wave functions
are no eigenfunctions of the electronic Hamiltonian. Thus
when (f>. and (j>2 are diabatic states, H . 2 = H 2 , ^^"
The diabatic potentials H., and H_ 2 can be demanded to cross
at the atom-atom distance where the adiabatic potentials E.(R)
and E 2 (R) exhibit an avoided crossing. The conditions that far
from the crossing point the diabatic potentials are identical
to the adiabatic ones while the diabatic potentials should
cross, imposes the following condition on the diabatic coupling
matrix element H 1 2 :

in which Rc denotes the crossing distance. The diabatic wave
functions represent either a pair of neutral atoms or an ionpair at all atom-atom distances. They do not rapidly change
their character at the crossing point. Thus when diabatic states are chosen, the terms <<t>1 |-jr| $„> and ^ o

I«ÏFI<')I>

are

sma

H-

In this case the set of coupled differential equations can be
rewritten as:
dC
1

l_
~dF~H12C2+HllCl
[4

dC2_
1

~dF

== HH

CC

11 22 ll

++ HH

^

C

22 2

in which the diabatic coupling matrix elements H l 2 and H 2 1 are
equal and constant in the vicinity of the coupling region.
Zener solved these equations analytically for the case of linear crossing diabatic potentials H
and H ? ? :

r
H

11-H22=F'

(R

-V

If the system passes the crossing with a constant velocity v R ,
thus if R - R = v R • t, and when the system is in the state 4>x
initially, then the probability to find the system in the state
<(>2 at an infinite time after it passed the crossing is given by:

2irH

f?

The probability that no transition occurred is:

These formulas are valid for the passage of a single crossing
only. They are called the Landau-Zener formulas.
The Landau-Zener formulas frequently have been applied in
explaining experiments on ionizing atom-atom collisions. For
such collisions the parameters which occur in the Landau-Zener
formulas can be approximated easily if the crossing radii are
large. When the interaction potential between a pair of neutral
atoms M + X is represented by H l l f while the interaction between
the ion-pair M

+ X~ is taken to be H«_, then the following re-

lations approximately hold:
H

ll = °

H22 = IP-EA-

The interaction between the neutral atoms is effectively neglected, while a pure Coulombic force between the ions is a s sumed. IP denotes the ionization potential of the electroposi
tive atom M, while EA stands for the electron affinity of the
electronegative atom X. The crossing radius R can be calculac
ted by demanding that H 1 1 = H 2 2 a t R = R C ' T h e n R c i s given by:
R

c

IP - Fa

The value of F can be approximated in the following way:
F

=

d
dR

CH

1 1 " H 22 : i |
J R=R C

2
R'

c

— 7—

Because for many atom-atom systems R lies outside the repulsive region of the interaction potential between the atoms, the
straight line trajectory approximation (impact parameter method)
frequently may be applied. Then the velocity at which the system passes the crossing radius R is:

c
in which vfl and b are standing for the classical relative velocity of the atoms and the impact parameter. Thus, if a curve
crossing between a non-repulsive covalent and a purely ionic
state is concerned, the probability for an electronic transition to occur at the curve crossing is:
r

= l-exp{

2TTH^,R^

-—==.
2

}

\

[5]

/ V

In real collisions the crossing radius has to be passed
twice. We may write the total probability for the system to
ionize (when it is in the covalent state initially) as:
P. = P • (1-P) + (1-P) • P = 2P(1-P)
ion
P(l-P) is the probability that the system ionizes at the first
crossing while it remains ionic when it passes through the
second crossing. Because in this case the system is ionic when
it moves between the first and the second curve crossing» we
speak about "ionic scattering". The other term which makes up
the total probability to ionize, (l-P)P, represents the probability that the system remains neutral at the first crossing
while it is subject to an electronic transition at the outgoing crossing. In this case the scattering is called "covalent".
Obviously the ionization probability is a function of the impact parameter b. The total cross section for ion-pair formation can be calculated by integrating P.
over all impact parameters within the range between zero and R :
R
c- P(l-P)dbd
Q i o n = 4ir J( *
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Figure 1. The function F(K/V ) from equation [6]. In this figure, however,
6

and V correspond respectively with the factors K and V

de-

fined in the text. The function is denoted by LZ. The solid lines
indicated by Na + 1 and Li + 1 are the cross sections for ion-pair
2
formation of these systems (divided by 4uR ) which are calculated
by Faist and Levine (J.Chem.Phys. 6£ (1976) 1953). The points indicate the experimental cross sections measured by Moutinho et
al. (6) which are scaled to the calculations of Faist and Levine.
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The total cross section for ion-pair formation, Q^on» depends
on the magnitudes of R , the coupling matrix element and the
collision velocity. The integration over the impact parameter
range can be evaluated numerically which yields the following
expression for the total cross section for ion-pair formation:
Qion = 4 7 r R c F ( K / v O ) ;

K = 27:H

12 R c

[6]

F(K/vn) is a universal curve which is plotted in fig. 1. The
constant K depends on the properties of the atom-atom system
only.
From C6J it is expected that the total cross sections for
ion-pair formation in different alkali halogen collision systems have a universal shape when they are plotted as a function
of K/v.. This has been confirmed experimentally for alkalihalogen collisions (6).
When deriving the formula for the total cross section for
ion-pair formation, some implicit assumptions have been made.
At first it is assumed that the transition between the covalent
and ionic states takes place exactly at the crossing point of
the diabatic potentials. Child (7) has shown that this is only
partly true, because the transition takes place in a finite
range cf atom-molecule distances around the crossing point.
He defined the static width of the coupling region which is
given by:
2H
A R

12

=

The static width is a measure for the range of atom-molecule
distances in which the transition probability reaches its asymp
totic transition probability. Another, velocity dependent,
measure for the width of the coupling region is the so-called
dynamic width (7):
AR

d=

^

When the collision velocity is very high, the dynamic width
always becomes larger than its static counterpart. The larger
of the two is the actual measure for the extension of the coupling region. The fact that the transition does not exactly
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occur at the diabatic crossing point, does not affect the total cross section for ion-pair formation if R

is large. Then,

except for impact parameters close to R c , the in- and outgoing
transitions are well separated. In this case it is justified
to assume independent transitions at the first and second crossing as has been done in deriving the formula for the total
cross section for ion-pair formation. It will be shown, however, that the width of the coupling region is of great importance when vibronic transitions have to be described.
The other implicit assumption which has been made when deriving the formula for the total cross section for ion-pair
formation is that interference effects between the phases of
the ionic and covalent electronic waves may be neglected. The
squares of the coefficients of the amplitudes of the electronic waves are evaluated after the system passed through a single crossing. A better approach would be to square the expansion coefficients after the system passed through both crossings. In this case the phase relation between the phases of
the ionic and covalent electronic waves is retained during the
entire collision. Stueckelberg (3) showed that interference
between the phases of the electronic waves causes the final
transition probability to be a rapidly oscillating function
of the impact parameter. These oscillations appear in measurements of the differential cross sections for ion-pair formation. This is because each impact parameter is connected with
a specific deflection angle. A differential cross-section is
a probe for the ionization probability as a function of the
impact parameter. A beautiful measurement of Stueckelberg oscillations in the differential cross section for ion-pair formation in Na-I collisions has been performed by Delvigne and
Los (8).
Stueckelberg oscillations mostly can not be observed in
the total cross section for ion-pair formation in an atom-atom
collision. This is because a measurement of the total cross
section is a measurement of the integral ionization probability where the integration is performed over the whole impact
parameter range. This causes Stueckelberg oscillations to be
effectively smoothed provided that the difference between the
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diabatic covalent and ionic potentials are not stationary over
a considerable range of impact parameters (9). It will be shown
later that atom-diatom collisions are different from atom-atom
collisions with respect to the appearence of Stueckelberg oscillations in the total cross section. However, the origin of
Stueckelberg oscillations in an atom-diatorn collision is somewhat different from that in atom-atom collisions.
As the conclusion of this section it may be seated that the
Landau-Zener formulas describe electronic transitions in atomatom collisions, which are due to a curve crossing, in a neat
and consistent way. It therefore seems reasonable to apply the
Landau-Zener theory in the case of electronic transitions in
an atom-diatom collision, although this may not be right.

2. ELECTRONIC TRANSITIONS AT A CURVE CROSSING IN AN ATOM-DIATOM
SYSTEM (LANDAU-ZENER THEORY)
In contrast with systems consisting of two atoms, for which
the potential is a function of the atom-atom distance alone,
one deals with potential energy surfaces in the atom-diatom
case. Such a potential energy surface is a function of three
nuclear coordinates. We choose R, p and 6• R is the distance
between the atomic nucleus and the molecular center of mass.
p is the bondlength of the molecule and 6 stands for the angle
between the vectors S and ~p. The fact that in the atom-diatom
case potential energy surfaces are involved forces us to redefine the crossing radius. As has been done for crossing covalent and ionic potential energy curves in an atom-atom system,
an approximate expression can be found for covalent and ionic
potential energy surfaces in an atom-diatom system.
The potential energy surface of the covalent grounc" state
of an atom-diatom system M + XY can easily be constructed by
assuming that the interaction between the atom and the molecule is negligible. Moreover it is assumed that the force between
the molecular nuclei is not affected by the vicinity of the
atom. Then, the potential energy surface of the covalent state
can be written as:
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(R,p) = V Y Y ( p )
V
cov
where V „(p) is the interaction potential of the free XY molecule- The ionic potential is constructed by assuming a pure
Coulombic fotce between the atomic and the molecular ion. Again,
the interaction potential between the molecular nuclei is assumed to be independent of the atom-molecule distance. Under
these assumptions the ionic potential energy surface of the
ionic ground state becomes:
V

ion(R'P)=IP-1/R

+ V

Xy-

(p)

IP denotes the ionization potential of the atom and V _(p) is
—
XY
the potential of the isolated molecular anion XY . The potentials V „(p) and V

_(p) are defined with respect to the same

zero point of energy. The crossing distance between the ionic and
covalent potential energy surfaces is calculated by demanding that:

Then:
R

c~IP-

XY

-V

XY~

p_))
c

The difference between V ^ t p ) and V

IP-EAv(pc)
_(p) is referred to as

being the vertical electron affinity of the molecule EA V - This
quantity generally is a function of the molecular bondlength.
Because the crossing distance is a function of the dependent variable
p, one speaks about a crossing seam rather than about a curve
crossing. The interaction potentials between the atom and the
molecule were taken to be isotropic, i.e. they are independent
of e« This is justified for large R c

(10). The assumption that

the force between the molecular nuclei is not affected by the
vicinity of the atom is justified for large atom-molecule distances. For most cases R

is so large that this condition is

fulfilled. Specifically, Andrews (11) showed, by performing
matrix isolation experiments, that the vibrational frequency
of an Ol ion in the highly ionic alkali-O 2 molecules is nearly identical to the vibrational frequency of an isolated O_ ion.
The Landau-Zener formula has to be modified in order to calculate the electronic transition probabilities at a crossing
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seam in atom-diatom collisions. This probability can be calculated by assuming linear potential energy surfaces in the neighbourhood of the crossing. For this reason a Taylor expansion
of the crossing surfaces is made around the crossing seam:

= { é 'Vcov "Vion> } R

G
p

" { t (Vcov "Vion>

By assuming constant classical velocities by which the molecular nuclei as well as the atomic nuclei move through the crossing seam, the "generalized" Landau-Zener formula is obtained:
27rH

1

m

P denotes the probability for an electronic transition to occur.

v D and v are the relative classical velocities of the
K
p
atomic nucleuss respectively the molecular nuclei at the time
i pas
t at which these particles pass through the crossing seam:
v
V

=
R

A detailed derivation of the generalized Landau-Zener theory
is given by Nikitin (12) . One anisotropy, which considerably
affects the transition probability, is that of the coupling
matrix elements when dealing with atom-diatom collisions. For
many atom-diatom systems the coupling matrix elements are strongly anisotropic because these matrix elements are connected with
the overlap of the electronic wave functions belonging to
the covalent and ionic states of the atom-diatom system. The
overlap of these electronic wave functions is stronly dependent
on the relative orientation of the atom with respect to the molecule. Generally, when measuring the total cross sections for ionpair formation, one does not observe strong orientational effects.
This is because the molecules are randomly oriented in space when
performing collision experiments. Consequently the orientational effects are averaged effectively (13), even when the coup-
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ling matrix element is highly anisotropic. An exception will
be discussed in this thesis. In the very repulsive Cs-CO collisions, the molecule is forced into a specific orientation
before the collision system reaches the crossing seam between
the ionic and covalent ground states. At this specific orientation the coupling matrix element is very small. For this reason transitions between the covalent and ionic ground states
is practically forbidden in Cs-CO collisions. Although the N„
molecule is isoelectronic with CO, these transitions may occur
in Cs-N- collisions. This is because these collisions are less
repulsive which reduces forced reorientation. Forced reorientation makes the total cross sections for ion-pair formation
in Cs-CO collisions very different from that for Cs-N 2 collisions. A detailed discussion about the anisotropy of the coupling matrix element is given by Zembekov (14).
According to the Landau-Zener formula [7], it is possible
to calculate the electronic transition probability at a crossing seam. In order to do this, the classical positions and
velocities of the atomic and molecular nuclei should be known.
In the next section it will be shown that in order to use the
Landau-Zener theory in an atom-diatom collision, the dynamics
of the collision has to be specified. The collision dynamics
will prove to have a dramatic effect on the electronic transition probability.

3. ELECTRONIC TRANSITIONS IN CONNECTION WITH THE COLLISION
DYNAMICS (BOND STRETCHING)
The Landau-Zener theory has been tested for many collision
systems of which we discuss some important examples in this
section. In these examples it will be shown that there exists
an intimate interdependence between the electronic transition
and the molecular vibration. In these examples, atom-diatom collisions are treated in terms of electronic transitions only,
while the molecular vibration is treated classically, using
Surface Hopping Trajectory techniques. These experiments are
discussed because the new theory which will be presented treats
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them in terms of vibronic transitions. This becomes necessary
because additional experiments on these collision systems (which
will be presented in this thesis) can not be explained by the
Landau-Zener theory. Obviously, a more general theory also has
to explain features which were explained by the old theory.
A feature which proved to be of crucial importance for explaining the influence of the collision dynamics on the ionization probability is the dependence of the coupling matrix
element on the atom-molecule distance R. As already had been
remarked before, the coupling matrix element is strongly related to the overlap of the covalent and ionic electronic wave
functions. Clearly, this overlap becomes negligible if the
atorc-molecule distance becomes very large. For this reason,
the coupling matrix element vanishes at large R. Many semiempirical relations between the atom-molecule distance and the
magnitude of the coupling matrix element have been put forward.
We mention the relations which were derived by Olson et al.
(15), Hasted and Chong (16), Grice and Herschbach (17) and
Smirnov (18). A convenient relation, which is adopted by us,
has been used by Kleyn et al. (19) :

All expressions for the coupling matrix element have in common that the coupling matrix element decreases exponentially
with increasing R, provided R is large.
Ionizing collisions in which the dependence of the coupling
matrix element on the atom-molecule distance proved to be crucial, have been studied experimentally by Hubers et al. (13).
They measured the total cross sections for ion-pair formation
in alkali-halogen collisions as a function of the collision
energy. These cross sections were found to deviate strongly
from what may have been expected on atom-atom collisions. The
relation Q ± o n <* F(K/v Q ) did not match the total cross sections
for ion-pair formation, even when orientational effects were
taken into account. Hubers had to introduce the molecular vibration (bond stretching) in order to explain his experimental data.
Together with the Landau-Zener theory, the introduction of bond stretching proved to be a powerfull tool for describing ion-pair
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formation in collisions between an alkali atom and a diatomic
molecule.
Hubers assumed that the molecule is in its equilibrium position, p = p > before the collision takes place; i.e. before
the system reaches the incoming crossing. Then, the incoming
crossing radius is given by:
<=

IP-EA(p e )

When the classical velocities of the atomic and molecular nuclei, together with the magnitude of the coupling matrix element, are known at the time at which the crossing is passed,
the transition probability can be calculated according to the
Landau-Zener formula. Most experimental conditions are such
that the impact parameter method can be applied for the atomic
motion while the velocity of the molecular nuclei can be ignored when calculating the transition probability. Before Hubers
experiments are discussed, it is neccesary to mention that he
assumed an infinite fast electronic transition. This implies
that the molecular nuclei are not allowed to change their position during the electronic transition from the covalent to
the ionic state or vice versa.
As in atom-atom collisions, one may distinguish between covalent and ionic scattering in an atom-diatom collision. In
the case of covalent scattering, no electron transfer occurs
at the first crossing, while the system ionizes at the second.
Then the molecule remains neutral and in its equilibrium position until the second crossing is reached. This is because the
force between the molecular nuclei is not affected by the vicinity of the atom. For covalent scattering, the incoming and
outgoing crossing radii are equal. For ionic scattering, the
situation becomes more complicated. The system ionizes at the
first crossing. Because the electronic transition is assumed
to be infinitely fast, a molecular anion with a bondlength
which is equal to the equilibrium distance of the neutral molecule is produced at the time when the transition at the first
crossing occurs. In general, the equilibrium distance of a molecular anion is larger than that of the corresponding neutral
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molecule. This means that the molecular anion starts to stretch
its bond right after the transition occurred. A changing bond
length implies a changing vertical electron affinity and thereby a changing crossing radius. Thus the crossing radius becomes
a function of time because the molecular bond length becomes
a function of time.
It depends on the collision time, which is the time the system needs to pass from the incoming to the outgoing crossing,
how large the second crossing radius will be. If the collision
velocity is very high, it may be expected that the molecular
anion has no time enough to enlarge its bond length considerably, because the collision time is much smaller than a vibrational period of the molecule. The molecular bond length remains the equilibrium distance of the molecule during the entire collision. However, if the collision time is comparable
to a vibrational period of the molecule, one may expect very
different incoming and outgoing crossing radii. For all experiments performed by Hubers, the collision time remained smaller
than a vibrational period of the molecule. This means that for
these alkali-halogen collisions, the second crossing radius
is always equal or larger than the incoming one. Consequently,
the magnitude of the coupling matrix element was smaller at
the second crossing than at the first (when we effectively
average orientational effects which are due to the anisotropy
of the coupling matrix element). Hubers observed very large
cross sections for ion-pair formation in alkali-halogen collisions at low collision velocities. This proved to be due to
the fact that the transition probability is very large if the
collision

velocity is low, as can be understood directly from

the Landau-Zener formula. This means that predominantly ionic
scattering takes place at low collision velocities. This has
been proved experimentally by Aten and Los (20). Due to the
long collision time, which results in a large second crossing
radius, the reneutralization probability at the second crossing is small. This results into a large total cross section
for ion-pair formation at low collision velocities. At very
high collision velocities, the collision time became so small
that the molecule remained in its equilibrium position during
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radius. At these high velocities, the cross section strongly
resembled a total cross section for ion-pair formation as it
is measured for atom-atom collisions. This is in agreement
with the forementioned statement that orientational effects
do not affect the shape of the total cross section for ion-pair
formation as a function of the collision velocity.
Hubers obtained, when introducing bond stretching, very good
agreement between theory and experiment for many alkali-halogen
systems. These experiments were performed for a large range of
collision energies. It should be recalled that he assumed classical motion of the molecular nuclei along the diabatic covalent and ionic potential energy surfaces, together with an infinite short transition time.
Basically the same assumptions have been made by Kieyn et
al. who measured the relative total cross section for ion-pair
formation in Cs-O2 collisions (19). A measurement of this cross
section on an absolute scale will be presented in this thesis.
Due to the rapid vibration of the 0~ ion, the molecular anion
can vibrate several times during the collision time at the lowest collision velocities which were accessible in Kleyn's and
our experiments. Consequently during the collision the crossing
radius oscillates with the classical frequency of the Ol ion.
Kleyn showed that this periodical bond stretching causes some
oscillations to be superimposed on the total cross section for
ion-pair formation. A maximum occurs when the alkali velocity
is such that the averaged collision time is equal to n + k vibrational periods of the 01 ion. Then the system passes through
the second crossing, just when this crossing is maximal. This
implies that the reneutralization probability at this crossing
is minimal, which causes a maximum in the total cross section
for ion-pair formation. A minimum in this cross section occurs
when the alkali velocity is such that the averaged collision
time is equal to an integral number of vibrational periods of
the t>2 ion. In such a case the reneutralization probability is
maximal which results in a minimum in the total cross section
for ion-pair formation. From the position of the undulations in
the total cross section on the alkali velocity scale Kleyn deduced that the O^ vibrates classically during the collision
time in case of ionic scattering.

