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Chapter 1

Introduction

The results described in this thesis contribute to chemical physics. In
this introductory chapter various aspects of the physics of diatomic
molecules are discussed. The experimental principle and our set-up for
translational spectroscopy are given.

1 General Introduction

The experiments described in this thesis have been performed to increase our
knowledge on dissociative excited states in diatomic molecules. These studies are
dedicated to chemical physics, which is in most Anglo-Saxon countries part of
chemistry. Chemical physics works towards a detailed microscopic description of
molecular systems and elementary chemical reactions. This aim severely limits the
complexity of systems that can be handled experimentally and theoretically.
Therefore many experiments and theories deal with simple molecules which consist
of not more than three atoms, or which adopt their simplicity from symmetry
reasons.

The physics of the internal motion of molecules is fully described by the
Schrodinger equation. It is almost always impossible to solve this equation exactly,
except for the simplest molecule, the H| ion. Therefore solutions of the time
independent Schrddinger equation, energy levels of stationary states, have to be
found experimentally, guiding theoreticians to find approximations to solve the
Schrodinger equation. Extensive treatises have been written on the structure of
diatomic molecules,1^ focussed on the effects of terms in the Hamiltonian that
prevent the Schrodinger equation from being solved exactly.

The structure of isolated molecules can be studied experimentally in many
spectroscopical techniques. In fundamental studies of elementary chemical
reactions one has to limit oneself to very simple reactions in order to stay close to
the aim of the complete description. Over the last decade new refined experiments
have been set up, in which reactants are prepared in well defined quantum states
and products are analysed state selectively.4'5 Setups employing crossed neutral
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Chapter 1

beams, laser preparation and probe techniques, and alignment in neutral beams by
electrostatic multipole fields are examples of these refinements. A microscopic
description of the behaviour of molecules in chemical reactions and their reactivity
is in its infancy and the physics of simple diatomic molecules still offers many
possibilities to start rewarding experimental and theoretical efforts.

The experiments described in this thesis address questions on the
redistribution of excitation energy over the internal electronic energy and the
kinetic energy of fragment atoms. In this respect these studies probe dynamic
features as in reactive processes. Rydberg states have been produced in
heliumhydride and molecular oxygen and their (pre-)dissociation behaviour has
been studied with translational spectroscopy.

2 Experimental

2.1 Background

Technological developments in the last decades have made it possible to construct
experimental setups with increased selectivity and sensitivity. Classical ways to
obtain information on excited states of simple molecules were absorption and
emission spectroscopy. The selection rules governing one photon transitions limit
the applicability of absorption spectroscopy to studies of subsets of excited states.
Additional information could often be obtained from emission spectroscopy. In this
technique the molecules under study are excited in discharges and the emitted light
is analysed. Although generally both initial and final state of the emission lines are
unknown, impressive results have been obtained, for instance in the assignment of
emission spectra of H2 by Dieke.6 Absorption spectroscopy of highly excited states
is now possible with synchrotron radiation, an efficient source of high energy
photons.

The availability of lasers gave new impetus to absorption spectroscopy in the
form of laser induced fluorescence. The extremely narrow bandwidths, which can
be obtained, may create the problem that too many features can be observed. High
intensity laser pulses have increased the applicability of lasers for spectroscopic
means. In a sufficiently high intensity laser pulse (109 W/cm2) an excited state can
be reached by the simultaneous absorption of more than one photon, allowing a
study of excited states which are not coupled to the ground state via a dipole
transition. By absorption of again an extra photon this intermediate resonance state
may be ionized. The intermediate state can be observed by detecting the formed
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Introduction

molecular ions or electrons.7-8 This spectroscopical technique is called resonant
enhanced multi-photon ionization (REMPI). Another way to populate and probe
electronically excited states of simple molecules is by measuring the energy loss of
monoenergetic electrons colliding with the molecules under study.9 This technique
is called electron energy loss spectroscopy (EELS) and a great advantage of this
technique is the ease of changing the excitation energy, only changing the settings
of an electron energy analyser. Proper choices for the energy of the incoming
electrons and the scattering angle of analyzed electrons enable a study of excited
states which are not dipole coupled to the ground state or have a different spin
multiplicity. A disadvantage of this technique is the limited resolution, energy
resolutions of 10-20 meV are obtained.10 Therefore the interpretation of the
complex EELS spectra depends often on independent theoretical or experimental
input. Lineshapes in absorption experiments bear information on the lifetime of the
excited states but the way the excitation energy is redistributed is not observed.

Nature can use the excitation energy to drive the dissociation of the excited
molecule, transferring part of the electronic energy into kinetic energy of the
fragment atoms. Translational spectroscopy is a means of determining the kinetic
energy released in dissociative processes.11 Thus, >/ith this technique knowledge
can be acquired on details of the dissociation process, complementing high
resolution absorption data. However, previous translational spectroscopy
instruments made use of static electric or magnetic fields for the energy (or
momentum) analysis, which limited the applicability to ionic fragments. Therefore •• j
a development was needed to make this technique suitable for the study of excited <
neutral molecules and their neutral fragments. In recent years at the FOM institute
for Atomic and Molecular Physics a new method of translational spectroscopy has
been developed by De Bruijn and Los,12-13 which permits the analysis of neutrals
fragments. Moreover our method surpasses the classical methods for translational
spectroscopy also in sensitivity.

Before discussing the actual experimental principle and setup, a relatively new
technique for doing spectroscopy on dissociated neutral molecules should be
mentioned. It employs the Doppler effect, which shifts the resonance line of a v
fragment due to its velocity component in the direction of a single mode probe •
laser.14 The need to scan the probe laser and the information of only one velocity t
component are drawbacks. In Table 1 some qualifications of the mentioned <i|
experimental techniques are given. ~J
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Table 1 Some experimental techniques in chemical physics

spectroscopy resolution selectivity comments

absorption

emission

REMPI
EELS
TS (AMOLF)

Doppler

cm'1
10"5(*)

10-2

10-2

120
8

20

meV
10-6

10-3

10-3

20**
1*

2.5

dipole only

dipole*

spin*

weak dipole*
unknown**

dipole*

*single mode laser

*excitation process reduces selectivity

*number of photons determine selection rules

** non typical *dipole transitions dominate

*best result, **target I.P. important

*for transition in fragment

2.2 Experimental Setup

Fig. 1 shows the principle of the method of translational spectroscopy, as we apply
it. Neutral excited molecules are produced in charge exchange collisions between
fast molecular ions and atomic gas phase targets. The molecular ions are created in
an ion source using electron impact on pure gas (e.g. H2 or O2) or gas mixtures
(e.g. He and H2 for the production of HeH+). The extracted ions (beam energies
£o=4-15 keV) undergo mass selection in a Wien filter and are then focussed with
ion optics through the charge exchange cell at the centre of our detector. Two
extreme situations can be distinguished;
i) the fast neutral molecules formed by charge exchange are stable or metastable

with lifetimes long with respect to the flight time through the remainder of the
apparatus (1-5 u,s); these neutrals may be photo-dissociated further down-
stream crossing the neutral beam with a laser. De Bruijn and coworkers15>16

and Koot17 demonstrated the unique powers of this setup in detailed studies of
the n=3 states of H2.

ii) the formed excited neutrals dissociate after a time that is short with respect to
the flight time (lifetimes smaller than 1-10 ns). These dissociative charge
exchange processes form the subject of this thesis.

Due to the kinetic energy that the atoms gain in the photodissociation or the
dissociative charge exchange process they diverge from the fast keV beam and are
intercepted after a distance L by a time- and position-sensitive detector. For a
detailed description of this device I refer to the thesis of De Bruijn.13 The distance
R and time difference T between the fragments (masses m} and ni2, M=mi+m2) are
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Introduction

measured in a coincidence technique. These two quantities determine the kinematics
of the dissociation and can be used to calculate the released kinetic energy e and the
angle 6 between the recoil velocity and the ion beam axis (see Fig. 1):

0=arctg(—) (2)
V()T

The last factor in Eq. 1 is unity for equal masses and is close to unity if the fragment
masses differ.

detector

I
vapour cell for

mass selected
ion beam

AB
3 - 15 keV

charge exchange

+ dissociation

I

Fig. 1 Principle of the experimental method. The AB+ ion beam is extracted frc.n a
Nier type electron impact source, with variable electron impact energy. After mass
selection by a Wien filter, the ions are focussed through the charge exchange cell onto
the centre of the detector at a distance L behind the charge exchange cell. In the charge
exchange cell AB* is formed and dissociates. The fragments A and B leave the beam
due to the kinetic energy released in the dissociation. The distance R and flight time
difference Tare measured with the position and time sensitive detector.

Some practical aspects of the dissociative charge exchange experiments will
now be discussed. The resolution in the kinetic energy release (e or KER from now
on) is determined by the uncertainty in L (AL is the length of the charge exchange
cell), in R (A/? is constant over the detector and of the order of 180 Jim) and in T
(AT is about 1.5ns). High resolution KER spectra were recorded by accepting only
dissociations with small T values, thus 6 =90°. In this situation and assuming
mi=m2 the relative (Ae/e) and absolute (Ae) resolution are dominated by:
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Ae AR "\E.EQ „ , „
— = 2-r- and Ae = AR—;— (3a,b)
e K *-

If a high energy resolution is wanted for known KER values, then it is advantageous
to enlarge L or to decrease the beam energy EQ (see Eq. 3b). In a KER spectrum (at
fixed L and EQ ) the relative resolution worsens but the absolute resolution
improves with increasing KER.

Two lifetime aspects will now be discussed. If a neutralized molecule has a
certain lifetime, it travels a distance x before it dissociates. The observed apparent
KER value (ea) is smaller than the released e and is given by:

An tail to low energy can then be observed, reflecting the decay rate. Lifetimes
between 2 and 100 ns can be determined from this tailing of sharp structures in a
KER spectrum. The second lifetime aspect is the well known natural energy width
connected to the Heisenberg uncertainty relation. If xe is the time in which 1/e of the
molecules is left in an exponential decay and T is the FWHM of the corresponding
Lorentzian shaped energy profile, then :

r.xe=n (5)

Broadening of peaks in a spectrum due to this natural linewidth can be observed, if
the width exceeds the absolute energy resolution. Associated lifetimes smaller than
0.5 ps can be observed in fortunate cases. Neutral molecules with lifetimes between
1 ps and 1 ns do not reveal their lifetime in our apparatus.

Finally, some typical values for the parameters in these experiments are given.
The beam energy has been varied between 3 and 15 keV. Typical beam currents
from our electron impact ion source on the detector were 0.05-10 pA, measured on
the Faraday cup at the centre of the detector. The flight length L has been varied
from 0.5 to 2.3 m. The resolution in energy (Ae/e) is typically 1%. Total
coincidence count rates ranged from 50 Hz in some experiments on HeH to 5 kHz
with calibration experiments and experiments on O2. The maximum of 5 kHz on the
coincident count rates is determined by the on-line processing of the recorded
events. This includes the transformation of the observables to KER and 9 values
and storage in various multichannel analysers.

Although all constants in Eq.l can be determined, and an absolute energy
measurement from the geometry alone is possible, the detector was calibrated
recording KER spectra from dissociative charge exchange experiments with HJ
and-Cs, as reported by De Bruijn.13
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2.3 Near-resonant Charge Exchange

An important aspect in our technique is the charge exchange collision, in which the
neutral excited molecules are formed. Many experiments in keV ion-atom
collisions and theories, as developed by Demkovis and Olson and Smith,1? show
that the dominant reactive process is the (near-)resonant charge exchange.

S _
CD

a
a>

13
• i—i

"a
CD

O

AB+

CO

S ,
CD

a
a>
o

A+B

internuclear distance -»
Fig. 2 Model potential scheme giving the electronic energies as function of the distance
between the atoms A and B for different states. Near-resonant charge exchange is
illustrated by the length of the double arrow giving the ionization potential of the target
atom X. The three possible reactions in neutralization and subsequent dissociation are
sketched. (I) Population of the upper directly dissociative state leading to a hump at
high , reflecting the ionic state wave function (FWHM about 1 eV) in the kinetic
energy release spectrum. (II) formation of a quasi-bound state which is predissociated;
its position in the potential diagram is reflected by the sharp line in the KER spectrum.
(Ill) formation of a quasibound state which dissociates after emission of a photon to a
repulsive state, giving now at low KER values a broad feature, since photons are
emitted over the whole vibrational wave function.

In Fig. 2 near-resonant charge exchange is illustrated by showing the
ionization potential of the target gas between the potential curves of the parent ion
state and the produced electronic state (length of the double-sided arrow). A
potential curve gives the electronic energy as a function of the internuclear
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distance. The KER spectra of H^ ions on various targets as Ar, Mg, Na, and Cs
supported the importance of near-resonant charge exchange in collisions of
molecular ions with metal atoms.13 The choice of the target gas for the production
of excited neutral molecules can be deduced from inspection of Fig. 2. The
ionization potential of the target has to be much smaller than the ionization potential
of the molecules under study. Therefore alkalis and alkali earths are obvious
choices. Replacement of one alkali by another changes the internal energy of the
neutralized molecules.

The values of the ionization potentials of product neutral molecule and target
atom as a measure for the resonant character of the neutralization is a simplification
of this process. In fast ion-atom collisions. Olson19 and Sidis et al20 pointed out the
importance of the polarization forces, which change the asymptotic energy
differences between the incoming (fast ion and target) and outgoing (fast neutral
and ionized target) channel. During the collision neutralization takes place at the
critical distance where the interaction energy between the electronic states that
describe the incoming and outgoing channels equals the difference in potential
energy. The potential energy difference at the critical distance depends on a
combination of the asymptotic energy difference and the polarisation forces. With
molecules the neutralization process is even more complicated due to the increased
internal structure. Franck-Condon overlap integrals between the vibrational wave
functions of the ionic state and the excited neutral state play a role. Sidis and De
Bruijn gave a theoretical description of the near resonant charge exchange process
of HJ on Mg.23 Work is in progress in our group to gain insight concerning details
of the charge exchange collision by monitoring not only the electronic state
produced but also the scattering that the molecule undergos in the charge exchange
collision.

The central theme of the work described in this thesis is the fate of the formed
neutral molecules and only cursory excursions will be found to details of the
intriguing charge exchange process itself. Fig. 2 also shows the possible different
neutralization and consecutive dissociation channels and their consequences on the
KER spectrum. The formed neutral electronic state can have a bound or a directly
repulsive potential curve. For example, if the (second in Fig. 2) repulsive state is
populated then the vibrational ionic states are mirrored onto the continuum states.
Generally the width of the mirrored R range is reduced by the condition of near
resonant charge exchange. Still, in the KER spectrum a broad feature (I) can be
observed, which peaks near the energy of the resonant charge transfer. If the
electron is captured in a (quasi-) bound state two dissociative processes can be
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discerned: i) the electronic state is predissociated (see section 3.3), the molecule
falls apart and a sharp peak (II in Fig. 2) reflects the position of the quasi-bound
level in the potential energy diagram, and ii) the electronic state is dipole coupled to
a lower lying state and the molecule emits a photon. In the case of photoemission to
a repulsive state the complement of the fluorescence spectrum can be observed at
low KER values (the lower repulsive state, III in Fig. 2). Although the spectro-
scopic information in this last phenomenon is limited, Koot17 employed this feature
to directly observe the oscillatory character of quasi-bound vibrational wave
functions in H2 and to monitor the mixing in the n=3 Rydberg states of H2.

3 Theoretical

3.1 Adiabatic and Diabatic Potential Curves

Without claiming any completeness on this topic the concepts of adiabatic and
diabatic potential curves will be discussed. The description of nuclear motion in
electronic potential curves is an approximation and assumes that the movement of
electrons and nuclei are in some way independent. An exact description can be
obtained by solving the time independent Schrodinger equation that describes the
molecular system:

//V(r,R)-£¥(r,R)=0 (6)

H is the total Hamiltonian for the system, r and R are the coordinates of electrons
and nuclei, respectively. Ignoring terms that contain spin, H is given by:

^ 2 (7)

In these equations, JJ. is the reduced mass of the molecule, Z\,Zt are the nuclear
charges of the atoms, R is the internuclear vector with length R, N the number of
electrons with mass m and r,,i, r,-,2 and ry the distances of the electrons to the nuclei
and each other. The division in Eq. 7 is meant to separate the nuclear kinetic energy
operator (first term) from the rest of H. Adiabatic states are now defined as the
solutions of the form:

(9)

19



Chapter 1

with {<]),•} a basis set of electronic wave functions, which parametrically depend on
the internuclear distance R , and which are diagonal in //ei, thus:

<^i\Hcl\^>=Vff(R)dij (10)

Neglecting terms where the nuclear kinetic energy operator works on the adiabatic
electronic states, the nuclear wave functions Xyi, with n the vibrational quantum
number, are determined by:

[-^K2+Vf(R)-E]Xi,n(R)=0 (11)

The electronic energy eigenvalues V ff(R) are the adiabatic potential energy
curves. The derivation of Eqs. 10 and 11 defines the so-called Born-Oppenheimer
approximation. The coupling between electronic motion and nuclear motion, which
results in mixing of adiabatic electronic states, has been neglected; the mixing terms
are of the following form:

^ g (12)

(13)

In a basis of electronic eigenstates of Hs\ the non-crossing rule holds rigorously.
Two adiabatic potential energy curves do not cross if they have the same
symmetry. Symmetry is defined by the conserved quantities: spin, parity and
electronic angular momentum or its relevant projections. The Hund's cases define
idealized molecular descriptions and the relevant conserved quantities.1 In Fig. 3
the consequence of this is shown; if two adiabatic potential curves approach an
avoided crossing is present. Over the avoided crossing the electronic configuration
changes as suggested in Fig. 3. This change of character as a function of R will be
reflected in an increase of the neglected terms of Eqs. 12 and 13. If non-negligible
off-diagonal coupling terms between adiabatic states turn up, it implies, that
transitions between the adiabatic states are possible. A new set of approximate
electronic eigenstates can now be defined, which are called diabatic states. Diabatic *
states are constructed by diagonalization of the matrix, consisting of the adiabatic |
eigenenergies (diagonal elements) and the so-called d/dR (Eq. 12) coupling |
elements. Diabatic electronic states (4>df) obey by definition: |-

<tff IV* I tff > =0, for all ij (14) s:
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Fig. 3 Adiabatic and diabatic potential
curves, a) the non crossing rule results in
the double well structure, the character of
the electronic states varies rapidly over the
crossing (line to dashes), b) the
corresponding crossing diabatic states.
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/

1 1 /
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internuclear distance

The resulting electronic states are no longer eigenstates of the electronic
Hamiltonian, and the non-crossing rule is no longer valid. Fig. 3b shows the
diabatic potential curves which result from the diagonalization of the d/dR coupling
between the adiabatic states. As a consequence the character of the electronic wave
function does not display abrupt changes with R. The velocity of the system near the
avoided crossing plays an important role in the preference of Nature for an
adiabatic or diabatic representation. This is illustrated by the occurrence of VR, the
momentum operator. The magnitude of the wave-vector or classically the
momentum of the system near the crossing effects the importance of the coupling
(Eq. 12). The velocity determines partly the representation to be preferred. The
importance of momentum explains the preference of diabatic potential curves over
adiabatic potentials in the description of many collision experiments.

It has to be stressed that any exact description of a physical problem is
independent of the chosen basis set, which is a mathematical tool; in approximate
descriptions, which are often applied in the interpretation of experimental results,
the choiceof the approximation and the connected basis set is important.

3.2 Rydberg and Valence States

Most experimental studies on our apparatus for translational spectroscopy share
charge transfer collisions between fast molecular ions and metal atoms. In many
cases Rydberg states are formed in the collisions. Molecular states are divided over
Rydberg and valence states. Following the definition given by Lefebvre-Brion and
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Field,3 valence states are associated with electronic configurations in which all
molecular orbitals are comparable or smaller in size than the typical 2A molecular
internuclear distance. Valence molecular orbitals are constructed from atomic
orbitals with principal quantum number, n , less or equal to the maximum n of the
atomic orbitals that define the ground state configuration of the atoms. This
definition sets a limit on the amount of valence states. The electronic energy of
valence states can be large and in many cases the valence state energies exceed the
the ionization potential. Rydberg states have at least one electron in a Rydberg
orbital, which shares many of the characteristics of hydrogenic orbitals. The mean
radius of a Rydberg orbital increases as (n*)2, with n* the effective principal
quantum number. Rydberg states form (infinite) series with the binding energy of
the outer electron £R given by:

ER=EW--^ (15)

with 9S the Rydberg constant, £jOn is the energy of the ion, which depends on the
rovibrational state. Each vibronic level forms a Rydberg series this way. In
heliumhydride all bound excited states are Rydberg states. The diffuse character
and large size of the Rydberg molecular orbitals hardly perturb the HeH+ ion core.
The unfilled ground states (valence) orbital has a strongly antibonding character,
which gives the ground state of heliumhydride its unbound repulsive character.
Potential curves of molecular Rydberg states are similar to the potential curve of
the ionic state, to which it converges; this can be observed by the rotational (Bv) and

r
DC

CD

C
CD

Is
~J3
CD

O

r

\\
V
v3n

\\ /
\ /—3Pau

AN

internuclear distance ->

Fig. 4 An example in O2. The interaction
between the -̂ IT,, Rydberg and valence state
transforms the diabatic potentials in a new set,
whose molecular constants completely differ.
The difference in the diabatic states is only one
molecular orbital (3pau -»5ff«). The dashed
curves form the diabatic (Rydberg and valence)
curves, the other curves show the mixed
adiabatic character, which describes the
observed behaviour.
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vibrational constant (coe)- Often Rydberg states, especially in atoms, are associated
with states having a high principal quantum number only. In many molecules the
first Rydberg states display convincing molecular Rydberg behaviour.

The question of whether an adiabatic or diabatic representation describes the
behaviour of a molecular system in the case of energy degeneracies of pure {i.e.
diabatic) Rydberg and valence states of the same symmetry is difficult to answer on
general arguments. It forms an important issue in this thesis. Fig. 4 shows the
effect on the n=3, (3pau)

3Ylu Rydberg state and ( J o ^ n , , valence state in molecular
oxygen.3 The rovibrational states calculated in the potential curves will be different
in the electronic energy, the vibiational spacings and rotational constants for the
adiabatic potentials and the diabatic potentials, given in the dashed curves. The
experimental observations are well described by the molecular constants calculated
in the adiabatic potentials.

3.3 Predissociation

States which are stationary (i.e. long lived states) within an approximate description
are often observed to be non-stationary due to coupling with other (dissociating or
autoionizing) states. This coupling of states is entirely due to an imperfect choice of
the basis functions to describe the wave functions. Couplings result in mixing
between states. If one electronic state is embedded in the dissociation continuum of
another state, radiationless transitions are possible that result in the dissociation of
this quasibound state. This is called predissociation. As shown in Fig. 2 (section 2.2)

Table 2 Classification of predissociation

type of prediss. first -order state coupling example

nonadiabatic adiabatic d/dR A state by X state in HeH

electronic diabatic He\ Ug Rydberg by fig valence in O2

spin-orbit Hund's case (a) #S.O. ^^g by 3 n g in O2 t

gyroscopic* Hund's case (b) (J+L-+J-L+)/2nR2 c3llu by b3!^ in H2 I

rotational** all 'barrier width' observed in many molecules

*) the coupling of A-states due to the inertia of the electron cloud upon molecular fl -.
rotation, ) 'rotational' predissociation is the tunneling through a rotational barrier, L|'
coupling with the dissociative continuum within one state is involved. s ,
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in this case the kinetic energy which is observed gives in our method accurate
spectroscopic information on the energy levels of the quasibound state. Various
classification schemes of predissociation behaviour exist. A classification is given
in Table 2. The type of predissociation, the approximate basis in which the first
order states are calculated and the term, which is neglected in the first order
calculation of the states and which is responsible for the predissociation, are
tabulated. Rotational predissociation is different from the other types mentioned,
since predissociation takes place within one electronic stat°. Sometimes
predissociation can adequately be described from different first order pictures.
E.g. the predissociation of the A2Z+ in HeH by the repulsive X2S+ ground state has
been described both by invoking electronic couplings between the states in a
diabatic representation and by calculation of the nonadiabatic (d/dR) couplings in
an adiabatic representation. The case, where states of the same symmetry are
coupled is called homogeneous perturbation. In this definition the spin is not taken
into account. Thus spin-orbit interaction can cause predissociation by
homogeneous interaction, involving changes in the spin S. Predissociation by
rotational coupling is an example of an inhomogeneous perturbation. Another
classification scheme is given by Mulliken,22 who discerns various types of
potential curve crossings. Crossing can take place in the outer limb of the
quasibound potential curve, as in Fig. 3b; then the efficiency of predissociation and
thus the linewidth F depend very much on the rovibrational level, due to a varying
overlap between the nuclear wave functions of the different rovibrational levels
and the continuum wave functions. If potential curve crossings take place at the
inner limb of the bound potential, then the efficiency of predissociation is much less
dependent on the rovibrational level.

4 Contents and Outlook

4.1 Contents

An account will now be given of the results presented in the following chapters. In
chapters two through four results on the spectroscopy and dissociative decay of the
excited states of heliumhydride (HeH) are explained. No long-lived bound
electronic state of HeH exists, even the ground state of the HeH molecule is
repulsive. The bound character of the excited Rydberg states is due to the stability
of the HeH+ ion. The positions and dissociation pathways of the A2I.+ and B2Tl
states are determined in chapter two, chapter three contains a theoretical
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description of the decay of these states. The calculations served two purposes: to
increase the understanding of the observations given in chapter two, and to check
the applicability of single configuration wave functions calculated in self-
consistent-field calculations on a simple system such as HeH. In chapter four an
isotope dependent dissociation behaviour of the C2S+ Rydberg state is reported
which is explained with the theory given in chapter three.

In chapters five through seven observations are presented regarding the first
Rydberg states of molecular oxygen. In spite of the complexity of this molecule
translational spectroscopy proves to be a powerful technique for its study. In
chapter five the spectroscopy of the (3so) d'Ug and C3Ug states is treated, and the
stability and decay of these Rydberg states is discussed qualitative'y. In chapter six
an experimental study is described of the (3s&) ^Ug, v=4-8 stu.es. By isotope
studies and resolving individual rotational lines and the measurements of natural
linewidths we have acquired quantitative estimates on coupling strengths, positions
of repulsive valence states and perturbations reported in literature from REMPI
experiments. The final chapter treats different topics. More measurements on the
dissociation dynamics of the (3s&) d]ng and C3Y\g states are presented. The
elctronic coupling strengths between the C3Ug state and the 3Hg valence state is
established. Observed spin-orbit interactions are quantified and the dissociation of
the multiplet states (C5I15 ,Q=O-2) is correlated with the multiplet states of the
fragment 03Pj=o-2- The second topic treated in this chapter concerns the
spectroscopy of the (3so) Rydberg states, which converges to and are formed in
collisions with the OJ, af'Ylu ion state. The (3s<7ynu state is characterized and in the
(3so)3nu state competition between autoionization and (pre-)dissociation is
observed.

4.2 Outlook

The presented results contain new fundamental information on the spectroscopy
and dissociation dynamics of the low lying n=2 Rydberg stites in heliumhydride
and some of the the n=3 Rydberg states in molecular oxygen. This knowledge
contributes to the information that defines the field of chemical physics. In this
section the question is asked whether other fields of physics can benefit from the
acquired knowledge.

Heliumhydride is a special molecule, due to the fact that its ground state is
unbound. It therefore cannot exist freely in nature. Its properties, the presence of a
series of temporarily (ps to ns timescales) bound excited states, of which at least one
state is connected via a dipole transition to the unbound ground state, obey the
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demands of a lasing medium. The population inversion, needed to start lasing
action, is automatically fulfilled if excited bound states are formed. The rare gas-
halogen excimer lasers, with the KrF laser as the most powerful example, are
systems which use laser media with unbound or very weakly bound ground states.
However extension to light rare gases and light halogens has shown to be difficult,
maybe due to the transition from a weakly bound ground state to an unbound one.
This might decrease the viability of the concept of a (200-300 nm) ultraviolet HeH
excimer laser, too.

Lasing action has also been put forward in the case of the OOS) to O('D)
transition. Both are metastable, their radiative decay times are 0.78 s (O'S) and
110 s (C^D).23-24 Since in thermal collisions the quenching of the O('D) is much
more rapid, population inversion and lasing action is possible around the so-called
'auroral' line at 557.7 nm. The possibility of lasing in this system has been proven
by Rhodes and co-workers in mixtures of O2 with rare gasses.25 It has been shown,
that many ultraviolet photodissociative processes of triatomic molecules such as
N2O, CO2 and O3 efficiently yield O('S) atoms.

