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Abstract

Velocity mapped ion imaging has been used to experimentally investigate the photodisso-
ciation of the diatomic and triatomic molecules, Cly and CSs, respectively. For Cly, sets of
results are presented following excitation from both the v = 0 and v = 1 vibrational levels
of the electronic ground state. Dissociation of Cly into both the C1(*P3/5) + CI(*Pj/5)
and CI(?P3 /2) + CI* (%P, /2) product channels was observed experimentally, with the pho-
todissociation of vibrationally excited chlorine also investigated theoretically using a time-
dependent wavepacket formalism. Results for CSy are presented following dissociation into
both the singlet channel, CS(X 'X%) 4+ S(!D3), and the spin-forbidden triplet channel,
CS(X '¥H) +S(3Py).

Experimental results on the photodissociation of Cly (v = 0) have been compared to recent
time dependent wavepacket calculations performed on a set of ab initio potential energy
curves. The experimental results include the first determination of high order electronic
polarisation of C1(?P5 /2) atoms and, in general, good agreement was found between exper-
iment and theory. Negligible cooling of the vibrational degree of freedom in the molecular
beam allowed experimental investigation of the photodissociation of vibrationally excited
Cly (v =1). These results are supplemented with theoretical time dependent wavepacket
calculations. Although the same electronic states were found to be important as for the
photodissociation of Cly (v = 0), significant differences were found regarding many of the
observables.

The indirect photodissociation of CSs giving rise to the singlet product channel has been
investigated following excitation above and below the barrier to linearity in the !X} (1 By)
state. Above the barrier the vibrational populations of the CS(X '¥+) products appear
inverted, while below the barrier the diatomic product state distributions point to a sta-
tistical partitioning of energy. Below the barrier, modelling of the spatial anisotropy
parameter, based on angular momentum conservation, indicates the importance of non-
axial recoil effects. In this region PHOFEX spectra point to an enhancement of the singlet
channel for K = 1, relative to K = 0, in agreement with previous work. Surprisingly, in
both regions the S(1Dy) atomic products were found to be unpolarised.

For the dissociation of CSs into the spin forbidden triplet channel, following excitation
below the barrier to linearity in the '} (! Bs) state, both the polarisation of triplet S-
atoms and the populations of the fine-structure levels are found to depend on the vibronic
band accessed. Following excitation of K = 1 levels, and like the singlet S-atoms, all
S(®P ) products were found to be unpolarised. For K = 0, however, the S(*P3) species
dominate, and are characterised by equal M; populations, while the S(3P;) species show
a preference for the My = 41 sub-levels. For these bands the electronic alignment is very
similar to that observed in the dissociation of OCS, indicating a similar mechanism, at
least in the exit channel, is responsible for the polarisation in both systems.
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Chapter 1

Introduction

1.1 Motivation and context

When sunlight in the ultraviolet/visible region of the spectrum comes into contact
with small molecules in the Earth’s atmosphere one of the fundamental processes
that occurs is the cleavage of a chemical bond, that is to say photodissociation
takes place. The work contained in this thesis, which falls into the category of
molecular reaction dynamics, seeks to understand how this bond breaking process
takes place at a fundamental level. To do this, consideration needs to be given
to the forces acting on the atoms during the dissociation. Information regarding
these forces is encoded in the potential energy surface, one of the key concepts in
reaction dynamics (see, for example, Refs [1-7]). The photodissociation process for
a molecule AB may be represented by Equation (1.1). Here the species AB* denotes
the excited molecule following absorption of the photon at energy hr, and A and B

are the resulting photofragments
AB+ hy — AB* — A+ B. (1.1)

One of the primary interests here is to understand how the electrons, which may
be thought of as the glue holding two positive nuclei together in a chemical bond,

rearrange as the two fragments separate. This information can be obtained by in-
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terrogating the electronic angular momentum distribution associated with atomic
photofragments. Additionally of interest here is how the photodissociation process
changes when the parent molecule, AB, is vibrationally excited prior to the absorp-
tion of light.

The remainder of this chapter briefly introduces the concept of the potential
energy surface, provides a general description of the different types of photodisso-
ciation and a discussion on the experimental techniques that can be used to probe

the observables.

1.2 Photodissociation dynamics

1.2.1 The Born-Oppenheimer approximation

Exact solutions to the molecular Schrodinger equation, Equation (1.2), are difficult

to find
H|9T) = ETT). (1.2)

The operator H corresponds to the total molecular Hamiltonian and E] the ex-
act energy levels, eigenvalues, that would be measured in an experiment. In or-
der to solve Equation (1.2) an approximation, commonly referred to as the Born-
Oppenheimer approximation [8], must be introduced, which leads to the concept of
the potential energy surface. Briefly, the total wavefunction, |U7), is approximated

as a product of electronic, |t ;(r;R)), and nuclear, |y;(R)), parts,

|\Iji(r7 R)) = |¢el,i<r; R)>|X1(R)> ) (13)

where the co-ordinates of the electrons and nuclei are collectively represented by r
and R, respectively, and the electronic part, |t ;(r;R)), is seen to depend para-
metrically on the nuclear co-ordinates. The approximate solutions, Equation (1.3),

assume there is no coupling between the electronic and nuclear motions. The molec-
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ular Hamiltonian® operator, H , contains the nuclear kinetic energy, TN, the electron
kinetic energy, Te, the Coulombic attraction between electrons and nuclei, ﬁeN,

nuclear-nuclear repulsion, H ~n, and electron-electron repulsion operators, H.,
H=Ty+T.+ H.y+ Hyn + H... (1.4)

In general the nuclear kinetic energy term, T, is much smaller than the other terms
in the molecular Hamiltonian, H, and can be ignored. The physical reason is that
because the nuclei are so much more massive than the electrons, the electrons can
move much faster than the nuclei for the same force. The electrons are therefore
able to react quickly to changes in nuclear geometry, whereas on the timescale of
electronic motion the nuclei can be regarded as stationary. Ignoring the nuclear
kinetic energy term allows solutions of the electronic Hamiltonian (I:Iel = H - TN)

to be found for each (fixed) nuclear co-ordinate R
Haltui(r;R)) = Bay(R) e (rR))  i=1,2,3,..,n. (1.5)

The electronic eigenfunctions in Equation (1.5) describe the potential energy ex-
perienced by the nuclei at a given value of R, i.e. E.;(R) = V;(R), and can be
thought of as the potential energy surface on which the nuclei move. The Born-
Oppenhiemer approximation allows the Schrodinger equation for nuclear motion on

the i*" potential energy surface, V;(R), to be written as
Hy|xi(R)) = [Tx + Vi(R)][x:(R)) = Enlxi(R)). (1.6)

The eigenvalues, Ey ;, represent, in the case of bound state potentials, the set of
vibrational and rotational levels for each adiabatic state, 7. The slope of the potential

energy surface, V;(R), determines the forces acting upon nuclei which in turn govern

In fact, this is the non-relativistic Hamiltonian. To account for relativistic effects, usually
dominated by spin-orbit coupling, a correction to the energy is given by including an extra term,
Hgo, in Equation (1.2).
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their motion. For a diatomic molecule, the potential is a function of one parameter
- the internuclear axis, however, for polyatomics the surface will in general be a
function of 3N — 5 co-ordinates (3N — 6 for a linear system), where N represents

the number of atoms.

Neglected terms

Although in many cases the Born-Oppenheimer separation of the nuclear and elec-
tronic motions serves as a perfectly valid approximation, during photodissociation
processes, of particular relevance here, it frequently breaks down [5]. In fact the
derivation of Equation (1.6) assumes that the nuclear kinetic energy operator, TN,
does not operate on the electronic wavefunction, |1 ;(r;R)). If this assumption is

no longer valid then Equation (1.6) can be represented by [9]
[Ty + ViR)xx(R) = ) Aeixi(R) = Eexi(R) (1.7)
where the matrix Ay;, given by [9]

Api = 0T — (e (; R | Ty [theri (15 R)) (1.8)

involves operation on the electronic wavefunctions, |1, (r; R)), with the nuclear
kinetic energy operator, Tn. This leads to the interpretation that the motions
of the electrons and the nuclei are coupled. This non-adiabatic coupling effect
becomes important when the adiabatic potentials are close in energy and/or when
the nuclear kinetic energy is large. Both of these possibilities can arise in the case
of photodissociation where the Born-Oppenheimer approximation is insufficient to

describe fully the dynamics of the nuclear motion.

1.2.2 Photodissociation - general description

In a general description of photodissociation the absorption of a photon by a

molecule results in an electronic transition from the ground to an electronically
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excited state. This electronic state may be repulsive, or unbound, in nature such
that the chemical bond holding the two fragments together breaks apart. In this
way the interaction of light with the molecule has resulted in the breaking, or disso-
ciation, of a chemical bond. The above description is consistent with a simple direct
photodissociation occurring on a single adiabatic potential energy curve or surface.
In reality many photodissociation processes are considerably more complicated, with
many distinct potential energy surfaces involved. In fact the photoexcited state need
not even be repulsive if it is crossed by or lies close in energy to another unbound
state. Coupling of the two may allow a non-radiative transition to take place to
the repulsive state allowing the bond to break. Direct photodissociation processes,
characterised by the short timescales associated with the complete separation of the
fragments, typically less than a vibrational period, where the photoexcitation takes
place into the continuum, give rise to unstructured absorption (photodissociation)
cross sections, o(FE), as shown in the left hand panel of Figure 1.1. In this fast
dissociation process, the energy dependence of the cross section, o(F), is directly
related to the square of the initial nuclear wavefunction in the electronic ground state
and the gradient of the excited state potential curve, often termed as the reflection
principle [5].