_j,
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Hubers' as well as Kleyn's experiments could be explained
by the Landau-Zener theory when bond stretching was introduced.
The dynamics of the collision is connected with the transition
probability by means of the dependence of the coupling matrix
element on the atom-molecule distance. A classical motion of
the molecular nuclei is assumed. In the next section we discuss some inconsistencies which arise when the Landau-Zener
theory is applied in order to describe ionization in an atomdiatom collision.

4. LIMITATIONS OF THE GENERALIZED LANDAU-ZENER THEORY
The first serious problem which occurs when applying the
Landau-Zener theory in atom-diatom collisions is the determination of the crossing radius. Before the collision takes place,
the molecule is in its vibrational ground state rather than
in its equilibrium position. This means that there is an initial distribution over bond lengths in contrast to a precisely
defined bond length. As a consequence the initial crossing radius can not be defined precisely, but a distribution over crossing radii has to be introduced. This distribution may be rather wide for many collision systems because a slight change
in molecular bond length may cause a considerable difference
in the vertical electron affinity. When a collision between a
highly vibrationally excited molecule and an atom has to be
considered, one may expect that a unique initial crossing radius can not be defined at all. The Landau-Zener theory is not
applicable to electronic transitions occurring at diffuse crossing
radii. Some attempts have been made in order to avoid this
problem. One may introduce a classical ensemble of vibrating
molecules for which the distribution over molecular bond lengths
is representing the initial vibrational wave function of the
molecule. Then the electronic transition probability is calculated by the Landay-Zener formula for each element of the
ensemble separately. The electronic transition time is taken
to be infinitely short.
It is just the assumption of an infinite short transition

- 20 -

time which causes the major problem

when applying the Landau-

Zener theory- An estimate for the transition time is given by
the time during which the system passes through the width of
the coupling region, which is the larger of the static or the
dynamic width. These estimates for the transition time show
that this time may become so large that the assumption of a
stationary bond length of the molecule during the transition
is invalid. In fact, Aten and Los (20) experimentally showed,
by measuring the differential cross sections for ion-pair formation in alkali-halogen collisions, that when the system reaches the first diabatic crossing point, the molecular bond length
effectively is larger than the equilibrium distance of the neutral molecule. Aten and Los called this phenomenon prestretching. Rather than discussing prestretching in terms of a finite transition time, they inferred that the molecular nuclei
move along the lower adiabatic potential energy surface before
the diabatic crossing radius is reached. This causes the molecule to stretch its bond before the electronic transition
occurs. The transition itself is assumed to be infinitely fast
while it is assumed to occur precisely at the diabatic crossing radius. After the electron transfer took place, they assumed that the molecular nuclei move along the adiabatic potential energy surfaces. The main inconsistency in this model
is the fact that the molecular nuclei are supposed to move over
different potential energy surfaces. Adiabatic, respectively
diabatic potential energy surfaces have to be chosen according
to the fact it an electronic transition is going to occur or
not. When adiabatic surfaces are chosen the electronic transitions are still calculated by a diabatic model. Such a model
has a hybrid basis and, moreover, it seems to violate the principle of causality.
Gislason et al. (22) treated prestretching in terms of a
finite transition time. They allowed the molecular nuclei
to move over the adiabatic surface during the time in which
the transition takes place. After the transition the motion
takes place along the diabatic surfaces. The transition probability is calculated by the generalized Landau-Zener formula.
It is the object of this thesis to present a consistent descrip-
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tion of pre- and bond stretching, based on a quantum mechanical approach, and using diabatic wave functions. In. the new
theory, which exclusively makes use of diabatic surfaces, prestretching and bond stretching appear to be logical consequences of the formalism which describes coupling between vibronic
states. Also, there is no need to define a sharp crossing radius, which gave rise to problems in applying the Landau-Zener
theory as has been argued before.
Kleyn et al. (23) and Aten and Los (20) had to introduce prestretching in order to obtain a better agreement between the
calculated and the experimental total and differential cross
sections for ion-pair formation in some atom-diatom collisions.
Nevertheless, it may be stated that the influence of prestretching on the shape of the total cross sections is only minor.
The predominant effect of prestretching is an increase of the
absolute magnitude of the total cross section. Prestretching
shows up somewhat more clearly in the differential cross sections for ion-pair formation, but still its influence can not
be considered to dominate the shape of these cross sections.
Merely prestretching has to be introduced in order to describe
some finer details which could be observed experimentally. A
very complete classical treatment of ionizing atom-diatom collisions (including both prestretching and bond stretching) has
been given by Evers et al. (21).
The concept of prestretching and bond stretching were used
in order to describe ionization in an atom-diatom collision
by means of the Landau-Zener theory. Sofar, the experimental
data were concerned with the electronic transition probability
at a curve crossing while there was no need for specifying the
vibrational energy of the molecular anions which are produced
in an ionizing atom-diatom collision. In this thesis, however,
measurements are presented which provide information about this
vibrational energy. The molecular anions are produced in quantized vibrational states. Obviously, the assumption of classical motion of the molecular nuclei, which has been made by
Kleyn, Hubers and Aten (13,19,20), seems to be in contradiction
with the concept of quantized vibrational states. According
to the theory on vibronic transitions it will be shown that
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this is not the case a priori. Even a quantal vibrational motion of the molecule evolves in a highly classical way. Real
problems arise when one wants to describe a quantized vibrational energy of the produced molecular anions. Here, the generalized Landau-Zener theory will prove to break down.

5. VIBRONIC TRANSITIONS
It will be shown in Chapter III that the experimentally observed distributions over quantized vibrational states of N0~
and 0~ molecules, which are produced in Cs-O_ and Cs-NO collisions, are functions of the incident velocity of the cesium
atom. We also measured the total cross sections for ion-pair
formation in Cs-NO and Cs-O_ collisions on an absolute scale.
Kleyn's observation of undulations in the Cs-O, cross section
has been confirmed by our measurements. Chapter III also deals
with the experimental techniques which were applied in order
to determine the cross sections. The experimental data are discussed according to several models which have been developed
previously in order to describe vibrational excitation in atomdiatom collisions. It will be shown that none of these models
give satisfactory agreement with the experiments. Moreover,
they are inconsistent from a theoretical point of view. Some
of these models treat the molecular vibration classically (eventually including bond stretching and prestretching) while the
electronic transition is described by the Landay-Zener theory
(22). Therefore, these models are subject to the same limitations as the Landau-Zener theory. In addition, some ad hoc assumptions had to be made in order to connect the classical vibration of the molecule with quantized vibrational states. In Chapter IV we show that such a connection can not be made a priori.
The Bauer-Fisher-Gilmore model (24), which makes use of vibronic
transitions, can not explain the experiments because the quantal
treatment of the molecular vibration in this model is not complete. As a consequence, the model can not describe influence of the
collision dynamics (thus prestretching and bond stretching on the
ionization probability at all. The theory which is presented
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in Chapter IV gives a complete quantal description of the molecular vibration during the entire collision, while the atomic motion is described classically. It will be shown that a
change of the electronic state is strongly connected with a
change of the vibrational state of the molecule in an atom-diatom collision. These changes can not be separated and therefore
these transitions are really vibronic . Such a complete theory has
no hybride character (a precise diabatic crossing point looses
its meaning) and it is internally consistent. Dynamical effects,
due to bond stretching and prestretching appear to be logical
consequences of the theory, and no ad hoc assumptions have to
be made in order to connect classical vibrational motion of the
molecular nuclei with quantized vibrational states.
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CHAPTER

II

Orientational effects in collisions of cesium atoms with CO
and N 2 molecules

ABSTRACT
Absolute cross sections have been measured for the formation of electrons and negative ions in collisions of cesium
with CO and N . The laboratory energy of the incident cesium
atoms has been varied between 30 and 3000 eV. The measurements
on the iso-electronic systems Csff_ and CsCO reveal a striking
difference. In contrast with Cs - ff_ collisions, the cross section for ion-pair formation for Cs - CO collisions is dominated
by a curve crossing with an excited ionic state. It is inferred that due to the fact that the crossing between the covalent and ionic groundstates lies in the repulsive region of
the interaction potential for this system, a forced reorientation of the molecule determines the accessible entrance
channels.

1. INTRODUCTION
Ion-pair formation in atom - molecule collisions has been
studied extensively in cases where stable molecular anions
can be produced. In such cases the molecule has a positive
electronaffinity, which causes the crossing between the covalent and ionic groundstates to occur at relatively large
atom - molecule distances at which the repulsive part of the
interaction potential may be neglected. The rotational motion
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of the molecule is normally considered to be frozen out in the
range of collision energy in which we did the experiments (1-2).
The molecules CO and N- cannot form stable anions, and therefore one should take into account possible effects of the repulsivity of the interaction potential on the rotational motion
of these molecules during the collision with an alkali atom.
Although CO and N~ are iso-electronic molecules, they have
been found to behave very differently in collisions with atoms.
Also in our measurements we observe a completely different behaviour of these molecules. In this paper a qualitative explanation is given for the odd behaviour of CO and N- that is consistent with the observations of other experimentalists. This explanation is based on the difference in repulsivity of Cs - N ,
and Cs - CO collisions.

2. EXPERIMENTAL
The experiments have been performed with a molecular beam
machine which has been described in detail elsewhere (3). It was
designed to measure total cross sections for ion- and electronproduction in an absolute way. A fast alkali atom beam, which is
generated by a conventional charge-exchange source, is purified
from thermal atoms and ions by means of a rotating disk velocity
selector and deflection plates. After collimation the beam enters
a collision chamber which contains the target gas.
This collision chamber consists of two parallel plates over
which an electric potential difference has been applied. Negative ions and electrons are deflected towards the collector
plate which causes a negative current which was measured, with the
aid of a Keithly electrometer.
Care has been taken to suppress artificial currents due to
secundary electrons and surface-ionization processes caused by
electron and ion impact on the walls of the collision chamber.
A magnetic field can be applied in the collision chamber in
order to distinguish between electron and negative ion production. When the magnetic field is switched-off, the total negative
particle production is measured, while only ions can reach the
collector when the field is switched-on.
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The pressure of the target gas has been measured in an absolute way by a Baratron manometer. The primary beam strength
could be determined with a surface ionization detector which was
calibrated in a way described in paper (3).

3. RESULTS
The absolute cross sections for electron and ion formation
are shown in fig. 1A (Cs - N 2 ) and fig. IB (Cs - CO) as a function
of collision energy. Only electron production occurs in Cs - N 2
collisions, because N 2 as well as N~ ions are unstable against
electron detachment. We observe ion production in Cs - CO collisions. Although it is not possible to establish the nature of
these ions in our experiments, we suppose that they are O

ions

rather than C~ ions because of the measured threshold energy
of the ion production process.
The small magnitudes of the cross sections for both collision
systems, in comparison with total cross sections measured for
collisions of cesium with electronegative molecules like NO and
0~ (3), suggests that these collisions occur at small impact
parameters.

4. DISCUSSION
The thresholds for excitation of Na, K and Ar*, observed in
collisions of these atoms with CO molecules, lie higher in energy
than should be expected from thermochemical data (4-5). This is
evidence that the crossing between the diabatic covalent and
ionic groundstates of the CsCO molecule lies in the repulsive
region because it is inferred that the forementioned excitation
process proceeds via the ionic groundstate as an intermediate.
Kempter and Martin who measured the differential cross section
of the alkali-excitation process also came to the conclusion
that the crossing lies in the repulsive region (6).
The situation is different for alkali atoms colliding with
N2> In this case the thresholds for alkali excitation coincide
with the thermochemical va.. ues, which indicate that the crossing
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Figure 1. Total cross sections for ion- (open circles) and electron formation (full circles) for cesium on N_ (1A) and CO (IB) as a
function of the center of mass collision energy. The cross
sections are given in absolute units (8 ) .
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between the covalent and ionic groundstate potentials occurs
in a region where the repulsive force between the atom and the
molecule is not too strong.
The difference in behaviour of N 2 and CO in collisions with
cesium atoms can be explained quantitatively by taking into
account the difference in repulsivity in these systems. For the
sake of clarity we note that we attribute the same symmetry to
the electronic wave functions of the CO and N 2 molecules. This
seems to be justified because both molecules are iso-electronic
and moreover the permanent dipole moment of the CO molecule is
very small.
In fig. 2 the qualitative potential energy curves, relevant
for the collision process, are shown. The basic assumption made
in treating Cs - CO collisions is that because the crossing between the potentials of the entrance channel and the ionic ground
state lies in the repulsive region, the CO molecule is forced
to rotate before this crossing is reached. When the equipotential
surfaces of the CO molecule are considered to be ellipsoidal,
this forced rotation will bring the CsCO molecule preferentially
into the C 2

configuration for most impact parameters. This im-

plies that the symmetry of the electronic wave function of the
entrance channel Cs ( S) +C0( I ) has A., rather than A' symmetry
when the first crossing is reached. Radial coupling between the
+ 1
— 2
entrance channel and the ionic ground state Cs ( S) + CO (II)
is forbidden because both states do not have terms with equal
symmetry in the C 2 v configuration (see the table). The CsCO
molecule remains in the covalent ground state until the crossing
with the excited ionic state Cs + ( 1 S) + CO*~( 2 E + ) is reached.
The entrance channel can couple with this excited ionic state.
In this very repulsive region there occurs an additional cros* 2
1 +
sing with the excited covalent state Cs ( P) +C0( £ ), which may
couple with the excited ionic state (see fig. 2 and the table)•
The result of this coupling scheme is that at the beginning of
the outgoing half of the collision three states are populated
(the covalent groundstate and the excited covalent and ionic
states), all prepared with A, symmetry.
In case of complete forced reorientation only 0~ production
would be observed in our experiment because the excited ionic

1

30 -

1

A

:RGY

•Si
LU

2
LU

II
1 '\

iv

z

\\ \

LU

o
a.

1

cs.cfo-(2i)

CA,1 <A')

riAL

-

i

I

••••••'

\

1
V

CA2.BJ (A'.A")

1

1 ^

cs*co-(2n)

(A' ;

A")

V.A")

VCAi.Bi.Bjl (A'.A") Cs(2P)*CO
CA,1 (A1)

CA,KA

V

Cs(2S)*CO
ATOM-MOLECULE

*-

*

II/ *

}

\\

B

Cs.Nl

2

Cl(2P) • N 2
Cs(2S) • N 2

DISTANCE

Figure 2. Schematic potential energy diagrams for the CsCO molecule (2ft)
and the CsN„ molecule (2B). The symmetries of the states are
indicated between round brackets ( ) for the Cg configuration
and between square brackets C ] for the C configuration.