The distribution of excitation energy in molecular oxygen over the internal
and kinetic energy of the oxygen atoms, is one of the applicable results from the last
three chapters. This information is of importance for the physics of the higher parts
of the atmosphere. One of the processes that play an important role in the upper
atmosphere is the dissociative recombination of O£ by low energy electrons. The
conservation laws of energy and momentum favour the neutralization in
dissociative states. In the dissociation oxygen atoms are formed and an amount of
kinetic energy is released. This process forms a sink for electrons, heating the
atmosphere via the production of fast atoms. As mentioned in atmospheric regions
with a low particle density the radiative deexcitation of the excited O fragments
gives rise to the auroral glow (O(1S)->O(1D)) and the night glow (O('D)-»O(3P)).
At lower altitudes and increased particle densities the excited O atoms drive much
radical chemistry. The importance of the excitation energy can be understood from
a remark by Durup26 who pointed out the importance of the difference in reactivity
of the 3P2,i,o fine-structure states of oxygen, which have excitation energies of 19
and 28 meV only. The amount of kinetic energy, which is released, is relevant to
the local temperature.27 In modelling this process to determine the production of
excited oxygen atoms in the dissociative recombination process, a correct
description of the repulsive valence states is necessary.28'29 Our results show that
diabatic potentials curves are the preferred description for the Tlg valence states.
The assumption that adiabatic Ylg potentials should describe their behaviour can be
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found in the literature.28,29 The intrinsic interest in detailed information on the
dissociations of simple diatomic molecules does not have to be the only motivation
to start experiments. The occurrence of the same physics in Nature outside the
experiment also forms a natural motivation, too.

References

1 G. Herzberg, in Molecular Spectra and Molecular Structure, (Van Nostrand Reinhold

Company, Inc., New York, 1950)

2 R.S. Mulliken and W.C. Ermler, in Diatomic Molecules: Results ofab initio Calculations,

(Academic Press, New York, 1977)

3 H. Lefebvre-Brion and R.W. Field, in Perturbations in the Spectra of Diatomic Molecules,

(Academic Press Inc., New York, 1986)

4 R.D. Levine and R.B. Bernstein, in Molecular Reaction Dynamics and Chemical Reactivity,

(Oxford University Press , New York, 1987)

5 Workshop on dynamical stereochemistry, J. Phys. Chem., 91(1987)issue 21

6 The Hydrogen Molecule Wavelength Tables of Gerhard Heinrich Dieke, ed. H.M.

Crosswhke (Wiley-Interscience, New York, 1972)

7 P. Kruit, in Photoionization of Atoms in Strong Laser Fields: An Electron Spectroscopy

study, thesis, University of Amsterdam, (AMOLF) 1982

8 J.Th.N. Kimman, Electron Spectroscopy of He and NO: using electron impact and

multiphoton ionisaton, thesis, Free University of Amsterdam, (AMOLF) 1984

9 G.J. Schulz and J.T. Dowell, Phys. Rev., 128(1962)174

10 T.A. York and J. Comer, J. Phys., Bi6(1983)3627

11 J. Los and T.R. Govers, in Collision Spectroscopy, ed. R.G. Cooks (Plenum, New

York) 1978

12 D.P. de Bruijn and J. Los, Rev. Sci. Instrum., 53(1982)1020

13 D.P. de Bruijn, Dissociative Charge Exchange ofH\ investigated with a Two-Particle-

Detector , thesis, University of Amsterdam, (AMOLF) 1983

14 G. Gerber and R. Moller, Phys. Rev. Letters, 55(1985)814

15 H. Helm, D.P. de Bruijn and J. Los, Phys. Rev. Letters, 53(1984)1642

16 D.P. de Bruijn and H. Helm, Phys. Rev., A34(1986)3855

17 W. Koot, Probing of Low Rydberg State Wave Functions in H2, thesis, University of
Amsterdam, (AMOLF), 1988

18 Yu. N. Demkov, Soviet Phys. JETP, 18(1964)138

27



Chapter 1

19 R.E. Olson and F.T. Smith, Phys. Rev., A7(1973)1529

20 V. Sidis, C. Kubách and J. Pommier, Phys. Rev., A23(1981)l 19

21 V. Sidis and D.P. de Bruijn, Chem. Phys., 85(1984)201

22 R.S. Mulliken, J. Chem. Phys., 33(1960)247

23 J.W. Keto, CF. Hart and C.-Y. Kuo, J. Chem.Phys., 74(1981)4433

24 L.C. Lee, T.G. Slanger, G. Black and R. L. Sharpless, J. Chem. Phys., 67(1977)5602

25 Topics in Applied Physics: Excimer Lasers, Ed. Ch. K. Rhodes, (Springer Verlag, Berlin,

1984)

26 J. Dump, Chem. Phys., 59(1981)351

27 A. Dalgarno, in Advances in Atomic and Molecular Physics, vol. 15, Eds. D.R. Bates amd

B. Bederson, (Academic Press Inc, New York, 1979), p. 37

28 S. Guberman, in Thermophysical Aspects of Re-entry Flows, Eds. J.N. Moss and CD.

Scott, (American Institute of Aeronautics and Astronautics Inc., New York, 1986)

29 S. Guberman, in Physics of Ion-Ion and Electron-Ion Collisions, Ed. F. Brouillard,

(Plenum, New York,1983), p.167

28



Chapter 2

Dissociative Charge Exchange of HeH+:
An Experimental Study of the

HeH Molecule

We have studied the dissociation of HeH molecules produced in the
charge exchange between fast HeH+ ions and Cs. The released kinetic
energy is measured by detection in a delayed coincidence technique of
the neutral He-H pairs formed after dissociation. First direct evidence is
reported for quasibound, predissociative states of HeH with energy
levels in agreement with theoretical predictions. HeH* molecules are
formed with large rotational and little vibrational excitation. The decay
mechanisms of the low electronic excited states of HeH are discussed.

1 Introduction

From a theoretical point of view the HeH molecule is one of the simplest
heteronuclear molecules, since its electronic properties can be explained by
reference to basic ideas of quantum chemistry. Indeed, one expects a repulsive
electronic ground state (X2I,+) and attractive electronic excited states. These
excited states belong to a Rydberg series that converges to the electronic ground
state of the HeH+ ion. The tight HeH+ bond is due to charge-exchange interaction
between the He + H+ and He+ + H configurations along with some polarization
effects of the He atom by H+. These properties have been confirmed by molecular
calculations performed on the HeH molecule.1'2 Recent accurate ab initio results of
Theodorakopoulos et al3 make possible now a precise determination of vibronic
levels of the low-lying excited states (especially the first two excited states: A E+

29



Chapter 2

and B TV). However, the decay mechanisms of these states by photoemission to
and/or predissociation by the X2T.+ ground state are still not known from theory
since calculations of dipole transition moments and dynamic couplings are lacking.

From an experimental point of view little is known about the HeH
molecule since the usual spectroscopic methods cannot be applied. The first pieces
of information were provided from the field of atomic collisions. Among the
abundant literature on collisions between hydrogen atoms and helium the
experimental determination of the electronic excitations in this collision,4 which
focused on the effect of dynamic couplings, is of interest with respect to the present
study. This effect was analyzed with reference to the Barat-Lichten molecular-
orbital promotion model.5 Very recently the existence of bound excited states of
HeH was proved by emission spectroscopy of HeH molecules produced in two
ways: (/) by reactions of He and H2,6 and (if) in charge exchange collisions between
HeH+ and alkali vapours.7 Still, these measurements do not lend themselves to a
direct comparison with theory.

The results presented in this chapter contain the first direct evidence for
predissociation of excited states of the HeH molecule and for the competition of
predissociation and photoemission in this molecule. Moreover, the reported
measurements provide the first experimental determination of the excited energy
levels of HeH.

1 2 3 4 5 B 7 8

internuclear distance

Fig. 1 Potential energy curves of HeH
(from Ref. 3) and illustration of the decay
mechanisms by photoemission (indicated by
arrows) and by predissociation. A
schematic spectrum of released kinetic
energies is shown on the right side of the
figure. The KsH+ (v = 0) + Cs channel lies
at - 7.8 eV.
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2 Experimental

The experimental procedure has been described elsewhere,8 therefore only a
summary of the relevant details is reported here. The HeH+ beam is formed in a
Nier-type electron-impact source working at high pressure (0.1 - 1 Pa) with a 10:1
mixture of helium and hydrogen. After mass selection by a Wien filter the fast (6-
10 keV) ion beam is directed through a collision cell (length = 0.8 mm) filled with
cesium vapour. The target thickness is kept small in order to ensure single-collision
conditions. Behind the collision cell all charged particles are deflected away. The
neutral fragments resulting from the charge exchange process

HeH+Cs -> (HeH)* + Cs+ (1)

'->He + H

enter a field-free region of 580 mm length. Both fragments are detected in
coincidence with a time- and position-sensitive detector. This device allows an
accurate determination of the kinematics of the dissociation. Both the centre-of-
mass recoil angle (0) with respect to the incident beam direction and the released
kinetic energy (e) are calculated on line and stored. Intrinsically the method has
optimal resolution for equal-mass fragments. The present results concern the 3HeD
isotope. However, experiments have also been performed on HeH and HeD. For
an absolute calibration of the kinetic energy release scale we have replaced the
H e H + beam by H£ (Dj) and observed the structures associated with the
predissociation of the c3ll* state in H2 (D2).8'9 The accuracy of the absolute scale is
estimated to be 60 meV around e = 8 eV and the experimental resolution around
e= 7 eV is better thau 1%.

3 Results and Discussion

From the comparison between the ionization potentials of Cs and the HeH
molecule2-3 at Re (HeH+) = 1.46 ao, a predominant population at the A21.+ and B2U
states of HeH is expected (see Fig. 1; we follow the notation of Ref. 3). Populations
of X2Z+ , C 2 £ + , and higher excited states are less probable because of a larger
energy defect in reaction (1). From the arguments developed previously in the
study of the dissociative charge exchange of H£,9 it is expected that the vibrational
population of the Rydberg excited states of HeH closely reflects the vibrational
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population of the HeH+ beam. The A2Z+ and B2U+ vibronic states can undergo
decay by both photoemission to and predissociation by the A2Z+ ground state. On
the other hand, the B TV component can only decay via photoemission. A schematic
spectrum of released kinetic energies associated with the dissociation mechanisms
of the A and B states is shown in Fig. 1, too.

.a -

O 1 2 3 4 5 6 7 8 9 10 11

kinetic energy release (eV) ->

Fig. 2 Measured kinetic energy release spectrum. Only dissociations perpendicular to
the beam (©=90°) of 3HeD molecules formed by a charge exchange between 3HeD+

and Cs at 6 keV have been selected.

According to the above discussion the continuous part, e<7.8 eV, in the
measured spectrum of Fig. 2 is due to radiative decay.10 The structures observed
for 7.8 < e < 10.5 eV are due to energy levels of predissociative states. Further
analysis of this part of the spectrum requires the knowledge of the vibronic energy
levels of the A and B states. The values of the lowest five vibrational levels of A and
B states, calculated from available potential data,3 are reported in Table 1. This
table shows that for each value of the vibrational quantum number v>0 the
individual contributions of A (v>0) and B (v-1) can hardly be distinguished
experimentally.11 Considering our energy resolution (better than 1%), the form of
the peaks in Fig. 2 indicates a broad distribution of rotational levels in the HeH*
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molecules. The same conclusion was reached from the experiment of Ketterle,
Figger and Walther7 where the HeH molecules were produced in conditions very
close to the present experiment. They proposed a rotational temperature of 3100 K.
Experimentally, highly excited rotational levels have also been reported for the
HeH+ ions.12

Table 1 Vibronic levels in the A2E+ and B2U states of -̂ HeD

Vibrational A state B state Spectroscopic values (cm"1)
quantum number (eV) (eV)

v = 0

v=l

v = 2

v = 3

v = 4

v = 5

7.875

8.211

8.527

8.825

9.095

9.337

8.220

8.523

8.810

9.072

9.307

9.518

2860

2630

76
84

(A -state)

(B -state)

Legend. Lowest vibrational energy levels of the A £+ and B FI states of the HeD
molecule. The values are obtained by numerical integration of the Schrodinger
equation with use of the potential data of Ref. 3. The energies are given with respect
to the dissociation limit of the X S+ ground state. For practical interest some
spectroscopic constants are also reported.

In order to assign the peaks observed at energies between 7.8 and 10.5 eV, we
have performed a computer simulation of the spectrum13 using (j) vibronic levels
of the A and B states, calculated from the theoretical potential data,3 (ii) a rotational
temperature of 3100 K, independent of v, and («/) the apparatus function. Only the
sums of the populations of the A(v>0) and B(v-l) levels relative to that of the
A(v=0) level have been adjusted in order to fit the measured spectrum. The result
of the simulation, shown in Fig. 3(a), supports the calculated vibronic levels,
although the experimental results suggest that the theoretical position of the A2E+ -
state (from Ref. 3) may be high by 40 ± 60 meV. From Fig. 3(a) we conclude that
only the low vibrational levels (v < 3) of HeH (and thus of HeH+) are significantly
populated. This finding is consistent with the results of calculations on the reactive
collision14 H£ + He -> HeH"1" + H for the vibrational distribution of the formed HeH+

ions. The first peak in Fig. 3(a) is clearly due to the predissociation of A22+,v=0.
The other peaks can in principle consist of contributions from the predissociation
of both A2Z+,v > 0 and Z?2n,v - 1 . In order to estimate the relative importance of
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2 4 G 7.5 8.0 8.5 9 .0

kinetic energy release (eV) ->

Fig. 3 Comparison between experimental kinetic energy release spectrum (full lines)
and simulations (dashed lines and dotted line), (a) High-energy region; the simulation
involves for the total populations of the levels A(v = 0), A(v = 1) + B(v = 0), A(v =
2) + B(v = 1),.... the values 1; 0.65; 0.18; 0.12; 0.08. The energies of the lowest
vibrational levels of the A and B states are indicated in the upper part of the figure, (b)
Low-energy region: the calculated spectra correspond to the hypothesis (i) (dashed
line) and (ii) (dotted line) developed in the text. These calculations involve numerical
determination of the overlap between bound and continuum nuclear wave functions
weighted by both the vibrational distribution and the v3 factor (v is the frequency of
the emitted light).

the A 2 I + and B2U states two extreme hypotheses have been tested: (i) no
predissociation of B2Yl, and (ii) maximal predissociation of the B2Tl state (i.e., the
second peak in Fig. 3(a) is only due to predissociation of the S2FI state). From these
two hypotheses a very different vibrational distribution results, which can now
be found, on the assumption that the ratio between the predissociation and
photoemission lifetimes is independent of the vibrational level. Indeed with the first
hypothesis the vibrational distribution is given by the fitting procedure (see Fig.
3(a)); with the second hypothesis, the population of the v = 1 level is zero. Since the
form of the continuous part in the released kinetic energy spectrum strongly
depends on the vibrational distribution of the photon-emitting states, a test for both
hypotheses is possible.15 The continuous part of the spectrum has been calculated in
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a standard way.16 The comparison with the experiment [see Fig. 3(b)] provides
support to the first hypothesis. Accordingly the vibrational distribution of the
5HeD* molecules is 1, 0.65,0.18,0.12,0.08 for v = 0 ,1 , 2, 3 and 4. Moreover, we
conclude that predissociation of the B U+ state is insignificant. Since this state is
likely to be produced in amounts similar to the populations of the B TV and A I +

states, it is concluded that the B Yl state (both components) preferentially decays via
photoemission, while the A2S+ state decays via predissociation.

We clearly observed strong radiative decay of the B2Yl state, and concluded
that its predissociation is insignificant. However, we made preliminary calculations
of the predissociative lifetimes by rotational coupling indicating that
predissociation should be competitive with radiative decay.4 These calculations
assume that the ground state retains its 2p a character at small internuclear
distances, fhe experimental observations may reflect the change of the ground-
state character due to the avoided crossing with the A S + state.

Although a strong predissociation of the A E + state in ArH has been
reported,17 the interpretation has been placed in doubt by calculations by
Theodorakopoulos et al3. Our results, however, clearly show that the A 2+state in
HeH predissociates. A calculation on the strength of the radial coupling that causes
this predissociation would be of interest and forms the subject of the next chapter.
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Decay of the A 2 E + and B2U
Quasibound States in HeH

The X2E+, A2E+ and B2TJ wave functions of the HeH molecule are
calculated as single configuration state functions built from molecular
orbitals generated by the Fock operator of the HeH* ion. Dipole
transition moments and non-adiabatic coupling matrix elements are
evaluated in order to study the competition between dissociative
photoemission and predissociation of the A2E+ and B2n states.
Particular attention is paid to the X-A (2o-3o) avoided crossing and
comparisons are made between its characteristics and those of the
corresponding 2IE*-31E¥ (2o-3a) avoided crossing in the HeH+ ion.
The predissociation lifetime of the A21? state is found to be of the order
of 10'13 s which precludes its decay via dissociative photoemission in
agreement with the analyses of recent translational spectroscopy
experiments. The predissociation lifetime of the B2TI state is found to
be of the same order of magnitude as its radiative lifetime (i.e. of the
order of a few 10'8 s). It is still not understood why this state would
radiate rather than predissociate as has been inferred from experiment.

1 Introduction

The HeH molecule has lately attracted considerable interest. Although a number of
its electronic and structural properties were known for more than twenty years
from quantum chemistry calculations,1"5 experimental information on its bound
excited states has only become available recently. The first spectroscopic
information was provided by the work of Moller et aP who showed evidence for a
broad fluorescence continuum that was ascribed to the B2T\ —>X2I,+ transition of
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HeH+ (Fig. 1) formed by synchrotron light irradiation of He+H2 mixtures. Later,
HeH* was produced by near resonant charge exchange collisions of fast (keV)
HeH+ molecular ion beams with alkali vapour.7'11 Molecular constants of I states
identified as the A2T.+ and C2£+ states could thus be deduced from discrete
emissions of the states produced by the charge exchange collision.7 Subsequent
measurements on the UV fluorescence from HeH* yielded the radiative lifetime of
the B2U state ( T | = 1 8 ± 1 ns).8 Additional information arose from translational
spectroscopy experiments that located the energy position of the first quasi-bound
states of the molecule10 and showed evidence for the competition of dissociative
photoemission and predissociation processes (see previous chapter).10-11 From a
detailed analysis of the dissociation spectra of 3HeD it was concluded that the B2U
state decays preferentially via dissociative photoemission, whereas the A2S+ state
decays via predissociation.10'11 These conclusions thus appeared consistent with
similar observations in ArH.12-13

0.15
0.5 1.0 1.5 2.0 2.5

internuclear distance (a.u.)

Fig. 1 Potential energy curves of the repulsive
X21+ state, and the Rydberg A2L+, B2U and
C 2 £ + states, that result from the present a b
initio calculations (section 2). Energy and
internuclear distance are in atomic units. The
separated atom limit: H(ls,2S)+He(ls2,1S) is
taken as origin of the energies.

Nevertheless, despite the convincing data analyses in the Refs. 10 and 11, this
conclusion seemed somewhat surprising on the grounds of what is known from H +
He collisions at medium energies (few hundreds of eV).14 There, the A2S+-X2Z+

radial coupling is considered to be negligible since it essentially involves a 2pa-2sa
pseudo-crossing whose characteristics are thought to be similar to those of the
HeH+ ion. On the contrary, the B2U-X2I.+ rotational coupling turns out to be the
most important non-adiabatic phenomenon. Accordingly, one would have expected
just the reverse of what has been deduced from the analyses of Refs. 9 and 10. It
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seemed thus desirable that this apparent contradiction be cleared up. In order to do
so an a priori knowledge of the relevant radiative transition moments and the non-
adiabatic coupling matrix elements for predissociation is required. Despite the
extensive ab initio studies carried out so far,1"5 this information is still lacking. The
purpose of the present work is to provide these data and determine the radiative XR
and predissociative Xp lifetimes of the low lying quasi-bound states of HeH.

2 Wave functions, Potentials and Couplings

2.1 Method

Since only the relative orders of magnitude of XR and Xp have been inferred from
experiment:10-11

 T $ » T ^ and T ^ » r | , respectively, we have chosen for a rather
modest ab initio calculation. The strategy of this calculation is based on the
following three remarks:

(0 The electronic structure of HeH consists essentially of a HeH+ (X7E+)-uore plus
an outer electron.

(ii) The addition of the extra electron should not increase significantly the
correlation energy (£Corr) which goes from £C0IT(He)=1.12 eV for the separated
atoms to £'corr(Li)=1.16 eV in the united atom; thus configuration interaction
(CI) should not distort significantly the potential energy curves determined at
an SCF (self consistent field) level. Indeed, previous comparisons of SCF and
CI potential energy curves for the X-state by Olson and Liu4 show that the
largest deviations do not exceed 10"2 Hartree (0.27 eV).

(Hi) The actual one-electron properties such as the required dipole transition
moments are often calculated correctly within the so called virtual orbital
approximation.15

Accordingly, an SCF calculation is performed on the (lc^)X}l,+ ground state of the
HeH+ core and the molecular wave functions for HeH are built as single
configuration state functions of the form:

\(l&nX)2A> = \lal<jnX\ (1) -j

The 1 a and nX MOs are respectively the occupied and virtual orbitals generated ' |
by the initial SCF calculation. It is easily verified that with such a procedure the ff
following properties are ensured:
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(a) The orbital energy en\ defined as the eigenvalue of the Fock operator F+ for
the HeH+ ion represents the binding energy of an electron attached to the HeH+

core in orbital nX, i.e.

EaX =E °(1 (J2 nX 2A)./r +(i a2 x '£+) (2)

(b) The Brillouin theorem is obeyed (for nX* nk' ):

nX) 2A\HJU &n'\ )) 2\>=<nX\F +\n'X> (3)

(c) Owing to Slater rules for one-electron operators, all the required matrix
elements (dipole transition moments, radial and rotational couplings) between
the considered configuration state functions X, A and B merely reduce to
matrix elements between the 2a, 3 a and In MOs.

The expansion basis sets of contracted Gaussian orbitals were taken from reference
16 for He and from references 17 and 18 for H; the latter were augmented by three
diffuse s orbitals (C, = 0.060738, 0.023670, 0.009241). The relevant parts of the
potential energy curves pertaining to the mentioned decay problem are shown in
Fig. 1.

2.2 Comparison with Previous Work

The elements that enable one to assess the quality of the described procedure are
both the accuracy of the HeH+ reference calculation and comparisons with the
results of large scale CI calculations for HeH. Concerning the first point, the largest
deviation between the shape of our calculated XJ"Z+ potential energy curve for
HeH+ and those of best calculations19-20 does not exceed 0.07 eV in the R-range
1-2.5 ao. Moreover the centre of negative charge in our HeH+ calculation is
accurate within 5% compared to the best values19-20 and agrees within 0.2% with
the SCF result of Peyerimhoff.15

As for the results for the X, A and B-states, comparison with the latest CI
calculations5 shows that the largest error appears in the X -state at R=2 ao and
amounts to 0.46 eV. However, the error on the relative energy positions of the
considered states is smaller and amounts at most to 0.25 eV (being 10% larger for
the B2T\ state than for the A2L+state). Yet, we may consider that the effective error
is still smaller by a factor of 2, since, as will be seen below, the important region
that determines the predissociation of the A and B states is located at R<1.5 ao
where our calculations turn out to be more accurate.
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Fig.2 A comparison of the 2a and 3a
molecular orbital energy levels of HeH
and of HeH+ (inset). It shows the
behaviour of the lowest £ molecular
potentials near their avoided crossings.
Note the location of the avoided
crossing in the neutral and in the ion.
After addition of the nuclear repulsion
2/R the behaviour of the potentials in
Fig 1 is recovered.

-0.55
0.0 0.5 1.0 1.5 2.0

internuclear distance R(a.u.)

2.3 The X-A Pseudo-crossing

We will now discuss calculations performed with a small step size AR for R<1.5 ao
that show the characteristics of the predicted X-A avoided crossing which is known
to reflect an avoided crossing between the 2 a and 3 a MO. In Fig. 2 we compare
the characteristic features of this avoided crossing for the neutral HeH and the ionic
HeH+ systems. For the latter case the relevant orbitals are improved virtual orbitals
(IVO) that are determined as eigenfunctions of the Fock operator F+*,

F+*=fc+J lo+ATia (4)

in the subspace orthogonal to the 1 a MO of HeH+. As usual hc, J\a and K\a stand for
the one-electron Hamiltonian for bare nuclei and the Coulomb and exchange
operators, respectively. These orbitals thus describe the (Ia2a) 272+and the
(7 crier) 57X+ of HeH"1"* and have properties similar to the IVO discussed in Ref.18.
It is noteworthy pointing out first that the characteristics of the 2a-3a avoided
crossing for the ion compare quite satisfactorily with those determined by Green et
al (agreement better than 0.03 eV).19-22 The interesting feature of Fig. 2 is the quite
different location of the avoided crossing in the ion (0.4 ao) and in the neutral (0.85
ao). This feature, which has passed unnoticed so far, is easily understood
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qualitatively within a united-atom perturbation treatment. Accordingly, it may be
predicted that the location of the avoided crossing is roughly proportional to
AEV2/Z (where AE is the 2sc-2paenergy difference in the united-atom and Z is the
effective charge of the residual ion-core to which the considered active electron is
attached). Taking Z = 1.3 for the neutral and Z = 2.15 for the ion (according to
Slater screening constants) and using the spectroscopic 2s-2p energy difference for
Li and Li+, respectively, one finds that the avoided crossing for HeH+ (0.4 ao) is
shifted to R =0.99 a0 for HeH.

The outward displacement of the 2a-3a crossing when passing from the ion
to the neutral is certainly one of the crucial points in the understanding of the
observed A-X predissociation. Another quite important contribution is the shape
and the maximum value of the non-adiabatic X-A coupling. Fig. 3 shows the
<X ld/3RccW> coupling calculated (with the origin of electron coordinates
placed at the centre of charge of the nuclei CC) using the so-called overlap
method.23 The <X 13/9Rcc W> profile is much broader in the neutral than in the
ion (see e.g., Ref. 13). Thus both the location and the width of the 3/3Rcc matrix
element are likely to provide substantial X-A coupling in the R-range where the
lowest vibrational states of the /12Z+ state are concentrated. This explains why
estimates of the X-A interaction based on the 2o-3o properties of the ion were in
conflict with the analyses of Refs. 10 and 11.

si
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internuclear distance R(a.u.)

Fig. 3 Nonadiabatic coupling matrix elements
between the X, A and B states of HeH. X-A
is a radial coupling (3/9R) matrix element and
is measured in a'J. X-B and A-B are
rotational coupling (L ±) matrix elements and
are measured in atomic units of angular
momentum.
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2.4 Other Miscellaneous Properties

In Fig. 3 the rotational coupling matrix elements <B2Yl\L±\X2l,+> and
<B2TIIL±\ A2Z+> are shown. The dipole transition moments <B l£0CilX> and
<A \YJO.\\X> are shown in Fig. 4. All properties reflect the effect of the mentioned
X-A avoided crossing.

CD

B
o
6
a,

Fig.4. Electronic dipole transition moments
(EZJ) and (Lad, «= x or y) relevant to the
study of the A-»X and B-»X radiative
transitions, respectively.

0.0 0.5 1.0 1.5 2.0
internuclear distance R(a.u.)

For reasons of convenience when carrying out the lifetime calculations
(section 3), we have performed the following basis change:

\d x>= cos0 \X > - sin0 \A

\d A>= sin0 IX >
R

6 {R )= jdR' <X\

cos0 \A

(5a)

(5a)

(5c)
oo

which transforms the adiabatic basis XA into an equivalent diabatic basis d\, d\
with <dx\ d/dRccldA >— 0 (see Ref. 24) that has the same asymptotic properties
(0 (/? -»°°)->0). The corresponding energy curves cross at R =0.85 ao and the
related coupling h(R)= <dx \H e\\dA> is a smooth function of R (see Fig.5). An
interesting aspect of this transformation is that the rotation angle
0 (R—»0) equals 0.7TC/2. In other words, contrary to a textbook Landau-Zener
crossing, the interchange of X and A characters is not complete when the avoided
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crossing is traversed. The possible implication of such a feature for electronic
excitation in atom-atom collisions has lately been discussed by Macek and Wang.22
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Fig.5 Illustration of the energy
difference AE = E(d&) - E(dx) and
coupling h = <dx IHeild A> of the
diabatic states dx, d,& defined in
Eqs. 5.

3 Decay of the A2Z+ and B^U States of HeH

3.1 Introduction

The discussions below will specifically deal with the 3HeD isotope which has best
lent itself to experimental study presented in chapter 2 of this thesis. Nevertheless,
calculations have also been carried out for 4HeH and the results are presented in
Tables 1-3.

It should be kept in mind that, owing to elementary selection rules, of the two
components forming the B2U state, the B2W component can only decay via
dissociative photoemission. The B2U+ component may decay via both radiation and
predissociation. Only the latter is considered throughout. Moreover, for
comparisons with experiment one should particularly focus on the results
concerning the rotational levels N=5 since according to Refs. 7-10 the HeH
molecule is assumed to be formed with a rotational temperature of about 3100K.
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Most of the formulas used in this section are fairly standard (see, e.g., Ref. 13
and references therein). These formulas are given to define the notation and to
specify the computational framework. Atomic units will be used unless stated
otherwise.