On the other hand, if the molecule is promoted to a quasi-stable state, with life-
times greater than a typical vibrational period, of the order of tens of femtoseconds,
prior to bond breaking then the general process is referred to as predissociation. This
general process has been classified by Herzberg [10] according to the mechanism giv-
ing rise to the fragmentation from the metastable state, now termed Herzberg type
I (electronic), Herzberg type 11 (vibrational) and Herzberg type III (rotational) pre-
dissociations. Due to the presence of quasi-stable states, predissociation processes
give rise to structures, termed resonances, in the absorption cross-section, similar
to the features observed in bound state spectroscopy. In type I (electronic) pre-
dissociation the excitation takes place to a state belonging to a different electronic

configuration than the state in which the fragmentation occurs. This process is
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Figure 1.1: Schematic representation of direct (left) and indirect (middle and
right) photodissociation processes of a diatomic molecule, AB. The middle panel
represents a Herzberg type I electronic predissociation whereas the right panel
corresponds to predissociation by rotation, or Herzberg type III.

shown schematically in the middle panel of Figure 1.1. The coupling between the
bound and repulsive curves may be due to, for example, non-adiabatic, Coriolis or
spin-orbit interactions. Herzberg type II predissociations differ in that the excited
and final states correspond to the same electronic configurations of the molecule
and arise in the case of tri- and polyatomic molecules. Herzberg type III, also called
predissociation by rotation, can arise in the case of rotating parent molecules. For
non-rotating diatomic species, the molecule may only dissociate if it is excited above
the highest bound vibrational state. However, if the molecule is rotating an extra
centrifugal term ~ h%J(J + 1)/2uR? should be added to the electrostatic potential.
In effect this term gives rise to a barrier to dissociation, supporting quasi-bound
levels higher in energy than the dissociation limit, as shown in the right hand panel
of Figure 1.1. Tunnelling through this centrifugal barrier then allows type III pre-

dissociation to take place.

Mode Specific Photodissociation

The vibrational excitation of molecules in their electronic ground state can mod-

ify the pathway of a photodissociation process relative to those in their vibrational
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ground state. The Franck-Condon factors, the overlap of ground and excited state
vibrational wavefunctions, will be different for vibrationally excited reagents. As a
result the molecule may be able to access different parts of the excited state potential
which can influence, for example, the branching into distinct product channels [11].
A particularly noteworthy example of this mode specificity is given by Crim and
Schinke on the photodissociation of HOD in the A state [12]. In their experimen-
tal and theoretical study the authors found that the relative production of OH
compared to OD fragments was dependent on the initial vibrational state of the
parent molecule and the wavelength used for the photodissociation. They reported
that excitation of four quanta in the O-H stretching mode (4von) led to a selective
breaking of the O-H versus the O-D bond. At two of the photolysis wavelengths
studied, 239.5 nm and 266 nm, the excess production of OD over OH was as high as
15. However, at higher energy, 218.5nm, the OD and OH products were found to
be formed in equal quantities. Wavepacket calculations on the ab initio potential
surface showed that promotion of the molecule from high, 4voy, O-H stretching
levels below the barrier separating the OD and OH product channels gave rise to a
large Franck-Condon overlap between the OD + H channel continuum wavefunction
and the HOD vibrational wavefunction, ultimately resulting in a large excess of OD
products. On the other hand, excitation at the higher energy, 218.5 nm, was shown
to reach the A state potential above the energetic barrier separating the OD + H
and OH + D product channels. In this region the continuum wavefunctions for
both channels were shown to be significant, allowing for comparable Franck-Condon
overlap of the initial vibrational wavefunction with the continuum wavefunctions for

dissociation into OD + H and OH + D [12].

Electronic angular momentum polarisation

Of particular interest for the work in this thesis is the distribution of electronic
angular momenta, J, of atomic products following a photodissociation process. The

concept of anisotropy in the distribtion of J following diatomic dissociation was
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first discussed by Van Brunt and Zare in 1968 [13]. They described the adiabatic
photodissociation of a molecule, AB, in a well defined molecular €2 level, where 2
describes the projection of the electronic angular momentum onto the internuclear
axis. If this projection quantum number is conserved throughout the dissociation
process then the population of magnetic sublevels, M}, , for a given fragment will
depend on the value of {2 and the projection quantum number of the cofragment,

M, , that gives rise to the specific electronic state, since
Q= |Mj, + My,]. (1.9)

It turns out that the asymptotic electronic polarisation of an atomic fragment is
highly sensitive to many features of the photodissociation process including the na-
ture of the excitation and character of the electronic states populated in the Franck-
Condon region and any non-adiabatic transitions that take place both in the short
and long range regions of the potential energy surface(s). In fact, measurements
of atomic polarisation are sensitive not only to the populations of the various M,
states but also to the coherences describing the correlation between photofragments
in different M levels. Following the simultaneous excitation of different electronic
states with a well-defined phase, coherent terms in the electronic angular momentum
distribution can result from interference between different dissociation pathways.
Additionally, coherent terms may arise as a result of a non-adiabatic transition be-
tween states along the dissociation co-ordinate, leading to interference between the
two pathways. In essence, the photofragments’ angular momentum polarisation pro-

vides an insight into the electronic motions taking place as the fragments separate.

1.3 Experimental probes

Laser induced fluorescence (LIF) based detection allows for the fully quantum state
selection of the products of a photodissociation reaction. In LIF the photofrag-

ments, in a well defined quantum state, are promoted via absorption of a photon
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Figure 1.2: Schematic representation of the laser induced fluorescence technique.
The diatomic products from a photodissociation process are born in various rovi-
brational levels of the A electronic state. Using a laser these fragments are elec-
tronically excited to the B state (left). The populated B state levels radiatively
decay to the ground electronic state, X, by fluorescence which is detected exper-
imentally (right).

to a state which is known to radiatively decay by fluorescence. The induced fluo-
rescence at a particular wavelength is detected by, for example, use of a photomul-
tiplier tube and monochromator setup. The laser induced fluorescence technique
is schematically represented in Figure 1.2. Provided that the spectroscopy of the
states involved in the LIF process is well known, the probe laser used to induce
the fluorescence can be scanned over energetically accessible rovibrational states of
the (diatomic) photofragment allowing one to effectively probe the characteristic
energy disposal amongst the product degrees of freedom. LIF measurements on the
products of photodissociation have been reported for a huge number of diatomic
species including, for example, CN, NO, CS, and OH from ICN [14,15], NO, [16—
22], CS, [23], HoO [24-30] and Hy0, [31,32], respectively. Furthermore, use of a
narrow-bandwidth laser allows sensitivity to the velocity (and therefore angular)
distribution of the fragments since a sufficiently narrow bandwidth laser allows one
to scan across (determine) the Doppler line shape of a single rovibrational transition.

The Doppler-resolved line shape is characteristic of the velocity components of the
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photofragments along the direction of laser propagation. Measurements of this kind
are highly sensitive to the details of a photodissociation process since they can pro-
vide information on both the population of photofragment quantum states as well
as the associated vector properties. The dependence of Doppler lineshapes on the
spatial distribution of fragments and their rotational angular momenta, see later,
has been provided by Dixon [33]. One drawback of LIF based detection techniques
compared to, for example, mass spectroscopic techniques is that it is much harder
to detect photons than charged species.

In photofragment translational spectroscopy [34] a molecular beam containing
the species under investigation, typically seeded in an inert carrier gas (e.g., He, Ar,
Ne) to enhance cooling of the rotational degrees of freedom, is intersected by a pulsed
laser beam, which dissociates the molecules. The neutral fragments, which possess a
velocity distribution intrinsic to the photodissociation process, are allowed to travel
under collision free conditions for some time prior to ionisation and detection. The
ionisation process is typically achieved using an electron gun, and the resulting ions
detected according to their time of flight (TOF). In this way the experiment can be
sensitive to the energy disposal amongst the degrees of freedom of the photofrag-
ments. Rotating either the molecular beam propagation direction, detector or the
polarisation vector of the photodissociation laser, allows further information to be
obtained on the photofragment angular distributions. This experimental methodol-
ogy was first introduced by Busch and Wilson in the 1960s [34], who investigated
the photodissociation of the molecules Cly, I, IBr, NOCI and NO, [34-39].

The resonance enhanced multiphoton ionisation (REMPI) technique allows a
fully quantum state selectivity in the detection of atoms and small photofragments.
The principles and applications of this technique have been discussed by Ashfold et
al. [40]. Briefly, population in the quantum state under study is transferred into an
electronically excited state by the absorption of one or more photons. Absorption of
a further one or more photons then allows ionisation to take place from this excited

state. The number of photons involved in the initial excitation and ionisation steps
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hv,
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X — A 11>

Figure 1.3: Illustration of conventional multiphoton ionisation (left) and REMPI
(middle and right) processes for the neutral species, X. In conventional multipho-
ton ionisation no intermediate states are involved in the ionisation process, only
virtual states (dotted lines) associated with the electric field. A (2+1) REMPI
scheme via intermediate state |2) is illustrated in the middle, with a two colour
(14+1’) REMPI scheme depicted on the right. Adapted from Ref [40].

are generally given in parenthesis (e.g., (14+1), (2+1), (3+2) REMPI). The energy
used for this multiphoton process may differ for the two steps involved, in which
case a prime is used in the description (e.g., (14+1") REMPI). A diagram illustrating
some commonly used REMPI schemes is provided in Figure 1.3. By utilising a reso-
nant intermediate state the probability of absorption and subsequent ionisation are
greatly enhanced, by several orders of magnitude, over a conventional multiphoton
ionisation scheme, giving this procedure a significant advantage. The combination
of REMPI state selectivity with time of flight (TOF) detection allows information
regarding the kinetic energy and spatial distribution(s) of neutral fragments to be
obtained at the quantum state-selected level.