C

C

2v

s

Covalent groundstate:
2

1+

2

A'

2

A' (2x) + 2A"

\^S ^ O/ + AX ^ it J

covalent excited:
Cs*( 2 P) +XY( 1 E + )

2

A1+2B1+2B2

ionic groundstate:
P - ' / I Q )
<^S
( 0/

J. Y V
T AI

/ T i l
(
il/

excited ionic:
Cs + ( 1 S) +XY*"(22+)

2 A

\

2

+ 2 B

2

A' + 2A"

2

A'

1

TABLE of the symmetries of the electronic wave functions belonging to the different states mentioned in the paper.
The CO molecule has been treated to be homonuclear, which
allows a symmetry specification for the electronic wave function
of the CsCO molecule in the C 2v configuration. Because of the
iso-electronicity of CO and N2 the table applies for both of
these molecules which are written as XY.
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state dissociates and will lead to 0~ formation (7). The threshold for this process is expected to lie at 13.5 eV, while we
measured a value of 14.9 eV. A small activation energy of 1.4 eV
seems reasonable. Because we observe a small electron contribution to the total cross section (see fig. IB), and because of
the fact that the thresholds for alkali excitation do not coincide with the threshold for 0~ production, we come to the conclusion that, although dominant, forced reorientation is aot
complete.
As remarked before, the crossing between the covalent and
ionic groundstates of the CsN 2 molecule lies in a region where
the repulsive force between the atom and the molecule is not
too strong. For this reason forced reorientation is less important. In the region of the first crossing we may attribute A'
symmetry to the electronic wave functions of both the ionic and
covalent groundstates, and thus coupling between these states
is allowed for most impact parameters. After the crossing has
been passed, forced reorientation becomes important because
the system now enters the repulsive region. This causes the symmetry of the ionic groundstate to change from A 5 to B.. A fraction of the collisions will follow the path along the potential
of the covalent groundstate/ which has A., symmetry in this
region, and couples in the same way as described before for
Cs - CO collisions. At the beginning of the outgoing half of
the collision four states are populated: the covalent groundstate
and the excited ionic and covalent states (A. symmetry) and the
ionic groundstate (B. symmetry). This latter state may couple
in the outgoing half of the collision with the excited covalent
state (see the table).
In case of strong coupling between the covalent and ionic
groundstates one should expect to observe only formation of electrons and excited alkali atoms via the ionic groundstate. Then
the fraction of electrons produced in Cs - CO collisions should
be generated according to the same coupling scheme as those produced in Cs - N2 collisions. In that case one would not observe
electrons produced in Cs - N 2 collisions which are formed via
the excited ionic state. Indeed, it can be seen from fig. 1
that the electron cross sections have the same shape for Cs - CO
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and Cs - N~ collisions. The small magnitude of the electron cross
section for Cs - N~ collisions is consistent with the assumed
strong coupling between the ionic and covalent groundstates. Moreover, the electron cross section is decreased by coupling with
the excited covalent state.

5. CONCLUSIONS
The mechanism of forced reorientation seems to describe the
different behaviour of CO and N~ molecules in collisions with
cesium atoms in a way which is consistent with other experiments.
Although we are aware that our explanation is rather tentative,
it seems a reasonable explanation for the fact that no electrons
can be observed which are produced via the excited ionic state
in Cs - N- collisions, while the production of 0~ ions in Cs - CO
collisions clearly indicates that such an excited ionic state
may be populated if no additional mechanism is introduced.
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CHAPTER

III

Production of stable and auto-ionizing vibrational states of
0§ and NO" ions in CS-O2 and Cs-NO collisions

ABSTRACT
We present absolute total cross sections for electron and
ion production in Cs-NO and Cs-O- collisions. The laboratory
energy of the cesium atoms varied between 30 and 3000 eV. The
branching ratio between electron and ion production in these
systems provides a direct measure for the amount of molecular
anions which are produced in stable or auto-ionizing vibrational states. The absolute magnitude of the observed cross sections shows that the ionization process is due to a curve crossing between the potentials of the covalent and ionic ground
states. The experiment shows that Cs-NO collisions predominantly lead to production of NO~ ions in the vibrational ground
state. For both Cs-NO and Cs-O

collisions the distribution

over vibrational states of the molecular anions is a function
of the collision energy. The experimental results are discussed on the basis of several models.

1. INTRODUCTION
Collisions between an atom and a molecule which result
in vibrational excitation of the molecule are subject to a
considerable amount of scientific research. The main reason
for this is that such collisions play an important role in
many different physical processes like gas discharges, quenching processes and laser physics.
Two mechanisms can be responsible for the vibrational excitation of a molecule when it collides with an atom. The

first one is direct momentum transfer. In this case the force
between the molecular nuclei is affected by the vicinity of
the atom daring the collision, but the system remains in the
same electronic state. These collisions can be described by
calculating the motion of the molecular nuclei along only one
potential energy surface. The other important mechanism occurs
when there is a change of the electronic state of the system
during the collision. Then the force between the molecular
nuclei changes suddenly because there is a change in the potential en&rgy surface along which they move. Because in gene;ral this will result into a simultaneous change of the vibrational as well as the electronic state of the molecule, this
is called a "vibronic" transition.
Vibronic transitions also occur in photon absorption processes . The vibrational state of a molecule generally changes
when the absorption of a photon results in an electronic transition. Although there exists some analogy between vibronic
transitions in photon absorption processes and those occurring
in atom-molecule collisions, one may not push this analogy too
far because of two reasons. The first one is that the law of
conservation of the total energy imposes different boundary
conditions on the vibronic transitions in both cases. A second
difference between vibronic transitions due to photon absorption and those occurring in atom-molecule collisions is that
the transition time is very small compared to a vibrational
period of the molecule for photon absorption, while this time
depends on the collision energy in atom-molecule collisions.,
In atom-molecule collisions the transition time can be a considerable fraction of a molecular vibrational period. In other
words: photon absorption always gives rise to vertical transitions, while the transition may be non-vertical in atom-molecule collisions.
The aim of this paper is to present some measurements which
clearly illustrate the non-vertical character of vibronic transitions in Cs-NO and Cs-O 2 collisions. Measurements of total
and differential cross sections for ion-pair formation in Cs-O_
collisions provide information about the motion of the molecular nuclei after an electronic transition took place (1,2) .
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In addition, we measured the branching ratio's between electron
and ion production in collisions between cesium atoms and 0 2
or NO molecules. These measurements are a direct probe for the
final distribution over vibrational states of the produced NO"
and o! anions.
Hubers et al. (3) did analogous measurements by determining
the branching-ratio's between X~ and X" production in collisions between alkali atoms and halogen molecules (X 2 ). They
showed that, to a good approximation, the transitions could
be considered to be vertical in this case. From our measurements we will deduce that this is certainly not true for Cs-NO
and CS-O2 collisions.

2.

EXPERIMENTAL
The experiments have been performed with a molecular beam

machine which was especially designed for measuring absolute
total cross sections for electron and ion production in atommolecule collisions (5). In principle, the vacuum part of this
machine consists of four differentially pumped vacuum chambers.
For a schematic overview of the apparatus see fig.l.

Vtio.pa.iuLtA.on 0)5 thz phi.ma.tiy be.am
The cesium beam, which will be called the primary beam
throughout this paper, is generated by a conventional chargeexchange source which has been described previously (4). It is
placed in the first vacuum chamber. Besides the primary beam,
which consists of fast neutral cesium atoms, the source also
generates a beam of Cs

ions and thermal atoms. The ions were

removed by means of deflection plates, while a rotating disk
velocity selector purged the primary beam from thermal atoms.
In front of the source and the collision chamber slits were
movmted in order to collimate the primary beam. The laboratory
energy of the beam varied between 30 and 3000 eV during the
experiments. Between these energies the beam intensity increased from 0.01 nA to 1 nA.
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Figure 1. A schematic diagram of the apparatus. It consists of four differentially pumped vacuum compartments. The first one contains
the primary beam source (S). This beam passes a rotating disk
velocity filter (V), and is collimated by two rectangular apertures (S.) and (S-), before it enters the collision chamber (G) .
The primary beam strength is measured by means of a hot surface
ionization detector (D).
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A plot of the detection efficiency versus the primary beam
energy.
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Calibtuition

o ^ the. ptu.ma.tiy bo.am e.nztigy

The rotating disk velocity selector was also used for calibrating the beam energy. The selector was aligned in such
a way that effectively the beam passed through grooves carved
in a rigidly rotating drum. The rotation axis was directed along the primary beam direction. For this configuration the
transmission of the primary beam decreases linearly with increasing rotation frequency. When we define F c as the rotation
frequency at which the transmission vanishes, then the beam
energy can be calculated according to the formula:
E = F2 •M • A
c
where E denotes the beam energy and M stands for the mass of
the atom. A is a constant which is fixed by the dimensions
of the velocity selector. A small misalignement of the selector with respect to the beam direction can be corrected by
measuring F

for opposite rotation directions of the velocity

selector.
The beam energy proved to be 10.5-11.5 % less than could be
expected from the acceleration voltage put on the source.
This relative energy deficit was constant throughout the whole
energy region in which we did the measurements. This effect
has been discussed by Aten (4).

Vo.te.ctA.on o£ thz ptiAlmatiy be.am
A surface ionization detector was used for measuring the
primary beam intensity. This detector consists of a hot rhenium ribbon surrounded by a cylindrical collector. When the
primary beam impinges on the rhenium ribbon the atoms are ionized due to surface ionization. To ensure that all ionized
cesium atoms reach the collector we maintained a potential
difference between the ribbon and the collector. Moreover,
in order to collect ions which are reflected from the ribbon
with a high kinetic energy, the angle of incidence of the primary beam on the ribbon was chosen to be 45 degrees so that
these ions were directly scattered towards the collector. The
ion current on the collector was measured with a Keithly electrometer. The working temperature of the ribbon was 1700 K.

- 38 -

MANOMETER

BEAM

GAS
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Figure 3.

A schematic diagram of the collision chamber. Electrons and
negative ions are measured at the collector (C) by applying
a voltage between the two opposite electrodes. The grids (A)
and (B) are biased in such a way that secundary electrons produced at these electrodes can not leave the electrodes. The
electrons produced in the interaction region by the collision
process can be prevented to reach the collector by applying a
magnetic field pointing along the beam axis.
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The efficiency of the detector must be known in order to
measure the cross sections in absolute units - The detection
efficiency was measured in an indirect way. The primary beam
passed through the collision chamber which was alternately
evacuated or filled with Br 2 vapour. It is well known that
elastic collisions between cesium atoms and bromine molecules
lead predominantly to forward scattering of the Cs atoms (3,9).
Therefore we assume that the attenuation of the primary beam,
when it passes through the bromine vapour, is equal to the ion
current in the collision chamber. From this equality we can
obtain the detection efficiency by dividing the beam attenuation through the ion current. In fig.2 we show a plot of the
detection efficiency as a function of the primary beam energy.
This detection efficiency proved to be unity up to 1000 eV.
The decrease at high energies which can be observed in fig.2
was only reproducible within 10%. It depended on the age of
the ribbon and the nature of the gases to which the detector
was exposed in previous experiments.
The. cotlli-ion chambti
In our experiments we used a collision chamber which was
previously used by Baede et al. (5), in a modified way. It was
differentially pumped in order to obtain background pressures
of less than 8.10

Torr. Typical inlet pressures of the tar-

get gas were around 8.10

Torr during the experiments. It can

be seen in fig.3 that the collision chamber merely consists
of two parallel plates between which a set of grids has been
mounted. One of the plates is divided into three parts and the
middle electrode C acts as the collector plate. This division
ensures that the effective collision length is independent of
the beam energy and the scattering angle. A potential difference of 300 Volt, applied between the collector and grid B,
deflects the electrons and negative ions which are produced in
the collision process towards the collector. Grid A is biased
at a potential of -30 Volt with respect to the collector in
order to prevent secundary electrons to leave the collector.
These secundary electrons may be produced when the extracted
ions and electrons impinge on the collector. A coil surrounds
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the collision chamber so that a homogeneous magnetic field can
be applied in the collision region. The magnetic field direction points along the primary beam direction. When this magnetic field is switched on, electrons which are produced in the
collision process can not reach the collector. Because of the
large mass of the ions, the magnetic field does not influence
the collector current due to ion production. In case of the
magnetic field to be switched off, both electrons and ions reach
the collector. In order to test if this way of discrimination
between electron and ion production worked in the proper way,
the primary beam was lead respectively through inert gases and
bromine vapour. Collisions between cesium atoms and inert gas
atoms can only produce electrons. In this case the total current disappeared when the magnetic field was switched on. This
indicates that no electrons were measured as ions. On the other
hand, to ensure that no ions were measured as electrons, we
let the cesium beam pass through bromine vapour. The magnetic
field had no influence on the collector current in this case.
This is in agreement with the expectation that cesium-bromine
collisions don't lead to electron production.
There was taken considerable care that all the measured
currents were in saturation with the voltages applied. It has
been confirmed that the collector currents were proportional
to the primary beam intensity and the target gas pressure.

?KQ.&i>u.ne. me.cu>uJizme.nt
During an experimental run the pressure has been monitored
with a calibrated ionization manometer. The calibration has
been performed by comparing the readings on the ionization
gauge with a Baratron manometer, which was directly connected
with the collision chamber. The calibration was done in the
—4
10
Torr region in which the ionization manometer proved to
be linear in target gas pressure. This made an extrapolation
into the 10

Torr region, in which we did the measurements,

readily possible.

ExpzKi.me.ntal pn.oce.du.tie.
The experimental procedure in order to obtain the cross
sections was as follows:
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1) The primary beam intensity I(E) was measured as a function
of ti ^ beam energy E. During this measurement the collision
chamber was empty.
2) Hereafter the target gas was introduced into the collision
chamber. We measured the currents on the collector which are
caused by the ionization process during the collision as a
function of the beam energy. When the magnetic field was switched on we measured the current due to ion production Gi(E).
Without the magnetic field the sum of the currents caused by
ion and electron production was measured: G i + e ( E ) . Care has
been taken that the target gas pressure was constant during
these measurements.
3) Measurement 1 was repeated in order to control that the
beam intensity did not change during the time in which the
collector currents were measured.
4) The ionization manometer was calibrated with the aid of
the Baratron in order to obtain the absolute target gas density N.
Using the following formula's we could calculate the cross
sections for ion production Q.(E) and electron production
Q (E) as a function of the collision energy:
Q

i

( E ) =

G (E)-f(E)
I(E)-N-L

Q

e

( E ) =

f (E)- (G. (E) - G . (E))
I(B).H.L

where f(E) denotes the detection efficiency and L is the length
of the collision region which is equal to the length of the collector. We took the values of the detection efficiency to be equal
to those plotted in fig.2. The formulas for the cross sections Q.
and Q are valid only if the beam attenuation is very small. This
attenuation was in order of a few percent in all cases.
Li.mLtati.on. o£ the. zto.ctH.on. CKOAA

Ae.cti.on me.cLAu.JLzme.ntA

Two independent processes may lead to production of electrons in collisions between cesium atoms and NO or 0_ molecules. The first is electron detachment from vibrationally excited anions which are formed by a curve crossing process.
The second process that may lead to electron production is
direct ionization. It is known that this process becomes im-
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portant at high collision energies. In our experiment we can
not distinguish between the two processes.
In order to obtain an impression of the magnitude of the
direct ionization contribution to the electron cross section,
we measured the electron production in collisions between cesium and inert gas atoms. That these collisions lead to electron production via a curve crossing seems improbable. We observed that the thresholds for electron production in these
collisions depended on the mass of the inert gas atom. The
lowest threshold had been measured for the Cs-Xe system. It
occurred at a laboratory energy of about 300 eV. From the experiments on collisions between cesium atoms and the other
inert gas atoms it could be confirmed that the threshold for
electron production was higher in energy if the mass of the
inert gas atom was smaller. The absolute magnitude of the
cross sections for electron production did rise to a few
Sngstr^ms at a collision energy of 3000 eV. In order to be
sure that only electron production due to auto ionization of
vibrationally axcited molecular anions is measured, we report
no electron production data for collision energies higher than
300 eV.

The error in the absolute magnitude of the cross sections
is a cumulation of errors made in the pressure, current and
detection efficiency measurements. The pressure measurement
is reliable within a few percent which is the maximal deviation of a calibrated Baratron membrane manometer. The currents
measured on the collector of the collision chamber and the de— 12
tector were at least a few times 10

A. Currents with this

magnitude can be measured with considerable accuracy. This
means that the main error in the magnitude of the cross section is due to the uncertainty in the detection efficiency.
As has been stated before, the magnitude of the detection efficiency is reliable within 10% for energies higher than 1000
eV. From fig.2 it can be seen that the standard deviation of
the detection efficiency is about 5% for energies lower than
1000 eV. For this reason we claim an accuracy of the absolute

j
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magnitudes of the cross sections of 10% for energies lower than
1000 eV, and of 15% for higher collision energies.

3. RESULTS
The absolute total cross sections for ion- and electron production in collisions between cesium atoms and NO or O 2 molecules are shown in figs. 4A (Cs-NO) and 4B (Cs-O2) as a function of the (center of mass) collision energy. The relative
total cross section for ion production in Cs-O 2 collisions has
been measured before by Kleyn et al. (2). Although they applied
a different technique, there is good agreement between their
and our measurements. The position of the maxima and minima in
this cross section are the same for both experiments. Also the
overall shape of the cross section as a function of the collision energy

coincides in both experiments. We measured, how-

ever, a smaller absolute magnitude of the cross section than
has been calculated by Kleyn. With respect to this quantity
our experiments are reliable because we took considerable
care in determining the detection efficiency, absolute target
gas pressure and the length of the scattering region in a direct way.
It can be seen in fig.4 that there is a large difference
between the ion-pair formation cross section for collisions
between cesium atoms and O- molecules and that for Cs-NO collisions. The cross section for ion production in Cs-O_ collisions exhibits some structure while no such feature can be
observed in the corresponding cross section for Cs-NO collisions . The absolute magnitude of the cross section is larger
for the Cs-NO case than for Cs-O 2 collisions. Another difference appears in the fraction of ionizing collisions which leads
to electron production for both systems. This fraction could
be measured very accurately because only the ion current G.(E)
and the total current G i + e (E) have to be known in order to
obtain the value of this fraction. The measurement is independent of the target gas pressure and, more important, of the
detection efficiency. In figs.5 and 6 the fraction of ionizing
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collisions which leads to production of ions has been plotted
as a function of the (laboratory) collision energy. From fig.
5 we observe that about 77% of the ionizing collisions between
cesium atoms and 0 2 molecules lead to ion-production, while
the corresponding value for Cs-NO collisions .is about 93%
(fig.6). For collision energies higher than 60 eV these fractions are relatively weak functions of the collision energy.
Nevertheless it can be observed that they do not remain completely constant at these energies.