3.2 Radiative lifetimes

The probability per unit time Te^ for an excited vibronic state e,v,N to decay via
dissociative photoemission to the X state is calculated from the expression:

3 \<Xx(E)\D(R)\%eV>\2, ( 6 a )

with D(R) dipole transition moment calculated by:

D(R)=<X\ a\e>, with oc=x,y,z <fb)

where the rotational quantum number N is implicit. E$ is the energy of the emitted
photon that results in fragmentation of the molecule with energy:

E = Ev-e$ (7)

with Ey being the energy position of the bound rovibrational state v,N with respect
to the asymptote (/? —»°°) of the X potential. %x (E ) and %v are solutions of the
homogeneous equations:

(8a)

(E )=0 (8b)

where the upper index N indicates that the centrifugal energy term is properly
taken into account and \i is the reduced mass of the molecule. All potentials and
energies are referred to the asymptote of the X state potential. In all cases the
diagonal adiabatic correction terms < il32/3R2li>(2ja) -1 (which amount to a few
10"5 Hartree, i=XA, or B) have been neglected in comparison with the retained
terms. Moreover the continuum wave function normalization is such that:

2ll wo i
%x (E, R -»°o)~ ( ^ ) m sin (kR - JTTN+S) (8C)

where k is the asymptotic wave number at energy E. The lifetime is merely given
by:
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1 R
Eqs (8a) and (8b) have been solved using the standard Numerov method.Table 1
provides typical samples of the results. It is seen in particular, that the calculated
radiative lifetimes for the 5,v=0,N=l-10 states agree satisfactorily with the value
inferred from experiment: 18±1 ns.8

Table 1

V

0

0

0

1

1

2

3

4

Calculated radiative lifetimes

N

0

5

10

0

5

0

0

0

A 2Z+state
3HeD

62.2

59.8

52.7

43.6
43.6

34.5
29.4
24.3

4t-To£T

64.9
58.8

50.7

43.6
41.6

32.4

26.3
21.3

N

1

5

10

1

5

1

1

1

Bm
3HeD

17.1
16.9

14.9

12.8
12.8

10.5

8.2

6.5

[ state
4HeH

16.5
15.3

14.3

12.3
11.4

8.8

6.8

5.1

Radiative lifetimes of some rovibrational states A ,v, N and B ,v,N of 3HeD
and 4HeH in nanoseconds

3.3 Predissociation lifetimes

3.3.1 Estimates based on the Fermi golden rule

Figs. 1, 3 and 5 show that in both the adiabatic and diabatic representations the X-A
coupling matrix element is a factor of 2 to 10 smaller than the corresponding
energy difference (depending on R, lao</? <2ao). Therefore, one may obtain
estimates of the predissociation lifetimes by using a perturbation treatment, i.e. by
using the Fermi golden rule (FGR).

In the adiabatic representation the predissociation decay probability per unit
time writes:

T£ =2n\<%x (Ev)l(±)[<X^\A> + 2<X\m\A>—] I%X>I2 (10a)

with the same definitions as in Eqs.(8) The d2/dR2 matrix element has been
calculated from the expression:
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ax dA
( 1 0 b )

In the cases considered the second term in the right hand side of Eq.(lOb) amounts
to a few percent of the first term and was therefore systematically neglected.
In the diabatic representation we have:

r$ = 2iz\<Xx(Ev)\h in>|2 (ID

where the primes indicate that everything is the same as in Eq. 1 0 except for the
changes resulting from the transformation defined in Eq. 5.

The results are given in Table 2 . The two methods (Eqs. 10 and 11) give
substantially different results for the lifetime of the A2Z+ state but they both
predict that it is orders of magnitude smaller than the radiative lifetime. This
estimate thereby agrees with the conclusion inferred from the experiments of
Refs.10 and 11 that the/42S+ state does not radiate. Still, the calculated lifetimes
seem to be too small by a factor of 2 - 10 (see Table 2) if one refers to the width of
C-A emission lines of 3HeD observed by Ketterle et al7-9 (i.e. : TA = 1.7 ps for the
v=0 level).

Table 2 Calculated predissociative lifetimes of/1^E+

4HeH

V

0

0
0
1

1

2

3

4

N
0

5

10

0

5
0
0

0

I
2.80

3.10

5.70
0.92

1.10
0.37
0.24

0.22

II
0.64
0.91
1.45
0.17
0.21
0.11
0.07
0.05

m
0.79

0.27
0.30
0.14

IV

0.28

I
0.65
0.97
2.07
0.28
0.30
0.14
0.15
0.12

II
0.36
0.37
0.91
0.11
0.16
0.07
0.04
0.05

in
0.25

0.08

0.06

Legend. Predissociation lifetimes of some rovibrational states, A ,v,N of
^HeD and ^HeH, lifetimes in picoseconds; I, adiabatic FGR calculation;
II, diabatic FGR calculation; III, exact two-state calculation; IV, exact
three-state calculation.
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For the B 2 n state the predissociation is induced by rotational coupling
(heterogeneous perturbation). The FGR estimate is given by the expression:

rf = 2K p ^ j I <xx(£)i ' ~2
X " ix£> 12 (12)

The result is shown in Table 3. Comparison of the predissociation lifetimes for the
A and B states shows that the B state lives longer than the A state as also deduced
from experiment.10-11 Yet these calculations do not reproduce the experimental
finding, namely: Tp » i \ . One may thus wonder whether the mentioned
discrepancies are ascribablc to the use of the FGR or to a more involved
phenomenon. These questions have triggered the calculations described in section
3.3.2.

3.3.2 'Exact' calculations

Under this label we designate the direct determination of the lifetimes by a
numerical solution of the quantum mechanical close coupling problem for the
elastic H + He scattering, in the presence of closed channels, at collision energies
below the H* (n=2) + He limit. The sought level width may be obtained from the
energy variation of the related scattering phase shift 77 that is determined by
solving the system of coupled equations:

where Qek is the relevant coupling operator to be discussed below. The wave
functions of nuclear motion ip* are subject to the following conditions:

\[/x (/?-><») ~ -T= sm(kR - p N + ri) (14a)

Yet (/?-»«>) ~exp( -KaR ) (14b)

a can be the A or B state. The level width is given by:25

1*11 _J__IP „«
2 d£ lE=Ea~ra~ jj V*)

where the resonance energies Ea locate the maxima of dr|/d£. The calculations
reported below were performed using an adaptation of a computer code, written
by J.M. Launay, which uses the integration method of Fox to solve Eqs. 14.

In order to assess the quality of the FGR results we have first solved two
independent two-state problems: X-A and X-B. The X-A (2-2) problem was
handled in the diabatic representation and thus in this case £2xA=-h • The X-B
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(Z-FI) problem was treated in the adiabatic basis and thus QXB =-[N(N+l)]1/2

<X I L+IS>/|i/?2. For the X-A problem the 'exact' calculation (Table 2) is closer to
the diabatic FGR result than to the adiabatic FGR result which overestimates the
lifetimes by a factor 3 at least. However, this conclusion should not be generalized
to arbitrary problems since the choice of adiabatic versus diabatic basis in applying
the FGR depends on the adequacy of the basis as a good zero order for a
perturbation treatment. Coming back to the comparison of radiative and
predissociation lifetimes for the B state, it is found (Table 3) that the 'exact' two-
state calculation does not increase Tp (with respect to the FGR estimate) so that it is
still not clear why this state would radiate rather than predissociate.10-11

Table 3 Calculated predissociation lifetimes of B?Il state
4HeH

V

0

0
0

0

0
1
1

2
3
4

N
1

2

3
4

5
1
5

1

1
1

I
50
19

12
7.4

3.9

17.3
1.1

6.8
5.9
4.4

II
17

1.8

0.5

m

0.64

I
4.7
1.5
0.7
0.4

0.4

1.5

0.1

0.8
0.7

0.5

n

0.10

0.04

Predissociation lifetimes of some rovibronic states B,v,N of 3HeD and
4 HeH in nanoseconds; I FGR calculation; II, exact two state
calculation; HI, exact three state calculation

In an attempt to check whether this problem could arise from inaccuracies of
the potential energy curves mentioned in section 2.2, we have performed
calculations using the X and B curves of Ref. 5 (matched with our calculations at
R=l ao). The effect of this ad hoc adjustment on the B state lifetime is a factor =2
increase while the sought effect is an increase by an order of magnitude. Such a
failure suggests that a more subtle phenomenon might exist that stabilizes the
B -state with respect to predissociation. An obvious possibility seems to be related
to the near degeneracy of the \B,v> and lA,v+l> states which would invalidate the
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independent two-state treatments carried out so far. This can be appreciated from
the following. If the \B,v=0> and L4,v=l> vibronic states were exactly degenerate
and if they had no mutual coupling and if their interaction with the \X,E>
continuum had the same dependence upon E then a specific linear combination of
the two vibronic states is stable with respect to predissociation whereas the
orthogonal linear combination decays.

Despite the fact that these conditions are not met for our vibronic states we
have carried out three-state close coupling calculations in order to investigate
whether a quasi-stabilization would show up as a decrease of the level width for the
B-state. The result (Tables 2 and 3) is most disappointing since it essentially
confirms the independent two-state estimates. Still, maintaining the same point of
view, we wondered whether this persistent disagreement with experiment could
not originate from our 14, v=l> - \B, v=0> energy difference which is larger than
that which may be deduced from Ref. 5 {i.e. 0.03 instead of 0.0004 eV). The ad
hoc adjustment of our energy levels to correct this feature did not bring better
agreement with experiment; on the contrary the B2U state linewidth broadened by
a factor 25. The only way that could reconcile the present theory and experiment
would be a horizontal separation of the X state potential energy curve from the A
and B curves by AR =0.05 ao as was suggested by Van Hemert et al in their study
of ArH.13 Such a small displacement could easily produce a substantial decrease (by
a factor of 10 to 100) of the calculated predissociation lifetimes since the major
effects are determined by coupling in the classically forbidden regions of the A2Z+

and B2Tl state potentials (i.e. R=lao) where the bound nuclear wave functions
decrease rapidly. However, owing to the steepness of the X state potential this
would mean that our calculation of the X potential near R=l ao would be in error
by more than leV; this conclusion seems unlikely to us in view of the comparisons
with the best calculations already presented in section 2.2.

4 Conclusion

The calculations reported in the present paper were triggered by an apparent
inconsistency between the conclusions of the translational spectroscopy studies of
Refs. 10 and 11 and some conjectures on the role of the X-A (2a-3o ) coupling that
was thought (prior to this study) to be similar to the corresponding 2S-3S coupling
in the HeH+ ion. This point has been cleared up by demonstrating that the important
A—>X predissociation in HeH is the result of the location of the 2a-3a avoided
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crossing at a larger distance (0.85 ao ) in the neutral than in the ion (0.4 ao) and to
the broader profile of the corresponding 3/9R coupling matrix element of the
neutral as compared to that of the ion.

The present calculations confirm that the A 2 S + state has such a short
predissociation lifetime (Xp« a few 10"13 s ) that it cannot decay via dissociative
photoemission. Our result for Tp seems however underestimated by a factor of 5 to
10 if one relies on the the line widths measured by Ketterle et al .7-9

As for the B2Yl state, contrary to experiment10-11 which concluded that T|<s:Tp,
the various methods of calculation employed in the present work systematically
yield Tp=r| equal to a few times 10'8 s. Moreover, our investigation shows that the
near degeneracy of the ,A,v=l and S,v=0 states is not responsible for a stabilization
of the JB,V=0 level with respect to predissociation. Since we have motivated that this
disagreement with experiment could hardly be ascribable to the quality of the
calculated potential energy curves it should be concluded that it has a more subtle
origin requiring perhaps the simultaneous treatment of both the radiative and
predissociative decay modes.
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Chapter 4

Decay of the C2Z+ State of HeH:
An Experimental and Theoretical Study

Using translational spectroscopy experimental evidence is acquired for
a strong isotope effect in the decay of the C2X?quasi-bound state of HeH.
This result is supported by a theoretical investigation of the radiative
and predissociation lifetimes. The present study therefore provides a
comprehensive description of the decay processes and isotopic
dependence of the C2I? state of HeH.

1 Introduction

Since 1985 a number of experimental1"6 and theoretical7"10 studies on the HeH
molecule has been reported. This interest arose with the possibilities for the
experimental production of the shortlived excited states of HeH. These states have
been produced either by synchrotron light irradiation of He + H2 mixtures,1 by a
charge exchange process of fast HeH+ ions with alkali atoms, mainly cesium2-5 and
in collision of 15 MeV protons on solid H2 in the presence of He gas.6 The
experimental results1"6 provide information of spectroscopic interest on the lowest
excited states of this molecule: A2Z+ , B2U, C 2 S + and D 2 Z + In addition,
experimental information is reported on the decay mechanisms of the various
excited states: 0 e.g. predissociation by the X2£+ground state for the A2S+state and
ii) photoemission for the B2U state.4-5 The C-M-state photoemission spectra
recorded by Ketterle et aP^ show a strong isotopic dependence: the photoemission
spectrum of the 3HeD isotope is regular, whereas in the spectrum of the 4HeH
isotope the low rotational lines are of surprisingly low intensities. Competition
between predissociation and photoemission is proposed as an explanation of this
irregular spectrum.2'3 In Fig. 1 these quasi-bound states of HeH are given. The
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experimental information thus available has prompted theoretical investigations of
the electronic states of HeH. The calculations have used both a single configuration7

(see chapter 3) and a large scale configuration interaction approach.8-9 These two
approaches are referred to as SCF and CI, respectively. Dipole transition moments
and dynamic couplings required for the computation of radiative (XR) and
predissociation (i>) lifetimes are now available from the SCF and CI calculations.
These results offer an opportunity to describe quantitatively the decay of the quasi-
bound states and allow a check on the accuracy and applicability of the simpler SCF
approach.

0.4 0.6
R ( A )

0.8 1.0

0.75 1.25 1.75 2.25 2.75

internuclear distance R (a.u.)

Fig.l The potential energy curves of
the X2Z+M 2S+, B^U and &1.+
states of HeH resulting from the
calculations of Ref. 7. The energy of
the He+H dissociation limit is origin of
energies. The H(21)+He(ls2) disso-
ciation limit at 10.204 eV is indicated.

In previous chapters we have reported on experimental studies on 3HeD(4)
and theoretical7 investigations of the decays of the A2Y? and B2U states of 3HeD and
HeH. The purpose of the present contribution is to complement our earlier study of
the HeH molecule with similar information on the C2E+ state.

2 Experimental

The experimental setup is essentially the same as used in our previous experimental
paper.4 An extensive description of the principle is given by De Bruijn and Los.11

Briefly, the HeH+ ions are produced in an electron-impact source using a mixture
of He and H2 gas. The ions are accelerated up to 14 keV. In the charge exchange
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collisions with Cs atoms the HeH+ ions are neutralized, mainly in the A2£+ and B2U
quasibound excited states4-5. The neutral H and He atoms, that result from the
dissociative decay of the quasi-bound states, are detected on a position and time
sensitive detector in a coincidence technique.11 The position and time information
can be converted to the kinetic energy release (e) in the centre of mass of the
dissociating HeH* molecule. The resolution of the energy determination is 90 meV.
In a non-radiative decay process, the determined kinetic energy release gives the
position of the quasi-bound state with respect to the final state dissociation limit. In
a radiative decay process the energy difference between the quasibound state and
the dissociation limit is divided over the emitted photon and the kinetic energy
release.

3 Results and Discussion

The energy of the HeH+ beam was increased (from 6 keV to 14 keV) in comparison
to our previous paper.4 This is expected to increase the probability of the non-
resonant charge exchange reaction into the C2L+ state of HeH (energy defect 1.4
eV). In Fig. 2 the high energy part of the kinetic energy release spectrum is shown.
The results are given for both the 4HeH (Fig. 2a) and the 3HeD (Fig. 2b) isotope.
The signal between 7.7 eV<e<9.0 eV is due to the quasi-bound /42£+,v=0-2 states,
which are predissociated by the X2S+ state4 (see Fig. 1). The resolution is not
sufficient to separate the individual rotational lines, only the vibrational structures
are separated. The high rotational temperature of the HeH* molecules (3100 K)2-4

is responsible for the apparent bad separation of the different vibrational peaks. In
the region between 9.2 eV<e<10.5 eV two differences can be observed between the
spectra of the two isotopes. The intensity in the spectrum is higher for the 4HeH
isotope in comparison to the spectrum of 3HeD; secondly peaks are observed for
the 4HeH isotope whereas no peak structures can be observed for the 3HeD isotope.
The first peak (9.46 eV) is assigned to the C22+ v=0, the smaller structures at 9.75
and 10.1 eV may be due to the C2E+, v=l and 2 states. It can be concluded that the
C2S+ state decays via predissociation for the 4HeH isotope. Since both isotopes were
run at the same velocity, which determines the resonant/non-resonant capture ratio,
it is likely that the C2£+ state populations were similar for both isotopes. Therefore
the absence of the C2I? structure in the 3HeD isotope spectrum indicates that at least
the low vibrational states decay via photoemission. This result is consistent with the
observations of Ketterle et al. 2-3
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3

7.0 7.5 8.0 B.5 9.0 9.5 10.0 10.5 11

kinetic energy release (eV)
7.0 7.5 8.0 8.5 3.0 9.5 10.0 10.5 11.0

kinetic energy release (eV)

Fig.2 Measured kinetic energy release spectra of HeH* molecules formed in charge
exchange collisions between HeH+ ions and Cs atoms at a beam energy of 14 keV.
Only the relevant energy region is chosen which shows the predissociation of
quasibound states of HeH* molecules to the X2X+ ground state of HeH. The 4HeH
isotope is depicted on the left hand side and 3HeD on the right hand side.

We will now compare the SCF and CI results with each other and with the
presented experimental data. The first comparison that can be made between the
experiment and SCF and CI calculations involves the position of the C2£+,v=0 state
with respect to the He+H dissociation limit. The values for the 4HeH isotope are
9.46 ±0.09 eV for the experiment, and 9.560 eV for the SCF and 9.448 eV for the
CI calculations.10

The radiative decay of the C22+ state can occur directly via the C-»X bound-
free transition or through cascades involving the A and B states (see Fig.l). The
relevant dipole transition moments obtained from SCF7 and CI8'10 calculations are
shown in Fig. 3. Good agreement between the two sets of results is observed.
Calculated radiative lifetimes are reported in Table 1, only a limited number of
levels are incorporated, to point out the trends. For details on the calculation we
refer to chapter 3. We omitted from Table 1 the lifetimes of the C->5 transition,
since they are much larger than the values shown in Table 1. Photoemission to the
6 2 n state does not contribute to the overall decay of theC2I.+ state. In the third
column the C->A radiative lifetime is calculated taking into account only
transitions between levels with the same vibrational quantum number. The diffe-
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Table

v,N

(1)
0,0

0,5
0,10
1,0

1,5

v,N

0,0
0,5

0,10

1,0

1,5

1 Calculated

X R C - ^ A

allAv

(2)

49.4 (46.5)

50.3
52.8
55.4

56.3

Radiative and Predissociative Lifetimes

XR C->A XR

Av=0

(3)

56.3 (53.)

57.6
61.4
95.2

99.4

XR C->A XR C ~»A XF

allAv

49.4

50.3

52.8

55.4

56.3

Av=0

58.4
59.

62.1

109.

113.

4HeH

C->X

(4)

26.1

25.1

24.6
22.6

21.7

3HeD

.c^x

25.9
26.4

24.5

23.7

23.9

xpFGR

(5)
4.6

7.8
63.4

1.9

2.6

XpFGR

22.5
20.2

30.1

6.6

9.7

xp exact

(6)

3.7-5.

8.2

97.-194.
1.-2.

xp exact

14.-18.
18.
24.

x overall

(7)

3.-4.5

5.5
14.3-15.4.
0.9-1.8

2.2

x overall

7.7-8.7
8.6

9.8

5.

6.1

Legends: Lifetimes in nanoseconds of some vibronic levels of the C^L+ state for
^HeH and ^HeD. The columns contain; 1) rovibrational quantum numbers, 2)
radiative lifetime C -*A , 3)as 2) restricted to Av=0 transitions, 4) radiative decay to
the ground state, 5) predissociative lifetime obtained from Fermi golden rule (FGR)
and 6) predissociative lifetime from exact calculation, the occurrence of two values
indicates the effect on the lifetimes of the reference for the electron coordinates (H
and He resp, see Fig.4), 7) the overall lifetime is calculated 1/x Xil/xj with i the
results of the columns 2,4 and 5 or 6.

rence between column two and three results from a difference in the shapes of the
/42S+ and C2E+ state potential curves,8-9 which leads to non-zero Franck-Condon
factors for Av^O transitions. The radiative lifetimes for the C—>A transition agree
very well with the theoretical results of Ref. 10. The calculated lifetimes of the
C-^A and C—>X emissions show little dependence on both the rotational quantum
number N and the vibrational quantum number. This expected independence of N
has been anticipated by Ketterle et al.2^ Therefore these authors conclude that the
surprising intensities of the lines of the 0-0 rotational band observed in the C->A
emission for the 4HeH isotope are related to the predissociation of the C2£+ state by
the X2I? state. This problem is discussed below.
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The predissociation lifetimes (Xp) reported in Table 1 are calculated within a
two state (X2Z+, C2E+) approximation. As in our previous work7 the Xp values are
obtained both from a Fermi golden rule (FGR) approximation and from an exact
calculation. The FGR calculations involve the electronic adiabatic representation,
and the 9/8R matrix elements that couple the adiabatic states. The FGR provides the
linewidths according to vhe formula:

rP=27t (1)

In Eq. 1 X and C stand for the X2Z+ and C2E+ electronic wave functions and Xx
and %l stand for the continuum and bound vibrational nuclear wave functions. The
continuum vibrational wave functions are normalized per unit energy. In the exact
calculations the lifetimes are determined from the numerical solution of the H-He
quantum-mechanical scattering problem (see Eqs. 13-15 in chapter 3). Locations
and lifetimes of the resonances are obtained from the dependence of the phaseshift

o.o 0.5 1.0 1.5 2.0

internuclear distance (a.u.)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

internuclear distance (a.u.)

Fig. 3 Dipole transition moments (in atomic
units) associated with radiative decay of the
C2Z+ state of HeH as function of internuclear
distance in a0. Full line results from SCF
calculation [see also Ref 6]. The symbols
show the results from CI calculations and are
taken from Refs. 9 and 10.

Fig. 4. Non-adiabatic < XI3/3RIO matrix
element (in a.u.). Full lines present results
from SCF calculations as in chapter 3. The
upper and lower curve are calculated keeping
the electron coordinates fixed with respect to
the H and He nucleus respectively. The
symbols show the result from CI calculation
and are taken from Ref. 10.
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on the collision energy (i.e. the position with respect to the H+He dissociation limit;
and thus the kinetic energy release in the experiment). For numerical convenience
the calculations involve the equivalent diabatic basis obtained from a rotation of the
adiabatic basis as discussed in Ref. 7. The d/dR-coupling is transformed to the
electronic coupling, which is a smooth function of R. Fig. 4 shows that the
<XlB/3RIC> couplings obtained from SCF7 and CI10 calculations agree quite
satisfactorily. The <X \d/dR\C > coupling is calculated with the electron coordinates
kept fixed with respect to the H (upper curve) and He nucleus respectively. The two
results are very similar. The <X I32/3R2IC > matrix element is calculated with the
formula:

3 2 d 3

The last term of Eq. 2 is small in the range of interest for the FGR calculation using
the SCF electronic wave functions. Therefore in our calculations we have
approximated the left hand side of Eq. 2 by the first term of the right hand side
only. It turns out that the matrix element <X I32/3R2IC > obtained via the SCF is
quite different from the results obtained from the CI calculations. The
<X I32/3R2IC> matrix element obtained from the CI calculations in Ref. 10 is much
smaller and unexpectedly irregular (the couplings at R=1.3 a0. in Ref. 10 may be
erroneous12). The FGR estimates have been made using only the SCF values.

The calculated predissociation lifetimes (T/>) reported in table 1 show two
salient features:

i) Tp exhibits strong isotopic dependence;
ii) Xp strongly depends on rotational quantum number N for v=0 state of

the 4HeH isotope.
These features provide a quantitative confirmation of the intuitive interpretation of
Ketterle et al 2<3 The overall lifetime of the low rotational levels (N<5) of 4HeH
(v=0) lies in the range 3-5 ns and is dominated by predissociation. On the other
hand the lifetimes of the high rotational levels (N>10) are about 17 ns, more or less
independent of N, since they are now dominated by the photoemission process. The
large predissociative lifetime of the v,N=0,10 level is thus also found for the higher
rotational levels (N>10). In the experimental set-up of Ketterle et al2'3 light
emission is measured 6-20 ns after the time the quasi-bound state is formed. Thus
most of the HeH will have decayed which explains why the low rotational levels of
the 4HeH isotope are extremely weak in the photoemission spectra of Ref. 2. The
calculated lifetime results agree with the lifetime estimates by Ketterle et al of
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x= 15-20 ns for the high rotational levels (N>8).2<3 The case of the 3HeD isotope is
much simpler since the overall lifetimes are much less N dependent (8 ns and 10 ns
for N = 0 and N= 10, respectively). Therefore a much more regular C->A
spectrum is expected and observed for the 3HeD isotope. Further inspection of
Table 1 reveals that the ratio XRITP ranges from 3 to 5 for 4HeH (v=0, low N)
whereas T/j/T/> is about 1 for 3HeD (v=0, low N). This means that the intensity ratio
in the predissociation of the C22+,v=0 state between the 4HeH and 3HeD state is
between 3 and 5, which explains the apparent absence of this state in fig. 2b. From
Table 1 an observable predissociation of the 3HeD, v=l state is expected. A reason
for its apparent absence in Fig. 2b is the presence of background signal.
Furthermore, the population of the v=l state is smaller than the v=0 population, the
apparent larger peak height in Fig. 2 of v=l is due to the superposition of the v=l
peak high energy tail of the v=0 peak determined by the high rotational levels of the
v=0 state. So intensity reasons together with the limited energy resolution in the
present experiment prevent the observation of the C2E+ state,v=l for the 3HeD
isotope.

In conclusion the present paper provides new experimental information about
the decay of the C2E+ state of HeH and on the isotopic dependence of this process.
Our lifetime calculations account for both the present translational spectroscopy
data and for existing optical spectroscopy data. More detailed experimental
information on the predissociation of the C2E+ state will need both an improved
resolution and a way to populate more efficiently the C2£+ state vibrational states
with respect to the A2~L+ and B2Y\ states. Theoretically the already accurate results
can be improved by the incorporation of all CI results and a simultaneous treatment
of photoemission and predissociation under inclusion of the effect of the A2Z+ and
B2U states.
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Chapter 5

Spectroscopy and Predissociation
Pathways for the (3s<j)Ylg

Rydberg States of O2

Electron capture by keV O\ (X2ng) ions from Cs atoms yields
predominantly the (3so) d'FIg and C3TJg Rydberg states of O2, which
subsequently predissociate. Through the use of translational
spectroscopy on the neutral product atoms, we have located a number of
vibrational levels of these states and determined the dissociation
channels. Furthermore we have observed competition between diabatic
and adiabatic behaviour in the dissociating channels.

1 Introduction

The importance of molecular oxygen in atmospheric physics has stimulated a large
number of spectroscopic studies. However, only in the last few years have the low-
lying gerade Rydberg states been identified experimentally. High-resolution
electron-energy-loss spectroscopy (EELS)M and multi photon ionization (MPI)
experiments5"7 have enabled some characterization of the lowest '^Hg Rydberg
states. Both in MPI and in EELS experiments the positions of the 3Ylg (v = 0-3) and
the d}ng (v = 0-3) states have been determined. In the (2+1) resonance enhanced
MPI spectra, some information was retrieved concerning the lifetime of the
observed levels. Line broadening in the spectra showed the importance of couplings
between Rydberg and valence states in O2.5 7 Theoretical studies have been
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performed both on the potentials of the low-lying Rydberg states'.8-9 and on the
Rydberg-valence state mixings.10-11

In the present work we have used translational spectroscopy to study the
dissociative charge exchange of fast (keV) O | ions with cesium atoms. Charge-
exchange collisions with Cs predominantly populate (quasi-)bound and repulsive
states which have ionization potentials similar to that of Cs. This has been observed
in studies with fast H^ and HeH+ beams.1214 We have now found that this process in
the OJ (X2ng)/Cs system produces neutral O2 mainly in its lowest T\g Rydberg
states converging to the OJ, X2Ylg ionic state. A previous study, on the O£/Cs
system, with a low energy resolution had not identified the Rydberg nature of the
product states, but confirmed the importance of the near-resonant charge
exchange.15 In this chapter we will discuss the C3Ylg and d]X\g Rydberg states. Nine
vibrational levels are identified for each of these states. The kinetic energy release
spectra reveal the dissociation limits for each of the observed levels.

2 Experimental

The principle of the experimental method has been described extensively in
previous publications.12-16 Our apparatus is able to determine kinetic energy release
(KER) spectra for dissociating neutral or ionic molecules. We use a time- and
position-sensitive two-particle detector based on multi-channel plates.16

A fast (2-4 keV) O | beam is extracted from a Nier-type electron impact
source. The electron impact energy is usually 70 eV, but can be varied. The ion
beam is directed through a collision cell containing Cs vapour. The target thickness
is kept small to ensure single collisions. Behind the collision cell all charged
particles are deflected. The neutral products enter a region of length 60 cm, at the
end of which the positions and arrival times of both O atoms resulting from
dissociating O2 molecules are detected. The energy scale is calibrated using the
KER spectrum of near-resonant dissociative charge exchange of H£ with Cs, which
has been studied extensively.12-16 Its KER spectrum displays sharp peaks between
7.2 and 10.5 eV,8 due to predissociation of c3Uu H2 molecules via rotational
coupling with the b3!^ repulsive state. For the O2 data the fwhm energy resolution
is better than 1% over the full energy scale and the accuracy of the absolute
positions of the maxima of the peaks is 20 meV.
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3 Results

An example of a KER spectrum for energies below 5 eV is shown in Fig. 1. The
KER spectrum above 5 eV shows structures due to charge exchange from the
metastable OJ, a4Ylu ions in the beam, and will be discussed in chapter 7.17 A 4 keV
OJ beam was used to obtain the results shown. Rather than the smooth peaks around
1.2 and 3.2 eV observed by Peterson and Bae,15 sharp vibrational structure is
found, indicating that the initial products are predissociating quasi-bound states,
instead of repulsive valence states, as was assumed previously.15 The spacings of the
peaks in Fig. 1 are similar to those of the O^, X2T\g ground state. Analysis has
shown, that the dominant group from 1 to 3 eV includes contributions from the
lowest }-3Ug Rydberg states, which predissociate to the first excited O(3P)+O(1D)
limit. The smaller group near 3.5 eV results from levels of the same states
predissociating to the O(3P)+O(3P) ground-state limit, which is 1.967 eV lower.
Finally, three small peaks below 1 eV result from higher vibrational levels of the
d}Ug Rydberg state that yield O(lD)+O(1D) products.