The ion imaging technique, a combination of REMPI-TOF with 2 dimensional
detection, was pioneered by Chandler and Houston [41]. The ion imaging tech-
nique allows for the extraction of the full three dimensional scattering distribution
of fragments from a photodissociation process. In cases where the laser polarisa-

tion(s) are parallel to the detection plane and the angular momentum distribution is
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isotropic a cylindrical symmetry exists and one can reconstruct the 3D distribution
from the 2D image (projection) using an Abel inversion procedure [42,43]. The
first demonstrations of ion imaging by Chandler and Houston were limited by the
velocity resolution that could be obtained using the Wiley-McLaren [44] electrode
system. Eppink and Parker [45] showed that a greatly improved velocity resolution
could be obtained by removal of the grid used in the Wiley-McLaren set up, and
tuning the voltages applied to a system consisting of three open electrodes. Eppink
and Parker were able to show that fine adjustment of their ion lens allowed each
ion with the same mass and velocity to strike the detector at the same position
regardless of its point of formation within the laser interaction region [45]. The
use of event counting [46] algorithms during image acquisition allowed further im-
provement to the velocity resolution. More recently, a series of imaging techniques
have been developed in which only the central portion or ‘slice’ of the 3D scattering
distribution is actually recorded. Generally referred to as ‘slice imaging’, this tech-
nique allows for an improvement to the velocity resolution. Furthermore, at least
in principle!, the analysis of ion images recorded using a slicing technique should
be simpler, removing the need for a procedure to recover the 3D distribution from
a 2D projection. A detailed description of the types of slicing can be found in the
recent review article by Ashfold et al. [48].

Probing angular momentum polarisation

The experimental techniques described above are sensitive to both the scalar and
vector properties that characterise photodissociation processes. As such they can, in
principle, probe the distribution of angular momenta, J, of the photofragments. The
principles and methodolgy used to probe anisotropic distributions of J are entirely
general and can be used to probe both rotational and electronic polarisations.

Experimental sensitivity to the distribution of J following a photodissociation

"Where the angular momenta of the photofragments is polarised the unambiguous extraction of
the angular momentum distribution is very sensitive to the degree of slicing achieved, as discussed
in Ref [47].
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process can be intuitively understood since the ‘direction’ of J is inherently linked
to the direction of u®, the electronic transition dipole moment associated with the
optical transition involved in the detection process. Typically, in order to extract
data regarding the angular momentum distribution of photofragments, experimental
measurements are performed employing several different probe laser polarisation
directions, with respect to some laboratory reference frame, see Section 2.1. Through
the |- €|? transition probability for absorption, where € is the electric vector of
the light, the relationship between J and p® dictates that altering the direction of
€ will change the sensitivity to a particular part (moment) of the J distribution.
Furthermore, by collecting data using a different optical transition e.g., a different
intermediate state in a REMPI process, one becomes sensitive to a different set of
transition dipoles and therefore moments of the angular momentum distribution.
Measurements using a comprehensive set of probe polarisation directions and/or
optical transitions allows for the complete characterisation of the distribution of J
in the laboratory frame.

The relationship between the transition dipole moment, 1, and the direction of
J can be easily understood by taking the case of parallel and perpendicular electronic
transitions of a diatomic molecule, for example > — ¥ or ¥ — II, respectively. For a
diatomic molecule (Cy, or Dy, symmetry) the electronic transition dipole matrix

elements may be written as

(W (0 R) | (x) |9 (r; R)) (1.10)

where [¢f(r;R)) and [¢(r;R)) represent the initial and final states. A parallel

type transition is only allowed if the direct product?
'rol',®l;, (1.11)

contains the totally symmetric species Y. For this electronic transition the symmetry

2Here T; is used to denote the symmetry of species i.
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(@) J (b) J (c) J

Figure 1.4: Relationship between the electronic transition dipole moment, p,
and the rotational angular momentum, J, in the high J limit where J lies per-
pendicular to the bond axis. (a) corresponds to the case of a parallel transition
(P or R-branch), while (b) and (c) are following a perpendicular electronic transi-
tions for P (and R)-branch and Q-branch excitation, respectively. Adapted from
Ref [49].

species of the transition dipole moment, p®, transforms as 3 and therefore the

relation

must hold, such that I'y = I'; and AA = 0. The symmetry species X dictates that
the electronic transition dipole moment, p®, lies parallel to the bond axis, R. In the
high J limit, where the rotational angular momentum becomes perpendicular to R,
an orthogonal relationship therefore exists between pu® and .J. Examination of the
rotational selection rules shows that only P (AJ = —1) and R-branch (AJ = +1)
transitions exist for this case.

For a perpendicular transition, AA = £1 and I'y # I';, examination of Equa-
tion (1.11) shows that the transition dipole moment, p®, must transform as I, i.e.
perpendicular to the bond axis, R. This symmetry species means that in the high
J limit the transition dipole moment may be either parallel or perpendicular to the
rotational angular momentum, J. Similar group theoretical arguments for the ma-
trix elements of u® in the |JM) basis show that for Q-branch (AJ = 0) excitation
the electronic transition dipole moment is parallel to J, whereas for P and R-branch
excitations (AJ = £1) pu is perpendicular to J. These three simple cases are

illustrated in Figure 1.4.
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1.4 Outline of thesis

The work contained herein concerns the photodissociation of the diatomic and tri-
atomic molecules, Cly and CSs, respectively. For Cl, ion images were recorded for
both the ground and excited state photofragments, C1(*P3/5) and CI*(*Py 5), at sev-
eral photodissociation wavelengths across the first absorption band. The results of
the experimental work, which includes the determination of the fragments electronic
angular momentum polarisation are compared to recent state-of-the-art time depen-
dent wavepacket calculations [50] performed on a set of high level ab initio potential
energy curves [51]. In this work these calculations were extended to encompass
the photodissociation of vibrationally excited chlorine molecules. For the triatomic
molecule CSs, two sets of experiments are reported here, with both the S(*D,) and
S(®P) fragments observed. The first study at 193.3nm concerns the indirect pho-
todissociation following excitation above the barrier to linearity in the 'S (1Bs)
state. For the latter study, in which several photodissociation wavelengths are re-
ported, the excitation takes place below the barrier, close to the energetic threshold
for production of S('Dy).

Chapter 2 describes the underlying photodissociation theory used to rationalise
the experimental results. Chapter 3 provides a detailed description of the experimen-
tal methodology and the analysis used to extract results from raw measurements.
Chapter 4 is concerned with the photodissociation of Cly, while Chapters 5 and 6

present results on the photodissociation of CS,.



Chapter 2

Theory

A wealth of information can be gained from experimental studies on the photodisso-
ciation of simple gas phase molecules, including, for example, scalar properties such
as the distribution of available energy amongst the various degrees of freedom of
the fragments and branching ratios between different product channels. Additional
information on the characteristic directional properties associated with photodisso-
ciation processes, for example the angular distribution of the photofragments and
the alignment /orientation of their angular momenta, may also be observed, allowing
the detailed dynamics of the bond breaking process to be unravelled. This chapter
seeks to link the observables available from such studies with the dynamical and
mechanistic information that can be inferred.

The underlying treatment used to describe the light-matter interaction, from
which all theoretical equations described herein are based, gives an expression for

the photodissociation cross-sections o(w) as [5, 52-54]
o(w) o wl(Wyle- faT;)[. (2.1)

In Equation (2.1), which may be derived using time-dependent or time-independent
perturbation theory (see, for example, Refs [55-57]), |U;) and |¥;) describe the
initial and final states, w is the transition frequency, [ is the electric dipole operator

and € is a unit vector describing the light polarisation. Equation (2.1) is derived by

16
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(a) (b) (c)
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Figure 2.1: Laboratory (time of flight) (a), molecular (b) and Jacobi (c) frames
of reference. See the text for a definition of the symbols used.

treating the light as a classical electromagnetic field interacting with the molecule
which is described quantum mechanically. It is based on the assumption that the
interaction between the light and the molecule is weak, treated as a first order
perturbation, and long in duration, so that the molecule sees the electric field as a

periodic perturbation [5].

2.1 Frames of reference

Three frames of reference are commonly used throughout this thesis, referred to as
the laboratory, molecular and Jacobi frames, as shown in Figure 2.1. Experimental
measurements can only be directly sensitive to laboratory frame properties, however,
in order to elucidate the origins of certain dynamical quantities, it becomes necessary
to transform to a molecular reference frame, with the two related via a simple set
of rotations [52]. The laboratory frame used in this thesis, also referred to as the
time of flight (TOF) frame, defines the Z axis as the TOF direction with the X axis
parallel to the direction of propagation of the photolysis laser, kq [58-61]. In the
molecular frame the z axis is defined as the recoil direction of the photofragment,
v, with the electric polarisation vector of the linearly polarised photolysis light
contained within the xz-plane [62-66]. For circularly polarised photolysis light, the

propagation direction, kg, rather than the electric vector, €q, is used. The Jacobi



Theory 18

frame, frequently used to treat three atom systems [5], is defined in terms of the R
co-ordinate which lies parallel to the recoil direction, the diatomic fragment bond
direction, r, and « which refers to the angle between the two. Note this definition
has no dependence on any laboratory frame axis. Furthermore, assuming that axial
recoil of the fragments takes place, the R axis can be considered to become parallel

to the molecular frame z axis in the limit of large R.