4. DISCUSSION
Collisions between alkali atoms and electronegative molecules like NO or 0 2 are known to be attractive. The positive
electron affinity of these molecules causes the curve crossing
between the potentials of the covalent and ionic ground states
of the atom-molecule system to occur at large atom-molecule
distances. The consequence of such a large crossing radius
is that the absolute magnitude of the total cross section for
ion-pair formation is so large that the contribution of small
impact parameter collisions is negligible. Another consequence of this large crossing radius is that vibrational excitation
of molecular ions which are produced in such collisions is
due to a curve crossing process rather than to direct momentum transfer. This is because the force between the two molecular nuclei is not affected by the nearby atom at atommolecule distances which are outside the repulsive part of
the interaction potential

a) The. •infatu.e.nc.e. o£ v-LbKoXLon
pa-LA. faon.ma.tA.on

on tke. CJioAi Ae.c£-lon ifo/t JLon-

The structure which can be observed in the cross section
for ion-pair formation in Cs-O- collisions (fig.4B) has been
successfully explained by Kleyn et al. (2). We briefly recall
the model which they used in order to explain this structure.
The simple assumptions they made for the potential energy surfaces belonging to the ionic and covalent ground states of the

Cs-O, system are justified for large atom-molecule distances.
The assumptions are as follows:
1) In the covalent ground, state there is no interaction between
the atom and the molecule at all. The interaction between
the two molecular nuclei is equal to that for the isolated
molecule.
2) The ionic ground state can be considered to consist of an
atomic ion and a molecular anion. The interaction between
these ions is entirely Coulombic, while the force between
the molecular nuclei is equal to that occuring in an isolated molecular anion (6).
These assumptions yield very simple expressions for the
potentials of the covalent (Vc) and the ionic ( V ^ ground
states:
V c (p) = V x y ( p )

[1]

V. (R,p) = V v
(p)-l/R+IP
[2]
x
xy
Vxy (p) and Vxy -(p) denote respectively the potential energy
of the isolated neutral molecule and of the isolated molecular
anion as a function of the bond length p. The potentials V (p)
xy
and V _(p) are defined with respect to the same zero point
of energy. IP stands for the ionization potential of the alkali atom and R denotes the distance between the atomic nucleus
and the molecular center of mass. From equations ClJ and [2]
we can easily derive an expression for the crossing radius R :
R

c

=

I P - (^(p) -V x y _( P ))

We see that the crossing radius depends on the bond length of
the molecule. During a collision the system has to pass the
crossing radius twice. Before the first crossing is reached
the molecule may be considered to be in its equilibrium position. At the first crossing the molecule may become ionic and
because the equilibrium distance of a neutral molecule (in general) is smaller than that of the corresponding anion, the
molecular nuclei start to vibrate. Because the bond length in
many cases will be a periodical function of time, the crossing
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radius will also vary periodically in time. The diabatic transition probability is strongly dependent on the magnitude of
the crossing radius because the coupling matrix element decreases exponentially with increasing crossing radius (7,8). It
will be clear that the reneutralisation probability at the second crossing is a function of the time the system spends between the two crossings during the collision. When the second
crossing radius is at a maximum we expect a minimal reneutralization probability. On the other hand, if the second crossing
radius is at a minimum the reneutralization probability is maximal . This feature causes the structure in the total cross
section for ion-pair formation. For a detailed description we
refer the reader to (9). Our measurements confirm the results
of Kleyn et al.
The basic conclusions which can be drawn from Kleyn's analysis are:
1) The motion of the molecular nuclei is well described by
classical mechanics.
2) The transition at a curve crossing is given by the "generalized" Landau-Zener model. The time needed for the transition from the covalent to the ionic surface, or vice versa, is assumed to be infinitely short in this model.
The observation that the molecular nuclei may be treated
classically in order to explain the minima and maxima in the
total cross section for ion-pair formation raises the question
if the forementioned model is suitable to calculate the vibrational energy of the molecule after the collision. Apart
from the fact that the vibrational energy of the molecule must
be quantized, what may raise some problems in applying the
classical model, we have to analyze if a measurement of the
time dependent behaviour of the molecular bondlength a priori
yields some information about the vibrational energy of the
molecule. Classically, a vibrational period of a particle moving in a harmonic potential is independent from its energy.
Quantummechanically, any superposition of time dependent v i brational eigenstates of a harmonic potential exhibits a classical behaviour of the expectation values of position and momentum, regardless the vibrational energy of the system. In
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order to get information about the vibrational energy distribution one must determine the time evolution of the probability density at all internuclear distances. A measurement of
the structure in the total cross section, which in principle
is a measurement of the expectation value of the molecular
bond length as a function of time, is too crude for this purpose.

fa I Me.a6u.tie.me.nth ofavibtiationaZ
anion

excitation

o& the. moZe.cu.Zati

More information about the vibrational energy of the produced ions can be obtained by measuring the total cross section for ion production as well as the total cross section for
electron production. It is well known (10) that vibrationally
excited molecular anions eject an electron if their total energy exceeds the zero point energy of the neutral molecule. For
NO" molecules this is the case if the vibrational quantum number is larger than zero, while an 0„ ion ejects an electron
if its vibrational quantum number is larger than three (10).
The following reaction schemes can be set up:
Cs+O,-» C s + + ol (v£3)

•

ion production

Cs + 0~ -» C s + + Q~ (v > 3) -» C s + + O_ + e~ -» electron production
Cs + NO -» C s + + NO" (v = 0)

>

ion production

Cs + NO -» C s + + NO"(v > 0) -» C s + + NO + e~ -» electron production
It will be clear that a measurement of the branching ratio
between electron and ion formation directly is a measure for
the vibrational energy of the produced ions. The fraction of
Cs-NO or Cs-O- collisions which leads to formation of stable
anions has been plotted in figs. 5 and 6. The total cross section for 0~ production, has been shown to be small in comparison to the total cross section for ol production (2).

c) The. e.xpe.Kime.ntaZ tie.hu.Zth in connection

with home. modeZh

Models which describe vibrational excitation of the molecular anion in collisions between an alkali atom and O_ and
NO should explain the following features which can be observed
by experiment:
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1) The expectation value of the molecular internuclear distance has to be a function of time which is more or less
corresponding with the classical motion of a particle over
the potential of the molecular anion. This implies that the
vibrational wave packet representing the motion of the molecular nuclei has to oscillate back and forth with the
classical vibration frequency of the molecular anion, and
moreover, this wave packet must be confined to a small region of internuclear distances during all time. The wave
packet may not exhibit considerable dispersion during the
collision.
2) The fraction of electrons produced in collisions between
an alkali atom and 0- or NO has to be in agreement with the
experimental data. A special feature which has to be explained is that this fraction is a function of the collision
energy.
Three models have been proposed previously in order to describe vibrational excitation of the molecular ion in ion-pair
formation processes which we will discuss in this paper. These
models are:
a) The Franck-Condon model*
b) The modified Franck-Condon model
c) The Bauer-Fisher-Gilmore

model

We confine ourselves to models which describe the population
distribution over quantized vibrational s t a t e s of the molecul a r ion. This excludes models which describe the vibration
classically from our discussion. An example of such a model
i s the Surface Hopping Trajectory

Method.

There might rise some confusion about the term "Franck-Condon model". We refer
to the Franck-Condon model when a l l electronic transitions which may occur in a
collision are Vertical: i . e . the molecular vibration i s frozen during the electronic transition. This does not exclude molecular vibration during the c o l l i sion time which can be much longer than the transition time. In such a case we
s t i l l speak about the Franck-Condon model if just the electronic transitions
are vertical, even when the collision time lasts as long as a few vibrational
periods of the molecule. In such a situation Gislason et al.(12) adopted the
nomenclature of the "Diabatic Moving Wave Packet" model which i s a Franck-Condon
model according to us. The modified Franck-Condon model which i s discussed in
this paper is called the "Adiabatic Kcving Wave Packet" model by Gislason et a l .
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a) The. FJianck-Condon modzl
The simplest model which leads to a final distribution over
quantized vibrational states of the molecular anion in atommolecule collisions is the Franck-Condon model. The model assumes that the transition from the covalent to the ionic state,
or the reverse, occurs so fast that the molecular nuclei can
not move during this transition. A transition which fulfills
this condition is called vertical. When the system reaches the
first crossing the vibrational wave function of the neutral
molecule is given by u (p), which is the zero'th order vibrational wave function of the neutral molecule. Just at the time
at which the molecule becomes ionic, the vibrational wave function of the molecular anion must have an identical shape as
u (p) because the molecular nuclei are not supposed to change
their position during a vertical transition. If the electronic
transition probability is given by P, then the normalization
condition leads to the following expression for the vibrational wave function of the molecular ion at the time at which
the transition occurs (12) :
*

( p

'

t = 0 )

=

^ 'u o ( p )

[4J

The time evolution of this wave function can be calculated by
expanding the vibrational wave function at t = 0 in an infinite set of vibrational eigenfunctions of the molecular anion,
v., each having their proper time dependent phase (12) :
[5]
The probability to populate the l'th vibrational state of the
molecular anion is given by:
P

J>=P ' l<vAluo>|2

C6]

The fraction of ions which are produced in a vibrational level which is stable against electron detachment can be calculated according to the formula:
F

= P • I < v |u > / P • I <v | u / =

£

* °

£

* °

z <v.|u >*

£

* °

L7]
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m is the vibrational quantum number of the highest vibrational state which is stable against electron detachment.
The transition probability P is given by the Landau-Zensr
formula. The crossing radius R

at which the transition occurs

is assumed to be identical with R

calculated from formula

C3] in which one replaces p by the expectation value of the
position calculated from formula [5]. For the first crossing
p is taken as the equilibrium distance of the neutral molecule p .
The time dependent vibrational wave function in [5] has
the property that the expectation value of the internuclear
distance is a periodical function of time, and the length of
a vibrational period is just a classical period. Moreover
it can be deduced that the vibrational wave packet remains
confined to a small region of internuclear distances in case
of a harmonic potential. The crossing radius at the second
crossing can be calculated by taking the expectation value
of the internuclear distance at the time the system passes
the second crossing. The reneutralisation probability at the
second crossing can be calculated in a complete analogous way
as has been done for the first crossing.
This model fulfils the condition that the expectation
value of the internuclear distance evolves in a classical way,
and therefore it is able to explain the structure in the ion
production cross section for Cs-O 2 collisions. On the other
hand, if we analyse our measured branching ratio's between
electron and ion production we must conclude that there is a
poor agreement between the nodel and the experiment. According
to formula C7J we expect an ion fraction of about 60% for Cs-O_
collisions, while we measure a value of about 77%. For collisions between cesium atoms and NO molecules the situation is
even worse. An ion fraction of 16% is expected from the FranckCondon model while the experimental value ranges between 100%
and 90%. Moreover, according to the Fraiick-Condon model this
branching ratio can not depend on the collision energy (formula [7]). We observe an ion fraction which depends on the
collision energy. This behaviour is even more pronounced in
collisions between K or Na atoms and NO or O~ molecules (11).
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b) The. moililud FKa.nc.k-Condon modal
The Pranck-Condon model has been revised by Gislason et
al. (12) in order to explain the feature that low energetic
collisions between an atom and a molecule lead to production
of molecules which are less vibrationally excited than expected by the Franck-Condon model. The basic idea of the revision
of the Franck-Condon model is that in reality the electronic
transition takes a finite time during which the molecular nuclei can move. The transition time was defined by Gislason et al.
to be the time during which the system passes through the
static width of the coupling region, and therefore it is inversely proportional to the collision velocity. During the
transition time the molecular nuclei are supposed to move classically along the adiabatic potential energy surface. This will
result into an increase of the bond length of the molecule.
The second assumption which was made is that the center of the
vibrational wave function of the neutral molecule follows the
classical motion of the molecular nuclei along the adiabatic
surface without any dispersion of the vibrational wave packet
itself. For this reason we know both the shape and the position of the vibrational wave packet at the time at which the
molecule becomes ionic. Thus:
C8:i

in which u

denotes the vibrational wave function of the neuo
tral molecule which is shifted by an amount p, towards larger
internuclear distance. This wave function may be expanded into
vibrational eigenstates of the molecular anion, just as has
been done in formula [5]. The fact that the Franck-Condon overlap factors are strongly dependent on p, causes the probability to find the molecular ion in a certain vibrational state
is shifted towards lower lying states in comparison to the
Franck-Condon model. At high velocities the modified FrankCondon model tends to the pure Franck-Condon model because
P d becomes small due to the short transition time during which
the molecule may stretch its bond.
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The effect of an increase in effective bond length of the
molecule at a curve crossing has been observed experimentally
by Aten and Los (13) in low energetic alkali-halogen collisions. At higher energies this effect, which is called prestretching, became negligible.
The modified Franck-Condon model explains, just like the
pure Franck-Condon model, the structure in the ion production
cross section in Cs-O_ collisions. This model also predicts
a branching ratio between electron and ion production which
is a function of the collision velocity. Using this model we
did a calculation for the passage through only one curve crossing in collisions between cesium atoms and (?„ and NO molecules. The fact that only one crossing is taken into account,
while in real collisions two crossings have to be passed, neglects the detailed influence of orientational effects in
these collisions. The coupling matrix element which determines
the width of the static coupling region and thereby the transition time depends on the orientation of the molecular axis
relative to the radius vector connecting the molecular center
of mass with the atomic nucleus (14) . We took a mean value
of half the coupling matrix element in order to correct for
the orientation effect. Moreover the radial velocity at the
curve crossing depends on the impact parameter. We chose an
effective impact; parameter which is equal to Rc//2.
Although we are aware of the fact that this calculation
only gives an approximate value for the branching ratio, we
think that it is accurate enough to decide if the model can
predict the right value for real collisions. In figs.5 and
6 we have plotted the branching ratio between electron and
ion production as a function of the collision energy. The
modified Franck-Condon model

gives a good explanation for

the branching ratio in Cs-O 2 collisions. For Cs-NO collisions
there is some improvement with respect to the Franck-Condon
model, but still there is a severe disagreement with the experimental results. Unless we assume unphysically large coupling
matrix elements (> 1 e V ) , which is doubtfull because the maximum
of the cross section for ion-pair formation lies at a rather
low collision energy, the modified Franck-Condon model can not
*
The value of the coupling matrix element in our Cs-02 calculations is
taken from the work of Kleyn (2).
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predict more than 30% of ions to be formed in Cs-NO collisions.
Our conclusion concerning the modified Franck-Condon model is
that this model is in good agreement with the experimental results for Cs-O 2 collisions >>ut that it can not explain the anomalous branching ratio between electron and ion formation in
Cs-NO collisions. The general conclusion for this model can
be that it may be a valuable improvement of the pure FranckCondon model in certain cases.

c) The. Ba.u.zK-f'i&hzK-Gllmoie. model
The last model which will be discussed here is the well
known Bauer-Fisher-Gilmore model (15). This model uses the concept of coupling between diabatic vibronic states. The energy
of these states is defined as the sum of the electronic and
vibrational energies of the atom-molecule system. The molecular vibration is assumed to be decoupled from the translational degree of freedom of the atomic nucleus. This concept results in a manifold of crossings between diabatic ionic and
covalent vibronic states which has to be passed during the collision. In contrast to the Franck-Condon model, in which coupling takes place when the electronic energies of the covalent
and ionic states are equal, according to the Bauer-FisherGilmore model this occurs when the energy of an ionic vibronic
state is resonant with the energy of a covalent vibronic state.
When a crossing is reached, for instance, between the covalent
state M + XY (v=k) and the ionic state M + + XY~(v=£) the transition probability is calculated by means of the Landau-Zener
formula provided that the coupling matrix element H.~ has to
be multiplied by the overlap integral of the £'th and k'th
vibrational wave function of respectively the molecular ion
and the neutral molecule.
The successive vibronic crossings which have to be passed
are assumed to be independent. This assumption is

r

~tio-

nable because for our collision systems the wi<? > . , the coupling region incorporates several vibronic crossings. The larger the collision velocity, the more vibronic states are coupling simultaneously. We did the calculation using the B.F.G.
model for only the incoming half of a collision between a
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cesium atom and a NO or 0~ molecule. This model gives reasonable results for the branching ratio between electron and ion
production in the energy region in which we did the measurements, but it should be noted txiat in this case the outgoing
half of the collision may not be neglected in order to do a
representative calculation for the collision system.
The B.F.G. model thus can explain a branching ratio between
electron and ion production which is a function of the collision energy. A complete calculation has to be done in order
to see if this theory is in quantitative agreement with the
experimental results. The B.F.G. model, however fails to describe the motion of the molecular nuclei during the collision.
Therefore a calculation of the total cross section for ionproduction according to this model will not show any vibrational structure. The reason for this is that the Bauer-FisherGilmore model assumes no interdependence between the vibronic
transitions which occur at different vibronic crossings as will
be discussed in the next paper.
d) The. absolute, magnltudz oft the. total cfioa idct-ion
The total cross section for ion production in Cs-CX, collisions reaches a maximal value of 4.2 8

at a center of mass

collision energy of 130 eV. This absolute value can be compared with some theoretical approaches. The first model from
which we obtain an estimate for the absolute magnitude of the
total cross section for ion production is the rigid molecule
model. In this case the effect of bond stretching is completely ignored. The coupling matrix element is taken to be of
the form H..- . sin26, where 6 denotes the angle between the
molecular center of mass with the atomic nucleus. The electronic transition is assumed to be vertical and to occur at the
diabatic crossing point between the potentials of the covalent
and ionic ground states. The transition probability is given
by the Landau-Zener formula. Using this model we expect a maximal value of the cross section for ion-pair formation of
6.9 & . Taking an electron fraction of about 25% we expect
that the total cross section for ion production will be 5.2 2 2 ,
which is larger than observed experimentally. The classical
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TABLE I

Cs( 2 S) +O 2 ( 3 Z~)

V ' + 2A" '

Cs( 2 S) +0*( 1 A)

2

Cs*( 2 P) +O 2 ( 3 2T)

A' + 2 A "

0,982

2X4A' ' + 2X2A' ' + 2 A' +4 A'

cs + ( 1 s) +o~(2n)

c s ( 2 s ) +NO(2n>

0

3,45

A + A

3A.