3

en
sr

inr.3Di

i—i
0 1

V ' P / D

'ng-» *P;Q

0 1 2 3 4 5

kinetic energy release (eV) ->

Fig. 1 Experimental spectrum using a 4.0 keV Oj on Cs. The energy scale is
calibrated with the KER spectrum of Hj at various beam energies. The assignment of
the peaks is shown and explained in the text
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In the spectrum of Fig. 2 the energy of the OJ beam was lowered to 2 keV to
decrease the experimental energy cut-off at low energies and to enhance energy
resolution. Here it is easy to see that each of the first two peaks near 1 eV actually
contains two components, representing contributions from the 3Ylg (at the lower
energies) and 'Tig Rydberg states. Table 1 lists the assignments of the resolved
levels, the dissociation limits, energies of the peak maxima and the energy of the
levels with respect to O2, X*Z- (v = 0, N = 0). The latter were shifted by -19 meV to
account for the rotational temperature in the source (ss 370 K). The last two
columns refer to the couplings in the dissociation channels.

t

f-.

(73

Fig. 2 KER spectrum with higher resolution;
the 4.0 keV O | beam has been replaced by a
2.0 keV beam. The splitting in the peaks at 1
eV is indicated.

0.0 0.4 0.8 1.2

kinetic energy release (eV) ->

Fig. 3 shows the potential energy curves that are relevant to this work. The
observed Ug Rydberg states are plotted together because of their small (0.08 eV)
separation. The valence states, calculated by Saxon and Liu,19 were modified to
give the proper asymptotic limits.

The position of the observed levels (see Table 1) is determined by the KER
value and the dissociation limit. The analysis of Peterson and Bae15 showed that
energy resonance and Franck-Condon criteria characterized the electron capture
reactions. The identification of the appropriate dissociation limit for each group of
peaks was accomplished using these criteria.
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Fig. 3 Scheme of the relevant potentials and dissociation limits. The Tig valence
states are taken from Ref. 19 and shifted to give the correct dissociation limits*. The
Rydberg state potential is taken from Refs. 8,9 and shifted to fit the observed levels.
The ; n s and 3Ug Rydberg states are drawn as one potential. The O2 and Oj ground
state potentials are given for reference purposes. *The results of chapter 6 show that
the *Tlg valence state must be shifted down, crossing the Rydberg state between v=2
and 3.

3.1 OTlg state

Table 1 shows that the first levels of the C3Ug Rydberg state are observed at two
dissociation limits. A subtraction of the KER values for the same levels to different
limits gives 1.976 eV for v = 0 and 1.963 eV for v = 1. These values agree (within
the 20 meV resolution) with the O(3P)-O(1D) separation energy of 1.967 eV.

The 3Ug levels have been observed for some time in EELS. Cartwright et al.1

and Trajmar et al.2 observed the first four vibrational levels. The most accurate
EELS data have been reported by York and Comer.4 Their values, reported for the
first four levels, are within 10 meV of the results in Table 1. Recently, the first
vibrational levels have also been observed in MPI experiments, the v=0 level being
in agreement with our observation.6'7

f
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Table 1 The experimental results shown in Figs. 1 and 2.
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a) Energy of maxima of the observed peaks.
b) Energy levels using the O2 dissociation energy (5.115 cV Ref. 18) and the O(3P)-^O(1D)

excitation energy (1.967 eV); the maxima have been shifted by -19 meV to account for the

rotational temperature in the ion source.
c) The coupling between Rydberg and valence state; ec = electronic coupling, tn =

"tunneling" (see text), so = spin-orbit coupling.
d) Behaviour in the dissociation channel at avoided crossings between the valence states; dia

= diabatic, adi = adiabatic behaviour.
e) The spacing between v = 3 and 5 is divided by 2.
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3.2 d'FIg state

Table 1 shows that the d'Ug levels predissociate to three different limits. As a
background for discussion, we first note that the doubling of the v = 0 and 1 peaks
around 1 eV (Figs. 1 and 2) is absent in the v = 2 peak, which is clearly narrower,
indicating contributions from the 3Ug level only. Furthermore, the energies of the
v= 2 states and all higher peaks in the 1 to 3 eV group are consistent with a pure
3Ug vibrational sequence. Evidently above v=l the 7 n g levels only yield O(3P) +
O(3P) products. (The slight difference in the v=l level energies, decaying to the
two different limits, is partly due to the influence of the 3Ug contribution.) Next we
note that the ]Ug,v=4 level is situated about 100 meV above the O(1D)+O(1D)
limit. Therefore this level may dissociate to this limit with this KER value of
approximately 100 meV, but the experimental low-energy cutoff prevents
observation. It is not certain whether the small peak at 4.03 eV is due to the
;I~Ig(v=4) level, or belongs to the structures around 4.2 eV in Fig. 1. Therefore it is
not included in Table 1. Starting from v=5 the }Ug levels are all observed at the
O(lD)+O(lD) limit.

The d]Tlg Rydberg state was not correctly identified in EELS experiments
until the recent EELS experiments of York and Comer,4 who found the first three
levels at 8.232, 8.464 and 8.686 eV. (Ref. 18 gives wrong term value). More
recently the v=0-3 were located in REMPI experiments (with energies of 8.23,
8.46, 8.70 and 8.92 eV) and some perturbations in the vibrational levels are
indicated.5

In this work, the vibrational levels with v>3 are observed experimentally for
the first time for both JJlg and 3Ylg. They were unseen in previous EELS and
REMPI studies, due to the unfavorable Franck-Condon factors for excitation from
the O2 ground state and the large Schumann-Runge continuum background in many
EELS experiments.1"3 The upper limit of the vibrational levels in our experiment is
determined by overlap with other peaks (Fig. 1).

4 Discussion

The predissociation of the diabatic Rydberg states is predominantly caused by
electronic coupling between the Rydberg and valence states, which is strongest
between states of similar configuration.
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The observation of the dissociation to various limits provides information on
this coupling and also on the interactions between the outgoing valence states. The
dominant molecular configuration of the Tlg Rydberg states is (3<7J, lv?u I Kg 3sag),
that of the valence state is (3dg ITPU li^g). The fact that these configurations differ by
two molecular orbitals is responsible for their weak coupling to the Ylg valence
states, and thus for their diabatic nature and the stability of many vibrational levels.
For example Buenker and Peyerimhoff10-'' showed that the 3UU Rydberg and 3UU

valence states, which differ by only one orbital (3c^g litfu ]7Cg3<yu —> 3(7^ 1K\ Ing
Spcu), are much more strongly coupled and will not show any Rydberg character.
The MPI results of Sur et al.5<6 showed that the C3Ug v=0,1 and 3 levels are diffuse
(lifetimes < 10"13 s) and only the v=2 state was rotationally resolved. In contrast to
these observations, the d]Ug levels v=0,l and 3 were rotationally resolved.

To aid the following discussion the invoked coupling mechanisms and the
behaviour at the avoided crossings between the valence states are given for each
level in Table 1. In cases where the level is below the crossing of the valence state
and the Rydberg state, implying a very small Franck-Condon overlap, the
electronic coupling mechanism is labeled with tunneling in Table 1.

All observed C3Ylg levels are predissociated by electronic coupling to the
l3Ug valence state, whose adiabatic potential19 has an avoided crossing with the
23Y\g valence state, thus permitting dissociation to the two limits. The observed
dissociation to the O(3P)+O(1D) limit seen in Fig. 1 indicates a large nonadiabatic
coupling between the adiabatic l3Tlg and 23Y\g valence states, which favours a
diabatic passage of the avoided crossing (see Fig. 3) in the outgoing half-collision.
The low vibrational levels (v=0 and 1) are observed to follow partially the I3Ug

valence state adiabatically to the ground-state dissociation limit.
Predissociation of the d!ng Rydberg state occurs by two different couplings

and to three different limits. The potential diagram of Fig. 3 reveals why the first
two vibrational levels of the 7 n g Rydberg state are found at the O(3P)+O(1D) limit.
The position of the crossing between the ]Ug Rydberg and the l]Ug valence state
reduces their Franck-Condon overlap and prevents the decay via the singlet valence
state. Instead, the spin-orbit coupling in O2 between the d]llg Rydberg state and the
l3Ylg valence state is responsible for the observed predissociation of the d'Ylg, v=0
and I.20-22 Similarly to the v=0 and 1 levels of the C3Y\g state, this coupling will also
yield small contributions to the O(3P)+O(3P) KER peaks, following adiabatically
the l3ng valence state. The low probability of following the adiabatic valence state
(note the small peak in Fig. 1 at 3.06 eV) prevents this from being observed. The
'Ylg, v=l dominates the 3 n g , v=l peak around 3.3 eV. This predissociation to the
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limit can be explained partly by the spin-orbit coupling mechanism to
the I3Ylg valence state, combined with adiabatic behaviour at the avoided crossing
between the triplet valence states. However, the main contribution to this peak is the
electronic coupling of ^Ylg, v=l by the ^Ug valence state. The }Ylg (v> 1) levels
are completely predissociated by the 1'Ug valence state, which explains the relative
importance of the v=2 peak at 3.593 eV. The results suggest that the crossing point
between the l^g valence state and the !Ug Rydberg state does not occur near the
v=4 level of the Rydberg state (as is suggested in Fig. 3 and follows from the
calculations valence state potentials), but near the v=2 level. This conclusion agrees
with the results of Sur et al., which showed experimentally a broadening of v=2
levels compared to other levels,6 and with the position of the valence states which
follows from configuration-interaction calculations by Michels.23 The uncertainty
on the actual position of the crossing explains the use in Table 1 of both electronic
coupling and "tunneling" for the v=2 and 3 (see next chapter for improved valence
state potential curves).

For the singlet states only the O(3p) + O(3P) and the O(1D)+O(1D) limits are
possible according to the Wigner-Witmer rules. The ^Ylg (v=l-3) levels are
energetically below the excited dissociation limit, and thus only dissociate to the
ground state limit. The energy of v = 4 level is approximately 100 meV above the
0(1 D) + O(1D) limit, but this KER value is below the experimental low-energy
cutoff (250 meV). However, the d]ng, v=5-8 levels are observed at this limit,
indicating a diabatic behaviour at the crossing between the l'ng valence and the
2;Ilg valence seen in Fig. 3, as in the triplet case. Therefore dissociation of the v=4
level is also expected at the O(1D)+O(lD) limit (see Fig. 3, chapter 6).

The values in Table 1 suggest perturbations both in the ; n g and the 3Hg
vibrational series around v=4 and 5. The origin of these perLurbations is not yet
clear. The dissociation limit for ^g, v=5-8 shows that the probability of
diabatically passing the avoided crossing between the singlet valence states is large.
Since this avoided crossing is approximately 0.5 eV below the excited dissociation
limit, a shallow potential well is thus formed. This can effect the levels in the ]U.g
Rydberg state. This may explain the observation of Sur et al.5 of a new state
appearing in the vicinity of }Ylg (v=2) and of perturbations in their REMPI spectra.

The peaks in Fig. 1 above 4 eV have not yet been discussed. The main peaks
have KER values of 4.24,4.39 and 4.50 eV. Assuming that these peaks dissociate to
the O(3P)+O(3P) limit, the level energies are 9.35, 9.50 and 9.62 cV. A clearly
defined vibrational series is not observed. In EELS1"4 and photo absorption24 three
dominant features are observed between 9.9 and 10.6 eV, which are generally
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labeled as the longest band, second band and third band. Structures which can be
assigned to these bands are not observed in our spectra. A tentative assignment for
the observed peaks is 3AU and ]AU Rydberg states, with molecular configurations
3di lit^ litg 3pcru- This interpretation is supported by the calculations of
Cartwright et al,x who predicted To values of 9.34 and 9.54 eV for the 3AU and JAU

states. Moreover calculations by Buenker and Peyerimhoff 10-n show that the
Rydberg-valence state mixing in the 3AU state is small, suggesting that it will behave
as a quasi-bound Rydberg state, which contains observable vibrational levels.

In conclusion, we have found that in electron capture reactions by OJ ions
from Cs atoms predominantly I3flg Rydberg states are formed. The KER spectra
have disclosed a number of new vibrational levels and confirmed the lower
vibrational levels as observed in recent EELS and MPI data. Since the KER values
also show the dissociation limit of each level, a qualitative understanding could be
given for perturbations in the vibrational series, and we have observed the
branching between adiabatic and diabatic behaviour at avoided crossing of valence
state potentials. The resolution of this type of translational spectroscopy permits
very detailed information to be obtained about short-lived excited molecular states
and dissociation mechanisms.
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Chapter 6

Predissociation of the d'llg Rydberg
State in O2: Nature of the

Rydberg-Valence Interactions

Predissociation of the higher vibrational states (v=4-8) of the
Rydberg state is investigated experimentally using translational
spectroscopy. These states predissociate to the O(]D) + O(1D)
dissociation limit. Individual rotational levels of the v=4 state are
observed for the first time, and the energies and rotational constants for
both 16C>2 and 18C>2 isotopes are established. The observed predissociat-
ion behaviour and natural linewidths are explained by invoking both
Rydberg-valence and valence-valence interactions. The nearly diabatic
nature of the llll% and21Tlg valence states is deduced from these
observations. One of the 'diabatic' valence states is 'bound', and its
perturbations on the v=l to 3 of the Rydberg state explain observations
of reported resonance enhanced multiphoton ionization experiments.

1 Introduction

The extensive interest in the properties of O2 is very natural due to its importance
in atmospheric chemistry and physics. The electronically excited states of O2 have
received considerable experimental and theoretical interest for a long time. A
thorough review and analysis of these results puLlished lefore 1971 has been made
by Krupenie.1 Since then, in addition to the conventional optical methods including
the recent use of synchrotron radiation, both electron energy loss spectroscopy
(EELS) and resonance enhanced multiphoton ionization (REMPI) have been added
to the analytical tools available to study excited electronic states. Each of these latter
techniques has access to different states that are not dipole-coupled to the ground
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state. The first observations2-3 of the C3Ylg state were seen in EELS experiments2"5

as a small substructure on the Schumann-Runge continuum. The simultaneous
presence of negative ion resonances5 prevented proper identification of the d'Ug
state until later.6

Over the last two years several papers appeared,69 in which the low-lying
(3sa) l\g states, which are dominantly Rydberg states, were probed using REMPI.
In these REMPI experiments the excited states were reached with two photons.
Results were reported of excitation both from the X5Z: ground state6"8 and from
the metastable a]Ag state9 of molecular oxygen. The first four vibrational levels
have been observed. The rapid decrease of the Franck-Condon factors above the
v=3 state inhibits excitation of higher vibrational levels in the REMPI spectra from
the OJ, A"2 fig , v=0 state. These REMPI results disclose a number of perturbations
in both the d]Y\g and C3Ylg Rydberg states. For instance, in the C3Ylg Rydberg state
rotational structure can be resolved only in v=2; severe linebroadenings (50-
300 cm1) influence the other vibrational levels. In contrast, in the d'llg Rydberg
state rotational lines are resolved for the vibrational states v=0,l, and 3. Spurious,
as yet unidentified, structures have hindered an unambiguous identification of the
v=2 state.6-9 The rotational constant of the v=0 state is similar to that of the O|,
X2ng, ion state,6-10 however, in the v=l and especially the v=3 vibrational state the
rotational constant deviates considerably from the values expected from the
Rydberg nature of these electronically excited states.9-10 In both Rydberg states the
proximity of Ug valence states has been invoked to explain the perturbations
qualitatively. A first attempt has been made to deduce the relative positions of the
C3Ug Rydberg and valence states and their mutual coupling by optimizing these
parameters in calculations of the observed linebroadenings and level positions.11

Besides REMPI and electron energy loss spectroscopy (EELS) translational
spectroscopy has also recently proven to be a powerful technique to study the first
Fig Rydberg states in O2. In translational spectroscopy the distribution of kinetic
energy released to the fragments from dissociating molecules is obtained. From the
kinetic energy release (KER) spectra the total energy of predissociating
rovibrational states is determined with respect to the electronic energy of the
dissociation products. In this way Peterson and Bae12 found that electronically
excited states in O2 in the region of the lowest Rydberg states are formed in
collisions of OJ with cesium vapour. However their low resolution did not permit
discrimination between the formation of quasi-bound states, which are then
predissociated, or the formation of directly dissociative states. Recently, using an
improved version of translational spectroscopy13 we confirmed that the near
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resonant charge exchange process dominates in electron capture collisions of O\
with cesium.14 Neutral O2 molecules are formed primarily in the (3s&) d!ng and
C3Yls Rydberg states.14 The results are described in chapter 5: nine vibrational
states in both the d'Tlg and C3Ylg Rydberg states could be identified in the KER
spectrum. Interactions between the Ylg Rydberg and the Y\g valence states are
responsible for the predissociation of the quasi-bound rovibrational states. In the
Ug Rydberg states this interaction is too weak to influence the Rydberg nature
considerably and to shift the vibrational levels with respect to the vibrational
spacings in the parent ion state. The interaction is strong enough to be the dominant
dissociation mechanism for the quasibound states. Predissociation of different
vibrational levels is observed to different dissociation limits, demonstrating a
unique advantage of this technique. This behaviour is explained qualitatively in the
previous chapter.14 The interaction at the avoided crossings between the first and
second singlet and first and second triplet valence states causes the observed
dissociation to various limits.

Several calculations have been made on the relevant potentials2 '1518 and
although they do not yet reach the present experimental accuracy, they have been
essential in the interpretation of all experimental results. Cartwright et al 2 have
calculated the term values of all n=3 Rydberg states. Saxon and Liu15 have
calculated all valence states that correlate with the first dissociation limits. In these
calculations no Rydberg character was included, however Rydberg orbitals were
later added to the basis set and a number of Rydberg states were calculated.16-'7 In
Fig. 1 the relevant potential energy curves are shown. The d]ng and C3Ug Rydberg
states, which are separated by approximately 85 meV, are drawn together. The
arrow indicating the ionization potential of Cs illustrates the near-resonant nature
of the formation of these Rydberg states in electron capture from Cs. The Tlg

valence states are shown using a diabatic representation at their avoided crossings.
The triplet valence states are given as dashed curves.

Buenker and Peyerimhoff have published a series of papers, focused on the
importance of Rydberg-valence interactions in O2,19-21 in which they discuss the
relative stability of the different (n=3) Rydberg states. Their studies show, that the
(3scf) Tlg Rydberg state is relatively weakly coupled to the valence states in contrast
to e.g. the (3po) Ylu Rydberg state in O2. This conclusion and the small influence of
the 3so -electron on the ion core explain the dominant Rydberg character of these
low lying Rydberg states. The couplings have not yet been quantified. Our first
report14 dealt with the spectroscopy and dissociation mechanisms of the Ylg

Rydberg states. The KER data showed that about 90% of the low vibrational states
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of the C3Ylg dissociate to the C^P+OiD limit, going diabatically through the
crossing (see Fig. 1). Only 10% go adiabatically illustrating that the electronic
coupling between these two valence states is relatively weak. More interestingly,
various d]Ug vibrational levels predissociate to three different limits. The v=0 and
most of the v=l levels are predissociated, through spin-orbit mixing with the C3Ug

Rydberg state, by the J3Ug valence state, yielding dominantly O3P and OJD
products. Part of v=l and all of v=2 to 8 undergo electronic predissociation by the
/'Fig valence state. This state has an avoided crossing with the 21Ylg valence state
near R=1.6A15 and therefore predissociation can lead to O3P+O3P or C^D+O'D
products. The v=3 and lower levels lie energetically below the C^D+O'D limit and
were observed to dissociate only to the lower limit. The observar' >n of small peaks
with KER values <1 eV was interpreted as the predif -, d v=5-8 levels

0.B 1.0 1.2 1.4 1.6 l.B 2.0 2.2 2.4
internucleardistance (A)

Fig. 1 Scheme of the relevant potentials for these experiments. The Oj ground state
potential is from Krupenie1, and used shifted downwards for the Rydberg state.
The origin for the energy is the 3I,~g v=0,J=0 state.Our estimated position of the
7 ;Ilg valence is sketched. All (triplet and singlet) valence states are taken from the
calculations of Saxon and Liu,16 but they are shown as diabatic state at the avoided
crossings (see text). The length of the double arrow shows the Cs ioniza'' i
potential meant to illustrate the near-resonant character of the charge exchange.
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yielding O'D+O'D products. The KER value of 100 meV expected for the v=4
level could not be observed due to the apparatus configuration.

We have now performed a number of experiments to gain more insight in the
nature and strength of the Rydberg-valence and valence-valence state couplings. In
this paper we report a high resolution translational spectroscopy study of the dlY\g

(v=4-8) Rydberg states, which we found to yield low KER values (< 1 eV). We
present measurements of the rotational constant of the v=4 vibrational state in both
!6O2 and ^ 0 2 . A semi-quantitative theoretical model based on the Fermi golden
rule is presented, which is used to deduce the electronic coupling between the tfYlg
Rydberg and valence states by optimizing it to yield the observed predissociation
linewidths. The resulting coupling strength is used to the predissociation and
character of the lower vibrational levels. The results of this description are
compared with perturbations in the rotational constants, found in REMPI studies.
We have estimated the actual location of the ]]ng valence state relative to the d}Ug

Rydberg state.

2 Experimental

The principle of the experimental method has been described extensively
before.13-14'22 Our apparatus is able to determine Kinetic Energy Release (KER)
distributions from dissociating neutral and/or ionic molecules in a fast beam.
Provided that a quasi-bound state is predissociated, the corresponding kinetic
energy release discloses directly the position of the quasi-bound state with respect
to the final state dissociation limit. The neutral excited O2 molecules are formed in
collisions between fast OJ ions with Cs atoms. A time- and position- sensitive two-
particle detector based on multi-channel plates is able to detect in a coincidence
technique both O atoms, which are the products of dissociating O2 molecules. The
relative position of the two atoms and their flight time difference can be converted
unambiguously to the KER in the centre of mass of the dissociating O2 molecule,
provided that the dissociation occurs within a short distance of where the O2 was
formed. This implies that dissociation has to occur within about 10 ns, which is
generally the case for predissociative events, which typically occur after 0.1-1 ps.
During 0.1-1 ps the O2* has moved over a distance of 10-100 nm only.

A fast (£o=4-10 keV) OJ ion beam is extracted from a Nier type electron
impact source, typical current 10 pA. After mass selection the ion beam is directed
through a collision cell with Cs vapour. The target thickness is kept small to ensure
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single collision circumstances. The neutral products (O2 molecules and O products
from dissociating O2) and unreacted ions enter a field free region between charge
exchange cell and detector. All ions are deflected away behind the charge exchange
cell, thus collision induced dissociations do not contribute to our spectra. In
principle the length (L) of the field free region can be adjusted to the KER values
of interest (see Eq. 1). For these experiments we changed its length to 2.3 m in
order to enhance dissociations with a small KER (<1 eV). Although the majority of
dissociative events has KER values larger than 1 eV and were not observable in the
present set-up,14 the total coincidence count rates ranged from 100 Hz to 1 kHz in
all presented experiments.

The KER is calculated from the observed distance (R) and flight time
difference (T) by :

e=|%(R2-KvoT)2) (1)

vo is the velocity of the ions in the beam. All of the present spectra were taken
selecting dissociations with x<2-4 ns, i.e. measuring dissociations that occur nearly
perpendicular to the ion beam, for optimum resolution. The resolution is
dominated by the uncertainty (AR) in R, thus:

Ae AR
2 ( 2 )

Eq. 2 shows that the relative energy resolution Ae/e improves with increasing R,
but (Eq. 1 and 2) the absolute resolution Ae worsens with R. For detailed
comparisons with the experimental results simulated spectra were synthesized
using the (position dependent) apparatus function; adjustable parameters were the
term values (Tv) of the vibrational states, the rotational constants (Bv) and the
rotational temperature (Trof). In some cases the natural linewidth was introduced in
the simulation, if this linewidth exceeded the apparatus resolution to give
observable broadenings. The position dependent apparatus function and the energy
scale of the spectra were experimentally calibrated from the reaction:

H2+ + Cs -> H2*(n=3 states, v>3) -> H(ls)+H(2/ )+KER (<1 eV)

From the very complex reference spectra, only the most reliable peaks (d^Uu (v=4-
7, N=l,2)) have been used.22 The energy values of these levels are taken from
Diekes tables,23 with the correction of -149.6 cm"1 found by Miller and Freund.24

In Diekes tables only one A-component (d^Tl^) is given for the vibrational states
with v>3. The A-doubling for the v=3 levels is only 2 cm1 . Thus even if the levels
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in the calibration spectrum belong to the d3ll+ component the error will be smaller
than =3 cm1. The position calibration has been checked in experiments with
different energies of the OJ beam (4-10 keV). At an increase of the beam energy
the distance (R) between the fragment O atoms decreases, enabling a check of the
linearity. The FWHM resolution (Ae/e) of the released kinetic energy is typically
1.5% at a KER value of 100 meV.

The described experiments have been performed with both 16O2 and 18O2. The
18O2 was purchased from Ventron (Karlsruhe) and was of 99% purity.

3 Results and Discussion

3.1 Levels and Identification

A typical example of a KER spectrum is given in Fig. 2. The beam energy in this
experiment was 7 keV and the l6Oj isotope was used. The main peaks have been
assigned. (d1Ilg),v=4-8. The latter four were seen in our first experiments.14

Predissociation takes place to the 0(^D)+0(1D) dissociation limit. The position of
the structures in the spectrum with respect to the O2 (X3Z-~g> v=0,J=0) is found by
adding 9.0495 eV to the KER values. This energy is the sum of the X3I.'g,
dissociation limit (5.1147 eV)25 and twice the 1.9674 eV O(3P)->O(lD) excitation
energy. The form of the structures in Fig. 2 is determined by the individual
rotational levels. Thus the form of the high energy tail of each structure determines
the rotational temperature. The individual rotational lines are not resolved due to
the finite experimental resolution, and sometimes due to the natural linewidth, as
will be shown later. The separation of the peaks is regular (spacing + 220 meV)
closely resembling the vibrational spacing in the O| ion,26 which is indicative for
the Rydberg character of this d]Ug state.

We will now give a justification of our assignments given above. In
translational spectroscopy only KER values are determined, but not the final states
of the atoms. To give the energies of the observed peaks with respect to the
X3I,~g,v=Q state demands a correct identification of the dissociation limit. The
(quasibound) states, that are most probably formed, have ionization potentials close
to that of cesium, since near-resonant charge exchange processes generally
dominate. Near-resonant charge exchange is a well known phenomenon in ion-
atom collisions. Its dominance over non near-resonant channels has allowed a
relatively simple interpretation of KER spectra, observed in collisions of HJO3*27),
HeH+ f28) and OJ (12>14) with Cs. The present assignment of the vibrational levels is
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supported by a calculation of the effect of replacement of the 16O2 isotope by the
18O2 isotope. In Table 1 the shift of the v=4-8 states in an RKR-potential for the OJ
ground state1 is given and compared to the shift of the observed peaks in the KER
spectrum (see Fig. 6 for the 18C>2 spectrum). Using a standard Numerov method the
Schrodinger equation for the nuclei is solved numerically. The observed and
calculated differences are given in Table 1. An excellent agreement is observed.
This not only supports the vibrational assignment but also strongly renders
prominence to the Rydberg character of the observed state. Resonant charge
exchange of OJ, X2Ug, v=4 ions with Cs gives neutral product molecules with
excitation energies of 9.1 eV. The observation of KER values of 95 meV implies
that apart from the ground state dissociation energy of 5.115 eV about 4 eV has
gone into excitation energy of the product O atoms. O^DJ+O^D) atoms are the
most probable fragment products. In that case the possible symmetries of the

100 300 500 700

kinetic energy release (meV)
900

Fig. 2 Typical KER spectrum. A 7 keV 16O^ beam is extracted from the ion
source. The dissociating neutral O2 are formed in collisions with Cs. The structures
in the spectrum are assigned to the v=4-8 states in the dJTlg Rydberg state. The
assignments are explained in the text.
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Table

vibrational

number

4
5

6
7

1 Isotope Shifts

experimental

(meV)

56(2)
71(4)

79(5)

89(10)

theoretical

(meV)

56.3
67.6

79.3

88.8

O2: Predissociation of the dJl\g Rydberg State

formed quasibound states are limited to singlet states only, neglecting the possibility
of spin-orbit mixing. Of course, the identifications of the higher four of the five
observed peaks was reasonably well established from the results described in the
previous chapter.