2.2 Scalar properties

2.2.1 Internal energy distributions

Following the absorption of a photon the excess energy, F.., given as the difference
between the photon energy, hr, and the bond energy, Dy, plus any energy contained
within the internal degrees of freedom of the parent molecule, Fj,, can be partitioned
into the kinetic energy of the dissociating fragments and/or their internal degrees

of freedom, e.g., rotation and vibration for polyatomic fragments,
Eavl = hv — DO + Eint . (22)

In the case of a diatomic system, where no rotation or vibration of the fragment is
possible, this excess energy necessarily goes into the translational motion of the frag-
ments. The atomic fragments can, of course, be electronically excited and therefore
several distinct product channels may exist, each associated with different dissocia-
tion energies, Dy, giving rise to a distinct recoil velocity for each atomic state.

As an example an ion image of the the Cl(*P3/,) fragments following the pho-
todissociation of Cly at 398 nm, taken from Chapter 4, is shown in Figure 2.2. The
three intense features in the ion image correspond to the three peaks in the speed

distribution, P(vp), shown on the right hand side of Figure 2.2. Specifically, these
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Figure 2.2: Velocity map ion image (left) and speed distribution (right) for the
Cl(?P4 /2) fragments following the photodissociation of Cly at 398 nm.

features are due to the processes

Clg + hy — Cl(QPg/Q) + Cl*(2P1/2) (23)
Clg + hy — CI(QP:),/Q) + CI(QP:),/Q) (24)
CIQ(U = 1) + hy — C1(2P3/2) + C1(2P3/2) . (25)

Given the dissociation energy, Dy, for the process detailed in Equation (2.4) of
~ 2 x 10*em™, the spin-orbit energy Fso ~ 882cm™' [67] and the vibrational
energy v ~ 600cm™!, the velocities of the fragments associated with each of the
above processes can be calculated as 1204, 1323 and 1400 ms™!.

The distributions can be considerably more complicated in the case of systems
with greater than 2 atoms. In such cases the excess energy can also be distributed
amongst the vibrational and rotational degrees of freedom of the photofragments.
Important dynamical information regarding, for example, the forces acting on the

nuclei in the exit channel [5] can be made by measurements of the internal energy

distributions of such fragments.
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2.2.2 Atomic spin-orbit state populations

In the case of atomic fragments formed in states with non-unity spin multiplicity
(e.g., 2Py and 3P}), the relative populations of each spin-orbit (fine structure) level
(e.g., 2P1/2 and 2P3/2) can be used, in some cases, to describe the character of the
dissociation process. In particular, measurements of the relative population of each
spin-orbit level, P(.J), have been frequently used to determine the degree to which
non-adiabatic transitions play a role in the dissociation process. Of course, these
populations will be highly sensitive to the exact nature of the excitation process
itself in addition to the couplings between potential energy curves anywhere from
the Franck-Condon region to the long range, asymptotic region.

In several diatomic photodissociation systems attempts have been made to inter-
pret the relative populations of spin-orbit states in terms of the criteria set out by
Massey [68]. The parameter &, sometimes referred to as the translational adiabatic-
ity parameter [69], is (qualitatively) used to give the probability that transitions will
take place between adiabatic molecular states as the dissociation proceeds through
the region of R where the separation between molecular states becomes comparable
in energy to the spin-orbit splitting of the atomic fragments. & depends on the time

spent in this region, termed the ‘recoupling zone’, and can be written as [68, 69

. FASO

gt h'U )

(2.6)

where I" is the width (length) of the recoupling zone, v the velocity of the fragments
and Ago the spin-orbit splitting. When the separation of the fragments is slow
and/or the atomic spin-orbit splitting is very large, & > 1, and the dissociation
may be regarded as occurring on a single adiabatic curve, with the spin-orbit pop-
ulations, P(.J), determined by the adiabatic correlation diagram linking the atomic
and molecular states. On the other hand, when the separation between fragments is
very fast and/or the spin-orbit splitting is small, & < 1, the diabatic limit is reached.

Since the diabatic limit arises when the separation of fragments is very fast the spin-
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orbit populations are determined by projecting the molecular wavefunction in the
recoupling zone onto the spin-orbit states of the separated fragments. The above
categorisation has been used to interpret atomic spin-orbit population data in the
photodissociation of numerous small molecules, for example O, [70-72], Cly [61],
SH [73-75] and SO, [59,76,77]. As a note of caution, however, the trends in the
adiabatic nature of the photodissociation expected solely by consideration of & with
respect to, for example, the recoil velocity, have been proved entirely wrong in some
cases, with the photodissociation of Cl, into two ground state C1(*P35) fragments

a good example [50, 61,62, 78, 79].

2.3 Vector properties

In addition to the picture of a dissociation that can be built up from consideration
of the scalar properties mentioned above, significant, additional insight into the dy-
namics can come from investigation of the vectors associated with the process, see,
for example, Refs [33,66,80-86]. The important vectors used to characterise a pho-
todissociation event include the transition dipole moment of the parent molecule, pu,
the electric vector of the dissociation light, €q, the recoil direction of the fragments,
v, and their associated angular momenta, J. The investigation of the relationships

between important vectors in photodissociation dates back to the early 1960’s [87].

2.3.1 Spatial anisotropy parameter

Excitation of a randomly oriented (isotropic) gas sample with a source of laser radi-
ation gives rise to an anisotropic distribution of excited molecules in the laboratory
frame. This result comes about since, as discussed in Section 1.3, the excitation
probability, |u - €4]?, dictates that an anisotropic distribution of transition dipole
moments will follow the absorption. Coupling this with the relationship between

the vectors g and the recoil direction, v, which for the simplest diatomic case! are

!Under the axial recoil approximation.
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either parallel or perpendicular?, leads to an easily understood anisotropic distri-
bution of photofragment velocities in the laboratory frame. In fact this correlation
between €4 and v, mediated by the transition dipole moment p is the most studied
of all vector correlations and provides information on the symmetry and lifetime of
the excited state. The first theoretical treatment by Zare [87] led to the now widely

known result for the scattering (angular) distribution of photofragments,

700, 6) — %[1 4+ BPy(cos )] (2.7)

where 6 and ¢ are the polar angles describing the relationship between the vectors €q
and v, and P,(x) is the second order Legendre polynomial. The spatial anisotropy

parameter, (3, is defined as

B = 2(Py(cost)), (2.8)

where €' is the angle between pu and v. Since the products recoil over a range
of possible dissociation angles, the § parameter is usually expressed as a weighted
average (- - -) over this distribution. Consideration of Equations (2.7) and (2.8)
show that the spatial anisotropy parameter takes the limiting value of 4+2 when
Z(0,¢) x cos?(f) and —1 for the case where Z(6,$) oc sin?(#). These two lim-
iting values for the photofragment anisotropy parameter are obtained for the in-
stantaneous, axial recoil, dissociation of molecules following parallel (AQ = 0) and
perpendicular (AQ = +1) transitions, respectively. The photofragment angular dis-
tributions for the limiting cases of  are shown in Figure 2.3. Of course, if the
excitation process involves a mixture of parallel and perpendicular transitions, then
the 3 parameter can be regarded as a weighted sum for the relative transition prob-
abilities. Several factors can result in a reduction in 3 from its limiting values and
are discussed below.

If the excited parent molecule has time to rotate prior to fragmentation, as can

2Following AQ = 0 and AQ = 41 transitions, respectively.
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Figure 2.3: Photofragment angular distributions, Z(6, ¢), for the limiting cases
of =0 (left), +2 (middle) and —1 (right). The spherical angles 6 and ¢ describe
the relationship between the vectors €q and v.

be the case in predissociation processes in which the lifetime of the predissociative
state may be comparable to the rotational period of the molecule, typically a few
picoseconds, then the correlation between the electric vector of the light, €4, and
the transition dipole moment, p, will become degraded. The overall result of this
is a reduction in the B parameter. In the limit of infinite parent lifetime, Busch
and Wilson [37], and Jonah [88] have shown that § will be reduced by a factor of 4
for a diatomic molecule. Bersohn and Yang [89] and Zare and co-workers [90] have
investigated the more complex problem of the dissociation of triatomic molecules.
For the specific case of a prolate symmetric top molecule, 3 can be reduced by a
factor of 5 in the long lifetime limit [89].