+

3A.,

+

1 A . + 1A,,

cs*( 2 p) +NO( 2 ÏÏ)

3X3A' ' + 3X3A' + S^A'

Cs + ( 1 S) +NO"( 3 Z")

3

A"

Cs + ( 1 S) +NO*~(1A)

c s + ( 1 s ) +NO*~( 1 Z: + )

1,34

0
' + 3X1A'

1,34
3,89
4,64

1

A'

5,05

This table is a listing of the most important products that
may be formed in Cs-O 2 and Cs-NO collisions (column 1 ) , the
number, symmetries and multiplicities of the electronic states
of the temporarily formed three atomic molecule leading to
these products (column 2 ) , and the threshold energies (eV)
for their production.
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model used by Kleyn et a l . U ) predicts a maximal value of about
9.2 8 2 (when the electron fraction is taken to be 25%) for the
cross section of ion-production. The larger value is due to
the fact that bond' stretching is taken into account in this
model which decreases the averaged reneutralisation probability at the outgoing crossing which has to be passed during
the collision. Applying the Magnus approximation Hickman (17)
calculates a maximal value of 11 A •
The relatively small absolute magnitude of the cross section might be due to coupling with excited states. Kempter
(16) has shown that the cross sections for alkali excitation
in collisions between K or Na atoms and 0 2 or NO molecules
are appreciable with respect to the estimated magnitudes of
the ion-pair formation cross sections. In table I we give a
list of the possible exit channels in collisions between cesium atoms and NO or 0~ molecules. It can be seen that for
the Cs-O» case coupling may occur to an electronic state which
results into production of excited oxygen molecules. Because
this state crosses with the ionic ground state at a relatively
small atom-molecule distance, coupling between these states
will be appreciable. In our calculations it has been taken into
account that only 1/3 of the incoming Cs-O 2 collisions are having the proper electronic symmetry for coupling with the ionic
ground state to be possible.
The cross section for ion-pair formation in Cs-NO collisions reaches a maximal value of 6.9 A

at a collision ener-

gy (cm.) of 45 eV. Because predominantly NO~(v=0) is produced, and moreover, there is not any structure observed in the
total cross section for ion production, it seems reasonable
to assume that bond stretching is unimportant in Cs-NO collisions. Using the rigid molecule model, and neglecting coupling
with electronically excites states we obtain a maximal value
for the ion-pair formation cross section of 6.4 S 2 . From
table I we can see that only 3/8 of the entrance channels have
the proper symmetry to couple with the ionic ground state. The
calculated maximal value is somewhat smaller than the observed
maximal value. In addition the maximal value of the cross section
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is calculated by assuming that the electronic transition occurs at an atom-molecule distance for which the vibronic energies of the states |cov,v=0> and |ion,v=0> are resonant (the
B.F.G. model). We find a value of 7.7 8

which is larger than

observed experimentally. Like in the Cs-O_ case coupling can
occur between the ionic ground state and the states leading to
production of excited cesium atoms. Coupling to excited states
which lead to production of excited neutral NO molecules is,
however, improbable as can be seen from the table. This might
be the explanation for the smaller discrepancy between the
experimental and theoretical value of the total cross section
of ion production in Cs-NO collisions.

5. CONCLUSIONS
As a conclusion we may state that there exists not any model
to date which can describe the total cross sections for electron and
ion production in Cs-NO or Cs-O_ collisions completely. Especially the experimental observation that Cs-NO collisions lead
predominantly to the production of NO~(v=0) ions gives rise
to theoretical problems. The role of coupling to electronically excited states in Cs-NO and Cs-O 2 collisions has to be
investigated in order to explain the observed magnitudes of
the total cross sections for ion and electron production in
these collisions. In the following paper total cross sections
and vibrational distributions of molecular ions will be calculated applying a close coupling model.
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CHAPTER

IV

A time dependent quantal analysis of vibronic excitation in
atom-diatom collisions
ABSTRACT
In this paper a model is presented which describes vibronic
excitation in an atom-diatom collision, which is mediated by a
curve crossing. The motion of the atom, relative to the molecule, is treated classically while the molecular vibration is
described by quantummechanics. This approach defines the collision problem in terms of a passage through a manifold of
crossing diabatic potentials. Using this formalism the dynamics
of the collision can be followed during each stage of the collision. The physical consequences of the model ^re illustrated
by means of analytical calculations which are performed on a
simple model system. It will be shown that the Fr<anck-Condon
as well as the Bauer-Fisher-Gilmore model aro limiting cases
of the general time-dependent formalism.
Numerical calculations on ionizing Cs-O

and Cs-NO colli-

sions have been performed in order to describe some characteristic features which can be observed in the total cross section measurements, which have been presented in the preceding
paper. Using the time-dependent formalism, distributions over
vibrational states of the 0„ and NO
in Cs-0

ions which are produced

and Cs-NO collisions are calculated. Phenomena like

prestretchihg and bond stretching, which are strongly connected with the molecular vibration during the collision, appear
to be logical consequences of the model which is presented
here.
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1. INTRODUCTION
In recent years many experimental studies have been devoted
to ion-pair formation processes in collisions between alkali
atoms and electro-negative diatomic molecules. We refer the
reader for recent reviews on this subject to the papers of Los
and Kleyn in the monograph "Alkali Halide Vapors" (1), and to
the contribution of Lacmann in "Advances of Chemical Physics"
(2). The purpose of these studies was to investigate the dynamics of collisions in which electronic transitions which are
mediated by a curve crossing between potential energy surfaces
occur. Ion-pair formation serves this purpose very well. For
most systems the crossing radii are very large, implying that
vibrational excitation is caused by an electronic transition
rather than by direct momentum transfer between the colliding
heavy particles. Moreover, the collision time can be easily
varied with respect to a vibrational period of the molecule
by simply changing the velocity of the incident alkali atoms.
In many cases a range of collision times between 0.1 and 10
vibrational periods is experimentally accessible.
A better understanding of the relation and interdependence
between an electronic transition and molecular vibration is
of importance for the progress in the fields of reactive collisions, quenching, gas discharge chemistry and laser physics.
By now a rather clear and consistent picture can be given of
both the collision dynamics and vibronic excitation, due to
an electronic transition at a curve crossing, in an atom-diatom
collision. The electronic transition probability can be described by the, eventually generalized (3), Landau-Zener formula just as in the case of atom-atom collisions. However, the
location of the crossing seam is in principle a function of
the three independent nuclear coordinates R, p and 8. R denotes the distance between the atom and the molecular center of
mass, p the bondlength of the molecule and 6 the angle between
the radius vector and the molecular axis. The crossing seam
as a function of p is, to a good approximation, given by:
Rc = IP-EA(p)
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where IP is the ionization potential of the atom and EA(p) denotes the vertical electron affinity of the molecule. For alkali halide systems this leads to crossing radii of the order
of 10-15 a , for molecules like O 2 and NO this becomes 5-8 aQ.
The crossing radius in general is a weak function of 6 (4),
but strongly depending on the p coordinate. This is due to the
fact that the equilibrium distance p e for a neutral molecule
is a few tenths of an 2ngstr0m smaller than that of the corresponding molecular anion. This is the basic reason for the molecule to get vibrationally excited when it changes into a molecular anion. This difference in equilibrium distance has a
dramatic effect on the total and differential cross sections
for ion-pair formation when the collision time is greater than,
or comparable to, a vibrational period of the molecule. The
initial transition from the covalent to the ionic state in general will take place at a point of the ionic potential energy surface where the interaction between the molecular nuclei
is strongly repulsive. This leads to a stretching of the molecular bond. The effect of this "bond stretching" is that, in
the velocity range for which the collision time may not be neglected with respect to a vibrational period of the molecule,,
a strong asymmetry exists between the transition probability
at the incoming and outgoing crossing radii. This has been observed by Hubers et al. (5) in measurements of the total cross
sections for ion-pair formation in alkali-halogen collisions.
Bond stretching also offers an explanation for the fact that
the total reactive cross-sections for these systems is equal
to TTR at low collision velocities (6) . When the molecular anc
ion is formed at a lower point in the potential well, like oZ,
the molecule experiences an oscillatory motion resulting in
a crossing radius which is a periodical function of time. This
has been shown to lead to structure superimposed on the total
(7) and differential (8) cross sections for ion-pair formation.
However, when the time needed for the electronic transition
to be completed becomes comparable to a vibrational period of
the molecular anion the latter experiences a dynamical stretching of the bond during this transition. The effect of this
"prestretching" has been observed by Aten and Los (9) in dif-
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ferential cross section measurements. To describe both effects,
bond stretching and prestretching, Gislason et al. (10) developed a model in which prestretching is treated classically by
assuming a motion along the adiabatic surface

prior to the

electronic transition/ while bond stretching has been calculated by taking into account the time evolution of the vibrational wave packet after the transition using diabatic surfaces.
It is now the object of this paper to develop a formalism, only using diabatic vibronic states, showing that a proper description of the time evolution of the vibrational wave packet
during and after the transition leads to a unified model which
includes both prestretching and bond stretching. Moreover it
will be shown that existing models like the Franck-Condon (10,
11) and the Bauer-Fisher-Gilmore (12) model are more or less
limiting cases of this more general formalism.
This formalism will be developed under the assumption that
the motion of the third particle (the atom) may be treated
classically while the molecular vibration must be described
quantummechanically. This seems a reasonable approach because
the vibrational energy of the molecule rarely exceeds one electronvolt, while the translational energy of the atom is (in
most experiments) of the order of a few tens up to several
thousands of an electronvolt. The potential along which the
molecular nuclei move changes considerably within the range
of the De Broglie wavelength of these particles. This condition implies a quantummechanical treatment of the motion of
the molecular nuclei. Moreover, the vibrational energy of the
molecule is of the order of a few quanta which indicates that
the molecular vibration is highly quantized in contrast to any
classical approach. The translation of the atom can be treated
classically, because the potential along which this particle
moves is approximately a constant over the short De Broglie
wavelength which is connected with the high translational energy of the atom. Moreover, the translational energy of the atom
is continuous. The basic difference between our formalism and
that developed by Becker and Saxon (13) is the classical description of the atom in our approach, while Becker and Saxon
treat the collision problem entirely quantummechanically. Al-
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though a complete quantal description is to be preferred above
a semi-classical approach, we infer that a classical description of the atomic motion does not affect the fundamental physics of the collision problem. An advantage of our model is
the clear physical insight which it provides into the mechanism of both prestretching and bond stretching. It also shows
the connections and differences between several other, frequently applied, models. Another advantage is the numerical simplicity of the model. For certain model systems even analytical procedures may be performed.
This paper is devoted to the presentation of the model. In
the section "Theoretical" the basic equations which describe
vibronic excitation in an atom-diatom collision are derived.
For some model systems we present analytical solutions of these
equations. Further the equations are solved in the limiting
cases of very high and very low collision velocities. Numerical calculations on Cs-NO and Cs-O^ collisions will be presented in the section "Results and Discussion". There it will be
shown that the most important features which are observed in
the total cross sections for ion and electron production in
these collisions can be described in a consistent way.

2. THEORETICAL
In this section a set of coupled differential equations,
which describes vibronic excitation in an atom-diatom collision, will be derived. The vibronic excitation process can
be schematized as follows:
A + XY (v=k) •*• A + + XY" (V1 =£)
Once the set of coupled differential equations is solved, the
probability for finding the molecular anion in the £'th vibrational state is known during each stage of the atcm-diatom
collision. The complete solution will also describe the dynamics of the collision.

- 67 -

The coupZzd

&qua£lon&

The Hamiltonian of the atom-diatom system may be separated
into two parts (14). The first being the electronic Hamiltonian
H e which includes all terms depending on the electronic coordinates r, and the other one being the kinetic energy operator
of the molecular nuclei, T ( p ) , which depends on the vibrational coordinate, p, only. Thus,
H = H e ( r , p , R ) +T(p)

Cl]

R denotes the distance between the atomic nucleus and the m o lecular center of mass. Because we treat the atomic motion classically, the kinetic energy operator of the atomic nucleus has
been omitted.
It is assumed that only two electronic states (the diabatic
covalent and ionic ground states) are involved in the collision
process. The molecular vibration will be treated as a multistate problem. As a solution of the Hamiltonian in Cl] we take
the following wave function:
<Mr,R,p) =<l>c E B k u k ( p ) + «t. ± IC £ v £ (p)
K,
Jc

L21

<j>c and if^ represent the electronic wave functions which respectively correspond to the covalent and ionic ground states.
They are chosen to be orthonormal and, because of their diabatic character, weakly depending on R. u k (P) and v»(p) are the
k'th and V t h vibrational eigenfunctions of respectively the
isolated molecule and the molecular anion. The expansion coefficients B k and C^ are taken to be time-dependent functions.
Substituting the total wave function into the time-dependent
Schrödinger equation and taking the electronic matrix elements
leads us to the following set of coupled equations.
i E Z B k U k ( p ) - {T(p) + H c c } Z B k U k ( p )

+H

ciZC£VJl(p)

i K l C £ v £ ( p ) = {T(p) + H f i } Z C £ v £ ( p ) + H i C 2 : B k u k { p )

l32

[4 3

In deriving [3] and [4] it has been assumed that the BornOppenheimer approximation remains valid, which means that T<p)
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does not operate on the electronic wave functions 4>c and 4>iThe next step is made by assuming that the force between the
molecular nuclei is not affected by the vicinity of the atom
when the system is either in the covalent or ionic ground state.
In this case we may rewrite the diabatic electronic potentials
H

cc

a n dH

H

iia s :

cc=Hcc(R)

+U

cc(p)

and

H

Ii=Hii(R)

+U

ii(p)

H
and H.. represent the interaction potentials between the
atom and the molecule in the covalent respectively the ionic
ground states. No anisotropy is assumed for these potentials.
U (p) and U..(p) are the potentials of the isolated molecule
XY respectively of the isolated molecular anion XY~. The diabatic electronic coupling matrix element H. is equal to H .,
and moreover we assume that it depends on R only. Because
uk(p) and v.(p) were chosen to be vibrational eigenstates of
the molecule respectively the molecular anion, the following
equations should hold:
|T(p) +U c c (p) |u k (p)>=E k |u k (p)>
|T(p) +Ui;L(p) |v£(p)>=EJt|vJl(p}>
Introducing these equations into C3J and C4], together with
the forementioned assumptions, gives:
i5EBkuk(p)=E(Hcc(R)+Ek)Bkuk(P)+Hic(R)ZC£vJl(p)

[5]

i E Z C £ v £ < p ) =E(H ii (R) +E £ )C £ v £ (p) +H i c (R)EB k u k (p)

[6]

Ms

IL

JC

Multiplying [53 by um(p) and [6] by v n (p), after which both
[5] and [6] are integrated over the vibrational coordinate,
we get:
ihB k = H.c(R)Z V u j v ^ - H (Hcc(R) + E k )B k

[7]

i H

[8]

S = Hic(R)ZBk<vJuk>+ (H-^R) +EA)C&
JC

The dummy indices m and n were replaced by k and S, in deriving
[7] and [83. < u k |v £ > is the shorthand notation for the overlap
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integral

J

ufc(p)v^(p)dp. Equations [7] and C8] will be sol-

ved analytically in the next section for several limiting cases.

kppfLOX-lmate. ana.JLyti.coit ioJLatA.on.6
In order to solve [7] and [8 3 analytically, some approximations have to be made. These approximations are concerning the
shape of the interaction potentials, the classical velocity
of the atom, and the diabatic coupling matrix element H. . Moreover, we deal only with the incoming half of a collision. For
this reason the applicability of the analytical solutions, when
describing real collisions, is limited. These analytical solutions, however, provide physical insight into the mechanism
of vibronic excitation in a way which is impossible when dealing with numerical solutions.
The assumptions we make in order to solve C7] and [8] analytically are the following:
1) The coupling matrix element H. is a constant.
2) The force between the molecule and the atom is negligible
when the system is in the covalent ground state.
3) The interaction between the atomic and molecular ions is
purely Coulombic when the system is in the ionic ground
state:
U±± = - 1 / R + I P - E A
where IP stands for the ionization potential of the atom
and EA denotes the adiabatic electron affinity of the molecule.
4) The zero point of energy is chosen to be at the vibronic
energy level H + E. . The potentials H + E.
and
H

ii+E£=o

are

ex

P a n d e d around the point where they cross,

V

5) The velocity of the atom relative to the molecule is a constant when the system passes through the coupling region;
R-Ro=vt
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These approximations are more or less the same as those which
were made by Zener (15) who solved the problem of coupling between crossing diabatic electronic states.
a) Solutions in the weak coupling limit
We try to find the probability for the following process
to occur:
A + XY (v=o) •* A + + XY~ (v'=l)
According to [7] and [8] the probability for this reaction is
determined once the value of |c„|

is evaluated at asymptoti-

cally large times after the collision. Before the collision the
boundary conditions of equations [73 and [8] are

Now in the case of weak coupling the equations [73 and [83 are
easily solved. By weak coupling we mean that the vibronic transition probabilities are much smaller than unity, implying that
the initial vibronic state remains nearly completely populated.
Thus we solve [7] and [83 under the following assumptions:
|BO|2<*1;

|C£|2«|Bk^o|2«l

for all t

These conditions cast [73 and [83 into the following form:
iE B Q = 0
iE C^ = H i c B o <v £ |uQ> + {-Fvt + AHo)}C£
where we used the Landau-Zener assumptions and the approximate
relation E. = (£+Jj)nw. These equations are integrated easily,
the solutions being:
[93

li» C ^ - H ^ B ^ v J u ^ f ^ } eXp{+i(2f|-+f)}exp{-i£a,(t-f)}
2irH2
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Expression C9] and LlOl respectively give the time dependent
amplitude of the wave function and the probability for the
£'th vibronic state at asymptotically large times. The amplitude
contains both the phases of the electronic and the vibrational
part of the wave function. By I 111 the probability is expressed to find the molecular anion in its £'th vibrational eigenstate at finite times before and after the time t = £<!> at which
the system passes the crossing between the vibronic potentials corresponding to the states |cov,v=0> and |ion,v=JU. By
definition t=o when the system passes the crossing between
|cov,v=o> and |ion,v=o>. In the approximation of linear and
equidistant vibronic potentials for the covalent as well as
the ionic vibronic states <f> represents the time the system
needs to move from one vibronic crossing to the next. Then $
is defined by the following relation:

This time delay between the passage of two successive vibronic
crossings will be shown to be of crucial importance when the
dynamics of the collision has to be described in a consistent
way. We reduced the absolute time (t-£<J>) to the variable X which
will be called the reduced time throughout this paper. The function K(X) which occurs in [111 is plotted in fig.l. The asymptotic values of this function are:
lim K (X) = 0
X-*•-«>

and

lim K (X) = 1
X

The asymptotic vibronic transition probability, which is given
by [10], is (under weak coupling conditions) identical, to
those predicted by both the Franck-Condon and the Bauer-Fisher
Gilmore models. Such an identity exists for the transition probability only, and the models prove to be quite different as
soon as the dynamics of the collision is concerned.
In order to investigate the collision dynamics, the vibrational wave function of the molecular anion has to be constructed. This can be done for large t, by using [9] together with
the relation:

_

J
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K(X)

-1

O

f

REDUCED TIME X

Figure 1.