Legends: Comparison between the observed
isotope, 16C>2 to 18O2, shift (uncertainty
between brackets) and calculated isotope
shift in the parent ground state ion. The
RKR potential for O2, X2Ylg was taken
from Krupenie.1 Calculations were perfor-
med for N=l levels.

The background under the vibrational structures is not flat, weak undulations
can be observed, in particular a hump can be observed between KER values of 200
and 300 meV. The total background in the spectrum is not due to false coincidences
but to dissociative charge exchange collisions of O£ with Cs. Two types of
dissociative charge exchange processes yield low energy dissociations without
much structure: 1) population of directly dissociative states, which predissociate to
excited dissociation limits (as e.g. O(1D)+O(1D)), and ii) population of quasi-bound
levels, which are dipole coupled to lower lying dissociative states and thus
dissociate after emission of a photon. The most probable origin for the background
in these experiments is charge exchange into directly dissociative states. Of the 62
valence states15 only a few will allow near-resonant charge exchange in a vertical
transition. Fig. 1 shows the most probable valence states; the same ]'ng and l3Ug

that predissociate the quasi-bound Rydberg states. We have tried to reconstruct the
background spectrum, projecting the bound rovibrational ion state wave functions
onto the dissociative continuum of the neutral YIg valence states. A weighing factor
to account for the probability of charge exchange as function of the energy defect
was included. We did not succeed in reproducing a nearly flat background
spectrum.

3.2 Rotational Constants and Natural Linewidths

The structure in the high energy tail of the v=4 peak is real and attributed to
individual rotational states. Figure 3 shows part of a KER spectrum obtained with a
4 keV ion beam. The resolved rotational lines are clearly visible. This result shows
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an important advantage of our method over other spectroscopical methods. The
energies of all rotational states are given with respect to one energy (the
dissociation limit) and intensity attenuations, usual in other spectroscopical studies,
are absent. This spectrum has been synthesized using the Gaussian apparatus
function and three adjustable parameters; the position of the J=l level with respect
to the O('D)+O(1D) limit, the rotational constant (B4) to determine the energies of
the J>1 levels, and a Boltzmann distribution with the rotational temperature (Trot).
In the simulation in Fig. 3 the natural linewidth is assumed to be negligible with
respect to the apparatus energy resolution. This means for this experiment that the
natural linewidth (F) is smaller than 2.4 meV (19 cm-1). The natural linewidth (F)
of the rovibrational levels is proportional to the predissociation rate of the quasi-
bound rovibrational levels. These rates are determined by the electronic coupling
strength between the (diabatic) Rydberg and valence state and by the Franck-

100
80 100 120 140 160 180 200

kinetic energy release (meV)

Fig. 3 The low energy part of a KER spectrum from a 4 keV beam. Individual
rotational lines of the ^ 0 2 ^Ilg, v=4 state can be observed. The spectrum is
simulated optimizing the term value of the v=4 state (Tv), the rotational temperature
and the rotational constant (Bv).
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O2: Predissociation of the ^Ug Rydberg State

Condon overlap between the nuclear wave functions of the quasibound state and the
continuum (dissociative) state.

Without rotation the Tlg states are doubly degenerate; upon rotation of the
molecule a splitting occurs (A-type doubling between the n+ and n^ ).2? Due to the
value of the nuclear spin (1=0) in O2, all even J values correlate with the Fig
component, all odd with the U'g. In the simulation A-doubling was neglected. The
simulation justifies this simplification. A KER spectrum from a recent experiment
with a somewhat improved resolution shows that the linewidth of the rotational
lines with J>20 can still be described by the resolution of the detector only,
resulting in a reduced upper limit for the natural linewidth r<10 cm-'. In this
spectrum the peaks of the low rotational levels are broadened by the natural
linewidth. Simulations show that the natural linewidths are 10-13 cm-1. We did not
optimize for each individual J level the natural linewidth. In Fig. 4 the v=5 and 6
structures are shown from the same experimental spectrum as Fig. 3. The form of
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Fig. 4 The ^Ilg, v=5 and 6 states of 16O2 . The experimental conditions were the
same as in Fig. 3. A flat background is subtracted to get this spectrum. In the
simulation of this spectrum a natural linewidth is introduced (T=70 cm"1) for the v=5
state.
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the two peaks is different as is most obvious on the the low energy part of the v=5
structure, which is broadened by the width of the rotational lines. Changing the
natural linewidth in different simulations showed that especially the low energy
side of a vibrational structure is sensitive to an increased natural linewidth, if
individual rotational states are not separated. In the simulation shown a natural
linewidth of T=70 cm-1 for all J levels was added. This estimated linewidth pertains
thus primarily to the low J values. Considering the remaining parameters in the
simulation, only the electronic energy term values (T5 and T6> have been
optimized. The rotational constant and rotational temperature are equal to the
parameters used in the simulation of Fig. 3. The independence of the rotational
temperature on the vibrational state is supported by the agreement of the simulation
with the observed spectrum. In the simulation of the v=6 state, in contrast to the
v=5 state, the natural linewidth was assumed negligible with respect to the

50 70 90 110 130 150 170 190. 210
kinetic energy release (meV)

Fig. 5 The low energy part of the KER spectrum using an 18C>2 ion beam at 4 ke V
energy. The structure of the v=4 state is shown. The inset shows the simulation, in
which lifetime broadening is neglected. The simulation of the spectrum assumes a J
dependent linewidth. The natural linewidths decrease with increasing J values
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experimental resolution. The apparatus resolution is insufficient to resolve
individual rotational lines at these higher KER values.

In Fig. 5 the v=4 state of 18O2 is shown. The decrease of the KER value is due
to the isotope shift, see Table 1. Note the KER values; 38 meV is a near thermal
energy. In contrast to the 16O2, v=4 state individual rotational lines are hardly
resolved. To stress the effect of the increased natural linewidth on the spectrum, in
the inset of Fig. 5 a simulation is shown of a spectrum ignoring the natural
linewidth, which shows resolved rotational lines. Obviously lifetime broadening
has to be invoked to describe the experimental result. From the experimental data it
also appears that the high rotational levels of the 18O2 v=4 structure have smaller
natural linewidths than the low-J levels. The linewidths range from 30 cm-1 for lo\.
J to less than 15 cm-1 for J>25. The widths of the high-J levels are limited by the
apparatus resolution, see inset Fig. 5. The simulation shows that the peak envelope
is not well described by a temperature of 550K. Especially at the low energy side of
the peak a mismatch can be observed. A decrease of the detector efficiency and
uncertainty about the shape of the background near the centre of the detector are
possible causes. The very low KER values for this peak imply small distances (R)
between the fragments on the detector (see Eq. 1).

In Fig. 6 the KER data from the v=4-7 states of the 18O2 are shown. A smooth
background has been subtracted. The v=5 structure is affected by lifetime
broadening as is the case with the 16C>2 isotope. The natural linewidth (F) of the v=5
state is determined as above using the shape of the low-J side of the vibrational
structure, again this linewidth (F=80 cm-1) pertains predominantly to the low-J
levels and can not be attributed to individual high-J levels.

Note also in Fig. 6 the reduced intensity and distorted form of the v=6 peak.
Especially intensity in the lower rotational lines is missing. The low energy side of
the v=6 structure shows that the natural linewidth is smaller than the apparatus
resolution (at this KER value 30 cm-1). An explanation may be found in the
presence of another competing dissociation channel for the lower rotational levels.
The occurrence of competition depends on the linewidths of both dissociation
channels. Thus, either these rotational levels are accidentally more stable against
predissociation by the VYlg valence state than other rovibrational states, or an
alternative dissociation path accidentally has a small associated lifetime. The
rotational and vibrational distributions of the neutral O2 molecule are determined
mainly by the distribution in the parent ion beam and to a lesser extent by the
charge exchange process. So, although in principle it is possible that the anomalous
rotational distribution in the 18O2, v=6 peak is due to isotope effects in the electron
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capture process, we rule out such isotope effects. The explanation will be explained
and discussed in section 3.6.

a
o

a
CD

100 200 300 400 500 600 700
kinetic energy release (meV)

800

Fig. 6 A KER spectrum again using a 5 keV 18O^ beam. The vibrational states, v=4-7
of the ; n 5 Rydberg state are shown. Background is subtracted. Note the form of the
v=6 structure, clearly different at the low energy side.

3.3 Rotational Temperatures

The rotational temperatures that follow from the simulations of the spectra slightly
increase with increasing beam energy (550 K at 4 keV until 650 K at
10 keV for the v=4 state). The source conditions were kept the same in these
experiments. The rotational temperatures of the different vibrational states,
measured at a given beam energy, are equal within the experimental uncertainty of
50 K. The observation in our spectra of the population of the high vibrational states
and the observed rotational temperatures deserve some discussion. The
distribution over the high vibrational states (v=4-8) can not be described by direct
electron impact ionization due to the decrease in the Franck-Condon overlap
integral (FCF) between the O2 vibrational ground state and the O£, X2Ylg state (e.g.
FCF=0.29 for v'=2; 0.03 for v'=4, 0.004 for v'=5).l The near resonant charge
exchange process is not expected to be responsible for high vibrational excitation.
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In studies of charge transfer from Cs to fast HJ very little vibrational excitation is
observed in the population of Rydberg states.27 The absence of vibrational
excitation is attributed to the large cross sections in near-resonant processes and
thus large impact parameters involved. The soft collisions allow the Franck-
Condon factors to dominate the charge transfer and thus for Rydberg states the
Av=0 propensity is very strong. Therefore the relatively high population of these
high vibrational states is ascribed to cascading processes in the electron impact
source. This will be discussed in more detail in a forthcoming paper.30

The observed rotational temperatures contain information on both the
electron impact process in the source and the physics of the charge exchange
process. The rotational temperatures (550 K-650 K) are considerably higher than
the temperature of the ion source (approx. 400 K). The temperature rise is partly
due to the nature of the electron impact process. In electron impact ionization of H2
and N2 conservation of angular momentum explains the observed rotational
temperatures.31-32 The rotational temperature is given by a fit of the rotational
population P(J) to a Boltzmann distribution:

, BVJ(J+1).
P(JH2J+l)exp(- kTro< ) (3)

If the J values are not changed in ionization then P(J) is unchanged, thus the fitted
rotational temperature Trot is proportional to the rotational constant Bv. In O2 the
thus expected rotational temperature in the ion beam is 470 K. The ratio between
the rotational constants for the ground states of ionic and reutral molecular oxygen
is B(OJ, X2Ug)/B(O2 ^ Z p s l . 1 7 . 1 6 Since the rotational constant depends slightly
on the vibrational level a small decrease in the rotational temperature as function of
the vibrational state is also expected, but this effect is too small to be observed
(about 6 K per vibration). The change in Bv upon ionization only partly accounts
for the observed rotational temperature. The difference between the observed
550 K rotational temperature and the expected 470 K indicates the presence of
some rotational excitation in the electron capture collisions. The dependency of the
rotational temperature on the beam energy supports the assumption of rotational
excitation. De Bruijn et al21 report strong rotational excitation of the H2 molecules
that are formed in experiments of Hj on Na. In this system the rotational
temperature of the product molecules (H2, c3TI+) depends strongly on the
vibrational number. The rotational excitation increases from v=0 (Tro,=300 K) to
high vibrational states (Tro,=850 K for v=12).27 This dependence of the rotational
temperature on the vibrational quantum number is not observed in the present
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experiments. The underlying physical mechanism for the different behaviour is not
clear to us.

3.4 Summary of the Experimental Results

In Table 2 the level energies, rotational constants and natural linewidths are
collected that result from the simulations of the experiments. The positions of the
J=l levels are given both with respect to the C^D+O'D (from the KER values) and
as term values with respect to O2 X3Z~g , v=0,N=0. As described the rotational
constants could only be determined for the v=4 states due to the apparatus
resolution and natural linewidths. The vibrational spacings are given and compared
with the spacings in the OJ parent ion state. The natural linewidths have been
extracted from the simulated spectra and pertain mostly to the low-J levels only.
The given rotational temperatures have an uncertainty of 25 K for the 16C>2, v=4
and 50 K for the other vibrational states.

Table 2 Summary of the Experimental Results

KER(J=l)a) Tvb) Bv
c) Dd)

(vibr.) (meV) (eV) (cm"1) (meV)
16O2

(cm-1) (K)

at 4keV at 10 keV

4

5

6

7

8

18 O 2

4
5

6

7

94(1)

310(2)

519(3)

735(5)

936(10)

38(1)

239(3)

440(5)

646(5)

9.143

9.359

9.568

9.783

9.985

9.081

9.282

9.483

9.689

1.585

1.436

216(216)

209 (212)

216 (208)

201 (204)

201 (205)

201 (201)

206 (197)

12

70

<30

<40

30

80

<30

<40

550

550

550

550

at4keV

550

550

650

at 5.1 keV

550

Legend, a) KER values for the J=l levels; between bracke;s uncertainty, b) Tv with
respect to the O2*,(v,J=0,0); addition of 9.0487 eV for ^o2 and 9.0433 eV for
18O2, c) Rotational constant Bv in enr1, d) observed vibrational spacing; between
brackets spacing in Oj, ^ 2 n g , e) linewidth (F) for low J values in ciir*, f) Trot at
two beam energies.
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The v=4-8 vibrational states have not been observed in REMPI experiments
but the positions of the higher vibrational levels agree well with a continuation of
the v=0-3 states observed in REMPIA9-33 In an earlier publication we have
reported14 the v=5-8 states of d'Ug . However, we now improve the accuracy of the
term values from 10-20 meV to 1-4 meV (8-32 cm-').

3.5 Theoretical Treatment

The (3s<f) 'Fig Rydber<? state is the first member of the lowest lying Rydberg series
that converge to the O2,X2Ug ground state. A diabatic description of the 'Tig
Rydberg seems appropriate judged from its weakly perturbed Rydberg character.
The electronic interaction between this state and the ]Tlg valence state is expected
to be relatively weak. Buenker and Peyerimhoff mentioned this aspect in their
theoretical work.20 Still the Rydberg-valence state interaction is responsible for the
predissociation of the rovibrational states, and details of this interaction and the
subsequent valence-valence interaction determine the observed dissociation limits
and natural linewidths.

The differences in the molecular configurations in a pair of Rydberg and
valence states of the same symmetry give two types of interaction.34 First, if the
configurations of the valence and Rydberg state differ by only one molecular
orbital, according to Lefebvre-Brion and Field,34 adiabatic potential curves are
preferred over diabatic curves, synonymous to a large Rydberg-valence
interaction. An example in O2 is given by the Ylu Rydberg and valence states19-21; in
these states the 3<yu molecular orbital is excited to the 3pau Rydberg orbital. In the
adiabatic picture the vibrational spacings and rotational constants differ
considerably from those of the ion state. This aspect of the (3pcru)

 3UU Rydberg
state has been observed.35 Secondly, the configurations of the Rydberg and valence
state can differ by two molecular orbitals. In this case the Rydberg-valence
interaction is often small, which allows a description of the Rydberg and valence
states with diabatic Rydberg and valence state potential curves. The presently
studied d}Ug Rydberg state is an example. The dominant molecular configuration
of this Rydberg state is (KK'LL1) 3og

2l7Zu
4l7tg13s<Jg, the first }Ug valence state is

(KK'LL')30g2lnii>lng
23<Tu

1 and second 'Ug valence state is (KK'l±:)3ag'l7cu
4lng

3.
K,K' and L,L' stand for the fully occupied inner 1 ogl au and 2og2ou orbitals. The
stability of the Rydberg state is thus often enhanced if the valence state differs by
two orbitals but this is not always true. The behaviour of the O2(3pn) •*£' Rydberg
and valence states, which differ by two molecular orbitals, is well described in an
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adiabatic description due to the large interaction.19 The isoconfigurational (3pri)
3AU state is, based on theoretical calculations, expected to be an unperturbed
Rydberg state.20-21 Thus the stability of a Rydberg state against Rydberg-valence
interactions can not be inferred easily from general principles.

In Fig. 7a and 7b two sets of potential curves are shown. Fig. 7a gives the
Rydberg and valence states by their diabatic potential curves. The two diabatic
valence states are indicated as ]}Tlg (line) and 2]Tlg (dashed curve) valence state
potentials. Fig. 7b shows adiabatic potential curves, calculated from the diabatic
Rydberg state, 7;FIg valence state and the electronic coupling (see later, Eq. 7). The
lower adiabatic Rydberg-valence potential curve is indicated by VYlg the upper
adiabatic potential curve by IPUg. In Fig. 7b at the crossing of the }Ug valence
states again diabatic character is chosen. This diabatic character is deduced from the

11.0

10.5 -

o.a 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

internuclear distance (A)
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

internuclear distance (A)

Fig.7 Potential diagrams illustrating the performed calculations.
a) diabatic 7 n g Rydberg and valence state
potentials. The ^Ilg valence states are the
l]ng (line) and 2iUg (dashes) valence sta-
tes. These potential cui-ves are used to calcu-
late the vibrational wave functions (v=5 and 8
are shown with the continuum wave functions
at the same energy) and the Franck-Condon
overlap integrals for the Fermi golden rule.

b) adiabatic potentials c structed from the
potentials of a) using i. 6. The lower
Rydberg-valence adiabatic potential ci rve is
indicated by / 7 n g the upper by II}Ug. Some
vibrational levels calculated in the double well
potential are given. The vibi.nonal numbering
is clarified in the section 3.7. For completeness
cl;e diabatic 2JIlg valence state is given.
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observed KER values which indicate that only O !D atoms result from the
dissociation of the 18C>2, v=4 state, which lies only 38 meV above the O'D+O'D
dissociation limit and less than 0.9 eV above the crossing between the diabatic
valence states. In other words, dissociation by the l}Ug valence state results in a
'half-collision' at the avoided crossing and the large probability to dissociate to the
excited limit favours a diabatic description. As will be shown later the observation
of the small rotational constant for the v=3 state in REMPI experiments9 also
renders support to the diabatic character of the valence states. The origin of the
wave functions shown will be discussed shortly in the sections 3.6 and 3.7.

The conservation of the Rydberg character of the higher vibrational levels, as
concluded from the observed vibrational spacings, suggests that the coupling with
the valence state is relatively weak and may be described in a perturbative way. In
the Fermi golden rule the overlap between the nuclear wave functions in the bound
(Rydberg) and the continuum (valence) state determines the natural linewidth (see
Fig. 7a). The decay width (F) is given by:

r = 2 71 l<JCcon(R)IHel(R)IXvj(R)>l2 (4)

Hei(R) is the electronic coupling, whose magnitude is to be determined; F is the
(observed) linewidth and the bound vibrational and (energy normalized)
continuum wave functions are represented by Xvj and xcon respectively.

The situation sketched in Fig. 7b illustrates the behaviour of the first four
vibrational states. In an adiabatic description the non-crossing rule transforms the
Rydberg potential curve and the valence state potential curve into a double well
potential with mixed character such as is also found in the E,F ]T.g state of H2.36-37

The vibrational wave function will have non-zero amplitude in the inner and outer
well, which will explain (section 3.7) the anomalous behaviour of the rotational
constant observed in REMPI experiments. The relationship between the diabatic
and adiabatic description of this system will be also given in section 3.7.

3.6 Decay Rate Calculations on v=4-8 States

From the observed natural linewidths and calculated bound-free Franck-Condon
overlap integrals, Hei can be determined. Hov jver, only the position of the d'Ylg

Rydberg state is accurately known, while the accuracy of the calculations of the
valence states from Saxon and Liu15 is estimated to be 0.3 eV at small internuclear
disru ce their calculated C^D+C^D dissociation limit is off by 0.58 eV. Therefore
we have used the position of the valence state as an adjustable parameter to
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Table 3 Observed and Calculated Natural Linewidths

I) v=4-8 states

isotope vibration i

(v)

16O2 4

5

6

7

I8O2 4

5

6

7

•otation

(J)

1
1

1

1

1

1

1

1

II) Linewidths as Function of J

rcai(cm-l)16o2.v=4

rObs(cm-l) "

rcai(cm-l)18O2,v=4

robs(cm-l) "

rcai(cm-l)lSO2,v=6
robs(crn-l) "

1

io(a)
io(a)

33

30

0.02
«30W

linewidth
measured

(cm-1)

10(a)

70

<30

<40

30

80

<30

<40

5
11

10

35

30

0.034

«30(f>)

linewidth
calculated

(cm"1)

10<a>
50

11

3

33

40

0.02

24

Rotational level

10
8.3

10

33

30

0.12

<30

lifetime
calculated

(PS)

0.53
0.10
0.57
1.7

0.16
0.13
265

2.2

(J)
15

5.7

<10

24

30

0.52
<30

20

4.8

<10

28

30

1.0

<30

25

2.7

<10

18

<15

2.7

<30

Legends: I+II) Linewidths calculated using Fermi golden rule. Linewidths are
converted to lifetimes using rx=h\ The electronic coupling Hel (55 meV= 450 cm"1)
is determined from the equation T=2n l<Xi lX2> | 2 (Hel)2= 10 cm-' (16O2,v=4,
low-J)- I) only J=l values, II) as function of J by adding the centrifugal barrier to
the bound and continuum potential curves; (a) used for detennination of Hei; (b) inter-
preted from missing intensity.
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reproduce the relative linewidths, observed in our experiments. In this procedure
we assume Hei to be R-independent. Since the absolute position of the Rydberg state
is known, this procedure will give also an absolute position of the valence state. The
shape of the valence state potential is obtained from the calculations by Saxon and

The Franck-Condon overlap integrals between the different rovibrational
levels and the continuum states are very sensitive to the position of the (repulsive)
valence state. We have checked whether a horizontal shift of the potential curve can
be replaced by a vertical shift. This is obviously possible, if the valence state
potential curve is linear in the overlap region. The slope of the valence states is
approx. 10 eV/A at 1.2 A. Indeed shifts along this line give qualitatively
comparable results. In Table 3 the best overall results are presented. The valence
state has been shifted to smaller internuclear distance R by 0.039 A and down in
energy by 320 meV. The magnitude of the electronic coupling (Hei) can now be
calculated from the observed absolute natural linewidths. Using the observed
linewidth for the 16O2, v=4, low-J structure of 10 cm-1, Hei=55 meV is calculated.
In Fig. 7a the bound and continuum wave functions are given for the v=5 and 8 of
16C>2. For the v=5 state the large Franck-Condon overlap can be observed; the
bound and continuum wave functions have nearly equal frequencies and phases in
the overlap region. In Table 3 the value of 55 meV is used throughout, giving a
remarkable agreement with the observations. The only value which disagrees is the
^02^=5 state.

The resulting electronic coupling (Hei=55 meV) is not far from the value of
90 meV for the coupling between the -^n^ Rydberg and valence state found by
Friedman and Dalgarno.11-38 In close-coupling calculations Friedman and Dalgarno
optimized the linewidths and positions of the first quasi-bound 3US Rydberg states.
They assumed that the electronic coupling (Hei(R)) has a Gaussian profile with a
width of 0.52 A, in agreement with our implicit assumption that Hei(R) is constant
over the overlap region (i.e. over a width of 0.1-0.2 A). Ab initio calculations are
needed to determine the R dependence of the electronic coupling. The shift in R of
the ]ng valence state is in excellent agreement with the uncertainty estimates given
by Saxon and Liu.15 These authors compare their potential energy curves of bound
states to experimental data and find that the internuclear separation is in error by
0.028-0.038 A. The simulations of our experiments show that the crossing between
the Rydberg and valence state is situated at R=1.25 A, and at a potential energy of
8.78 eV with respect to the O2 ground state. We estimate the uncertainty of the
crossing position to be smaller than 0.02 A. These simulations allow for estimates
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on the accuracy of the calculated valence state curves only in the overlap region
(R=1.2-1.4 A). The dissociation limit calculated by Saxon and Liu15 is still high by
250 meV after applying the downward shift to the potential by 320 meV.

In Table 3 the changes in lifetime with the rotational quantum number are also
given. A comparison with the experimental observations for the 16O2, v=4 and
18O2, v=4 and 6 states stimulated these calculations. Both the experimental results
and the calculations show that the line widths decrease for the high rotational levels
of the v=4 vibrational state in both isotopes, supporting the position of the valence
state. An increase of the stability as function of the rotational number is not a
general effect in homogeneous predissociation, but reflects the change of the
vibrational wave function overlap integral in this particular case. As described
before, the experimental results in Fig. 6 for the low rotational levels of the I8C>2,
v=6 state were very surprising. The calculated linewidths are only 0.02-0.1 cm-1

for the low rotational levels, corresponding with lifetimes of 50-250 ps. These are
the only levels with these relatively long lifetimes. Therefore, competition with
another decay channel is a likely explanation. In the following we give possibilities
for competitive decay channels for these rovibrational levels in the d'Ylg state.

0 predissociation by the l3Y\g valence state by spin-orbit mixing between the
}Ylg and 3l\g Rydberg state (see Fig. 1)

ii) predissociation by the 2]Ug valence state
Radiative decay channels are not taken into account, since characteristic decay rates
are slower than 250 ps. Considering the first possibility (/) we have reported in the
previous chapter that the first two vibrational states of the d]Y\g Rydberg state are
(partly) predissociated by the l3Ug valence state.14 The natural linewidth associated
with predissociation via this mechanism can be estimated in a first-order
perturbative picture, provided the linewidths of the triplet levels are known (Ref.
34, p. 285). The amount of singlet-triplet mixing between the Rydberg states can be
estimated from the spin-orbit splitting (A) in the 3Tlg Rydberg state (given by half
the spin orbit splitting in the OJ, X2Ug of 196 cm-1)1, and the exchange splitting
(2K) between 3ng-

}Ug (650 cm-1 from our previous work and REMPI data):6>9>14

The ratio of the linewidths of the singlet and triplet lines is equal to 0.023. In
Eq. 5 the changes in the Franck-Condon overlap between the ̂ n^ Rydberg and
l3Ug valence state and between the ; n g Rydberg and l3Ug valence state is not taken
into account. Application of Eq. 4 to the triplet Rydberg state gives a linewidth of
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approx. T=50 cm1 for the C3Ylg , v=6 state. The linewidth for the d7ng , v=6 state
would be 1.25 cm1, compared to the 0.01-0.2 cm1 for the low J levels via the ;nA,
valence state. This decay channel would even dominate the overall dissociation,
thereby supporting this decay route. Experimentally this decay route would show
up in a KER spectrum at 2.41 eV, as a small shoulder on the 3ng , v=6 peak
dissociating to the O3P+O1D limit. The limited resolution at this KER value and
small intensity of this signal prevented an experimental check on the presence of
this decay channel in our previously reported spectra.14

Considering the second alternative decay channel (ii), we can estimate within
the FGR approach the linewidth of the 18C>2,v=6 rotational lines due to predisso-
ciation by the 2'Ylg valence state. The electronic coupling (Hei) between the
Rydberg state and the second valence state is not known. Insertion in Eq. 4 of a
value of 55 meV yields Iinewidths (r=0.002 cm1) that are too small to consider this
channel to be the competitive dissociation channel. However, in the absence of
theoretical data we can not exclude the possibility that the electronic coupling is
considerably larger than 55 meV. Experimentally this alternative predissociation
path would show up in our spectra at 4.4 eV, since the second valence state
correlates diabatically with the O(3P)+O(3P) dissociation limit (see Fig 7a). The
limited resolution and nearby structures in the KER spectrum around 4.4 eV
prevent an experimental observation of this alternative predissociation path.

3.7 Calculations on the v=0-3 States

In this paper we do not present experimental data on the lower vibrational states.
Nevertheless the diabatic nature of the 7 n g valence states which has been deduced
from our experimental data, has important consequences for the first vibrational
states too. Perturbations on the rotational constants of v=l-3 have been reported in
REMPI experiments9-10 and these results are given in Table 4. The position of the
d'llg, v=2 state is not certain; the appearance of unknown structures in the REMPI
spectrum around the v=2 energy has hampered its identification. Also given in
Table 4 is the rotational constant for the v=4 state, measured in this work, where we v

find that the rotational constant is restored to a high value close to the rotational
constants for the O | ground state, which are also given. .

The results given in section 3.6 strongly favour a diabatic description of the "f
potential curves. The extracted electronic coupling, which is small with respect to J
the vibrational spacing supported a posteriori the diabatic description of the
Rydberg and first valence state. From the diabatic Rydberg and valence potentials
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and the electronic coupling (55 meV, and again assumed to be independent of R) the
resulting eigenstates in the diabatic coupled potentials can be constructed by
diagonalizing the interaction matrix between the rovibrational diabatic levels. This
matrix consists of the bound (diagonal) Rydberg and valence state level energies
and (off-diagonal) coupling terms determined by the Franck-Condon overlap
integrals multiplied by the electronic coupling. The continuum states have not been
included for computational reasons. We have performed these calculations with the
diabatic valence state potentials from the previous section, the term values and
rotational constants of the resulting states are given in Table 4. These rotational
constants (Be[f) are given by:34

B f =SlQ.vl2 BV (6)
V

c,,v are the coefficients that build up the resulting vibrational state from the
vibrational states (v) in the pure diabatic states, Bv are the rotational constants in
these states.