In the case of polyatomic species, the transition dipole moment, u, is no longer
constrained by symmetry to lie either parallel or perpendicular to the breaking bond.
Therefore, non-limiting values of 3 should be expected even in the case of a prompt,
direct dissociation process. As an example, consider the case of the dissociation
of a bent symmetric triatomic molecule, ABs, into the fragments AB and B. If, for
example, the ground and excited electronic states are of A; and By symmetry, taking
the system in the Cy, point group, then group theory dictates that the transition

dipole moment, p, must have By symmetry, since the direct product,

Mer*el’, (2.9)
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|

v

Figure 2.4: Cartoon showing non-axial recoil following photodissociation of a tri-
atomic species. The breaking of the bond results in significant rotational angular
momentum, J, in the diatomic fragment. The velocity of the atomic fragment, v,
must therefore deviate from the direction of the initial bond orientation to ensure
angular momentum conservation.

has to contain the totally symmetric species, A;. Here the symbol I' is taken to rep-
resent the symmetry of the species given in superscript, with I'¥ = A; and I'/ = Bo.
In the C%, point group the vector B lies in the molecular plane, perpendicular to
the C5 axis. For instantaneous dissociation from a bent molecular configuration the
transition dipole moment will necessarily contain both parallel and perpendicular
components with respect to the fragmenting bond, and reductions in § from the
limiting cases outlined above therefore come as no surprise. As in the case of di-
atomics, rotation of the molecular framework prior to bond breaking can further
complicate the relationship between €4 and .

A final point is that non-axial (or transverse) recoil effects may be important in
polyatomics even in the absence of molecular rotation. Taking the above example
of the dissociation of a bent triatomic molecule leads to an intuitive picture of the
origin of such effects. Here, if the dissociation gives rise to a rotationally excited
diatomic fragment then transverse components to the recoil direction, v, must arise
due to the conservation of the total angular momentum, as illustrated in Figure 2.4.
Demanyenko et al. have provided a model for triatomic cases leading to large (clas-
sical) rotational angular momentum, with the transverse components to the recoil
simply determined by angular momentum conservation arguments [91]. Non-axial

effects were shown to be important for dissociation processes where the kinetic en-
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ergy release is small and the rotational excitation of the diatomic is large. Note
that in this case the torque and therefore the degree of rotational excitation of the
co-fragment is determined by the angular anisotropy of the potential energy surface
involved. As discussed by Schinke, simple impulsive models, in which this angular
anisotropy of the potential is neglected, are unlikely in many cases to be able to

determine the rotational excitation of the diatomic [5].

2.3.2 Atomic angular momentum polarisation

Similar to the distribution of velocities following a photodissociation process, the
angular momenta of the fragments may have an anisotropic distribution in space.
In other words, the fragments angular momenta may be polarised. Like the spatial
anisotropy, measurements of electronic angular momentum polarisation provides in-
formation on the nature of the excitation process, symmetries of the excited state(s)
and their lifetimes. However, unlike the 3 parameter, measurements of the electronic
angular momentum polarisation of the fragments are also sensitive to features of the
potential energy surface(s) far from the Franck-Condon window, in the long range
asymptotic region, and can therefore lead to a much more complete description of

the dissociation.

Laboratory frame polarisation

The fully quantum mechanical description of atomic angular momentum polarisation
following the dissociation of diatomic molecules presented by Siebbeles et al. [92]
and Vasyutinskii [93] forms the theoretical basis for interpretation of experimental
work presented in this thesis. In this treatment the laboratory frame distribution,

see also Section 3.5, of fragments with angular momentum J is described using the
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state multipoles, pﬁ%(@, ¢), where

(0, 6) = 3 (—1)"

M'.M
S J K lab| 717

« (TM | IM) (2.10)
M; —M); —Q

The elements of the photofragment density matrix, (JM;|pP|JM)), can be gener-
ated by taking a linear combination of the state multipoles, plﬁg(@, ®), giving rise to
a complete description of the system [52,94]. As can be seen from the 3.J symbol,
the rank K is restricted to taking values of between K = 0 and K = 2.J. The
elegance of the treatment by Siebbeles et al. is that the expansion can be separated
into a geometrical part, depending on K, (), and the experimental geometry and a
dynamical part described by the functions fx(q,q’) which provide a complete dy-
namical description of the photodissociation process [92]. The theoretical treatment
by Siebbeles et al., initially for atomic products accompanied by closed-shell frag-
ments, was extended to the case of two open-shell fragments [62,95], with angular

momenta J4 and Jg3. Explicitly, it was found that the dynamical functions could

be expressed by [95]

/ JA JA K
fK(q, q/) — Z (_1)K+JA+QA / /
n, Q2,024,090 ,Q) —Qy A 49—4
nQ) n' QY "
XT J0at50s( JAQ/AJBQB>
X (U, oldg| Vo) (Y orldg|Ve) (2.11)

3Current theory only treats the case in which one of the fragments is observed experimentally.
By using coincidence techniques, it may be possible to simultaneously detect the polarisation of
both photofragments.
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where

Q;, ) — spin-orbit level of ground and excited state(s), with Q = Q4 + Qp
q,q — cyclic component of electronic transition dipole moment
U, — scattering wavefunction
W o, — ground state wavefunction
ch — electronic transition dipole moment operator in the spherical basis

T ;L Qaipap — €xpansion coefficients of the molecular states in the atomic basis

<\II;Q|CZq|\IJQ1> — photofragment T' matrix element

n — describes the asymptotic product channel. (2.12)

The cyclic components, ¢, for each distinct product channel take values of 0 or £1
following parallel and perpendicular electronic transitions, respectively. The specific
case in which ¢ # ¢’ describes the coherent excitation of different transitions [92].
Balint-Kurti et al. have shown that the photofragment T" matrix elements can be
expressed in terms of the amplitude, r,q, and phase, ¢, o, for each dissociation

channel [95],
<\Il;Q|CzQ|\Ijz{lQZ> = rp0e?no (2.13)

The amplitudes, 7, o, can provide information, for example, on the probability for
non-adiabatic transitions to take place during the dissociation [84]. Furthermore, in
the case of coherent excitation, phase differences between dissociation channels,
©na — Y, may also appear in Equation (2.11) giving rise to experimentally
measurable signals [84]. The photofragment 7' matrix elements can be computed
using a time-dependent wavepacket formulism [95-100], as shown by Balint-Kurti
and co-workers for theoretical treatments of the photodissociation of the hydrogen
halides [95, 101, 102].

Picheyev et al. introduced a set of polarisation parameters composed of lin-
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ear combinations of various normalised dynamical functions, fx(q,q’), which have
implicit physical meanings with regards to the dynamics of the dissociation of di-
atomic molecules [103]. These parameters also serve the purpose of providing a
complete description of the angular momentum polarisation in the laboratory frame.
This treatment was extended in several later publications for the parameters of up
to photofragment rank K = 4 [65,104]. Specifically, for even K, the alignment

anisotropy parameters are defined as [103]

T AT R0 .
= e fff)(((olfol))i D (215)
" = T o O S (219
= T o IR 247

The parameters sk and ag describe the incoherent alignment that results following
excitation via parallel (AQ =0, ¢ = ¢/, Q = Q') and/or perpendicular (AQ2 = +1,
g = ¢, Q = Q) transitions. For the limiting case of a pure parallel transition,
inspection of Equations (2.14) and (2.15) shows that the two parameters will have
the relationship sx = —ag. On the other hand, for a pure perpendicular transition
the relation sy = 2ak holds. The parameter vk describes the coherent (¢ # ¢')
alignment that results following excitation of parallel and perpendicular transitions,
whereas 1y describes the coherent alignment due the the excitation of perpendicular
transitions.

For odd K the orientation anisotropy parameters are given by [65, 103, 104]

1 fK(l,l)
M V() Fo(0,0) + 20(1, 1) (2.18)
1 2Re[fx(1,0)]
K= Gl 1o(0,0) + 2o(1, 1) (2.19)
;1 2Imff(1,0)]
K= V() 70(0,0) + 2fo(L, 1) (2:20)
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In this case the parameter ag represents the incoherent orientation following ex-
citation wvia a perpendicular transition. The parameters vy and 7} describe the
photofragment orientation as a result of the coherent excitation of parallel and
perpendicular transitions. ~g is related to the helicity of the circularly polarised
dissociation photon, whereas 7} can arise following photolysis using linearly po-
larised light and is related to the alignment of the dissociation photon [66,84]. In
the absence of the Coriolis interaction, no orientation arises through a pure parallel

transition [105]. The Vi (J) are normalisation factors, given by [65, 103, 104]

Vi(J) =1

5J(J +1)1/2
[(2J + 3)(2J — 1)]*/2
J(J+1)
[(J —1)(J+2)(2J — 1)(2J + 3)]1/2
9[J(J + 1)]3/2
[(J = 1)(J +2)(2J = 3)(2J — 1)(2J + 3)(2J + 5)]'/2

Va(J) =

Vs(J) =

Va(J) = (2.21)

The higher order K = 3 — 4 parameters all vanish after averaging over recoil angles,
however, the parameters ay, 71, e, 72 and 7, contribute to the total (average over
recoil angles) orientation and alignment in the laboratory frame. The Z component
of the total orientation and alignment in the laboratory frame may be expressed in

terms of these parameters as [106]

(Ah) = \@VE(J)(O@ +m)
(A%) = \/gVZ(J)(OQ + 72+ 7). (2.22)

Finally, the spatial anisotropy parameter, (3, expressed in terms of the zeroth order

dynamical functions, fy(q,q’), is given by [92]

~ 2[f0(0,0) = fo(1,1)]
— fo(0,0) +2f(1,1)

3 (2.23)
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The molecular frame polarisation

The polarisation parameters defined in the previous section describe the laboratory
frame polarisation following the photodissociation of diatomic molecules. In some
cases, including the dissociation of triatomic molecules where the physical meaning
of the polarisation parameters is lost, it is more useful to examine the polarisation
in the molecular frame, where the z axis is taken as the recoil direction, v. As
described in Section 2.1 the two reference frames can be related by a set of simple
rotations [52], allowing the photofragment state multipoles in the molecular frame

to be written as [106, 107]

3 /2K +1\Y?
mol K s
0.0 = £ (B s S S e+ 1)

ka q,q

1 1 kg N[ 1 1 Ky

s —s 0 ¢ —q @

Xf}((% q/) deQ(eﬂ 0) ) (224)

where Cj,0(6,0) is a modified spherical harmonic [52], and s takes values of 0 for

linearly and +1 for circularly polarised photolysis light, with

[1+ BPs(cos0)]
4m(2j + 1)42 7

P (0, ) = (2.25)

and

fr(q,q)
fO(Ov O) + 2f0(17 1) ‘

fx(a.qd) = (2.26)

In addition to the laboratory frame polarisation parameters described above,
a set of molecular frame polarisation parameters, ag() (p), has been introduced by
Rakitzis and Zare [108,109]. Here the symbol (p) is used to define the symmetry of
the transition process and can be defined as (||) or (L) as well as (||,.L) and (L, L) for
coherent processes. These parameters, which are defined in terms of the dynamical
functions fx(q,q’), contain equivalent information regarding the internal dynamics

as the parameters of Picheyev et al. [103], with the relationship between the two
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formulations, for the low rank K = 1 — 2 cases, summarised in Table 2.1.