The probability function K(X). The reduced time X by definition is zero for the time at which the collision system
passes the crossing between the vibronic potentials belonging
to the states |cov,v=o> and |ion,v=£> while it is positive
afterwards. In the weak coupling limit, K(X) is proportional
to the time-dependent probability to find the system in a
particular ionic vibronic state |ion, v=£.>.
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lira *.*?{? (P,t) = E llm C„(t)v„(p)
When the phase of the electronic wave is factored out from C^,
the time-dependent vibrational wave function is obtained:
[12]

4

^y^j}

J

o

£

V

When deriving [123, we made the substitution:
t = t d + e<j>
t has been defined before. It represents the time interval which
evolved since the system passed the crossing between the vibronic potentials belonging to the states |cov,v=o> and |ion,v=o>.
t, is chosen to be the time which evolved after the system passed the diabatic crossing point, i.e. the atom-molecule distance for which:

p

denotes the equilibrium distance of the neutral molecule.

t and t, are shifted by a time interval which is proportional
to <J>. The proportionality constant, e, takes a simple form when
a special model system is involved as will be shown below.
When the collision velocity is very high, <|> tends to zero.
In this case the wave function [12 3 represents a Franck-Condon
wave packet. When <f> = 0, and t, is equal to an integral number
of vibrational periods of the molecular anion, the vibrational
wave packet is, apart from a normalisation constant, identical
to u . Thus, in the limit of weak coupling and high velocities
our model and the Franck-Condon model predict the same vibrational wave function as well as the same vibronic transition
probabilities. It should be noted that the vibrational wave
function can not be described by the Bauer-Fisher-Gilmore model.
When <J> is not negligible with respect to a vibrational period of the molecular anion, the wave function [12] deviates
from the Franck-Condon wave function. This will be demonstrated

according to a simple model system, for which we assume

that the molecule as well as the molecular anion are harmonic
oscillators with identical force constants K, but with diffe-
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td=Q5T

t .=Q25T\
d

Figure 2.

Vibrational wave packet of a molecular anion XY~ plotted
as a function of time after the collision system passed
through the diabatic crossing point in the limit of weak
coupling. The time <f> which the system needs to move from a
vibronic crossing to the next is chosen to be zero (high velocity limit). The model potentials of the neutral molecule
and the molecular anion are indicated by respectively dotted
and dashed lines. The real time (t) which evolved after the
system passed the diabatic crossing point is given by
t = t.+ nT in which n is an integer and T is a vibrational
period of the molecule.
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t d =Q5T

td=Q25T

Figure 3.

td=Q75T\

Vibrational wave packet of a molecular anion XY~, plotted
as a function of time after the collision system passed
through the diabatic crossing point in the limit of weak
coupling. In this case 4» is given a value of 0.05 vibrational periods (T) of the molecule. The model potentials of the
neutral molecule and the molecular anion are indicated respectively by dotted and dashed lines. The real time (t) which
evolved after the system passed the diabatic crossing point
is given by t = t

+nT where n is an integer.
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rent equilibrium distances Pe<XY) and p e (XY~). For such a model system the overlap integrals <uQ|vJL> can be evaluated analytically (10) :

where e is the sum of the vertical and adiabatic electron affinities of the neutral molecule reduced with respect to the vibrational spacing:
{p (XY~)-p (XY)} 2
£ =

*K

H.

Introducing these expressions for the overlap integrals into
[12] we numerically constructed vibrational wave packets for
which <j> has different values.
In fig.2 we show a vibrational wave packet for which 4> is
taken to be zero. We observe that the wave packet has the shape
of a zero'th order wave packet at any instant. It oscillates
back and forth along the ionic potential energy surface with
the classical frequency. Moreover, its center coincides with
Pe(XY) when t, is equal to an integral number of vibrational
periods of the molecular anion. Clearly this wave packet is a
Franck-Condon wave packet. In fig.3, we plot a vibrational wave
packet for which vre took <j> to be equal to 0.05 vibrational periods of the molecular anion. Still the wave packet oscillates
with the classical frequency (which is the case for any wave
packet moving along a harmonic potential), but its shape is
strongly deviating from a zero'th order wave packet. Moreover,
the amplitude of the oscillation is decreased. When t, is equal
to an integral number of vibrational periods, the center of
the wave packet is at a larger internuclear distance than
P e (XV) .
By using the model overlap integrals it is possible to evaluate the position of the center of the vibrational wave packet,
<p(t)>, as a function of time in an analytical way:

: -

After some algebra, the following expression for <p (t)> can
be obtained
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<p (t) > - p (XY~)= A cos {otd+ (e-^) w* - esinü><|>}
6

A={p e (XÏ) -p e (XY") }exp{-2esin

C13]
2

^}

The amplitude of the oscillation of the center of the vibrational wave packet is a periodical function of the phase shift
<(>. The amplitude is equal to the difference in equilibrium distances of the molecule and molecular anion if <f> is equal to
an integral number of vibrational periods of the molecule. In
all other cases the amplitude of oscillation is effectively
smaller. Another interesting feature is that there occurs a
phase shift in the "classical" motion of the center of the vibrational wave packet. If <|> is non-zero, the molecular bond
length does ribt exhibit a maximal deviation from the equilibrium
distance when t- is equal to an integral number of vibrational
periods. Relative to a Franck-Condon transition the vibrational
motion of the center of the vibrational wave packet is subject
to a phase shift which is given by: (e-i|)ü)<J>-esina)4>.
In fig.4, the expectation value of the bondlength of the
molecular anion is plotted as a function of time for <j> having
different values. The values of the force constants of both
the molecule and molecular anion are chosen to be the geometrical mean of the force constants of the 0 2 and 0~ molecules.
Pe(X¥~)-p (XY) is taken to be the difference in equilibrium
distance of the 0~^ and 0 2 molecules. Then e takes a value of
3.17. It can be observed that the amplitude of oscillation of
the vibrational wave packet representing the vibration of the
molecular anion becomes very small as soon as <)> becomes as large as a few tenths of a vibrational period. A measurement of
<p(t)> would show that the molecular nuclei on the average do
not move at all. This is an important feature, because in the
limit of weak coupling the vibrational energy does not depend
on <£. Thus even when the molecular nuclei seem to stand still,
the vibrational energy of the molecular anioh may be equal to
the case in which the center of the wave packet is violently
oscillating. For this reason we infer that the motion of the
center of the vibrational wave packet has no meaning for deter-
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LU

Figure 4.

The time-dependent expectation value of the internuclear distance of the molecular anion according to formula [13], during a vibrational period of the molecule (T .. ) . The different values of <j> are expressed in vibrational periods of the
molecule. The equilibrium distances of the neutral molecule
and the molecular anion are denoted by respectively p (XY)
and p (XY~). As the zero point of time any (large) integral
number of vibrational pe> :.oda after the system passed the
diabatic crossing point may be chosen.
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mining the vibrational energy of the molecular anion, if the
phases of the partial vibrational waves are not treated properly .
The considerations we made about the weak coupling case
clearly show that the vibrational wave packet exhibits much dispersion when the system passes through the coupling region when
<f> is not negligible. Although the center of the wave packet moves in a highly classical way, the shape of the wave function
is rather undetermined. Another effect is prestretching, which
has been observed experimentally by Aten and Los (9). This
prestretching is basically due to the fact that some vibronic
crossings have to be passed before the system reaches the diabatic crossing point. This means that when the system reaches
the diabatic crossing point, already some ionic states are populated. Obviously, the expectation value of the molecular bond
length is larger than the equilibrium distance of the neutral
molecule in such a case. However, when <{> becomes much smaller
than a vibrational period, the relative phase shifts of the partial vibrational waves become negligible. Then the time delay
between the passage of the first vibronic crossing

and the

diabatic crossing point becomes so small that the vibrational
wave packet becomes a Franck-Condon wave packet. Thus prestretching is due to dispersion of the vibrational wave packet which
occurs when the system passes through the coupling region. As
has been argued before, prestretching does not necessarily affect the vibrational energy of the molecular anion.
Bond stretching and prestretching seem to be closely related. Bond stretching is due to the time evolution of the vibrational wave packet after the system passed through the coupling
region. In case of the potentials of the molecular anion to
be harmonic, bond stretching causes no extra dispersion of the
vibrational wave packet during the collision time. The motion
of the centre of the vibrational wave packet, which is highly
classical, is just bond stretching.
It may be expected that when no dispersion of the wave
packet occurs when the system passes through the coupling region, the wave packet resembles the initial zero'th order vibrational wave function of the neutral molecule. This simply
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is because the phases of the partial vibrational waves can not
change their values during the transition time.. Thus when <j> = 0
one may expect that a Pranck-Condon wave packet is produced,
also when the coupling is not weak. <j> tends to zero when the
collision velocity is very high. Indeed we will prove in the
next section that equations [7] and [8] describe the FranckCondon model when the collision velocity is very high.
b) The high velocity limit
In deriving an expression for the transition probability
in the limit of weak coupling no restriction to the collision
velocity was made. In this section we derive an analytical solution of equations [7] and [8] which is valid only in the limit of very high collision velocities, but which in turn is
not restricted to the condition that the transition probability must by small.
For the sake of mathematical convenience we make the following substitutions in equations [7] and [83:

f

}

{f

Introducing the Landau-Zener assumptions for H

and H.. which

were made in the weak coupling limit, followed by a rearrangement of some terms in the phase factors, the following equations, which will be solved in the limit of high and low collision velocities, are obtained:

iHb

k=Hic?Vuklv£>exP+i{S(t+JWi:)--èv^}
H ic

Cl4]

E.-E0\2 (E -E -2
Z b,,<v„ |u,.>exp-i^[ t +-^A)
è=-^-\

Q5]

It is well known that the region where coupling between two
crossing diabatic electronic states takes place is centered
around the atom-molecule distance for which their potentials
do cross. If the collision velocity is very high the width of
this region is defined by the so-called dynamic width of the
coupling region which is given by (16) :
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This approach may be extended to the case of crossing diabatic
vibronic states. We, however, will use a slightly different definition of the dynamic width, which, however, is consistent
with our calculations for the weak coupling limit:

As can be observed in fig.l, at the edge of this region the reduced time X goes to unity and then the coupling between the
vibronic states may be considered to be completed. From the expression for the dynamic width of the coupling region an expression for the "dynamic transition time" can be obtained:
A.

AR

d

Thus the dynamic width of the coupling region increases with
increasing collision velocity, but the time needed for the transition to be completed is decreasing with increasing collision
velocity. The time which the system needs to pass from the first
vibronic crossing till it reaches the last crossing between
|cov,v=o> and |ion,v=£> at which appreciable coupling takes
place is given by:

vF
We investigate the region of collision velocities for which the
dynamic transition time is much larger than the time the system needs to pass the entire grid. This is the case when:
Atd»|At|

or

v»

(E —EA )
^ ..

[16]

In this case the time during which the ionic vibronic states
are populated is determined by the dynamic transition time rather than by the time the system needs to pass the grid. This
is identical with a situation in which the dynamic width of
the coupling region becomes so large that it incorporates the
entire grid of vibronic crossings. When condition [16] is ful-
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E
k"E£
filled we may replace the terms t + — — = — occurring in the phase

factors of equations [14] and [15] by t alone. Then the value
of these phase factors at the edge of the dynamic coupling region (for which t =At d ) are:

exp + i{5+k£

The contributions of the factors — ? R v F —
phase factor may be neglected when:

2Ev|F|

2

"x

v

"

tO the value

°^

the

irH|F|

which is precisely condition [16] for being in the high velocity limit. This means that the phases of the vibrational waves
may be neglected as soon as condition [16] is fulfilled. They
effectively are constant in the region where coupling takes
place. The physical reason for this is, of course, that the
vibrational motion of the molecular nuclei can be considered
to be frozen at these high velocities.
Neglecting the vibrational phases in equations [14] and
[15] brings these equations in the following form:

= H . c L <uk|Vjl>c£exp{+i ^ - }
iHc £ = H. c S <v £ |uk>bkexp{-i

[17]
[18]

These equations can be solved, when [17] is multiplied by
<v m |u k >, followed by performing a summation over all k after
which both equations [17] and [18] are divided by <v lu >. Rein ' o
taining the indices SL for the vibrational states of the molecular anion, rather than m, the expressions [17] and [18] are
cast into the following form:
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These equations are in the Landau-Zener form with the proper
boundary conditions when we take the neutral molecule to b e in
the vibrational ground state initially. The asymptotic solution
of these equations for t tending to infinity is given b y :

which is identical to the vibronic transition probability p r e dicted by the Franck-Condon model. Note that when the phases
of the vibrational waves can not change their value during the
fast transition all vibronic states are coupling simultaneously during the incoming half of the collision. It should be n o ted that the equations [7] and [8] describe the Franck-Condon
model as long as the Landau-Zener approximations for the c o l lision velocity and the vibronic potentials are valid. It is
obvious that the vibrational wave packet of the molecular a n ion as it is formed during the electronic transition is (apart
from a normalization constant) the same as the initial vibrational wave function of the neutral molecule, because the v i brational wave exhibits no dispersion during the very short
transition time in the high velocity limit.
c) The low velocity limit
In order for two vibronic crossings to be well separated it
is necessary that the width of the coupling region must be smaller than the spacing between two adjacent vibronic crossings.
From the expression for the dynamic width of the coupling r e gion it can be seen immediately that, provided the collision
velocity is low enough, the dynamic width always can become
smaller than the spacing between two adjacent vibronic crossings .
A complication, however, is that the width of the coupling
region is not determined by the dynamic width alone, but by
the larger of the dynamic or static width of the coupling r e gion. The static width of the coupling region in the case of
crossing diabatic electronic states is defined by ( 1 6 ) :
2H_. _

f
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According to equations C7] and [83 we extend this definition
to the case of crossing vibronic states:
AR
S

This is the static width of the region in which coupling between the states |cov,v=k> and |ion,v=£> takes place. This re
gion is centered around the vibronic curve crossing of these
states. We approximate the distance between two adjacent vibronic crossings by:

The condition for being in the low velocity limit can be derived by demanding that the dynamic as well as the static width
of the coupling region must be much smaller than the spacing
between two crossings:
^«•^rr
7T | r |

and

2H. <u, |v0><<Eto
XC

K

for all k and I

[19]

X»

When the vibronic crossings are well-separated, it is expected that coupling between two vibronic states takes place only
in the vicinity of the atom molecule distance for which their
potentials do cross. During the transition between these states all other vibronic states should be decoupled from each
other. That this is indeed the case can be observed by examining the behaviour of the phase factors of equations [14] and
[15] during the time in which two vibronic states are coupling
with each other. We rewrite [14] and [15] in the following way:

= H ± c z c£<uk|v£>exp + i j ƒ (vFt'+Ek-E£) dt11

[20]

Again we consider only the incoming half of a collision, and
moreover it is assumed that the molecule is in the vibrational
ground state initially. The first crossing which the system
encounters is the one between the states |cov,v=0> and jion,v=0>.
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During the time in which these states do couple, all terms that
do not contain both 1=0 and k=0 in equations [20] and [21] are
oscillating rapidly. This is because the crossings are well
separated in the low velocity region, and moreover the dynamic
width of the coupling region is a measure for the region of
stationary phase. Therefore, if the system is in the vicinity
of the crossing between |cov,v=0> and |ion,v=0> we may effectively neglect all terms for which kj*O and Jt#O. This yields:

iRÉ

o = H ic < v ol U o > e x p + l

'