Table 4 Calculations and Experimental Data on v=0-4 states

In Diabatic Stated In Adiabatic stated) Experimental d

v=0
v=l

v=2

v=3
v=4

energy

(meV)

0
232

459

682

907

Bv

(cm-1)

1.68
1.65

1.57

1.37
1.66

energy
(meV)

0
230
456

686
-

Bv

(cm-')

1.68
1.64
1.34

0.99
-

energy

(meV)

0
232
'457'

687
916

Bv

(cm-')

1.68
1.58

unres.

1.17

1.59

ref

7
10

9(D)

9

this work

Oj.Bv

1.68
1.66
1.64

1.62

1.60

Legend: Term values and rotational constants of the first five vibrational states from:
a) diagonalizing the interaction matrix of the bound diabatic Rydberg and valence
vibrational states, b) numerical evaluation of the vibrational states in the adiabatic
double well potential (only the states given in Fig. 7b having maximal amplitude in
the inner well), c) comparison with experimental data, v=0-3 from REMPI, v=4 this
work.

We have also calculated numerically the rovibrational levels and nuclear wave
functions in the transformed adiabatic potentials of Fig. 7b. The adiabatic double
well potential and the second adiabatic potential are calculated using the electronic
coupling and position of the valence states determined in the foregoing section. The

98



O2: Predissociation of the ̂ n ^ Rydberg State

relation between the diabatic (Vf) and adiabatic (V a f ) electronic potential energies
is given by diagonalization of the two states interaction matrix. The solutions of the
secular determinant are:34

V$(R)=0.5 (Vd,VR)+Vf (R))±0.5 V (Vd/(R)-Vf (R))2+4Hei(R)2 (7)

The precise form of Hei(R) is unknown, and the value has only been optimized at a
limited R-range. In calculating the adiabatic potentials we assumed that the
electronic coupling is only non-zero close to the avoided crossing, where the
Rydberg and valence character of the potentials are interchanged. The error due to
the unknown Hei outside the crossing region is small, since outside the crossing
region Hei is smaller than the rapidly increasing term (Vdi'(R)-Vd

2
I(R)) in Eq. 7. In

the foregoing section we have mentioned that the dissociation limit of the diabatic
valence states resulting from the calculations by Saxon and Liu15 is too high by 260
meV even after a shift of the whole potential curve down by 320 meV. The
potentials in Fig. 7b have been corrected for this by subtracting an R-dependent
correction, from R=1.32 A to the dissociation limit. This procedure is somewhat
arbitrary, but the resulting curve is still similar at large R to the adiabatic 2JY\g

valence state calculated by Saxon and Liu and reaches the proper asymptotic limit.
Although we neglect the (non-adiabatic) coupling between the adiabatic

potentials, this approach gives a good insight in the nature of the observed
perturbations. In the double well potential we determined numerically the position
of the bound levels. In Fig. 7b a few of the resulting vibrational wave functions are
shown. Only those states are selected which are near the pure Rydberg vibrational
states v=0-3. These states all have a large probability in the Rydberg potential. In
Fig. 7b we labeled these states with the vibrational number in the double well. For
instance the third (v=2) Rydberg like vibrational state is the v=8 state in the double
well vibrational series. The rotational constants are given by:

I I (8)

with p. is the reduced mass of the system. The calculated rotational constants are
given in Table 4. The positions of the vibrational levels are very close to the

unperturbed Rydberg levels as observed in REMPI and our experiments. Both j
approaches agree qualitatively but not quantitatively with the observed values.9-10 §>,

The rotational constants resulting from the diagonalization of the interaction fj.

matrix underestimate the decrease of the rotational constant with increasing ^
vibrational number, the pure adiabatic calculations overestimate this effect. The }
present Ylg system in O2 is well described for the higher vibrational levels in a \
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diabatic approach. It seems therefore remarkable that the straightforward
determination of the bound states in the adiabatic double well potential also yields a
good description such as the diagonalization of the interaction matrix. The success
of the adiabatic description is partly due to the fact that the levels in the second
adiabatic state {IVUg), which interacts with the PY\g adiabatic state via the non-
adiabatic d/dR coupling, is separated considerably from the lower levels in the
double well potential. The apparent success may also reflect that the valence state
potential is inaccurate at large R in our calculations, leading to an underestimation
of the perturbing effect of this state in the formally more correct diabatic approach.

For completeness, Table 5 shows the term values of the vibrational states in the
double well potential (/;FIg in Fig. 7b), whose amplitudes are maximal in the outer
well and which are not mentioned in Table 4, and the positions of levels in the
second adiabatic potential (II'Tlg in Fig. 7b).

Table 5 Energy level in the I^Tlg and in the II'^ Tig Rydberg-valence adiabatic states

I) I^Ylg double well potential: levels with amplitude mainly in outer well.

v(a)

ECmeV)*)
By (cm"1)

iD//'ne

0 2

-17 81
1.00 0.99

second adiabatic potential:

3

174
0.99

vibrational

5

260
0.96

levels

6

344
0.94

7

418
0.93

9

509
0.95

v 0 1 2 3 4
E(meV)(b) 846 1215 1503 1776 2014

Legends: Position and Rotational constants of vibrational levels calculated in
the adiabatic potentials of Fig. 7b. (I) in first adiabatic Rydberg-valence
potential, I^Tlg. (II) in second adiabatic potential, H^Tlg, a) vibrational
number determined by the number of nodes, the levels given in Table 4 are
the v=l,4,8 and 13 in the I^Ug adiabatic potential; b) energy reference; E=0
meV at the v='0' level in Table 4.

The comparison with literature data is hampered by the fact that the v=2 state
has not been identified in the REMPI results. As mentioned above, the unresolved
red degraded peak labeled D in Table 1 of Ref. 9 is very close to the calculated
location and is used for the comparison in Table 4. Our previous experiments14

gave 471 ± 20 meV for the v=2 state, the assignment of peak D is thus not
contradictory with our observations. Band D fits with the expected position and its
small red degradation and absence of rotational structure suggests a rotational
constant, which is smaller than but close to the rotational constant for the O2 ground
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state. This identification is supported by the calculations in the adiabatic approach.
Both Sur et al6 and Johnson et al9 mention new states near the v=2 state, hampering
identification. However, a detailed comparison between their results suggests that
most of the new structure is due to interferences at the third photon level in the
ionization continuum.39 It cannot be excluded that part of the new states around the
v=2 in the REMPI spectra is due to the presence of the valence state. In electron
energy loss spectra2"5 the intensity of the ]ng , v=2 peak is unexpectedly high, even
leading to the wrong assignment of this peak as the tfYlg, v=0 in the compiled data
by Huber and Herzberg.26 In our previous experiments using translational
spectroscopy no anomalous intensity around the Tig , v=2 was observed. The
charge exchange process that is used in translational spectroscopy to produce the
neutral excited O2 molecules favours the formation of Rydberg states due to the
strong Franck-Condon overlap. Therefore our experiments are less sensitive to the
presence of valence states than the REMPI or EELS experiments.

The analysis in the adiabatic description suggests the existence of a new series
of vibrational states in the adiabatic Rydberg-valence state with dominant valence
state character. These states have not been identified. One of the reasons may be the
influence of the 2 J n g diabatic valence state (the dashed curve in Fig. 7a and b),
which eventually causes the predissociation of the quasibound states in the double
well potential. This interaction effects more effectively the vibrational states, which
have large amplitude in the outer well. The coupling strength between the diabatic
valence states can not be easily quantified. Rotational lines are easily separated in
the REMPI spectra for the v=0,l and 3, indicating a relatively weak electronic
coupling. Qualitative experimental results on electronic couplings between the
triplet valence states have been presented in our previous paper.14 The electronic
coupling between the first and second 3Ylg valence states is estimated to be of the
order of 60 meV.30 This has been concluded from the branching ratio of the first
two vibrational states of the 3Tlg Rydberg state to two different dissociation limits.
Predissociation of these vibrational states is observed mainly to the O(3P)+O('D)
and partly to the O(3P)+ O(3P) dissociation limit. It would be of interest to
determine the branching for the ^IT^, v=4 state to the O3P+O3P and the OiD+O'D
limits. This number would give the coupling between the singlet valence states as
ascribed above for the triplet states, however the background in the spectrum
around 4.0 eV {^Tig, v=4 with respect to O3P+O3P) does not allow this-
measurement.
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4 Summary and Conclusion

We have shown that our method of translational spectroscopy yields detailed
spectroscopic and dynamic information. For the first time the higher vibrational
levels of the d'Ug Rydberg state are investigated and even rotational resolution is
reached measuring the atoms. The observations demonstrate and quantify the
stability of the Rydberg character of this state. The observed linewidths are
calculated in a Fermi golden rule approach, and used parametrically to optimize the
position of the repulsive valence state. The surprisingly small intensity of the 18C>2,
v=6 state is explained by its accidental stability. Detailed information on the
interaction between the valence states at large internuclear separation is deduced
from the sudden change in rotational constant from v=3 to the v=4 state. The
perturbations in the lower vibrational levels observed in REMPI spectra are
explained. A direct diagonalization of the (diabatic) interaction matrix is compared
with a description in terms of an adiabatic double well potential.

In conclusion translational spectroscopy shows to be a powerful technique to
study the distribution of excitation energy over the kinetic energy release and the
excitation energy of the product O atoms. The present results indicate the diabatic
character of and determine the coupling strengths between the 'ITg Rydberg and
valence states. New spectroscopic information has been acquired on the quasibound
Rydberg state. The position of the repulsive 7 ; n g potential has been adjusted with
respect to existing calculations.
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(3s a) Rydberg states of O2:
Energy Levels, Predissociation

and Autoionization

Using translational spectroscopy we present new experimental data on
the low lying Rydberg states of molecular oxygen. The (3sa)H3nu and
5Flu Rydberg states, converging to the O\, a4flu, the (3sa) d}ng and
C3Hg and some of the (3pX) Rydberg states, converging to the O\, X2FIg

state are discussed. Based on the observed final state dissociation
products and linewidths quantitative information on electronic and spin-
orbit interactions is presented. Competition between autoionization and
predissociation is observed for the H3TIU state. The multiplet splitting in
the C3ng state is observed and a correlation with multiplet levels in the
product oxygen atoms is found.

1 Introduction

The interest in the fundamental properties of the oxygen molecule originates from
its importance in many processes on this planet. Oxygen is the key element in
cellular respiration for most organisms and the second most abundant molecule in
the atmosphere. Studies on the properties of the electronically low excited states
and the high excited states are therefore numerous. The results of absorption and
emission spectroscopy until 1972 has been reviewed by Krupenie.1 Recently
Slanger and Cosby2 collected the spectroscopic information that has become
available since 1972, on the six lowest states.

Naturally also on the higher excited states of O2 both new experimental and
theoretical information has been added since 1972. With electron energy loss
spectroscopy (EELS)3-7 one har. investigated predominantly those states, that are
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dipole coupled to the O2 ground state, but low electron energy and high scattering
angles produce also dipole and spin forbidden states. The ease to cover
electronically excited states over a large range of excitation energies accompanies
the difficulty to interpret the EELS spectra. In EELS experiments the first
vibrational states of the low lying (3so) d'Ug and C3Tlg Rydberg state have been
identified among many other states.

Photoionization8-10 and resonant enhanced multi photon ionization (REMPI)
experiments11"16 are alternatives to study electronically highly excited states. The
use of two or three photons to reach an intermediate resonance state makes it
possible to study with REMPI electronic states that have both high excitation
energies and are not coupled to the ground state by a dipole transition. The first
publications reporting the application of REMPI11-13 to the oxygen molecule
described the first vibrational levels of the low lying d!ng and C3Ug Rydberg states.
These studies showed that the term value (To) value for the d]Y\g state, given in the
compilation of Huber and Herzberg17, is in error.

At these excitation energies the interaction between valence states and
Rydberg states is important, resulting in irregular and large natural linewidths.
Except for the v=2 state16 the low vibrational levels of the C3T\g Rydberg state have
large linewidths, preventing the observation of rotational levels in REMPI
experiments. The Rydberg-valence interactions are also responsible for the
unexpectedly large decrease of the rotational constant of the d3Ylg Rydberg state
for the first four vibrational levels observed by Sur et a/11-13 and Johnson et al.u

The v=0 level of the (E)3~L'U state has been very recently identified from ?ie
photoelectron spectrum of REMPI too.14 The longest band,1-37 as it is called in
EELS data, is now attributed to this (E)3Y.~U state, which shows no characteristics of
a pure Rydberg state due to strong Rydberg-valence mixing.

Dehmer and Chupka9 studied (one-) photon ionization processes around 950A
in O2 with high resolution (0.07 A, about 8 cm"1), probing the autoionising
resonances. Rydberg states converging to the OJ a4TLu state were identified, and
various series of peaks were assigned. Nishitani et al8 reinterpreted their results
and assigned one (perturbed) vibrational series (the (3sa),H3TIu Rydberg state).
The origin of the observed perturbations has not yet been explained. Possible
interactions with a 3Ylu valence state have been mentioned.

Also translational spectroscopy has shown to be a powerful technique to study
the low lying Rydberg states of O2. In translational spectroscopy the released
kinetic energy of (atomic) fragments of dissociating molecules is determined.18

Peterson and Bae19 showed in a preliminary study on the product states of the
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reaction of fast OJ ions with Cs, that this reaction is dominated by near-resonant
charge exchange processes. This implies that the product states have excitation
energies of approximately 8 eV or 12 eV after charge transfer from the OJ, ^FI^
or a4Tlu states respectively. This is close to the position of the (3so) Rydberg states
just mentioned.

We have applied a novel method of translational spectroscopy, developed in
our laboratory.20 The resolution enabled us to observe the quasibound character of
the states formed in the charge exchange process of X2Tlg ions with Cs atoms.21-22

In the previous two chapters we have shown that (3sa)13Ylg Rydberg states are
dominantly produced. These quasibound states interact with and are predissociated
by the ^FI^ valence states. We observed in these Rydberg states v=0 to 8.21 Our
energy resolution was in some cases sufficient to extract the natural linewidths, e.g.
of the ^Tlg , v=4 and 5 states. The position of the l'Ylg valence state potential curve,
as calculated by Saxon and Liu23 has been adjusted and the electronic Rydberg-
valence state interaction has been determined.21

_ 03P+03P
1.0 1.2 1.4 1.6 l.B 2.0 2.2 2.4

internuclear distance (A)

Fig. 1 Scheme of the relevant potentials. The Oj, X2Ug and O|, a^Ylu state are given
together with the quasibound (3sa) Rydberg states, studied in this work. Relevant
repulsive valence state potential curves are given.i,2 3Hg as lines; 1,2 ; n g in long
dashes and 5UU (to O3P+O3P) and 3Tlu (to O3P+O1D) in short dashes. Diabatic curve
crossings are chosen for the Ug valence states.

it.
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In figure 1 the potential curves of O2 and O | relevant to the present paper are
shown. Adiabatic valence state potential curves have been calculated by Saxon and
Liu, ignoring Rydberg character.22 In Fig. 1 for both the }Ug valence state and the
3Tlg valence states the diabatic representation was chosen. Note the minimum in the
diabatic potential curve of the !Ylg valence state. Based on the results in presented
chapter 6 we adjusted the }Tlg valence states down by 320 meV and to the left by
0.039 A. Trie 3Ylg valence state curve have been shifted only to small R by 0.026 A
as suggested by Friedman and Dalgarno.24 The singlet and triplet Tlg Rydberg state
potential curves curves are drawn together since the splitting is only 79 meV. The
excited ion state (a4Ylu) is shown. The (3s&)H3Hu and the, until now unobserved,
5Tlu Rydberg states are sketched. The Tlu, valence states which will be mentioned in
the explanation of the predissociation behaviour of the Rydberg states, are also
shown.

In our method of translational spectroscopy only the released kinetic energy is
determined but not the final states of the atoms; nevertheless the measured kinetic
energy release often allows the determination of the relevant dissociation limit.21.22

Charge transfer collisions at keV energies are efficient in producing electronic
states with predictable excitation energies due to the dominance of near-resonant
charge exchange. This has been observed in many experimental studies of
collisions of atomic ions with various targets and described theoretically.25-26

Experimentally it has been found that the product states of molecular H | after
neutralization with metal vapours such as Cs, K, Na and Mg are dominantly formed
in near resonant charge exchange.28 Sidis and De Bruijn described the charge
transfer process of fast HJ with Mg theoretically.29

It has been shown that near resonant charge exchange processes are also of
importance in the description of neutralization and negative ion formation in
collisions of (fast) ions with metal surfaces. The metal donates the electrons, the
work function of the metal plays the role of the ionization potential in the gas phase
collisions.30 We consider the gas phase collision experiments a model system for the
neutralization of ions as it occurs in the incoming trajectory to a surface. Our
extensive studies on the dissociative behaviour of the product states formed in
collisions of fast OJ with metal atoms are partly inspired by questions that arise
from dissociative collisions of O2 on metal surfaces and the concomitant formation
0fO.31-33

In this chapter we present new data on dissociating O2 states formed in
collisions of O2, X2Ug and Oj, a4Tlu with Cs and Mg. Vibrational states of the
(3so) 5Tlu Rydberg state (see Fig. 1) are observed. The observed final state
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dissociation limits are interpreted and give quantitative information on the
Rydberg-valence and the Tig -^Ug spin-orbit coupling. We observe a correlation
between the various multiplet ^ F I ^ levels and the atomic multiplet levels of the
OJPj atom formed after the dissociation. Some properties of the charge exchange
process are discussed and we will show that the observed vibrational population in
the O2 Rydberg molecules is close to the vibrational population in the ion beam.
The observed vibrational distribution is used to draw conclusions on cascading and
autoionization processes in the electron impact ion source.

2 Experimental

Our method and its application have been described extensively elsewhe-
re. 20-22,28,34-37 fig. 2 illustrates the principle of our method to determine the
Kinetic Energy Release (KER) distribution of dissociating molecules in a fast beam.
A fast (Eo=) 4-7.5 keV OJ ion beam is extracted from a Nier type electron impact
source. After mass selection with a Wien filter (resolution m/Am=40) the selected
ion beam is directed through a collision cell, filled with Cs or Mg vapour. Then the
unreacted ions, and neutral products (O2 molecules and fragment O atoms from
dissociating Ojji) enter a field free region of adjustable length (L, 0.6<L<2.0 m).
After the charge exchange cell all ions are deflected away. At the end of the field
free region the neutral fragments, which left the beam due to the kinetic energy
released in the dissociation, are intercepted by a time- and position sensitive
detector. The distance in space (/?) and (flight) time (T) between the two impinging
fragments are measured. These observables are converted on-line to the KER value
and the angle of dissociation (6) with respect to the beam direction (see Fig. 2).

The KER value (e) is given by Eq. 1, with vo the velocity of the ions:

(1)

Although all quantities in Eq. 1 can be determined in principle, KER spectra were
monitored using H | on a Cs target to calibrate of the detector. These KER spectra
have been described extensively by De Bruijn and coworkers.28-35 The energy
resolution is dominated by the uncertainty in the measurement of R (FWHM=
200 \i) and r (FWHM= 1.5 ns). High resolution spectra were taken with x near 0
ns, thus perpendicular to the beam, #=90°. The relative energy resolution is then
given by:

Afi AR
2
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vapour cell

ion beam

3 -15 keV

detector

charge exchange

and dissociation

Fig. 2 Principle of the experimental method. The ion beam extracted from an electron
impact ion source is directed through a collision cell (pressure 10"3 Torr) on the centre
of the detector. The fragments leave the beam due to the kinetic energy release in the
dissociation process and are intercepted after a flight length L on a two particle
detector. The distance R (sum of measured distances Ri and R2) and flight time
difference (T) determine unambiguously the kinetic energy release and recoil angle (0).

The absolute energy resolution by:
A/? 1

(2b)Ae—

At a given KER value (e) the best resolution is found at maximal L or minimal EQ.
Furthermore at given apparatus settings the energy resolution depends on the
position and thus the KER value (e) measured (Eq. 2b). The absolute energy
calibration is accurate to 1% in energy. From rovibrational lines, due to H2, n=3
states, observed in the KER spectrum the position dependent resolution of the
detector is extracted. Simulated spectra were synthesized using a Gaussian
apparatus function with the relevant resolution. The vibrational population,
rotational temperature, and KER of the term values were added to the simulation as
adjustable parameters. If the natural linewidth of the rovibronic states exceeded the
apparatus resolution, the natural linewidth was added as an extra parameter.
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3 Results and Discussion

3.1 General Aspects

In our apparatus the kinetic energy (KER) is determined, that is released upon the
dissociation of an excited neutral molecule. This KER value determines the position
of the excited state with respect to the final state dissociation limit. The final
electronic state of the atoms after the dissociation is not observed directly.
Therefore independent information is needed to determine the combination of the
dissociation limit and the energy position of the excited state. At keV energies near
resonant charge exchange dominates:

O£ + Me-> O2 + Me+ + AE, |AE|<1 eV (3)

In Eq. 3 AE is the energy defect in the reaction, Me the target. Eq. 3 implies that the
ionization potential of the formed Oj molecules is close to the ionization potential
of the target (Me) atom. The fact that near-resonant charge exchange is much more
probable than non-near resonant charge exchange is in the present experiments
often succesfully applied to determine the relevant dissociation limit. This aspect
limits at the same time the energy window in which excited states are produced and
probed.

If in the charge exchange collisions electrons are captured in a direct repulsive
state, broad structures can be observed in the KER spectrum, due to the fact that
charge exchange can take place at different internuclear distances. If molecules are
formed in bound excited states, dissociation may take place due to interaction with a
repulsive state. The KER values which result from this (pre-)dissociation process
leads to narrow lines in our spectrum. These KER values reflect directly the level
energies of the formed state with respect to ihe dissociation limit.

3.2 The overall KER Spectrum 0-9eV

To facilitate the forthcoming discussion Fig. 3 shows a composite KER spectrum, *
including spectroscopical information partly discussed in previous work,21-22

partly to be discussed in the following sections. Dissociations are observed with IJ,
KER values from 0.05-8.2 eV. The spectrum is composed of experiments with i\
different flight lengths, and intensities are not to scale. In all cases Cs has been used f ,
as target and the beam energy was 4 keV. All peaks are due to quasibound Rydberg ]
states formed in the charge exchange. As will be discussed these states are mainly
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predissociater1 by homogeneous interaction with one of the valence states. The KER
spectrum below 4 eV has been discussed in chapters 5 and 6.21.22 j n brief, this part
of the spectrum is dominated by the (3so) 13Ug Rydberg states, which converge to
the OJ, X2Ylg state. Both the final state dissociation limits and the level assignments
are given in Fig. 3. The C3Y\g predissociates mainly to the O3P+O'D limit for all
rovibronic levels with v=0-8 (1 eV<e<2.9 eV), a small fraction is observed to
predissociate to the O3P+O3P limit (v=0, at e=3.06 eV). New is the observation of
the v=9 state near e=5.03 eV, giving only O3P+O3P products. The d'Ug, v=4-7
states are observed at e<l eV, correlating with O'D+O'D products and are
discussed in detail in chapter 6. The large peaks at 1.1 eV and 1.3 eV are doubled
due to the contribution of the tfllg, v=0 and 1 states giving O3P+O!D product (see
Fig. 10 where the splitting is more clear). Th1; peaks at e=3.3-3.8 eV are assigned
to the v=l-3 of the same Rydberg state now giving O3P+O3P products after
dissociation. Like the C3Ylg, v=9 state, the v=8 (partly) and the v=9 of the d]Ug state
are observed at e= 4.87 eV and 5.03 eV, thus giving ground state O3P atoms. The
interpretation of the observed branchings to various limits is given in previous
work,21 but will be described in section 3.6 where the associated coupling strengths
are calculated.

1 2 3 4 5 6 7 8
kinetic energy release (eV) ->

Fig. 3 A compound spectrum from experiments with flight lengths of 0.6 and 2 m.
Beam energy is 4 keV and Cs is the target. The assignments and final state dissociation
limits are indicated and explained in the text.
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The unassigned structures between 4.1 eV and 4.7 eV belongs to various 3pX
Rydberg states converging to OJ, X2Ylg state, in agreement with their positions as
measured in absorption and emission studies. These states are not populated in a
near-resonant process. The energy defect is AE=1 eV and they predissociate to the
O3P+O3P limit (section 3.5).

All structure above 5.1 eV is assigned to (3sa) Ylu Rydberg states, converging
to the O|, a4T\u- The structures between 5.2 eV and 5.8 eV are assigned to the v=l-4
states of the H3UU predissociating to the OSP+O'D limit. This state has been
observed in photoionization studies by Dehmer and Chupka9 and others.8-10 Their
observation is indicative for its dominant autoionization character. The assignment
of this state, implying the existence of competition between autoionization and
predissociation is discussed in section 3.4.

Finally the peaks at KER values of e>7.1 eV are assigned to the (3s<fpTltt, v=0-
10; their nature and predissociation to O3P+O3P products is explained in section
3.4, too.

The O | ion beam extracted from an electron impact ion source clearly
contains not only ions in the OJ, X2Ylg ground state, but also in the metastable OJ,
a4llu state (lifetime of msec).38 Cosby et al39 state, that using an electron impact
energy of 90 eV, the metastable a4Uu state can make up for 50% of the ion beam
intensity. The importance of the metastable state in electron impact ionization is
also reported by others.40*41

The identification of the structures in the spectrum depends on theoretical
information on the positions and stability of the various Rydberg states. However,
the vibrational assignments and the identification of the parent ion electronic state
responsible for the different peaks have been determined experimentally by
decreasing gradually the electron impact energy in the ion source. At electron
impact energies below the threshold for the production of vibrationally and
electronically excited states, these states will not be produced. In Fig. 4 the results
of a series of these experiments are shown, the experimental conditions are the
same as in Fig. 3. The electron impact energies are given with respect to the
electron energy in the final experiment and ranged from +30 eV to threshold.
Counts have been collected over all dissociation angles (6) to compensate for the
drastic reduction of the beam current at decreasing electron impact energy
(reduction by a factor 104). The resolution is reduced with respect to the results of
Fig. 3.

In the transition from Fig. 4a to 4b the structures with KER values above 5.1
eV (indicated with I) become less intense, the shape of the broad structure at 7 eV
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2 4 6 8
kinetic energy release (eV) -*

Fig. 4 KER spectra of a series of
experiments with decreasing electron
impact energy. The resolution is
decreased since counts are collected
over all angles 6. The used electron
impact energies relative to that in the
threshold spectrum are: a) 31; b) 7; c)
4.0;, d) 1.8; e) 0.9; and f) 0 eV. 1,11,
III and IV are explained in the text.

changes. In the transition to Fig. 4c the structures (with e>5.1 eV) disappear
completely. At this electron impact energy (4 eV above the threshold for ion
formation in the source) the OJ, a4Ylu state cannot be formed in the ion source. At
still decreasing electron impact energy (Fig. 4c to 4d) the structure at 5.1 eV
(indicated with II) disappears, and the intensity of the vibrational states, v=7,8 of
the tfTlg and C3Tlg Rydberg states decreases (HI). This strongly indicates that these
high vibrational states are also present in the ion beam; the high vibrational states in
the KER spectrum are not dominated by vibrational excitation processes in the
charge exchange collision. In Fig. 4f the threshold spectrum is shown. This
spectrum contains the support for the assignment of the peak at 3.06 eV (indicated
by the arrow) to the C3Ug, v=0 state. Only relying on the spectrum of Fig. 3 (and
4a) the most logical assignment would have been the C3Ug, v=9 state. Finally note
the width of the structure indicated by (IV) at 4.2 eV in Fig. 4f, all due to parent
ions of low vibrational number. These results show which peaks have ground state
parent ions and which peaks have excited state parent ions. Fortunately the
contributions of ground state ions dominate the low energy region of the KER
spectrum, while the electronically excited ions are found at energies above e= 5 eV
only.
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3.3 O\, a4nu ions on Magnesium

In this section results are presented where repulsive valence states are populated
and probed in charge exchange collisions of O^, a4Y\u on Mg. {3so) Rydberg states
are the first members of the Rydberg series. Therefore charge exchange with a
metal vapour target with a higher ionization potential target will not give
dominantly Rydberg states and the KER spectrum is expected to differ
considerably. In Fig. 5 the KER spectrum is shown, in which Cs is replaced by Mg
as charge exchange target. The sharp lower limit of the observed KER values
(0.4 eV) reflects the inner edge of the detector. The character of the KER
spectrum is totally different from the results of Figs. 3 and 4, no sharp discrete
peaks are observed. Beside the two broad structures at low KER values
dissociations are recorded with a flat KER spectrum. Above 6 eV no dissociations
were observed at all. All structure is due to charge exchange collisions of OJ, ct^Uu
ions on Mg, because the count rate dropped to zero when the electron impact
energy in the source was reduced below the threshold for the production of the OJ,
a4Tlu state. We therefore conclude that charge exchange of the O%J(2Tlg ions with
magnesium atoms predominantly yields bound states. The distance between the two
observed maxima is 1.75 eV, close to the (yP-^CMD excitation energy (1.967-
1.939 eV for the different O3Pj multiplet levels). The two structures result from
near-resonant charge exchange from O\, a4Tlu ions into directly dissociative
valence states, some of which correlate with O3P+O!D product atoms, others with
O3P+O3P product atoms.

Fig. 5 KER spectrum resulting from a 4
keV beam on a Mg target. Directly repulsive
valence states are populated in the charge
transfer process. The dissociation limits
associated with the two maxima are
indicated.
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We will identify the repulsive valence states populated in the collisions with
Mg. We will indicate that these spectra are indeed dominated by resonant charge
exchange and are not suited to acquire detailed information on the valence state
potentials. Information is obtained on the charge exchange process itself.