Molecular Frame

Dynamical Function Laboratory Frame

ag’ (1)

Relat" (]|, L)]

fl(l’l)
fO(lvl)

Re[f1(1,0)]
[2f0(1,1) f0(0,0)]1/2

25N

3
(B 1+ 72

(1) Im[f1(1,0)] -3
fmfa;“([l, L] BR D fo00] 72 A
2 1,1
o’ (L) o 2%z + 52)
2 0,0
ag () 2209 (52 — 2a0)

=5__ Re[f2(1,0)]

V2 [2f0(1,1)f0(0,0)]1/2

—5__ Im[f2(1,0)]

V2 [2f0(1,1) f0(0,0)]1/2

=5 fo(1,—1)
2V, f0(171)

—5v3

3
2B (1B 72 12

—5V3

A BOLATT 2

3

62512

Sk

Table 2.1: Definitions of the molecular frame polarisation parameters [108, 109]
in terms of expressions for the dynamical functions, fx(q,q’) [92], and expressions
for the laboratory frame polarisation parameters of Picheyev et al. [103]. Adapted
from Ref [84].

Adiabatic Dissociation Example

For the specific case of dissociation from a single adiabatic state, the atomic po-
larisation can be calculated in a simple manner without the need to determine the
photofragment 7" matix. The coefficients T?ZZQA Jpap i Equation (2.11) are expan-
sion coefficients of the molecular adiabatic states in the atomic |JM) basis at large

values of internuclear separation, R [93, 105, 110]

e R—oo n,Q
\Ijnl,Q(r’R) - TJA,MJA,JB,MJB|JA7MJA>|JB7MJB>' (2.27)
My, Myg
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The square moduli of the expansion coefficients, |(I7}7A§?MJA, s, MJB|2’ can be used
to determine the |JMj ) populations in the molecular frame. These coefficients
can be calculated by diagonalization of the Hamiltonian matrix at large values of
internuclear separation, R. Specific cases have been calculated by Vasyutinskii and
co-workers [110-112] and a comprehensive set encompassing many atomic levels
for the case of the quadrupole-quadrupole interaction has also been provided by
Alexander [113].

As an example take the adiabatic dissociation of a molecule in a €2 = 1, state
correlating with two J = 1 atoms. Based on the quadrupole-quadrupole interaction

only one such state exists, and it can be written as [113]

—00 1
1u) el E{UAMJA,JBMJQ — |JgMy,, JaMy,)}

oo 1
1,) ==, —5{10,11) = 11,10} (2.28)
The long range coefficients are given by Ty, = 7 and T o = —J5. The

quadrupole alignment tensor, AE)Q), for a specific |J M) state is given by [52]

V6

AQ) _
O J(J+1)

Re((J1J5717) (2.29)
where ((J |Jé2)|J )), or equivalently (J52)>, is the matrix element of the spherical

tensor operator JéQ) [52]. This matrix element may be written as

J 2 J
Y =" parn(=1)7 M (J)TP)Jy, (2.30)
M -M 0 M

j(j+1)(2j—1)(2j+1)(2j+3)]1/2 [52]. The

where the reduced matrix element (j||.J@|j) = [ 5

square moduli of the expansion coefficients give the population of the |JM ) state,
and so yield the diagonal elements of the density matrix, pyras, in Equation (2.30).
In this case pgg and py; = 1/2, which results in a molecular frame alignment, Equa-

tion (2.29), of —1/4 under the axial recoil approximation.
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2.4 Theoretical calculations

Where high level ab initio potential energy curves are available, sophisticated quan-
tum mechanical calculations can be performed allowing detailed theoretical informa-
tion to be gained on the photodissociation of diatomic molecules. Time-dependent
treatments, of particular relevance here, can often be advantageous in that they al-
low the simultaneous determination of observables over a wide range of energies. In
Chapter 4 the results of time dependent wavepacket calculations performed on a set
of ab initio potentials relevant to the photodissociation of Cly (v = 1) are presented.
Section 2.4.1 sets out the principles behind these calculations.

For the photodissociation of polyatomic molecules more approximate methods
are commonly used to rationalise experimental measurements. In particular, for the
interpretation of electronic polarisation effects in such systems several approximate
models have been developed. One of these models, termed the long range model, has
been used in Chapter 5 in relation to the photodissociation of CS,, and is described

in Section 2.4.2.

2.4.1 Time-dependent wavepacket treatment

The theoretical procedure used here to investigate the photodissociation of vibra-
tionally excited Cls is identical to the method set out by Balint-Kurti and co-workers
for the photodissociation of the hydrogen halides [95,101, 102, 114, 115] and Johnsen
et al. for the photodissociation of Cly (v = 0) [50], and only the principles and key
equations are described here. The fully quantum mechanical method seeks to solve

the time-dependent Schrodinger equation,

m%@(R, t) = H(R)O(R, 1), (2.31)

where the Hamiltonian H (R) is time independent and includes the radial nuclear

kinetic energy operator, the electrostatic potential, V(R), and the spin-orbit oper-
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ator [114,115]

~ n? d? n? o, ~
H=—— I+ V(R)+ Hso(R) . 2.32
Nuclear rotational motion is neglected in the current treatment, with the term 5;2 12

set to zero. Note that this is equivalent to neglecting the effect of Coriolis coupling,
which couples states that differ in 2 by £1. The total Hamiltonian can therefore
be represented by the total potential, V" = V(R) + ﬁSO(R), and nuclear kinetic
energy terms, —%% [114,115].

An initial wavepacket at time zero, ©(R,t = 0), is generated on the excited

state potential via the product of the ground electronic state nuclear wavefunction,

Vg, (R), with the electronic transition dipole moment function, d,(R) [114, 115]
O(R,t =0) =dy(R)¥q,(R). (2.33)

When more than one state is involved, O(R, t) can be written as [114, 115]

x1(R,t = 0) dy(R) Vo, (R)
wre=0 || e | .

where x,(R,t) and dj(R) represent the wavepacket and transition dipole moment
associated with the excited state n. The resulting wavepacket(s) are then propagated

according to the formal solution of the time-dependent Schrodinger equation
O(R,t) = exp H/"O(R,t = 0). (2.35)

The ground electronic state nuclear wavefunction is calculated using the Fourier
grid Hamiltonian technique [116]. In this method numerical calculation of bound

state eigenvalues and eigenfunctions can be made at a series of discrete grid
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points [116]. Following their creation, the wavepackets are propagated using the
Chebychev method for the time evolution operator exp /" [117]. The wavepack-
ets see the edge of the grid as an infinite potential wall and must therefore be
damped to avoid reflection back to lower values of R, with the damping provided

by a complex cubic absorbing potential [118].

Incorporation of non-adiabatic effects

In order to take into account non-adiabatic effects the calculation is performed using
two different electronic bases. In the first electronic basis, which is referred to as
the fully adiabatic basis, the spin orbit operator, ﬁso, is diagonal and off diagonal
matrix elements arise due to the nuclear kinetic energy term, —%%, which couples
different electronic states of the same 2. On the other hand, in the diabatic basis
the good quantum numbers are A and %, —%% and V(R) are diagonal, with off
diagonal terms in the spin-orbit operator, Hso. The two bases are related by a
unitary transformation [114, 115].

Propagation of the excited wavepackets, using the Chebychev method [117], is
performed in a series of short time steps. As discussed by Balint-Kurti and co-
workers [114, 115], initially a fast Fourier transform is used to convert the diabatic
wavepackets from the position to momentum representation. The reason for per-
forming a transformation to the momentum representation is to simplify the com-
putation of the effect of the nuclear kinetic energy operator, which becomes a mul-
tiplication as opposed to a derivative [114, 115,119, 120]. The wavepackets are then
transformed back to the position representation using an inverse fast Fourier trans-
form and converted to the adiabatic representation. The effect of the total potential
energy term, V%' is then calculated. Finally, a new set of diabatic wavepackets
is generated in the position representation, completing the calculation for the time

step [114, 115].
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Absorption cross section and photofragment T matrix elements

Analysis of the wavepackets can yield the absorption cross section and photofrag-
ment 7' matrix elements, as defined in Equation (2.13), over a wide range of excita-
tion energies.