+Bo-Bo)df • co

These equations are in the Landau-Zener form, their solution
being:
|co|2(t=«) = 1 -exp

o

I

In this case the asymptotic solution is reached before the sys
tem reaches the second crossing, because the coupling between
the vibronic states is completed at the edge of the coupling
region.
It should be noted that all other crossings which have to
be passed can be treated in an analogous way. For an incoming
half of the collision the transition probability is then described by the Bauer-Fisher-Gilmore model. It should be kept
in mind that although the Bauer-Fisher-Gilmore model seems to
describe the transition probability in the low velocity limit,
this model can not a priori be applied for real low energy collisions because the dispersion of the vibrational wave packet
during the transition is very large, which has drastical consequences for the outgoing half of the collision as will be
shown in the numerical example which we give in the next section.
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3. RESULTS AND DISCUSSION
In the preceeding section it has been shown that equations
C7J and C8J describe the mechanism of vibronic excitation in
an atom-diatom collision in a consistent way. No information
about the collision dynamics is lost. In fact, vibronic excitation is strongly related to the dynamics of the collision.
Their interdependence becomes most clear when the outgoing half
of the collision will be analysed. This is the main subject of
this section.
In order to obtain analytical solutions of equations C7J
and C 83 some approximations have been made which did not alter
the basic physics of the collision problem. These approximations
are too crude, however, for applying them to calculations on
real collision systems. Moreover, even when these approximations
should be retained, no analytical procedures can be applied in
order to calculate real cross sections. The dispersion and time
evolution of the wave.packet during the incoming half of the
collision makes an analytical treatment of the outgoing half
of the collision impossible.
For this reason some numerical calculations on real collision systems have been performed. We choose Cs-O_ and Cs-NO
collisions because these have been examined experimentally in
the preceeding paper. The aim of performing these calculations
is to test if equations [7] and [ 8] describe the main features
which can be observed in the total cross sections for ion and
electron production in Cs-O_ and Cs-NO collisions. We may not
expect complete quantitative agreement between theory and experiment because still some approximations have to be made in
order to solve [7] and [8] numerically. These approximations
are necessary because the values of some important quantities
are uncertain. Also the computation time must be kept reasonable .
The values of the parameters we used in the calculations
are listed in the table. The approximations we made in the calculations are given below:
1) The coupling matrix element H ± c is taken as an exponential^
ly decreasing function of the atom molecule distance R: (17)
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H i c = A 2 exp {-B1« R}
2) The interaction between the molecule and the atom in the covalent ground state is assumed to be a Lennard-Jones potential:

3) The atom-molecule interaction in the ionic ground state is
assumed to b e the sum of a repulsive term and a purely Coulombic potential:
H i;L = IP - EA - 1/R + A 3 exp {-B3 • R}
4) The potentials of the molecule as well as the molecular anion are assumed to b e harmonic. Their force constants and
equilibrium distances, however, are different. The overlap
integrals of the vibrational eigen states belonging to these
potentials are evaluated numerically.
5) The atomic trajectory is approximated by a straight line.
When w e denote the velocity of the atom and the impact p a rameter by respectively v and b , the following relation b e tween R and the time can be written:
R={b2+v2t2}*
These approximations neglect some features which may be important for the excitation process. First we did not take into
account polarization effects. Secondly there is not taken into
account any anisotropy of the potentials as well as of the
coupling matrix element. A third omission is the fact that we
assume that the force between the molecular nuclei is not affected by the atom. Considering the neglection of the anisotropy
of the coupling matrix element we remark that we applied the
rigid molecule model for calculating total cross sections for
ion pair formation. Different anisotropies of the coupling
matrix element were used in these calculations. It was confirmed that the shape of the cross sections is not drastically
affected by this anisotropy. The predominant effect of the
anisotropy is that the coupling matrix element is effectively
decreased.
When we substitute approximations 1 to 5 into equations
C7] and [8], a set of coupled differential equations is ob-
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tained in which the time is the dependent variable. These equations have been integrated by means of a fourth order RungeKutta method. The stability of the procedure is checked by demanding a unit probability to find the molecule in any vibronic
state. The number of coupling vibronic states has been increased till the cross sections did not change when taking into
account even more vibronic states. These equations have been
integrated over a range of impact parameters between 1 A (b^) and
several Sngstr^ms beyond the atom molecule distance for which
the states |cov,v=o> and |ion,v=o> do cross (b 2 )• For each impact
parameter the integration was continued till the distribution
over vibronic states remained constant as a function of time.
This ensured that the range of integration incorporated the
total collision time during which coupling may occur. The computer program will be described in detail elsewhere (19).
In order to obtain total "state to state" cross sections
the probability to find the molecule in a certain vibronic state after the collision as a function of impact parameter has
to be integrated over all impact parameters. For obtaining total cross sections as a function of the collision energy this
procedure has to be followed for different alkali velocities.
The formulas for the total state to state cross sections are
given by:
b

Q(v)
cov,v=k

=2TTS-/

Q(v)

=2TTS-/

2

ba
i>2

cov,v=£

b1

.
b?
R'
5
|B. (b,v) Tbdb+2irS.—^r~~5' f lBv < b ' v> 1
K
R' - b j b x
|C« ( b , v ) | 2 b d b + 2TTS

R

b^
^—,b

bdb

R'
ƒ J c o ( b , v ) j2 b d b

i bi

|B k (b,v)| and |C £ (b,v)| respectively denote the probability
to find the molecule in the states |cov,v=k> and jion,v=£j at
large times after the collision with impact parameter b and
alkali velocity v. The integration has been performed over the
impact parameter range between b 1 and b 2 for which we calculated B.(b,v) and C B (b,v). The second term in the expression
for the total state to state cross section corrects for the
fact that impact parameters smaller than h1 have been ignored.
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R1 denotes the atom molecule distance for which |cov,v=o> and
|ion,v=o> do cross. In this case the correction term represents
the averaged transition probability between b^ and R' multiplied by the surface of a circle with radius b,. The contribution of the correction to the total cross section is about 8%.
S represents the fraction of incoming collisions which have
the proper electronic symmetry for coupling with the ionic ground
state to be possible. The values of S are 1/3 for Cs-O 2 collisions and 3/8 for Cs-NO collisions. The total cross sections
for ion and electron production are obtained by taking the sum
of the total cross sections for finding the molecule in respectively stable or unstable ionic viuronic states. As has been
discussed in the preceeding paper NO" ions are stable only in
the vibrational ground state, while 0^ ions are stable if their
vibrational quantum number is less than 4.

**

The probability to find a stable 0^ ion after a Cs-O 2 collision (87 eV) as a function of the impact parameter is plotted in fig.5. It is a rapidly oscillating function of the impact parameter. These oscillations are due to interference between the phases of the electronic as well as the partial vibrational waves. Interference between the phases of the electronic waves of the covalent and the ionic ground states leads
to the well known Stueckelberg oscillations. These oscillations,
when integrated over all impact parameters, cause no undulations in the total cross section for ion production if the difference between the potentials of the covalent and ionic states
exhibits no extremum as a function of the atom-molecule distance R. Indeed we verified that no undulations on the total cross
section as a function of collision energy occur when only the
covalent and ionic ground states were allowed to couple with
each other.
The other reason for having oscillations in the probability
for finding stable anions as a function of the impact parameter, interference between the partial vibrational waves, may
cause undulations on the total cross section for ion production
as a function of the collision energy. This will be shown below.
The terms in equations C7J and [83 which are responsible
for coupling between vibronic states to take place are the terms
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Figure 5.

(A)

Cumulative probability for producing stable O~ ions (v = 0,1,
2,3) in Cs-O 2 collisions (87 eV lab) as a function of the impact parameter. The lowest line represents the probability
for producing O~ ions in the vibrational ground state. The
second curve denotes the sum of the probabilities for producing O~ (v=o) and 0~ (v=l) ions, and so on.
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which are represented by the summations multiplied by the coupling matrix element. When these terms vanish, no coupling between vibronic states can occur. In this case the set of equations is completely decoupled. Moreover it can be recognized
immediately that direct coupling between vibronic states belonging to the same electronic species is forbidden.
The coupling terms contain both the phases of the electronic and the vibrational waves. Just like in the atom-atom case/
where interference between the phases of the electronic waves
are responsible for Stueckelberg oscillations, we may expect
oscillations which are due to interference effects of the phases which belong to the vibronic waves. These interference effects are, however, very complicated. This is because a lot of
vibronic states are interfering with each other and, moreover,
there can be a considerable dispersion of the vibrational wave
packets during the collision.
It may be expected that in the case of well separated incoming and outgoing coupling regions the phases of the partial
vibrational waves show a periodical constructive and destructive interference, provided that the collision time is long
compared to a vibrational period of the molecule. This results
in a periodically changing effective magnitude of the coupling
terms in equations [7] and C8]. The overall effect of this
periodical interference ia to create undulations on the total
cross sections as a function of the collision energy. As will
be shown below, these undulations are well reproduced by our
calculations.
Compa/u.&on be.twe.zn th.zan.ij and

zxpz^Cmznt

The cumulative state to state probability for the production of stable 0^ ions in Cs-O2 collisions (at 87 e¥ lab collision energy) is plotted as a function of the impact parameter
in fig.5. The lowest line represents the probability for ol
(v=o) production. The"next lowest line stands for the sum of
the probabilities to find the 0~ ion in its two lowest vibrational states. The upper curve represents the probability to
produce stable 6^ ions, i.e. 0^ ions for which the vibrational
quantum number is less or equal than three. As can be seen in
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A
(A)

The cumulative probability for producing stable O_ ions in
Cs-O_ collisions (87 eV lab) as a function of the impact
parameter convoluted by means of a rectangular window in order to smooth the rapid oscillations which can be observed
in fig.5.
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fig.5, the probability for producing stable 0 2 ions is a rapidly oscillating function of the impact parameter. Apart from
many rapid (and more or less equidistant) oscillations, two
peaks can be observed for impact parameters values of about 2
resp 3.8 A*. These maxima are modulated by the rapid oscillations, which we identify as being Stueckelberg oscillations.
Up to now these Stueckelberg oscillations have not been observed in differential cross sections for ion-pair formation
in atom-diatom collisions. In reality they are smoothed because
of the anisotropy of the potentials and the coupling matrix
elements which are not taken into account in our calculations.
We convoluted the ionization probability as a function of the
impact parameter by means of a rectangular window. The width
of this window was taken to be about the impact parameter spacing between two successive Stueckelberg oscillations. This
effectively smoothes the Stueckelberg oscillations as can be
seen in fig.6 in which the convoluted ionization probability
is plotted as a function of the impact parameter. In fig.6 still
two pronounced maxima Can be observed, although the Stueckelberg oscillations are effectively avaraged. These maxima are
due to interference between the phases of vibronic waves only.
The contribution of these maxima to the total cross section
for ion-pair formation certainly is not negligible, and therefore interference between the vibronic waves have to be taken
into account in total cross section calculations.
As has been remarked in the preceeding paper, the classical model which includes bond stretching predicts a value
for the absolute magnitude of the total cross section for ionpair formation in Cs-O- collisions of about 9 2 . We calculated the total cross section for ion-pair formation in Cs-O_
collisions as a function of the collision energy, by taking
into account only coupling between vibronic states which belong to the covalent and ionic ground states. In this case the
calculated total cross section for ion-pair formation proved
to be larger than 10 A regardless which values for the coupling matrix element were used. Also the classical model predicts a total cross section which is much larger than the experimental one. The shape of the cross section, when plotted

as a function of the collision energy* proved to be in good
agreement with experiments. The calculations reproduced the
undulations which are superimposed on the total cross section
for ion-pair formation in Cs-O2 collisions. However, the calculated magnitude of the cross section remained too large by
at least a factor of two. Hickman (22), applying the Magnus
approximation found similar results. For this reason we introduced excited covalent vibronic states to which coupling may
take place in real collisions. It may be expected that in Cs-O 2
collisions appreciable coupling between the ionic ground state
Cs + ( 1 S) +0~( 2 n) and the excited covalent state Cs(2S) + 0*{2A)
can take place. This is because of the rather small atom-molecule distance at which the vibronic potentials which belong to
these states do cross. In order to take coupling to the excited covalent vibronic states into account, the set of coupled
equations [7] and C8] has to be modified in the following way:
iR é

k -Hic* V u k I V

+

<Hcc+Ek)Bk

-H ic IBk<V* I V+HIcm V V il I V+ (Hii+E£>C £
iE b =H

m ic ICl<wrJ V

+ (H

cc+Em>Dm

The derivation of these equations is completely identical to
the derivation of equations C7] and C8], except that in this
case three sets of vibronic base states are chosen rather than
two sets of vibronic base states. H. denotes the diabatic
electronic coupling matrix element which couples the ionic
ground state with the excited covalent state. H c c + E m stands
for the m'th excited covalent vibronic potential. The probability to find the system in this state is given by ID I . w
•* ' m ' .

m

stands for the m'th vibrational eigen state of the Ot( A) molecule. Because the vibrational frequencies as well as the
equilibrium distances of the O Ï ^ A ) and O 2 (32) molecules are
approximately equal (20) we assumed that w = u . Note that it
has been assumed that direct coupling between vibronic states
corresponding with the covalent ground state and the excited
covalent state respectively is assumed to be negligible. The
atom-molecule interaction for the system being in the covalent
excited and ground states is assumed to be identical.
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The calculated and experimental total cross sections for
ion and electron production in Cs-O 2 collisions are plotted
as a function of the (cm.) collision energy in fig.7- When
performing the calculations, coupling to excited covalent vibronic states was taken into account. It can be observed that
in this case the experimental and calculated magnitudes of the
cross section for ion productions are in good agreement, while
the cross section for electron production is somewhat too small.
The position of the undulations on the energy scale are in good
agreement with experiment. This position proved to be invariant
when different values for H. and H. were taken which suggests
that the position of the undulations is determined by the relation between the collision time and the (fixed) vibrational
period of the molecule. Such a behaviour is also predicted by
the classical model, in which the strength of the coupling has
a weak influence on the position of the undulations. These undulations are caused by interference effects between the phases
of vibronic, rather than electronic waves and therefore intimately related with the molecular vibration during the collision. That this is so, can be deduced from calculations in
which we took only coupling between the vibronic states
|cov,v=o> and |ion,v=o> into account. In this case no undulations could be observed in the total cross section while interference between electronic waves is still fully present.
In such a case, however, the vibrational degree of freedom of
the molecule is removed which suggests that the undulations
are due to the molecular vibration. The undulations in the calculated cross section are more pronounced than the experimental ones. This might well be due to the neglect of anisotropy of the coupling matrix elements as well as the potentials in our calculations.
Before the calculated total cross section for ion-pair formation in Cs-NO collisions is discussed, we recall the basic
assumptions which were made in the calculations.
1) We applied the impact parameter method, which certainly is
invalid for very small impact parameters where the collisions become repulsive.
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by respectively full and open squares. The curves through
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only.
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2) Anisotropies of the coupling matrix elements as well as of
the potentials have been neglected.
3) The model potentials which were used are very crude, while
the precise dependence of the coupling matrix element on R
is unknown.
4) The coupling matrix elements may well depend on the molecular bond length in reality, a fact which has been neglected
by us.
5) The force between the molecular nuclei may depend on the
atom-molecule distance (Lipeless shift (21)) , which may affect the magnitudes of the overlap integrals <v„|u,>.
Considering the numerous approximations which have been made,
the agreement between experiment and theory in Cs-O- collisions
is astonishing. Unfortunately no such good agreement can be obtained for the Cs-NO case, The calculated total cross sections
for ion and electron production are plotted as a function of
the ( c m ) collision energy in fig.8. The fraction of collisions
leading to stable ion-production is only about 50% while an experimental value of 90% has been measured. Moreover, there are
undulations in the cross section for ion production, a feature
which can not be observed experimentally. We infer that the
poor agreement between theory and experiment in the Cs-NO case
is due to a distortion of the NO" potential when the atom is
close to the molecule. From the experimental cross section for
ion production it can be observed that no structure is present
in this cross section while there is a large ion fraction. According to the theory this can be explained if one assumes
that predominantly the states |cov,v=o> and |ion,v=o> can .
couple with each other. In this case a unit ion fraction together with a total cross section for ion pair formation without
oscillations may be expected. The shape of the total cross section would strongly resemble total cross sections for ion-pair
formation in atom-atom collisions. Also the magnitude of the
cross section would be close to the experimental value. Thus,
by assuming that the difference between the equilibrium distances of the NO and NO" molecules is effectively decreased
during the collision, the experimental data can be fully explained. In order to obtain information about the shift of the
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equilibrium distance of the NO and NO" molecules, accurate
potential energy surfaces of the CsNO molecules have to be
calculated.