The dominant molecular configuration of the a4llu ion is (KK'LL1) 3ag
2,lnu

3

lng
2; a.nl7Cu electron is removed upon ionization.1 The valence states formed after

attachment of one electron in a 1KU, lKg or 3au molecular orbital, can be found
applying the rules given by Herzberg.42 In Table lb these states are listed. Resonant
charge exchange from the given vibrational states will result in KER values given
in Table la. Besides the KER values associated with the first two dissociation limits,
for reference purposes the excitation energies are also given with respect to the
O2, X3!,: state. From Table 1 follows that ground state ions are not expected to
give dissociative states upon near resonant neutralization with Mg. Table lb shows
the potential energies of the different valence states at the turning

Table 1 Potential energies of O2 valence states.

a) KER values in resonant charge exchange

O?, X2U9 (v=0) experimental

O3P+O3P(I)
O3P+O1D(II)

Te (eV)

-0.6
-2.6

4.5

3.64
1.67

8.75

3.50
1.75

-

b) Potential energies of the valence states with respect to their dissociation limit

molecular orbital
valence state

energy, 1.27 A
energy, 1.58 A

diss. limit.

5ng
6.9

0.8

1

/•?ng
0.7

-0.1
11

3ou

23na

8.5

0.2

1

33Ue

7.8

1.1

II

23AU

8.4
1.9

n

B3!,
0.9
-1.1

n

iTtg
u 23ZU

8.9
2.6

n

2-?E*

11.

4.5

I

2%

6.3
1.0

n

In,
2%

10.

4.4

II

t

l3Af,

10.

4.3

II

13.
4.1

I

Legends: la) The electronic potential energy (Te) assuming resonant change exchange
from O\, X2Ylg , v=0 and Oj , a4Tlu, v=2 by Mg; the KER values are given with
respect to the indicated dissociation limits and compared to the experimental result of
Fig. 4.
lb) The estimated potential energies of different valence states formed in a one electron
process from the Oj, a"*na state. The energies are given at two intemuclear distances
(1.27 A and 1.58 A) and with respect to the valence state dissociation limit.

. Data from Ref. 23.
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points of the v=2 state of the OJ, a4T\u state, with respect to the dissociation limit of
each valence state. If we describe the charge exchange as a vertical process
(occurring at fixed internuclear separation) , then only a few valence states can
account for the observed spectrum, most valence state potential energies are too
high. The 5Hg and 23Ylg are the most probable valence states for the structure
around £=3.5 eV. The 33Ylg and the 23I,g states most probably form the structure
around 1.75 eV. The energy values in Table lb stress the importance of the near
resonant charge transfer. If, for example, charge transfer would have the same
probability over all internuclear distances, then the width in R of v=2 state would
give signal in the KER spectrum over approximately 6 eV due to the steepness of
to the 5Tlg valence state potential curve. Our observations indicate that charge
transfer only takes place over a limited R range where charge transfer is near-
resonant.

One should realize that the fact that the v=0-10 vibrational levels in the OJ,
a4YIu state are populated introduces a spread in trie KER values of roughly 0.95 eV
even in the case of pure resonant charge exchange to the repulsive state. This width
is close to the (FWHM =1.05 eV) width observed in Fig. 5. Thus the energy width
resulting from charge exchange from one rovibronic level is maximally 0.5 eV.
Demkov25 described theoretically near resonance charge exchange for atomic
systems and deduced the probability (P) of charge exchange as function of the
energy defect (AE):

, rc.AE .
P(AE)«sech2 ( r — 7 = ) (4)

2v"v2ml
with VR the radial velocity of the projectile and target, m the electron mass and I the
ionization potential of magnesium. The denominator is a measure for the coupling
between the diabatic states describing initial and product states at the (critical)
distance where the charge transfer occurs. If we take for VR the velocity of the
oxygen molecular ion beam (at 4 keV), than the FWHM resulting from Eq. 4 equals
1.62 eV. The deduced experimental FWHM of 0.5 eV implies that the (radial)
velocity at the critical distance is only 30% of the beam velocity. This agrees with
the description that charge transfer takes place at large impact parameters (R~ 4 A)
and near the moment of closest approach. The collision time («3 fs) is less than the
vibrational period in the ion state. Thus the molecular ion is frozen during the
collision, justifying the approximate description of the charge transfer as a vertical
transition. The steepness of the valence states (-10 eV/A) and the narrow
distribution given by P(AE) permit charge exchange only over a small range
(=0.05 A) of internuclear distance. Thus, although these results do not yield
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detailed information on the shape of the valence states, they do provide information
on the charge exchange process itself.

3.4 Rydberg states of the a4flu state

Fig. 6 shows the peaks at high KER values assigned to the (3SG¥T\U Rydberg state,
the beam energy was 4.0 keV and the electron impact energy 40 eV. The results in
the foregoing section prove that these peaks originate form charge exchange
collisions of OJ, a4Uu ions. From the peak positions the vibrational spacing has been
determined (coe=1008 (±40) cm-1, coexe=40 cm1) This is close to the values of the
a4Ylu state (coe=l035cm1, coexe=10 cnr1).16 We therefore conclude that in the
charge exchange a (quasi-bound) Rydberg state is formed, that is predissociated.
The KER values (e>7eV) suggest that two O atoms are formed in the 3P final states,
since the resulting To value of this state is 12.13eV (±0.1eV), which is 4.0 eV below
the ion state (cf. the ionization potential of Cs: 3.89 eV). The uncertainty in this
experimental To value is partly due to the multiplet splitting in the fragment O3P
atoms. The energy separation between the ground state O3Pj=2 and 03Pj=o is
28.14meV, resulting in a spread of 56meV over the six possible limits. The term
values and intensities of the vibrational states are determined from simulations of
the spectrum (see Fig. 6). The simulations showed that at these KER values the

7.0 7.5 8.0
kinetic energy release (eV)

8.5

Fig. 6 KER spectrum taken with Cs as target
at e>6.5 eV. The 5Ylu Rydberg state
vibrational states are observed. The dashed
curve is a simulation to acquire the vibrational
population and spectroscopic constants.
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Table 2 The observations with KER values 7eV<e<9eV

vibration KER intensities FCF FCF

(eV)

0

1

2

3

4

5

6

7

8

7.01
7.14

7.26
7.38
7.50

7.61
7.73
7.84

7.94

1

0.77

0.67
0.77
0.93

0.91
0.73
0.53

0.40

0.010

0.036

0.072
0.104
0.123

0.128

0.119
0.100
0.080

0.408

0.201

0.113
0.076
0.048

0.020
0.016
0.011

0.006

0.76

0.59

0.69
0.85
0.93

0.91

0.85
0.71

0.55

Legend. Positions and intensities of the first nine vibrational levels of the sYlu

Rydberg state. (For the term values, Tv , add 5.115 eV). The vibrational
distribution is modelled by a 4:1 ratio of direct ionization to the ct^Ylu -state and
ionization of the b^Z- -state (v=0-3) with radiative decay of these levels to the
a^Ylii -state. Franck-Condon Overlap Integrals calculated in RKR potentials from
Ref. 1 determine the ionization probabilities of the various vibrational states.

peak shapes are rather insensitive to the rotational temperature, a Tro( of 350K has
been put into the simulation. In Table 2 the KER values of each vibrational state
(J=0) is given. Note also the population over the vibrational levels which has
maxima at v=0 and v=5. This aspect will be discussed in section 3.7.The 5UU state '
has a To value of 12.13 eV, larger than the ionization potential of O2. The {3s<j)3Ylu

Rydberg state is observed in photo-ionization experiments by Dehmer and
Chupka9 and Nishitani et aP, with T0=12.353 eV8. The {3 s a) Rydberg state is
expected to be the lowest lying Rydberg state. The fact that the Rydberg state
observed in our experiment has an even lower To value, supports the assignment:
(5^cr)5ntt, Rydberg state. The triplet-quintet splitting for this state is thus 220
meV±100 meV. To our knowledge no ab initio calculations on this splitting exist.
The 5Ylu cannot autoionize due to the spin selection rules, again a support for our
assignment. All quintet valence states correlate with O3P+O3P product atoms.23 We
therefore propose that interaction with the 5 n u valence state is responsible for the '£
predissociation of this Rydberg state (this valence state has been sketched in Fig. N

1). /
The interpretation of the photoionization spectra around 980 A has been

hampered by irregularities. As Krupenie1, also Dehmer and Chupka9 discern four
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series (H,H',M, and M') in their photoionization spectrum. Nishitani et al8 gave an
interpretation for these series and assigned them to one perturbed vibrational series
of the (3so g)H

3Ylu Rydberg state. Holland and West10 reported photoelectron
spectra of these states, using a synchrotron facility. However, the interpretation of
their spectra is not simple. The changes in the photoelectron spectrum scanning
over the individual M'2 and M'3 resonances support that these resonances contain
contributions of two electronic states. This is in agreement with the proposed
assignment of Ref. 8. In our experimental results evidence is found that
predissociation of some of the first vibrational levels of the H3Ylu state correlate
with observed irregularities in the photoionization spectrum. The calculations of
Saxon and Liu23 on the valence state predict a crossing between the H3Y\U and 23Tlu

valence state near the potential minimum (see Fig. 1), which correlates at large R
with the OSP+CMD limit. The 13UU valence state strongly interacts with the
(3p(Tu)

3Uu Rydberg state, which converges to the molecular ion ground state.43-44

The resulting repulsive state does not cross the //-state potential at all. The influence
of the (npau) Uu Rydberg states, which converge to the ion ground state and which
all cross the //-state is difficult to judge. In fig. 7 a spectrum is shown with KER
values between 5.1 eV and 6.0 eV. The positions of the observed peaks are given in
Table 3 together with the term values assuming the 3p and lD to be the final states
of the fragment atoms. The term values have been determined from a simulation of
this part of the spectrum assuming that the peak envelop is determined by all

1500

5.0 5.2 5.4 5.6 5.8
kinetic energy release (eV) -

Fig. 7 KER spectrum between 5 eV and 6 eV
(Cs is target , L=0.6 m) showing structure

6.0 a s s i g n e d to the 3UU Rydberg state, its
appearance here and competition with
autoionization is discussed in the text.
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Table 3 Observations with 5 eV<e<6 eV

KER Tv vibration predis/ionis. Tv W missing intensity (a)

(eV) (eV) ( ) (%) (eV) (%)

0 <5 12.34 4 + 5

5.332 12.41 1 38 - 55±10
5.460 12.54 2 50 12.574 45±10
5.575 12.66 3 25 12.703 30±10
5.710 12.791 4 <5 12.838 ;

Peak positions, corrected for the rotational population and term values with the
O^P+O-̂ P ground state as dissociation limit. Determination of the predissociation to
ionization ratio is explained in the text.
(a) The vibrational assignment, the position of the peaks and missing intensity are
estimated from the photoionization data of Refs. 8 and 9.

rotational states with a Boltzmann intensity distribution as in the case of the 5Ylu

Rydberg state. In the third column an assignment of the vibrational levels is given
based on the photoionization spectra. A comparison (fifth column) shows that the
observed peaks agree within our accuracy with the first small irregular peaks of the
H' progression.8-9 We suggest that the origin of the perturbation is predissociation
by the 23UU valence state. The first peak in Fig. 7 (at 5.332 eV) would correlate
with a photoionization peak at 997 A, this peak is not observed in the photo-
ionization spectra, hampering the observation that the H and H1 progression belong
to one and the same state.

In our experiments the probability to form the 5UU Rydberg state in the charge
transfer process is considered equal to that of the H3Ylu state apart from a factor
given by the spin multiplicities. Since the 5n t t Rydberg state cannot autoionize, we
have used the observed intensities of the v=l -4 levels in the quintet state to estimate
which fraction of the H3UU is observed to predissociate. Table 3 lists the observa-
tions and a comparison with the missing intensity estimated from the
photoionization spectrum of Ref. 8. The intensities of the peaks have been
compared to the Franck-Condon overlap integrals calculated between the O2,
X3Z'g, v=0 and the O^, a4llu, v=v' states. The agreement observed in Table 3
supports the picture that predissociation of part of the lower vibrational states is
connected to the perturbations in the H3Ylu Rydberg state.

Of course, no mechanistic explanation has been given why only part of the
Rydberg state predissociates, and what the origin is for the splitting of about
30 meV observed in the photoionization spectra giving the H and H' progressions.
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A difference in the (3UUia) multiplet splittings between the Rydberg and valence
states may influence the predissociation efficiency by changing of the Franck-
Condon overlap integrals between the (valence) continuum wave functions and the
(Rydberg) bound vibrational wave functions.

3.5 Rydberg States of the State

The experiment shown in Fig. 4 proved that structure with KER values below
5.3 eV is dominated by charge exchange processes of ground state ions with Cs. In
Fig. 8 the two small peaks around 5 eV are shown,which are assigned to the C3Ug

and d'n^,v=8 and 9 vibrational states. This assignment is based on the fact that these
peaks disappear at electron impact energies very close to the threshold for the
production of the O^c^llu state (Fig. 4c to d). In Table 4 the term (Tv) values and
observed dissociation limits are given for the vibrational states with v>6.21-22 The
two peaks at 4.87 and 5.03 eV fit in the vibrational progression as the d'Ug, v=8
(and 9) and C 3Ug , v=9. The assignment of the high energy part of the peak at
5.03 eV to the d'Ug, v=9 is tentative and has no spectroscopic significance.

The potential scheme of Fig. 1 provides a simple interpretation for the
observation of these peaks. According to the calculations of Saxon and Liu23 the
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Fig. 8 KER spectrum (Cs target)
showing the near-resonantly populated
v=8 and 9 rig Rydberg states and the
structures around 4.3 eV due to
dissociation of the non near-resonantly
populated (3pX) Rydberg states. The
dashed curve shows the results from an
experiment in which the population of
the v>l vibrational states in the ion
beam was reduced.

C '
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2'Ug and 23Ylg valence states cross the corresponding Rydberg states near the v=9
vibrational states. These valence states are diabatically coupled to the O3P+O3P
dissociation limit. Although the spectroscopic information is of limited accuracy,
the transition around v=8 to predissociation by the second valence state makes a
qualitative check on the accuracy of the valence state potential curves possible (see
section 3.6).

The remaining structure in Fig. 8 between 4.2 and 4.8 eV is due to quasibound
states formed from low vibrational state parent ions, as concluded from a spectrum
taken with reduced electron impact energy (dashed curve in Fig. 8). This
observation implies that the states are formed in non near-resonant charge transfer
collisions. The energy defect is 1.2 eV, with O3P+Q3P atoms formed after dissoci-
ation. The resulting term values (9.35-9.81 eV) agree with the positions of the
different (3pX) Rydberg states, both calculated3-43-44-^ and observed.4^-4? The
absence in the spectrum of a series of vibrational peaks, pointing at an unperturbed
Rydberg state is remarkable, since the population of an unperturbed Rydberg state
is favoured by the large Franck-Condon overlap (almost unity for Av=O). Buenker
and Peyerimhoff43-45 have calculated the importance of the Rydberg-valence
interactions for various triplet (3pX )Rydberg states. For the (eyAu (nomenclature
Ref. 16) the Rydberg-valence interactions are expected to be small, resulting in a
similar behaviour as the (3sa)ng Rydberg states. Besides the absence of any

Table 4 Observations on the l ^Tlg v=7-9 vibrational states.

state

elec, v

observations

dissociation limit this exp.

(eV) (eV)

calculated Hnewidths (ar. un.)

FCF FCF resulting

(a.u. ) (a.u.) dissoc. limit

•Tl 7
8
9

•TL , 7

8
9

9.783

9.985
10.13a

9.713

9.925

10.13

D+D

D+D/P+D
P+P

P+D

P+D

P+P

-

4.87
5.03a

5.03

0.6

4.5
5.2

5.5

3.5

1.6

0.07

0.825

4.75
0.89

4.4

7.4

D+D

D+D

D+D/P+P
P+D

P+P/P+D

P+P

Legends. The Term values of the v=7 and 8 levels from previously published
experiments (see chapters 4, 5) and the new observations on v=8 and 9; a) this level is
not resolved in the experiment. For the calculations the Franck-Condon overlap
integrals are determined between the bound states and the continuum states belonging
to the first (1) and second (2) valence states respectively (see text and Fig.l). The
observed and expected dissociation limits are given. D,P are short for O3P and C^D.
(see also section 3.6)
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vibrationai series in our spectrum, also only one vibrational state has been observed
of the (e')3AM state48-49 in absorption studies. This might imply that the prediction
by Buenker and Peyerimhoff on the stability is in error. More experiments are
needed to positively identify this state. An improvement can be achieved by
applying a charge exchange target which near resonantly populates states with
excitation energies of 9.3 eV.

3.6 Coupling Strengths.

In chapter 6 we have determined the position of the PYlg valence state with respect
to the d]ng Rydberg state and the electrostatic coupling (Hei=55 meV) between
these states from the observed natural linewidths of the v=4 and 5 of the MYlg
Rydberg state. From observations of branching to various dissociation channels
relative coupling strengths can be deduced. In the description of the results in
section 3.2 many transitions from one dissociation limit to another are discussed. In
this section we will quantify some of these coupling mechanisms.

1400

1.5 2.0 2.5 3.0 3.5
kinetic energy release (eV) -»

Fig. 9 KER release spectrum of the d}U.g (dashed bars) and C^IIg (lines) v=0-2
states, taken at reduced electron impact energy (giving an ion beam with low
vibrational states only). The dashed curve is a simulation. The branching ratios to the
two indicated dissociation limits are given in Table 5.
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Fig. 9 shows a KER spectrum, taken with a reduced electron impact energy in
the ion source. The depopulation of the higher vibrational states decreases the
background below the peaks of interest and facilitates to determine the branching of
the first vibrational (v<3 states) of both the C3Ug and the d'Tlg Rydberg states to the
O3P+O3P and O3P+O!D dissociation limits. Table 5 gives the vibrational
populations used in the simulated spectrum in Fig. 9. The results show that: i) the
intensity ratio between the triplet and singlet state is 1:0.4 and independent of the
vibrational level, if) the branching of the triplet levels to the two dissociation limits
is nearly constant, Hi) this branching ratio increases from 8% at the O3P+O3P for
the v=0 level of the ^Ylg state to 100% for the v=2 state. The observed branching of
the triplet state v=0 state is ascribed to the coupling between the l3Tlg and 23Wg

valence states (Fig. 1). Although for the C3Ug v=0 state the kinetic energy at the
crossing is only leV, 92% of the half collisions gives O3P+O !D atoms. The
magnitude of the electrostatic coupling between the diabatic potential curves for the
two valence states can be estimated using the Landau-Zener formula:51

TT O

Pj 2=l-e-2*s, with 5=—— (5)
Bv(FF)

P gives the (experimental) probability observe a transition between the diabatic
potential curves; i.e. to reach adiabatically the O3P+O3P dissociation limit. He] is

Table 5 Branching behaviour in the predissociation ofthe^Ilg v=0-2 states

state dissociation limit calculated linewidths (cm"1)
spin v Q3P+Q1D(II) Q3p+Q3p(I) (I)/(II+I) %hom pS.O phom % h p m

mg, o
i

2
;ng, o

i

2

1.0
1.1

0.5

0.40

0.35

0.00

0.087

0.078

0.045

0.035

0.134

0.200

0.08

0.07

0.08

0.08

0.28

1.00

0
23

100

-

-

-

0.9
4

0.04

28

150(D

11

10^
0.3

16

0.1

7

100

The intensities are given to build the simulated spectrum in Fig. 9. The natural line-
widths are calculated using the Fermi golden rule (see Eqs. 4a-c). The coupling
strengths are H°J=79 meV, HSgf=55 meV, the amount of triplet mixing in the singlet
state is approximated by (A/2K)2=0.025. The observed % predissociation via
homogeneous coupling is determined taking into account the branching at the crossing
between the triplet valence potentials. The calculated % hom is given by
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the electronic coupling to be determined , Fj the slopes of the diabatic potentials at
the crossing taken from Ref.22 and v the velocity of the dissociating system at the
crossing. Insertion of the observed probability (P=8%) for the v=0 state gives an
electrostatic coupling between the diabatic valence states of 59 meV. Eq. 5 shows
that at higher velocities (i.e. higher vibrational state) the probability increases to
follow the diabatic curves. E.g. for the v=2 state the probability is P=0.932.

The O3P+O'D dissociation limit for the J /n s ,v=0 and 1 states demands a spin-
orbit coupling mechanism as mentioned in our previous publication.21 This
coupling dominates the predissociation of the v=0 state while the electronic
coupling with the I'Ug valence state dominates the predissociation of the v=2 state.
In a first order treatment we have calculated the branching ratios, using the Fermi
golden Rule and first order estimates on the spin-orbit mixing between the d-'Ylg and
C3Ylg Rydberg states. The Fermi golden Rule expressions determining the
predissociation rates of the singlet levels by homogeneous coupling and spin-orbit
coupling respectively , are given by:

rhom= 2JC Kxt'HeUsindl) lxt>l2 (6a)

r s . o = 2TI ( ^ ) 2 Kxt'HeUtriCR) |X£>|2 (6b)

The factor A/2K in Eq.6b approximates the amount of triplet character mixed in
the d'Ug Rydberg state:52

>l _A_

Q)rz£ (6c)

A is the multiplet splitting (half of the O£, X^Y\gi3,2-X-2^g,ii2 splitting of 196 cm-i)
and 2K is the distance between the 3T\gj and 'Hg,] , which is measured in our
experiments to be 650 cm-1. In the calculations the electronic couplings as well as
the spin-orbit interaction are assumed to be independent of the internuclear distance
R. The position of the singlet valence state potential curve has been adjusted in our
previous work and involved a shift down by 320 meV and to small internuclear
distance R by 0.039 A with respect to the calculations of Saxon and Liu.23 The
triplet valence state is also taken from Ref. 23 and shifted over -0.025A as
suggested by Dalgarno and Friedman.24 The electronic coupling between the triplet
states is 19 meV, which is deduced from the observed linewidth of the C^Tig, v=l
state (F=150 cm-1 or 19 meV see section 3.6).The electronic coupling between the
singlet states has been determined in our previous work to be 55 meV. The bound
state nuclear wave functions (xv) and the continuum state wave functions (xe,
normalised per unit energy) are calculated numerically.
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The dip in the linewidths for the triplet states at v=2 in the calculated values of
Table 5 agree with the observations in REMPI experiments11'13 that only the v=2
state shows rotational structure. The calculated value is near the recently measured
width of 2 cm1 in REMPI for the narrowest line.16

The calculations on the different predissociation channels strongly support the
interpretation of the dissociation behaviour of the rfYlg Rydberg state. Note the
accidental stability of the v=2 vibrational state against predissociation via spin-orbit
interaction. The small linewidth is due to the accidentally small Franck-Condon
overlap, as is also observed for the 3Ug ,v=2 state. Although quantitatively the
amount of competition is not reproduced, the calculations predict the existence of
observable competition even in this first order picture. The numerical discrepancy
may reflect an overestimation of the amount of spin-orbit mixing. However the
numerical results depend also critically on the positions of the valence states and the
influence of these positions on the Franck-Condon overlap integrals of bound and
continuum vibrational states. Although Klotz and Peyerimhoff53 have calculated a
large number of spin-orbit coupling matrix elements in O2 they focussed on the
forbidden transitions in the low lying states and no theoretical data on the Ylg

Rydberg states are available.54

The Fermi golden rule has also been applied to estimate whether the potential
curves of the second valence states by Saxon and Liu are reliable. Table 4 lists the
Franck-Condon overlap integrals between the high vibrational states in the C3Wg

and flYlg Rydberg states with the first and second valence states respectively. The
linewidths due to the interaction with the second valence state are indeed observed
to increase with increasing vibrational number. The variations in the linewidths due
to interaction with the first valence states reflect interferences between the bound
and continuum vibrational states. A comparison of the values implicitly assumes
that the electronic couplings are comparable between the Rydberg state and the first
and second valence state respectively. The second ]Ylg and 3Ylg valence states have
been adjusted as described above for the first valence states. The transition in the
predissociation behaviour from the first to the second valence state with increasing
vibrational quantum number is reproduced. Since quantitative agreement can be
acquired by either changing the coupling strengths or the positions of valence state
potential curves, we did not pursue this numerically. Nevertheless the agreement
between the calculated change of dissociation channel and the observed change
corroborates the new positions of the second valence states.

In conclusion, in this section we have derived the electronic coupling strength
between the triplet valence states at their crossing (59 meV) and the Rydberg-
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valence interaction of 79 meV (640 cnr1)- This resulted from the linewidth of the
C3Ug , v=l state of T=150 cm1 . Friedman and Dalgarno23 deduced a value 725
cm 1 for this electronic coupling. They based their scattering close-coupling ana-
lysis on natural linewidths observed in REMPI experiments by Sur et al.n<n In
their experiments a linewidth of 320 cm-i is observed for the C-̂ Ilg, v=l state. We
suggest that the ionization step caused this extra linebroadening. Probing natural
linewidths with REMPI is not obvious, since the detection method of the resonance
is itself a destructive technique. Our method gives the linewidth by looking to the
dissociation itself. Using the electronic coupling between the ]Tlg Rydberg and
valence states we qualitatively reproduced the observed competition between the
spin-orbit interaction and subsequent predissociation by the triplet valence state and
the direct homogeneous predissociation by the singlet valence state. The
comparison with experiment shows that the first order spin-orbit mixing may be
overestimation the real spin-orbit mixing.

3.7 3IJg Multiplet Levels and Predissociation

The experimental results presented in the foregoing sections did not resolve the
multiplet (Q) levels of the C3Ylg state, due to the lack of resolution. Katsumata et
a/13 resolved this splitting only for the v=2 state with REMPI showing that
A~10 meV is. In our experiments predissociation to the O3P+O3P or OSP+O'D
limit can give additional shifts in the KER values due to the multiplet splittings in
the O3P atoms. These energies are 0 meV, 19.6 meV and 28.14 meV for the O3P2,
O3Pi and 03Po respectively.

In Fig. 10 the results of a high resolution experiment are shown around e=l
eV, including the v=0-2 states of the d ; n g and the C3Ug state. The resolution has
been improved by increasing the flight length to 2.03 m. Eq. 2 shows that the
resolution for fixed KER improves with increasing flight length L. The individual
vibrational peaks start to show structure. The v=0 and 2 states of the C3Ylg

Rydberg state displays a shoulder at low energy and the v=0 and 1 states of the
dtflg display substructure too.

In the analysis of this spectrum we started to reproduce the shape of the v=2
peak of the C3Ylg state. REMPI experiments11-13,16 showed that the ̂ rig ,v=2 state |..
has a natural linewidth far less than our energy resolution, cf. the calculated
linewidths shown in Table 5. Other independently known parameters for the
simulation were the (Gaussian) apparatus function, the rotational temperature
(TrOf=550K, Ref. 22, note that individual rotational lines are not resolved), and the
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term values (T2) of the multiplet levels. The remaining parameters are the
population over the different molecular multiplet levels and the correlation
between the molecular multiplet levels and the dissociation limits, being
03Pj=2,i,o+OxD. These parameters were optimized by comparing the simulation to
the experimental result.

Simulations, in which only one dissociation limit was used, did not reproduce
the shoulder at low energy. Correlating each molecular multiplet level to various
dissociation limits only broadened the peak and did not reproduce the shoulder
either. The simulation shown in the Fig. 10 assumed that the molecular multiplet
level (Q= 0,1 or 2) correlates with the multiplet levels J = 0,1 and 2 respectively.
Since in the molecule the £1=0 forms the lower level and in the atom the J=0 is the
upper level, this maximizes the spread over the observed KER values. In the
simulation the population of the Q=l states had to be reduced to 30% of the
population of the other two levels. This non-statistical population over the multiplet
levels in the charge exchange process is surprising.

A high degree of correlation between the molecula; multiplet level and the
fragment atom multiplet level is also observed for the d!Ylg, v=0 and 1 states. Spin-
orbit mixing occurs dominantly with the C3Y\gi&=\ state.52 The simulations assumed
that for both v=0 and 1 states 75% correlates with the J=l and 25% with the J=2
multiplet level after dissociation; considering the multiplicities of the O3Pj states
this distribution is far from statistical. This supports the presence of a strong
correlation between the molecular and fragment atom multiplet level.

In the simulation in Fig. 10 the distribution over the molecular multiplet levels
is assumed to be the same for all vibrational levels, the agreement is quite
satisfactorily. The remaining numerical results of this simulation are: /) the
vibrational population over the first three vibrational states is given by
0.188:0.376:0.282 (compare the Franck-Condon overlap integrals between the
O2jC3Z~g , v=0 and the O$,X2Ylg, v=0-2: 0.188,0.365 and 0.290 respectively), ii)
the singlet-triplet ratio is 0.4:1 ( see also Fig. 9). Hi) the 1^lg-

3Tlgja=\ energy
separation is 82 ± 4 meV for the v=0 and 78 + 4 meV for the v=l state. A possible
incorrect assignment of the dissociation limit is not included in this error, iv) to
reproduce to peak shape of the C3Tlg, v=l state, a natural linewidth r = 150 (± 25)
cm-1 had to be used as parameter in the simulation.