The autocorrelation function, A(t), gives the overlap of the initial wavepacket

with that observed at time ¢, and can be calculated after each time step [114,115]
A0 =Y [ (Bt =R 04, (2.36)
—Jo

where the summation is over all states n. Taking the Fourier transform of the auto-
correlation function, A(t), over time yields the absorption cross-section, o (v) [114,

115,121-123],

+o0
o™ (v) = w / expli(Fine + hv)t/h]A(t)dt, (2.37)
3cegh o

where Fj, is the energy of the initial state.
The partial cross sections and photofragment 7" matrix elements are computed
by inspection of the wavepackets at large values of internuclear distance, R = R..
As shown by Balint-Kurti and co-workers, for dissociation into a particular channel,
n, the photofragment 7" matrix element may be expressed as [95, 101]
h2k

R 1/2
(V. (R, E)|d,|¥gq,) = 2(2—) exp(—ikRoo)An(Roo, E) | (2.38)
; T

where A, (Rw, E) is given by [95,101]

1 (o)
Au(Ros B) = o- /0 o (Roos ) expli (B + hi)t /B (2.39)

where k represents the asymptotic wavevector and p the reduced mass of the
photofragments [95,101]. The value of R, is chosen to be sufficiently large such

that the potentials have, within some small error margin, reached their asymptotic
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values. The analysis, performed by taking cuts through the wavepackets at R,

takes place in the adiabatic representation.

2.4.2 Approximate theoretical treatments

For dissociation of non-linear polyatomic species the physical meaning of the po-
larisation parameters described in Section 2.3.2 is lost. Although the parameters
can no longer be used to unravel the mechanism of the dissociation directly, they
can still be used to completely characterise the angular momentum distribution in
the laboratory and molecular frames. In order to further understand the origins of
polarisation effects following the photodissociation of polyatomic species a series of
approximate models have been developed. A detailed description of these models
can be found in the recent review article by Brouard and co-workers [86]. For the
present work only the long-range interaction model has been used, in Chapter 5, the

underlying principles of which are set out below.

The long-range model

The long-range interaction model is an approximate theoretical treatment used to
rationalise the electronic polarisation of atomic fragments following the photodisso-
ciation of triatomic molecules. The principle of this approximate treatment is that
the atomic polarisation is solely determined in the long range, asymptotic, region of
the dissociation co-ordinate where the potentials involved are close in energy. This
model was first introduced by Teule et al. [124] to rationalise experimental mea-
surements of O('Dy) polarisation resulting from the the photodissociation of N,O.
It has since been applied to the O(°P;) fragments from N,O [125] and SO, [59]
dissociations, and to the O(*D,) fragments from the photodissociation of O3 [126]
and NOy [127]. A thorough description of this model and its application to the
systems mentioned above can be found in the recent review article by Brouard and
co-workers [86], with only a brief description of the approximations and important

equations contained here.
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The long-range interaction model assumes that the triatomic molecular system
evolves to the asymptotic region on a single adiabatic potential. The Jacobi co-
ordinate system, as defined in Section 2.1, is used to describe the molecular geome-
try. At some critical distance, R., the model assumes that the dominant interaction
between the diatomic and atomic species is electrostatic in origin. At R., the char-
acter of the dissociation wavefunction, which determines the electronic polarisation,
is given solely by consideration of this electrostatic interaction. For R > R, the
diatomic and atomic species are assumed to lose all contact, with the result that the
interactions at R, determine the electronic polarisation of the atomic photofragment.
The starting point is therefore the determination of the electrostatic interaction be-
tween the atomic, C, and diatomic, AB, fragments at the critical distance, R.. In

the Jacobi frame this interaction can be expressed by the matrix [59, 128]

Vargary (Re,y) = (XLM |V (Re, ) |XLM])

_ ZZ X|QlAB,0|X LHQ(lC HL> (_1)ZAB+L—ML

RIAB+lc+1
laB
{(zzAB+2zc+1)!}1/2 s lo s+l
@)@ | 2\ s me 0
L lec L
X M M’ OIABJW«AB (,77 0) ) (240)
—Mp Mmc L

where @lz’mz are the multipole operators. The arguments Iz define the order of the
multipole with Iz = 1 for dipole and [z = 2 for quadrupole, and —lz < myz < +ly.
|x) and |LMp) represent the wavefunctions of the diatomic and atomic species,
respectively, and (L||QU)||L) denotes a reduced matrix element [52]. For the case
in which the diatomic fragment is born in a X electronic state, diagonalization of
Equation (2.40) gives a set of three potential energy surfaces if L = 1, where L
refers to the orbital angular momentum of the atomic state, and five when L = 2
for both the quadrupole-quadrupole and dipole-quadrupole interactions between the

diatomic and atomic fragments.



Theory 39

The potentials, as a function of Jacobi angle ~, are given by the eigenvalues
returned from the diagonalization procedure with the eigenfunctions simply linear
combinations of |x)|LM}) states. The expansion coefficients of these linear combi-
nations of |x)|LMy) states, car, e, , determine the diagonal elements of the density
matrix, par, v, (L), giving the photofragment M populations. The polarisation
predicted from this model may also be expressed in terms of the state multipole

moments in the Jacobi frame, since [59]

b= 3 (pr i e [0 ) ey
My, M}, My, —-M; -Q

The long range interaction model itself does not determine the critical distance,
R., and in the case of a heteronuclear diatomic fragment with a dipole moment
knowledge of this distance is required to predict which of the electrostatic inter-
actions, for example quadrupole-quadrupole or quadrupole-dipole, determines the
character of the dissociation wavefunction and therefore atomic polarisation. Fur-
thermore, the sign of the electrostatic interaction is also required in order to de-
termine the energy ordering of the potentials calculated in the model. When the
photofragment is formed in a state with non-unity spin multiplicity, further assump-
tions are required regarding the role of electron spin with respect to the asymptotic
polarisation of the total angular momentum, J, see, for example, Ref [86]. In order
to compare the predicted polarisation moments, Equation (2.41), with experimental
measurements it is assumed that the Jacobi distance R is sufficiently large such that
the z axis in both the Jacobi and molecular frames are coincident. In this case a

frame transformation between the two reference frames is not necessary.

2.5 Summary

In this Chapter a summary of the dynamical information that can be inferred from

experimental measurements of different properties, both scalar and vector, of gen-
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eral photodissociation processes has been given. In addition, the fully quantum
mechanical treatment of electronic polarisation in photodissociation was described,
with this parameterisation used extensively in Chapter 4 to interpret experimen-
tal results on the photodissociation of the diatomic molecule Cly. Furthermore,
the principles behind the quantum mechanical time-dependent wavepacket method,
used to theoretically treat the dissociation of Cly (v = 1) in Chapter 4, have been set
out. For more complicated polyatomic species approximate models must be used to
rationalise electronic polarisation effects, and an account of one such model, termed
the long range interaction model, has been given. This treatment is used in Chap-

ter 5 to discuss the S('Dy) electronic polarisation effects from the photodissociation

CSs.



Chapter 3

Experimental technique and data analysis

Experimental results presented in this thesis were obtained using a standard velocity
map [45] ion imaging [41] apparatus. This chapter contains a description of the
experimental technique employed in addition to the procedure used for analysing
and extracting valuable information from the experimentally acquired data. The
chapter will begin by briefly describing the underlying principles of the ion imaging

experiment.

3.1 Experimental principles

A cartoon of the experimental apparatus is shown in Figure 3.1 to illustrate the
principles behind the experiment. A pulsed molecular beam containing the sample of
interest is expanded (supersonically) into high vacuum apparatus and is collimated
~ 4cm downstream by a skimmer. The skimmed molecular beam enters the ion
optic assembly and is intersected at 90° by counter propagating pump and probe
lasers in the region between the repeller and extractor plates. A pulse of pump laser
radiation excites the molecules in the beam, allowing photodissociation to take place,
and after a short delay of < 25ns the probe laser pulse ionises the atomic fragments
formed in the photolysis step in a (2+ 1) resonance enhanced multiphoton ionisation
(REMPI) process. The resulting ions are then repelled and extracted along the time

of flight tube eventually reaching a two-dimensional detector. The voltages supplied

41
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Figure 3.1: Illustration of the velocity map ion imaging experiment. The molec-
ular beam is introduced to the experiment using a pulsed nozzle and collimated by
a skimmer. Between the repeller and extractor plates counterpropagating lasers
dissociate the molecules and ionise the resulting photofragments. The ions are ac-
celerated and crushed onto a 2D detector under velocity mapping [45] conditions.
The ions striking the detector cause flashes of light which are captured with a
CCD camera.

to the ion optic assembly are such that velocity mapping [45] of the ions takes
place. As discussed in Section 1.3, this means that every ion possessing the same
mass and velocity will impact upon the detector at the same position, irrespective
of its point of formation within the laser interaction region. The distance from
the centre of the detector, i.e. the radial position of the ion, is proportional to its
velocity component in the plane of the detector at the point of formation. The
two dimensional detector consists of a pair of micro-channel plates (MCPs) which
are coupled with a phosphor screen. The ions arrive at the MCPs causing them to
produce bundles of electrons which are accelerated across the the plates towards the
phosphor screen. The high kinetic energy electrons then excite the phosphor in the
screen, which decays by fluorescence. The flashes of light produced by the screen
are captured by an intensified charge coupled device (CCD) camera. The camera is
electronically gated and only accumulates data over the peak in the time of flight

spectrum of interest.
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3.2 The imaging apparatus

3.2.1 Vacuum systems

Experiments were performed on a typical ion imaging rig shown schematically in
Figure 3.2. The rig consists of three components, the source chamber where the
molecular beam is introduced, the reaction chamber containing the ion optic assem-
bly, and the time of flight detector. The source and reaction chambers are separated
by a skimmer (Beamdynamics Inc.) which has a 0.98 mm orifice. The source cham-

I water cooled diffusion pump (Varian

ber is differentially pumped using a 37001s™
VHS-250). A water cooled baffle is inserted between the pump and the chamber
in order to minimise the effect of oil backstreaming and contaminating surfaces in
the chamber. Backing pumping is provided by a Leybold Trivac type D40V ro-
tary pump. The diffusion pump allows base pressures in the source chamber of
~ 9 x 1078 Torr to be reached.