4. CONCLUSIONS
The problem of vibronic excitation in atom-diatom collisions has been treated in terms of coupling between diabatic
vibronic states. This resulted in the concept of passing through
a manifold of crossing diabatic vibronic potentials. Such a
formalism has been used previously by Bauer et al. (12), and
it has been the subject of much critisism. This critisism dealt
mainly with the question whether the diabatic vibronic potentials
are physically realistic. May the vibrational energy of the
molecule be treated as being a potential energy? Child and
Bear (17) argued that this may be the case if the transition
between vibronic states takes at least a few vibrational periods of the molecule to be complete.
Although this view is completely right, we conclude that
by no means the concept of crossing diabatic vibronic states
has to be abandoned as soon as this condition does not hold.
The vibrational wave function of the molecule always may be
expanded in a set of orthonormal wave functions with time dependent coefficients, whatever the states are which are represented by these wave functions. We choose diabatic vibronic
wave functions for mathematical convenience only. Moreover, in
this case the boundary conditions for the set of coupled equations take a simple form.
It is obvious that, when describing the motion of the molecular nuclei by time-dependent quantummechanics, the time evolution of the phases anr. the amplitudes of the partial vibronic waves has to be taken into account. The reason why the
Pranck-Condon and the Bauer-Fisher-Gilmore models break down
is because in these models some approximations for this time
evolution are made which are not valid under all conditions.
The Bauer-Fisher-Gilmore model entirely neglects the phases
of the partial vibronic waves. The amplitudes of the partial
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vibronic waves are stepfunctions of time while these steps
occur at the vibronic crossing points. The dynamics of the
collision, which is strongly dependent on the time evolution
of the phases of the partial vibronic waves, can not be described by the Bauer-Fisher-Gilmore model.
The Franck-Condon model implicitely assumes that the phases of the vibronic waves start to develop at the time for
which the phases of the electronic waves are stationary. Thus
the transition is sharply localized in time as well as in
space. Therefore the Franck-Condon model can not describe phenomena which are caused by a shift in the phases of the vibronic waves which occurs during the electronic transition. Prestretching is such a phenomenon.
The conditions that the electronic transitions have to be
sharply localized in time as well as in space are not compatible with each other. The transition time is decreasing with
increasing collision velocity, while the width of the coupling region increases with increasing velocity. Their product
remains a constant at all collision velocities. At low collision velocities the vibrational energy of the molecule is
always sharp, due to the long transition times. At high collision velocities the uncertainty in the vibrational energy
of the molecule during the transition is large because of the
short transition time.
We may consider two important time-spans which can be compared with the time evolution of the phases of the vibronic
waves. These are the transition time and the collision time.
As the transition time becomes much shorter than a vibrational
period of the molecule, it is justified to consider the molecular motion to be frozen during the transition. Then the effect of prestretching will disappear. The phases, however,
can still change during the collision time and bond stretching
remains important. When the molecular vibration is frozen
during the collision time even bond stretching is unimportant.
In this case the set of coupled equations describe an atomatom collision. In case of a completely frozen vibration, the
phases of the partial vibrational waves remain stationary during both the collision- and transition time.
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TABLE
Atomic and Molecular parameters
Cs

IP

=

exc

9-2 EA

=

exc ~
ün
=

3, 903 eV
1, 34

eV

0, 44

eV

0, 98

eV

a)

NO

EA = 0,0 eV

a)

2,796.10 14 rads" 1 a )

&n = 3,586.10 14 rads" 1

a)

<»± = 2,567.10 1 4 rads" 1

a)

J±

=

2,053.10 14 rads" 1 a )

)J

=

1,2075 8

a)

P n = 1,1507 2

a)

>*

=

1,349 8

a)

P^ = 1,25

a)

2

Potential parameters
H

cc -<

H

ii

H* c

(a/R) l2 -2(

e = 0,032

— A exp (-R/a) - 14.4/R + IP - EA

a = 3,5

^ • • « ^ for Cs + 0 2
= H ,+E exc (Cs) for Cs + NO

A = 2285

%h)
eV b )

a = 0,306 %

b)

Coupling parameters
Cs + O 2

H i c = 2,5 exp (-0,9R)eVc) C s + N O H ± c = 2,6 exp (-0/9R) eVc}
H* =6,5 exp (-0,6R)eVc)

H*

= 6,0 exp (-0,65R)eVc)

This table lists the values of some important constants and
parameters, as they have been used when solving the set of coupled
equations numerically. The meaning of H , H..r H* H, and E*
cc
ii
cc ic
ic
is explained in the text, m^ and u)n denote the angular frequencies of the isolated molecular anions respectively the corresponding neutral molecules. The value of R should be expressed
in 8ngstr0ms. Values supercripted by a l , and b J are taken from
Huber and Herzberg (ref.20) respectively from Kleyn et al. (refs.
7 and 8J. The values superscripted by c I are the best fits for
our calculations in comparison to experiment.
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CHAPTER

V

State to state total cross sections
for ion-pair formation

ABSTRACT
Relative total cross sections are reported for the production of electrons and anions in collisions between an alkali
atom {Na, K, Cs) and the molecules O

and Wu. The formation

of electrons is due to autoionization of vibrationally excited
O

{v' 24) respectively NO

(v' > 1) molecules. The experiments

have been performed with fast alkali atom beams in the laboratory energy range of 30-300 eV.

1. INTRODUCTION
Ion-pair formation in collisions between an alkali atom and
an electronegative molecule yields molecular anions which in
general are vibrationally excited or even dissociated. Energy
loss measurements show that for example for a system such as
K + 0- the vibrational and possibly rotational excitation is
strongly dependent on the collision energy [1,2,3]. More direct
evidence that 0^ is formed in vibrationally excited states is
provided by an old experiment of Moutinho et al. C 4]. These
authors measured, making use of a specially designed collision
chamber, the branching ratio between electrons and oxygen anions produced by ion-pair formation in collisions of Na and
K with O 2 - As Oj autoionizes if v' s 4 [5], this branching ratio
is a direct measure for the vibrational excitation of this
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molecule. Although these measurements were performed in an
energy interval which extended from threshold up to a few eV
above threshold, they clearly showed that the branching ratio
and as a consequence the vibrational excitation strongly depends on the initial collision energy.
The reason for vibrational excitation lies in the fact that
the equilibrium intèrnuclear distance of the molecular anion
is larger than of the parent molecule. As a consequence a sudden transition leads to a Franck-Condon distribution of final
vibrational states of O~, if at least the potentials of O 2 and
ol" are not perturbed by the presence of the alkali particle.
The above discussed experiments clearly indicate that in ionpair formation the electronic transition is non-vertical and
that the extent to which the transition deviates from e. FranckCondon behaviour depends on the collision velocity. Very recently we measured absolute total cross sections for ion-pair
formation in collisions between cesium and O- or NO. The branching ratio has been.measured to a laboratory energy of the
cesium atoms of 300 eV. At higher incident energy the possibility of direct ionization of the cesium atoms [63 might complicate the interpretation of the measurements in terms of vibrationally excited 0».
In this paper we report measurements of the branching ratio
between electron and anion production in collisions between
Na, K and Cs and the molecules O 2 and NO. For N0~ autoionization occurs if v' si [5]. The measurements are performed in
the laboratory energy range of the alkali atoms from close to
threshold up to 300 eV. By chosing different alkali atoms the
velocity range over which the vibronic excitation is studied
extends from 6.103 to 6.10 4 ms~ 1 .

2. EXPERIMENTAL
The experimental set-up has been described in earlier publications C6,7D. In short a fast alkali beam was generated
by a conventional charge exchange source. The beam was purified
from thermal atoms by means of a rotating disk velocity selec-
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tor and from ions by a set of deflection plates. The collimated
beam entered a collision chamber provided with a set of parallel
plate electrodes, properly shielded by guard plates. Applying
a potential of 300 Volt between the electrodes, the negative
current was measured using a Keithly electrometer. Grids in
front of the electrodes, biased at a potential of 30 V suppressed secondary electron emission. With a solenoid around the
primary beam a homogeneous magnetic field could be established
in the collision chamber. Without magnetic field both electrons
and negative ions contributed to the collector current, with
magnetic field the electrons spiral around the magnetic field
lines which prevented them from reaching the collector; so only
ions contributed to the detector current. The ratio
G. (E)
F,. (E) =

1

G. + e (E)

is the fraction stable anions which are formed as a function
of the laboratory energy E. The fraction could be measured with
high accuracy, as instabilities in primary beam current and
gas pressure don't influence the measurement.
The proper working of the collision chamber was tested by
performing two sets of measurements. Firstly bromine vapour
was introduced in the chamber. As expected no electrons were
observed, that is to say G i = G i + e - Next the collision chamber
was filled with xenon, and several other noble gases were also
used. In this case no ion current was measured. In case of the
noble gases we found for all alkali's that no electrons were
formed, due to direct ionization, below 350 eV. We safely conclude that below 350 eV any electrons which are produced in
collisions with O- or NO originate from autoionizing states
of the negative molecular ions.
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Figure 1. The measured ion fraction as a function of the laboratory energy
of the incident alkali atom. Na, K or Cs colliding with respectively O_ and NO.
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3. RESULTS AND DISCUSSION
In figure 1 the measured ion fractions are plotted as a
function of the laboratory energy of the fast alkali atoms.
A few observations can be made on first view. In the first
place, the ion fractions decrease as a function of increasing
energy. Secondly, for a fixed energy the ion fractions decrease with decreasing mass of the alkali atoms. These two
facts strongly indicate that the dominant factor which for a
given molecule determines the branching ratio is the collision
velocity, or better expressed the collision time. In figure 2
we therefore plotted the experimental results as a function of
the reciprocal of the collision velocity. The earlier results
of Mountinhoet al. C4] are also shown. Surprisingly enough,
the measured ion fractions closely follow two separate curves,
one for 0, and one for NO. Apparently, the distribution of
the molecular anions which are formed by collisions with an
alkali atom is to first order only a function of the collision
time, while the specific alkali atom is of minor importance.
He observe furthermore that for the shortest collision times
the ion fractions are relatively small, close to the value
predicted by the Franck-Condon factors, which is evidence
that at high velocities the change from the covalent to the
ionic state at the crossing seam is a sudden transition.
On the other hand, in the low velocity limit the ion fractions
tend to a value of one, indicating that the transition is
vibrationally adiabatic. Finally we observe that over the
whole velocity range the ion fraction is changing, that is
to say the distribution of final vibrational states is changing. This presents a contrast with the results of a similar
experiment on ion-pair formation of Hubers et al. [8]. These
authors measured the ratio of X~ to xT (X_ stands for a halogen molecule) over a wide range of collision velocities. They
observed that this ratio, which is also a measure for the
vibrational distribution, does not change rapidly as a function of velocity and that it is virtually independent of the
velocity onward from about 10 m s .
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Although simple classical models can predict the distribution of vibrational states in a qualitative way [9,10,11],
for any quantitative calculation the vibrational motion should
be treated in a quantal way. However, to date only a few quantum mechanical coupled-channel calculations have been carried
out. The first one of Becker and Saxon £12] is a fully quantum
mechanical calculation on K + O2. The authors used the simple
model potentials of Kleyn et al. [13]. These calculations predict an ion fraction of 90% at a c m . energy of 12.5 eV, which
—4
—1
corresponds to about 0.95 . 10
s m
on our scale. The experimental value of Moutinho et al. C4] is 73%. At 43.5 eV c m .
energy (0.51 . 10~ 4 s m" 1 ) a value of 70% is calculated, while
our measurements give 76%. Although the calculations predict
the right order of magnitude, the dependence on the velocity
is much stronger than observed experimentally. The second
theoretical approach which has bearing on this experiment is
a semi-classical calculation of Klomp et al. [14] on the system Cs + O 2 . These authors treat the translational motion classically, solving the coupled-channel equations which describe
the vibrational and electronic motion, along the classical
path. They find for Cs+ O 2 a value for the ion fraction of
85% and for Cs + NO only 50% at a laboratory energy of 100 eV.
The experimental results are respectively 73% and 93%. Concerning Cs + 0 2 / the calculations are in good agreement with
the values of Becker and Saxon [12] on K + O _ in the low velocity range. Clearly the theoretical results on Cs+ NO are
way off the experimental values. The main difficulties are
the potentials. In the first place this concerns the coupling
potential H l 2 , which is estimated by semi-empirical rules
[15,16], The second crucial potential parameter is the equilibrium distance of the molecular anion and its parent molecule. Values for r
are taken from the tables of Huber and
Herzberg [17], which are valid for free molecules, however.
For O 2 and O~ there is a difference in r
of 0.1415 £,
in case of NO 0.107 A*. Only a minor change in
r
of either the molecular anion or its parent molecule,
caused by the presence of the alkali atom, drastically changes
the Franck-Condon factors and as a consequence the distribution
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of vibrational states. For example diminishing the difference
in r
for NO with 0.05 8 yields a calculated ion fraction of
90% for the Cs + NO system at 100 eV.
Although an exact calculation of the vibrational distributions of the formed ions is hampered by a lack of knowledge
about the finer details of the potential energy surfaces, the
general behaviour is well explained by the existing theoretical approaches. The ion fraction at low velocities tends to
unity. This is caused by prestretching of the bond, a term introduced by Aten and Los [18] to indicate the stretching of
the bondlength on the lower adiabatic surface, prior to the
electron transfer. This idea is later worked out in a more
quantitative way by Gislason et al. £11,19]. in the mixedrepresentation moving wave packet model they postulate that
when an electronic transition occurs, the molecular motion
should be described along the adiabatic surface. As a consequence the molecular potential does not change abruptly when
the crossing seam is passed, but gradually in a region around
the crossing seam. If the crossing seam is passed slowly, the
molecule will follow the changing potential and vibrational
motion will be induced along the particular adiabatic potential. This eventually can result in a vibrationally adiabatic
transition. In this respect Kleyn et al. [11] distinghuish
two classes of molecules, class A and class B molecules, which
roughly correspond to the classification introduced by Taylor
[20,21]. Class A molecules are distinghuished by the fact that
there exists a barrier between the potentials of the molecule
and the daughter ion, a barrier exceeding the coupling potential H l 2 . For these class A molecules the tranrition always
will result in vibrationally excited molecules. Representative
for these class A molecules are the halogens. For class B
molecules on the other hand the barrier if existent at all
is lower than the coupling potential. Kosmas and Gislason
[11,12] have shown that Cl2» Br 2 and I 2 all have barriers when
colliding with K, Rb and Cs, but not with Li and Na. For O 2
we observe a similar behaviour. In case of collisions with
Cs or K, the ion fraction at low velocities is around 75%,
up till close to the threshold for the formation of electrons
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where the ion fraction is unity because of energy conservation.
In case of Na, however, where H-- will be larger we observe a
much more gradual change of the ion fraction in the low velocity range, indicating an almost vibrationally adiabatic transition. From these measurements we have to conclude that the
barrier for NO relative to the coupling potential is much
smaller than for 0-, as NO indeed tends to a vibrationally
adiabatic transition.
In the limit of very high velocities different theoretical
models [19,23,24] predict a vertical transition which yields
a Franck-Condon distribution of the vibrational states.
Our measurements show that in case of oxygen the ion fraction
at high velocity

is smaller than the value predicted by the

Franck-Condon model, which is 60%. Possibly direct ionization
of the v ' = 3 level in the outgoing trajectory is responsible
for the low ion fraction. The v ' = 3 level of ÓZ lies only
25 meV below the v = 0 level of O j . In case of NO the velocity
range does not extend-to a value which is high enough for a
vertical transition.
The main factor dominating the distribution of vibrational
states in the ionic exit channel is a generalized LandauZener transition probability [12,14,24,25]. The diabatic transition probability for a vibronic transition between v = 0
of the covalent state to v ' = &
-2 ÏÏ H 2

where

<u

ol

v

]c>

V

2

of the ionic state is given by

9

is the Franck-Condon factor and the other

factors have their usual meaning. For these large impact parameters processes
H2

2
* 2 ~ H122 R
c
'P1-^2 ~
'

The value of this quantity does not vary much for the different alkali atoms [15,16]. This explains why the branching
ratios for the different alkali species approximately scale
to the same curve as a function of velocity.
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4. CONCLUSIONS
Measurements on the branching ratio of electrons and negative ions produced in collisions between alkali atoms and the
molecules 0~ and NO show that the vibrational excitation of
the negative molecular ion strongly depends on the collision
velocity. In the limit of low velocities the transition is
almost vibrationally adiabatic, at high velocities the transition is almost vertical. Although the dynamics of these vibronic transitions is well understood by now, for an exact
calculation reliable data on the potential energy surfaces
involved are needed.
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Summary
This thesis mainly is devoted to an experimental and theoretical study on vibronic transitions which occur in collisions between an alkali atom and several diatomic molecules.
A brief overview of some existing theories on vibronic
excitation in atom-diatom collisions is given in Chapter I.
The conclusion of this discussion is that theories on vibronic
transitions, in which the vibrational motion of the molecule
is treated classically, are more or less inconsistent.
An experimental study on electron and ion production in
repulsive Cs-CO and Cs-N- collisions, which is presented in
Chapter II, shows that a forced reorientation of the molecule
during the collision might have a dramatic influence on the
electronic transition probability. Such a forced reorientation is due to the repulsive interaction potential between
the atom and the molecule.
Some experiments on electron and ion production in Cs-NO
and Cs-O 2 collisions are presented in Chapter III. In such
non-repulsive collisions, the production of electrons and
ions is due to vibronic coupling. The experimental data are
discussed in terms of some existing models. From this discussion it will be clear that a new consistent theory on
vibronic transitions is needed to explain the experimental
data.
A new theory on vibronic transitions is given in Chapter
IV. It will be shown that some existing models are limiting
cases of this theory. The experiments which are described in
Chapter III will be explained according to the new theory.
Chapter V contains an experimental study on the relative
probabilities for ion and electron production in collisions
between a Na, K or Cs atom and an O~ or NO molecule. These
experiments suggest that the incident velocity of the alkali
atoms has a predominant influence on the relative probabilities for ion and electron production in these collisions.
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Samenvatting
In dit proefschrift wordt een experimenteel en theoretisch
onderzoek naar het mechanisme van vibronische overgangen, die
plaatsvinden in botsingen tussen een alkali atoom en sommige
twee-atomige molekulen, beschreven.
Een beknopt overzicht van sommige bestaande theorieën aangaande vibronische aanslag in atoom-molekuul botsingen wordt
gegeven in Hoofdstuk I. Het blijkt dat modellen waarin de trilling van het molekuul klassiek wordt beschreven in bepaalde
opzichten tegenstrijdigheden bevatten.
Een experimenteel onderzoek naar elektronen- en ionenproduktie in rèpulsieve Cs-CO en Cs-N2 botsingen laat zien dat
een gedwongen draaiing van het molekuul gedurende de botsing
de kans voor een elektronen overgang in hoge mate bepaalt.
Deze gedwongen draaiing wordt toegeschreven aan de sterk afstotende krachten die het molekuul gedurende de botsing met
een atoom ondervindt. Dit onderzoek wordt in Hoofdstuk II beschreven .
In Hoofdstuk III worden enige experimenten aangaande elektronen- en ionenproduktie in Cs-NO en Cs-O- botsingen besproken. In deze niet-rèpulsieve botsingen wordt de elektronenproduktie veroorzaakt door vibronische overgangen die resulteren in de produktie van auto-ioniserende trillingstoestanden
van ol en N0~ molekulen. De metingen worden vergeleken met de
voorspellingen van enige bestaande modellen. Uit deze diskussie blijkt dat deze modellen de experimenten niet kunnen
beschrijven.
Een nieuw model dat vibronische overgangen in atoom-molekuul botsingen wel goed beschrijft wordt in Hoofdstuk IV gepresenteerd. Sommige bestaande modellen blijken eenvoudige
limietgevallen van deze meer algemene theorie te zijn. De experimenten die in Hoofdstuk III werden beschreven blijken met
deze theorie te kunnen worden verklaard.
In Hoofdstuk V worden enkele metingen van de relatieve
waarschijnlijkheden voor elektronen- en ionenproduktie in
botsingen tussen een Na, K o f Cs atoom en een 0~ of NO mole-
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kuul beschreven. Uit deze experimenten blijkt dat deze relatieve waarschijnlijkheden in hoge mate door de botsingssnelheid van het alkali atoom worden bepaald, terwijl de aard van
het gebruikte alkali atoom van ondergeschikt belang is.
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