We will now discuss the consequences of these observations on different
aspects of the dissociation dynamics. Firstly the line broadening in the C3Tlg ,v=l
state has been used to calculate the electrostatic coupling between the 3Ug Rydberg
and first valence state, which has been described in section 3.6.
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Fig. 10 A high resolution KER spectrum with l<e < 1.7 eV, showing the branching
of the C3Ylgia multiplet levels of the v=0-2 states to the 03Pj=2,i,o atomic multiplet
levels. The position of the molecular term values with respect to the (fine structure)
dissociation limits is indicated for the C3Tlg and d'Tlg Rydberg states. The parameters
in the simulation are described in the text.

Secondly, the observed triplet-singlet ratio will be discussed. This ratio (0.4:1)
differs significantly from the spin multiplicity (0.33:1). It may reflect that this state
is an intermediate state between Hund's case (a) and Hund's case (c). In the two
asymptotic situations a statistical population gives rise to two peaks with an intensity
ratio of 0.33:1 in case (a) and 1:1 in case (c). The transition between these two
Hund's cases is determined by the ratio A/K, with A the multiplet splitting (10
meV) and K the exchange energy equal to half the singlet-triplet splitting (39 meV).
A / K « l implies Hund's case (a) to A / K » l (case (c)). In the present experiments
A/K equals 0.26, which, although smaller than one, already marks a transition to
Hund's case (c).

Thirdly the observed correlation between the molecular and atomic multiplet
levels will be discussed. Upon dissociation of a Hund's case (a) molecule a transition
takes place to Hund's case (c) at a large internuclear distance. Inevitably the spin-
orbit interaction (which asymptotically gives the atomic multiplet splitting) will
dominate from a certain internuclear distance the molecular potentials, which tie
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the electronic angular momentum to the internuclear axis. An adiabatic correlation
diagram of the transition between the Hund's cases can be constructed (Ref. 42,
p.318); this results in this case to the situation that all C3Ylg multiplet states correlate
with the lowest dissociation limit, in clear contrast to the observations. Helm et al55

observed in photofragment spectroscopy the 0+ fragments that result from
predissociation of quasi-bound levels in the/Tig state of OJ. Pernot et al looked
into direct photodissociation of the same state56 and the predissociation of the b4^,
v=4, and 5 states. These photofragment spectra resolved the multiplet states in the
resulting 03P atom. In all situations the KER in the dissociation was smaller than
100 meV. Only at very low KER values (<24 meV) an adiabatic correlation
diagram was able to explain the results, already KER values of 40 meV branching,
behaviour due to transitions between adiabatic states has been observed. Dump
analyzed these data57 accounting for transitions between adiabatic states in the
outgoing dissociation due to the spin-orbit interaction, his results show that
introduction of this interaction indeed describes the branchings qualitatively. In
some of the experiments treated by Dump the state responsible for the
predissociation was not known or the multiplet level initially populated. From our
results both the multiplet states and the final state dissociation limit were identified.
The predissociation involves the coupling with the valence states at small
internuclear distance. The spin-orbit splitting in the !3Ylg valence state is A=90 cm-1

and of opposite sign to the splitting in the Rydberg state.54. This splitting is very
small with respect to the vibrational spacing, which makes it unlikely that the
predissociation efficiency differs for the molecular multiplet states. Note that the
multiplet splittings in the valence state and the fragment O3P atom have the same
sign, making potential curve crossings in the dissociation not necessary.The results
suggest that Q is conserved in the initial predissociation process. Our experiment is
the first, which correlates the molecular multiplet levels with the atomic levels at
KER values of 1 eV. We observe that the branching is neither adiabatically nor
statistically. A tedious treatment as given by Dump57 is needed.

Finally the values of the singlet-triplet splitting extracted from our result are
comparable and maybe more precise than the value of 88 meV reported by Sur et
aln for the v=0. Since no rotational lines were resolved in their REMPI spectrum
for the triplet state, determination of this value from their data was difficult. A $
discussion on the vibrational population is given in the last section. No singlet- <f
triplet splitting has been established for the v=2 states due to the problems assigning
the d*ng, v=2 state between other structures in the REMPI spectrum.1 1 .1 4
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3.8 Vibrational Populations of the Ion Beam

One of the numerical (i) results of the previous section is the population over the
first vibrational levels in the C3Tlg state, which is well described by the Franck-
Condon factors between the X3I,'g and the O£, X2Ug state. Franck-Condon overlap
integrals describe the population over the vibrational states formed in the direct
ionization process in an electron impact source. The observed vibrational
population of the neutral molecules suggests thai, for this Rydberg state the
population of the neutralized molecules is the same as the vibrational population in
the parent ion beam. De Bruijn et al 2S studied the charge exchange process of HJ
with various targets (Cs, Na, K, Mg). The near-resonant charge exchange (with Cs
and Na) into the H2, c3Ylu state showed no appreciable vibrational excitation, only
rotational excitation was observed. Rotational excitation was reported to be more
important for the high vibrational levels (TTO,=300 K for v=0 to 850 K for v=12).
In the present experiments with beam energies up to 7 keV only little rotational
excitation is observed, the rotational temperature of 550 K found is only little
higher than 470 K that is expected in the ion beam.22 Moreover the 550 K rotational
temperature describes both the present results of the low vibrational levels in the
O2, C 3Ug (v=0-2) as of the high vibrational levels (v=4-7 see Ref. 22). The absence
of vibrational excitation supports the importance of Franck-Condon factors in the
description of the probability to populate the final vibrational states in near
resonant charge exchange with fast projectiles. In the case of product Rydberg
states this implies dominant Av=0 transitions.

The presence of vibrationally excited (v>3) ions in the electronic ground state
cannot be explained by direct ionization of the ground state, since the Franck-
Condon factors for the production of vibrational states above v=3 decrease by one
order of magnitude per vibration. Cosby et al39 pointed at the importance of
autoionization processes of Rydberg states in the ion source. Our results monitor in
a direct way the influence of these processes. Apparently the population over the
first vibrational states is hardly influenced by cascading processes in the ion
source.

The threshold spectrum of Fig. 4f still displays considerable quantities of v=l
and 2 vibrational states, which seems contradictory to the mentioned dominant
Av=0 character of the charge transfer process. Excitation of v>0 states near
threshold may be caused by two step ionization processes in the ion source. We have
estimated the importance of excitation of the O2, aiAg metastable state and
subsequent ionization. At high electron impact energies this process is negligible
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(1:1O5),58 but it might dominate near or below the threshold for direct ionization.
The coincident count rate dropped over four oruers of magnitude during the
decrease of the electron impact energy in the ion source. Experiments with
vibrationally state selective beams are needed to probe the amount of vibrational
excitation in the charge exchange process.

The vibrational population of the 5FIU Rydberg state has been given in Table 2
measured with an electron impact energy in the source of 40 eV. The spectrum in
Fig. 3 has been measured using 90 eV electrons in the source, resulting in slightly
increasing importance of the first two vibrational levels. Different processes
contribute to the OJ, a4Tlu state in the ion beam. This is also observed going from
Fig. 4a to 4b where not only the overall intensity of the 5UU Rydberg state is
reduced, but especially the intensities of the first vibrational levels. The O^, a4Uu

state is also formed efficiently via direct ionization of the b4!,' ion state, which
state subsequently radiates to the a4nu-state.39 The last three columns in Table 2
give the vibrational distribution resulting from each process and the distribution
assuming a 4:1 ratio of both processes. In the cascading it is taken into account that
the MZg ,v=4,J>9 states are efficiently predissociated.59 The observed bimodal
distribution is reproduced satisfactorily, the contribution of the first two
vibrational states is underestimated, pointing at contributions from even higher
excited quartet states. Again, an observed vibrational distribution in the product
neutral molecules can be explained from the parent ion vibrational distribution.
The KER spectra from near resonant charge exchange into dissociative Rydberg
states can be used to probe the production of excited ion states which decay to the
two (meta-)stable ion states and which change the vibrational distribution.

4 Conclusions

The results presented in the previous sections address a number of topics. It is
shown that in collisions of O\, a4Ylu. ions with Cs (3so)Ylu Rydberg states are
formed. Their position makes competition between autoionization and
predissociation possible. For the (3so)5Ylu Rydberg state no competition is
observed, due to spin selection rules. Its spectroscopic constants are determined
(coe, To). Competition is observed for the (3s(j)H3YIu Rydberg state; these
observations complement photoionization data of Dehmer and Chupka9 and
Nishitani et al8 and supply experimental support for Rydberg-valence interaction
resulting in perturbations and splittings of the H3Ylu state.
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In collisions of OJ, c^Tlu state ions with Mg no quasi-bound states are formed.
The structure in the spectra reveals that near-resonant processes strongly dominate
the results. We can rationalize this observation using the theory developed by
Demkov for charge exchange between atomic systems. Repulsive Tlg valence states
are formed in the charge transfer process. We have shown that the data are not
suited for an inversion procedure to determine the valence state potential curves.
As in all the present experiments, about 50% of the dissociations give excited O'D
oxygen atoms.

The insight in the dynamic behaviour of the '^Ug Rydberg states is increased.
From the branching of the ]Ug, v=0-2 to the O3P+O3P and OSP+CMD dissociation
limits first order estimates on the spin-orbit couplings have been checked,
corroborating the adjusted potentials of the valence states potential curves. The
large natural linewidth of the 3Ylg, v=2 state enabled the determination of the
homogeneous interaction between the 3Hg Rydberg and valence states.

For the low vibrational states we observed correlations between the molecular
and fragment atom multiplet levels, giving neither a statistical distribution nor a
distribution according to adiabatic correlation rules over the various O3Pj
multiplet levels after dissociation. Finally we discussed that the vibrational
distribution of the formed neutral Rydberg molecules is close to the distribution in
the parent ion beam.

In conclusion we have shown that resonant charge transfer populates
efficiently excited Rydberg states. The determination of the released kinetic energy
and the identification of the final state dissociation limit increased the
understanding on the low Rydberg states of molecular oxygen. Not only new
spectroscopic information, but coupling strengths and details of the dissociation
dynamics have been acquired. As a side results we have shown that our method is
able to probe vibrational distributions of an OJ beam.
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Summary
This thesis looks for answers on the question how redistribution of electronic
energy takes place in excited molecules. An electronically excited molecule can
lower its energy by emission of a photon or alter its energy contents by
transforming electronic energy into vibrational and rotational energy. If the
internal energy of a molecule exceeds the sum of the energies of its future
fragments, then it can dissociate. In the dissociation process internal energy can be
converted into kinetic energy of the fragments. We have studied this dissociation
process using experimental and theoretical techniques. In this work we have limited
ourselves to two simple diatomic molecules, heliumhydride and molecular oxygen.
Apart from experimental reasons, diatomic molecules have been chosen for their
limited number of possibilities to redistribute electronic excitation energy, in sharp
contrast to large polyatomic molecules. The simplicity of the studied molecules
(heliumhydride more than oxygen) allowed us to make detailed comparisons
between computational and experimental results.

In chapter one some important concepts are treated of the physics of diatomic
molecules. These concepts which were formulated after the discovery of quantum
mechanics have a central position in chemical physics, which wants to develop a
microscopic description of chemical processes. In this chapter our experimental
method of translational spectroscopy is characterized. In brief, in our setup the
molecules under study are ionized in an electron impact source, extracted from the
source and accelerated. Fast neutral molecules in electronically excited states are
formed in collisions of fast molecular ions with alkali target atoms (mostly cesium).
In the case that the excited molecules dissociate the kinetic energy released to the
two fragment atoms in their centre of mass coordinate frame is measured. In the
charge exchange collisions the neutral molecules are formed with well defined
electronic excitation energies. Therefore, measurement of the kinetic energy
release permits also the assessment of other quantities of interest such as remaining
excitation energies in the fragment atoms and/or the energy of an emitted photon.

In chapter two through four our method is applied to heliumhydride, a
relatively simple molecule well suited for ab initio calculations, but difficult to
study experimentally due to its intrinsic instability. The absence of a minimum in
the ground state potential curve implies that heliumhydride cannot exist as a stable,
free molecule. The transition of the antibonding valence electron to Rydberg
orbitals results in series of (temporarily or quasi-)bound excited states. Chapter
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two treats the lowest quasibound Rydberg states, the A2I.+ and B2U. These states
are efficiently formed in collisions of the stable heliumhydride ion with cesium.
The radiationless dissociative decay of the A2I,+ state by radial coupling with the
X2£+ ground state has been observed. From our results the position of the A2"L+

state potential has been established with respect to the helium + hydrogen
dissociation limit. The B2Yl state is dipole coupled to the X2E+ ground state and thus
dissociates after emission of a photon. These observations are compared in chapter
three to the outcome of ab initio calculations, using single configuration self-
consistent-field electronic wave functions and the Fermi golden rule. The
interpretations from our observations of the decay pathways are confirmed. The
computational results predict competition between radiative decay and decay
through predissociation by rotational coupling for the B2Yl state. This competition
has not been observed and solutions for this controversy are suggested. In chapter
four a strong isotope effect is described for the dissociative decay of the C2Z+ state.
Our results show that this state predissociates for the 4HeH isotope, while for the
3HeD isotope a molecule in the C2£+ state emits a photon in a transition to the A2Z+

state, which subsequently dissociates by predissociation. A theoretical description
of the decay of the C2£+ state agrees with the observations and explains surprising
experimental findings reported in literature.

In the chapters five through seven the dissociation dynamics and spectroscopy
of low lying Rydberg states of molecular oxygen are studied. The oxygen molecule
is a more complex system than the heliumhydride molecule, because of its larger
number of electrons. Atomic oxygen has two holes in its outer 2p shell which
results in a number of closely spaced electronic states. Therefore, if excited oxygen
molecules dissociate, often different dissociation limits are accessible. This
branching to different dissociation limits can be deduced from our kinetic energy
release spectra.

In chapter five the product states formed in collisions of ground state
molecular ions with cesium are analyzed. The spectroscopy of the (3so )d!ng and
C3Tlg Rydberg states is treated. The dissociation dynamics are deduced from the
observed correlation of the different vibrational states with their final state
dissociation limits. Qualitative conclusions are drawn on the relative positions of
Rydberg and valence states. Their mutual interaction causes the dissociation and
quasibound character of the Rydberg states.

In chapter six our attention is focussed on the v=4-8 states of the ^Ylg
Rydberg state, predissociated by mixing with the lJTlg valence state. We show that a
large fraction of the electronic excitation energy ends up in fragment atoms excited
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to the !D state. Only little kinetic energy is left over for these oxygen fragment
atoms. Individual rotational levels have been observed for the v=4 states, the
rotational constant of this state has been established. Natural linewidths have been
measured of some vibrational states. A theoretical model based on the Fermi golden
rule has been applied. Simple calculations have not only reproduced most
observations, but allowed us to quantify the electronic coupling strengths between
the diabatic }Ug Rydberg and valence states. The position of the repulsive VYlg
valence state has been adjusted and perturbations reported in resonance enhanced
multiphoton ionization experiments on the lower vibrational states of the d]Y\g

Rydberg state have been interpreted.
In chapter seven experimental observations are presented containing more

quantitative information on Rydberg-valence, valence-valence and spin-orbit
coupling between the Ylg states. Experimental results are presented resolving the
multiplet splitting in the C3Ug,Q, v=0-2 states. These states give dominantly
O3P+O1D atoms after their dissociation. A correlation of the molecular multiplet
levels with multiplet levels in the product O(3Pj) atom (Q=J) is deduced from the
spectra.

Furthermore, in chapter seven the product states are analysed which are
formed in the charge exchange of electronically excited metastable O£, a4Uu ions
with cesium. Some spectroscopic constants of the Qsa) 5 n H Rydberg state have
been determined. Our kinetic energy spectrum and a comparison with reported
photoionization data reveals competition between autoionization and predisso-
ciation for the H3Tlu Rydberg state. Most vibrational states autoionize efficiently,
only the v=l-4 states display partial predissociation. Charge exchange collisions of
oxygen ions with magnesium do not produce states that dissociate in the case of OJ,
A^IIg ions but do populate repulsive valence states in the case of OJ, a4Uu ions. The
resulting spectrum is discussed.



Samenvatting
Dit proefschrift zoekt antwoorden op de vraag, hoe herverdeling van electronische
energie in aangeslagen molekulen plaatsvindt. Een electronisch aangeslagen
molekuul kan energie verliezen door uitzending van electromagnetische straling
(foton) of omzetting van electronische energie in andere vormen van interne
energie als vibrationele en rotationele energie. Indien de energie-inhoud van een
molekuul groter is dan de som van de energieën van de fragmenten, kan het
dissociëren (uiteenvallen) en kan interne energie geheel of gedeeltelijk worden
omgezet in bewegingsenergie van de gevormde fragmenten. Dit dissociatiegedrag
van electronisch aangeslagen mulekulen is door ons bestudeerd zowel experimen-
teel als theoretisch. Wij hebben ons beperkt tot twee eenvoudige twee-atomige
molekulen, heliumhydride en zuurstof. Naast experimentele redenen geldt dat in
twee-atomige het aantal mogelijkheden voor herverdeling van energie geringer is
dan in polyatomige molekulen. Tevens maakte de eenvoud van de gekozen
molekulen het mogelijk berekeningen (voor heliumhydride meer dan voor
zuurstof) uit te voeren uitgaande van inzichtelijke theorieën, zodat een vergelijking
van de uitkomsten van de berekeningen met de experimentele resultaten mogelijk
is.

In hoofdstuk één wordt de chemische fysica geïntroduceerd. Dit onderdeel van
de natuurkunde probeert een gedetailleerde microscopische beschrijving te ontwik-
kelen van chemische processen. Een aantal begrippen uit de chemische fysica en
veel voorkomend in de beschrijving van molekulair gedrag en de analyse van de
resultaten wordt verklaard. Voorbeelden vormen de potentialen, adiabatische en
diabatische toestanden, Rydbergtoestanden, en dissociatie ten gevolge van predis-
sociatie. De door ons toegepaste experimentele techniek, translatiespectroscopie,
wordt geïntroduceerd. De te bestuderen molekulen worden geïoniseerd in een
ionenbron in botsingen met snelle electronen. De gevormde ionen worden uit de
bron geëxtraheerd en versneld. In botsingen van de snelle (keV) molekulaire ionen
met meestal alkali (cesium) atomen, worden de molekulen geneutraliseerd in
electronisch aangeslagen toestanden. De bewegingsenergie in het zwaartepunt
systeem van de bij dissociatie geproduceerde atomen wordt vastgesteld. In het
ladingsuitwisselingsproces worden de molekulen gevormd met goed bekende
interne energie. Daarom kunnen ook andere belangrijke grootheden bepaald
worden uit het resultaat van de meting van de bewegingsenergie: bijvoorbeeld de
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interne energie van de fragmentatomen en de energie van een eventueel uitge-
zonden foton.

In de hoofdstukken twee tot en met vier worden de experimenten en
berekeningen beschreven in een studie aan heliumhydride. Dit molekuul leent zich
goed voor het doen van ab initio berekeningen, maar is moeilijk experimenteel te
bestuderen vanwege zijn intrinsieke labiliteit. Het ontbreken van een minimum in
de grondtoestands potentiaal impliceert dat het als stabiel molekuul niet kan
bestaan. Tijdelijk (10"9-1012 s) kan een gebonden molekuul verkregen worden door
het antibindend valentie electron aan te slaan naar één van de vele Rydberg
orbitalen onder de voming van een quasi-gebonden Rydberg molekuul.

In hoofdstuk twee wordt beschreven, dat zulke quasi-gebonden A2H+ en B2Tl
Rydberg toestanden in heliumhydride efficiënt gevormd worden in botsingen van
het stabiele heliumhydride ion met cesium atomen. De radiële koppeling tussen de
A2Y? en de X2£+ grondtoestand is verantwoordelijk voor het uiteenvallen door
predissociatie van molekulen in de A2L+ toestand. Onze metingen hebben het
mogelijk gemaakt de positie van de A2Z+ potentiaal kromme vast te leggen. De B2U
Rydberg toestand blijkt uiteen te vallen na uitzending van een foton (lichtenergie).

In hoofdstuk drie worden de waarnemingen van hoofdstuk twee vergeleken
met berekeningen uitgevoerd met zgn. één-configuratie-electronische golffuncties
(SC-SCF). Deze berekeningen kunnen uitgevoerd worden op relatief kleine
computers. Het verrassende predissociatie-gedrag van de A2£+ toestand wordt door
de berekeningen gereproduceerd. De berekeningen voorspellen verder voor de
ß 2 n toestand een competitie voor het uiteenvallen van molekulen na uitzending van
een foton en onmiddellijke dissociatie zonder verlies van stralingsenergie, dus via
predissociatie. Dit is niet door ons waargenomen. Redenen voor dit verschil
worden gesuggereerd.

In hoofdstuk vier wordt het dissociatie gedrag van de C 2 £ + toestand
besproken; in het 4HeH isotoop blijken molekulen in de C2Z+ toestand uiteen te
vallen (predissociëren) door koppeling met de X2Z+ grondtoestand, daarentegen
blijkt in het 3HeD isotoop dissociatie na uitzending van een foton efficiënter te zijn.
In hetzelfde hoofdstuk worden berekeningen gepresenteerd die onze observaties en
experimentele resultaten gerapporteerd door anderen goed beschrijven.

In de hoofdstukken vijf tot en met zeven hebben we gekeken naar molekulair
zuurstof, een stabiel en veel voorkomend molekuul. Zuurstof is gecompliceerder
dan heliumhydride door het groter aantal electronen. Atomair zuurstof heeft twee
gaten in zijn 2p schil, waardoor het een aantal in energie dichtbijeen gelegen
aangeslagen toestanden bezit. Bij dissociatie van electronisch aangeslagen
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molekulair zuurstof zijn daarom verschillende dissociatielimieten als eindtoestand
mogelijk. De experimentele resultaten laten het bestaan van deze dissociatie
limieten en hun belang bij dissociatie van zuurstof molekulen duidelijk zien. De
vergrote intrinsieke complexiteit van zuurstof ten opzichte van heliumhydride
betekent dat de theorieën gebruikt om onze waarnemingen te interpreteren minder
volledig zijn.

In hoofdstuk vijf wordt aangetoond dat in botsingen van molekulaire ionen
van zuurstof in de grondtoestand met cesium atomen efficient Rydbergtoestanden
gemaakt worden die bekend zijn als de d}ïlg en C3Ylg Rydberg toestanden. De
waargenomen relaties tussen de verschillende vibratietoestanden en de optredende
dissociatielimieten (met verschillende interne energie van de produkt atomen)
worden kwalitatief verklaard uit de ligging en het diabatische karakter van de
quasi-gebonden molekulaire Rydbergpotentialen. De oorzaak van het quasi-
gebonden karakter van de Rydbergtoestanden is koppeling met niet-gebonden
valentie toestanden. De Rydberg molekulen predissociëren via zgn. electronische
pr?dissociatie.

In hoofdstuk zes wordt de aandacht verplaatst naar de v=4-8 vibratie
toestanden in de d'Tlg Rydbergtoestand. Bij dissociatie van een zuurstof molekuul in
deze toestanden eindigen beide zuurstofatomen in de aangeslagen O^D) toestand,
met dientengevolge slechts weinig bewegingsenergie. Het oplossend vermogen van
ons apparaat heeft ons in staat gesteld afzonderlijke rotatie niveaus op te lossen en
de bijbehorende rotatieconstante te bepalen voor de v=4 toestand. Metingen aan de
natuurlijke lijnbreedte (i.e. de levensduur) hebben ons in staat gesteld de sterkte van
de electronische koppeling tussen deze Ryberg- en de !Tlg valentietoestand te
bepalen. Daarbij kon een nauwkeurige positie aan de potentiaal kromme van de
valentie toestand gegeven worden. Ook zijn experimentele resultaten die
gerapporteerd waren in de literatuur over de lage (v=0-3) vibratie toestanden nu
consistent geïnterpreteerd.

In hoofdstuk zeven wordt de koppeling tussen de ; n ž en 3Tlg Rydberg- en
valentietoestanden verder gekwantificeerd. Experimentele aanwijzingen worden
gepresenteerd voor een relatie tussen de molekulaire J n s ß , v=0-2 multiplet
niveaus en de multiplet niveaus in de produkt O(3Pj) atomen; een voorkeur wordt
gevonden voor Q=J. Een compleet beeld van de dynamica van de !Ylg en 3Ug

Rydbergtoestanden is door ons werk verkregen. In hoofdstuk zeven worden ook de
produkttoestanden besproken, die gevormd worden bij botsingen van electronisch
aangeslagen metastabiele OJ ionen (a*nB toestand) met cesium atomen. Een aantal
spectroscopische constanten van de (3só) 5UU Rydbergtoestand zijn vastgelegd. Uit
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onze resultaten blijkt de aanwezigheid van competitie tussen autoionisatie en
predissociatie voor de v=l-4 toestanden in de (3só)H 3WU Rydberg toestand. Deze
competitie wordt bevestigd door vergelijking met gerapporteerde fotoionisatie-
experimenten. Botsingen van metastabiele Q\ ionen in de a4nu toestand met
magnesium atomen blijken dissociatieve toestanden te geven, die informatie geven
over het ladingsuitwisselingsproces zelf.

De meeste resultaten zoals ze zijn neergelegd in dit proefschrift, hebben ook
hun plaats gevonden in de wetenschappelijke literatuur, hetgeen enigszins aangeeft
dat binnen deze wereld belang wordt gehecht aan de uitkomsten van dit onderzoek.
Toch kent het verworven inzicht in de dissociatiedynamica van een tweetal kleine
molekulen geen grote praktische toepassingen. De voldoening, fundamentele kennis
over de natuur verkregen te hebben, vormt een belangrijke drijfveer voor het doen
van dit onderzoek. Toch staat het onderzoek niet geïsoleerd. De opgedane kennis
over de herverdeling van electronische energie is van groot belang voor een goed
begrip van elementaire chemische reacties. Bovendien kunnen we in de wereld om
ons heen processen waarnemen,die gerelateerd zijn aan het beschreven onderzoek.
Zo bevatten de bovenste lagen van de atmosfeer plaatsen waar de reacties, die wij in
experimentele omstandigheden in zuurstof gecreëerd en bestudeerd hebben,
aangetroffen kunnen worden. De reacties in het excimeer molekuul heliumhydride
hebben grote gelijkenis met de processen die een rol spelen in de gelijknamige
excimeer laser systemen.
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Nawoord

Dit proefschrift beschrijft het resultaat van een viertal jaren experimentele
natuurkunde op AMOLF. Als doctoraalstudent heb ik in de groep die toen
biomolekulen en nu macromolekulaire systemen heet 'experimenteren geleerd' van
Gerard van der Peijl en vooral van Piet Kistemaker. Na afloop van deze periode
stond ik voor de keuze: natuurkunde of biochemie. Ik besloot de overstap binnen
AMOLF te maken naar de groep translatiespectroscopie aanvankelijk bij Dik de
Bruijn maar later onder de hoede van Joop Los. In deze periode heb ik oneindig
veel meer van de natuurkunde geleerd dan ik heb bijgedragen aan de maatschappij
over de natuur.

In de eerste alinea heb ik duidelijk willen maken, dat ik zelf degene ben die
verreweg het meest geprofiteerd heeft van deze periode, zowel door de kennis die
ik heb opgedaan, als door de mogelijkheden die nu voor mij openstaan. Tegelijk
realiseer ik me dat dit slechts mogelijk is geweest door de inspirerende
wetenschappelijke omgeving en de goede atmosfeer die meestal op AMOLF heerst.
Ik wil dus beginnen allen te bedanken, die deze sfeer helpen opbouwen en in stand
houden.

Allen met name noemen die zich ingezet hebben voor mij is onbegonnen werk,
slechts een enkeling wil ik noemen. Joop Los, die als groepsleider de kunst verstaat
goede experimenten te kiezen en experimenten te sturen, maar ondertussen een
atmosfeer creëert waarin je volledig zelfstandig kunt werken. Piet Kistemaker, die '
een artikel nooit heel laat maar altijd verbetert. Wouter Koot, zijn analytisch
vermogen en zijn 'handige' uitleggen hebben mij veel natuurkunde bijgebracht.
Hans ter Horst, die niet altijd even enthousiast maar wel immer bereid was mijn
electronica kennis en de detector in vorm te houden. Jacques Kimman, John van
Wunnik en Ed Ouwerkerk, die mij voorgingen op AMOLF en voorbeelden dat
natuurkunde ook sportiviteit en gezelligheid kan betekenen. Stefan Körnig, wiens
natuurlijke wijze van helpen mij lang zullen bijblijven. Piet Keja en Wim
Barsingerhorn die altijd snel en goed werk leverden, zelfs als ik het achteraf niet
altijd gelijk gebruikte. '«.-

Tenslotte de groep translatiespectroscopie, Harry Pape, Frank van Putten, | |
Henk Klaassen, Paul Post, Stephan Otte, Paul Post, Laurens Siebbeles en speciaal, |*
Remko Brilman. Bedankt voor de goede samenwerking en sfeer.
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Het drukklaar krijgen van een proefschrift behoort tot de moeilijkere
onderdelen van een promotie; alien, die zich hiervoor hebben ingespannen,
bedankt!

Ik vertrek van AMOLF naar Stanford voor een postdoc periode om weer
meer over natuurkunde te leren. Misschien dat ik daarna degenen op AMOLF die
dit mogelijk gemaakt hebben op mijn eigen wijze kan bedanken.
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