The reaction chamber contains the ion-optic assembly and is pumped using a
turbomolecular pump (Pfeiffer Vacuum TMH-521P (5101s7')) backed by a rotary
pump (Leybold Trivac D40V). Background pressures in the reaction chamber were
around 3 x 1078 Torr. The time of flight detector is pumped by a smaller turbo-
molecular pump (Pfeiffer Vacuum TMU 071P (601s7!)), also backed by a rotary
pump (Leybold Trivac D40V). The TOF detector is separated from the reaction

chamber by a gate valve allowing the reaction/source chambers to be brought up to

atmospheric pressure while isolating the vacuum at the detector.

3.2.2 Molecular beam source

Two pulsed nozzles have been used for experiments described herein, General valve
(Series 9) for the 193.3nm experiments on CS,, and Jordan valve (Jordan TOF)
for all other measurements. The samples were introduced into the apparatus using
these valves at backing pressures of 1 — 2bar. The valves were mounted in such a

way to allow complete XYZ translation of the valve orifice relative to the (fixed)
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Figure 3.2: Schematic representation of the experimental apparatus. Adapted

from Ref [47].



Experimental technique and data analysis 45

skimmer position, in order to optimise experimental signals. While the molecular
beam was operational the pressures in the source and reaction chambers rose to

~ 1 x 1075 Torr and ~ 1 x 10~7 Torr, respectively.

3.2.3 Ion optics

The ion optics, shown in Figure 3.2, are mounted on four rods with the total assem-
bly consisting of three stainless steel discs of 1 mm thickness and 93 mm diameter.
The plates are separated from those adjacent by 15 mm MACOR ceramic spacers.
The repeller plate is closest to the skimmer, followed by the extractor plate. The
third plate was not used in the present work, and grounded during experimental
measurements. To allow the skimmed molecular beam to enter the laser interaction
region, which is located between the repeller and extractor plates, the repeller plate
has a central hole of 2mm diameter. The extractor and third plates have larger,
20mm central apertures. During experimental measurements the repeller and ex-
tractor plates are held at constant voltages in order to achieve velocity mapping
conditions [45]. Part of the field free time of flight tube is mounted on the third
plate. The laser beams enter the reaction chamber through fused silica windows

adjacent to the interaction region.

3.2.4 Detector

The detector used for experiments described in this thesis consisted of a pair of
78 mm diameter microchannel plates (MCPs, Burle Technologies Inc.) mounted in
a Chevron configuration, and coupled to a P47 phosphor screen. The light from the
P47 phosphor was recorded using an electronically gated intensified charge-coupled
device (CCD) camera (576 x 768 pixels, Photonic Science). Prior to any experimental
run the focussing of the CCD camera onto the back of the phosphor was checked by
the imaging of a card depicting a fine grid. The recorded frames were transferred
to a PC using a frame grabber card (Euresys Picolo Pro 2), allowing summation,

thresholding and ion-counting [129] to be performed.
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3.2.5 Laser systems
Pump lasers

Two different pump lasers have been employed for the experiments described in this
thesis. The 193.3 nm pump laser radiation was provided by a Lambda Physik EMG
103 MSC laser operating with an Argon Fluoride gas mixture. Operated at 10 Hz,
this excimer laser gives a pulse duration of 25 ns. Maximum energies obtained using
this laser were around 200 mJ /pulse, however, for measurements performed here this
energy was attenuated significantly.

The pump laser radiation for all other wavelengths was given by a Lambda
Physik LPD 3000 dye laser system pumped using the third harmonic of a Continumm
Powerlite Precision II Scientific Nd:YAG laser. The energy output of the Nd:YAG at
355 nm was 420 mJ, although for experiments this was attenuated to between 80 mJ
and 150 mJ by increasing the time delay between the flashlamps and Q-switch. Dye
solutions were prepared for the appropriate wavelengths required in the experiments.
When frequency doubling of the dye fundamental was required this was performed
with a BBO type I or BBO type II Lambda Physik crystal, and separated from the
fundamental using an array of four Pelin-Broca prisms. Details of the dye solutions
used in this thesis are given in Table 3.1.

For both types of pump laser, the beam was linearly polarised using a quartz Ro-
chon polariser and focussed using a 30 cm lens before entering the reaction chamber.
Where circular polarisation of the pump beam was necessary the beam was passed
through a Frensel rhomb with the linear polarisation axis at 45° to the principle axis

of the rhomb.

Probe laser

The probe laser radiation was provided by a Sirah Cobra Stretch dye laser pumped
using the second or third harmonic of a Continumm Powerlite Precision II Scien-
tific Nd:YAG laser. Maximum energy output of the second and third harmonics
of the Nd:YAG laser are ~ 600mJ and ~ 380 mJ, respectively. Dye solutions and
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Parent Molecule Wavelength Dye Solvent
CS, 207-215nm  Stilbene 420 MeOH
Cly 470 nm Coumarin 480 MeOH
Cl, 450 nm Coumarin 450 MeOH
Cly 420 nm Stilbene 420 MeOH
Cly 398 nm Exalite 398  Dioxane
Cl, 389 nm Exalite 389  Dioxane
Cly 384 nm Exalite 384  Dioxane
Cl, 376 nm Exalite 376  Dioxane

Table 3.1: Details of the dye solutions used to create the pump laser radiation.

frequency conversion crystals were chosen to produce the required (24+1) REMPI
wavelengths for the S and Cl photofragments investigated in this thesis. All REMPI
wavelengths required frequency doubling of the dye fundamental with details of the
wavelengths, (2+1) REMPI assignments, and non-linear crystals used provided in
Table 3.2. As with the pump dye laser, the frequency doubled radiation was iso-
lated from the fundamental using an array of four Pelin-Broca prisms. The linearly
polarised probe radiation was passed through a photoelastic modulator (Hinds In-
struments PEM-90). This allowed the laser polarisation to switch between parallel
and perpendicular linear polarisations with respect to the TOF Z axis on alternate
laser shots. Furthermore, the PEM was also used to generate circularly polarised
probe radiation and was used to switch between two circular polarisations (L or R)
on alternate laser shots. Use of the PEM allowed the collection of two experimental
geometries on a single image aquisition.

Prior to entering the reaction chamber the probe laser radiation was focussed

using a 30 cm focal length lens. The power was attenuated so as to avoid saturation of
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Fragment  Transition6”7)  Wavelength Pumping Dye Solvent Crystal

S(*Ds) 3Py «!'Dy 291.4nm 532nm  Pym 597 MeOH  KDP
S(*Ds) IF3 «1Dy 288.1 nm 532nm  Pym 597 MeOH  KDP
S(3Py) 3Py «+3Py 310.8nm 532nm  Rhm 101 MeOH  KDP
S(3Py) 3Py <3P 310.0 nm 532nm  Rhm 101 MeOH  KDP
S(3P3) 3Py «3Py 308.1 nm 532nm  Rhm 101 MeOH  KDP

CI*(®Pyj5) 2Pg3jp «<*P1jp  236.4nm 355 nm C480 MeOH BBOI
Cl(*P3/3)  ?Pyjp «?P3js  234.5nm 355 nm C 480 MeOH BBOI

Cl(*P3/5) ?Dsjo —?P35  236.2nm 355 nm C480 MeOH BBOI

Table 3.2: Details of the YAG wavelengths, dyes and non-linear crystals used
to generate the radiation for investigation of Cl and S atomic fragments. Details
of the (2+1) REMPI transitions also provided. Pym = Pyromethane, Rhm =
Rhodamine, and C = Coumarin.

the two photon step of the (24+1) REMPI process. While recording experimental ion
images the probe laser wavelength was scanned over the Doppler profile of the (2+1)

REMPI transition ensuring equal detection sensitivities for all product velocities.

3.3 Experimental characteristics

3.3.1 REMPI spectra

Spectra were recorded by monitoring the total ion signal generated at the detector
following a REMPI process as a function of the wavelength of either the pump or
probe laser. The total ion signal from the relevant peak in the time of flight spectrum
was measured by observing the current drawn by the phosphor screen. Integration
of the current intensity by a boxcar integrator (Stanford Research Systems SRS250)

allowed the total ion signal to be monitored by electronically gating over the relevant
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TOF peak. During acquisition of any given spectrum the data was transferred to a
PC for averaging through an analogue-to-digital converter (Stanford Research Sys-
tems). The wavelength of the laser required to generate the spectrum was scanned
with averaging over ~ 25 laser shots typical at each wavelength increment.

Two types of REMPI spectra are presented in this thesis. The first, termed
REMPI excitation spectra, and relevent to Chapters 5 and 6, were generated by
monitoring the S* signal from the photodissociation of CS, as the photolysis wave-
length was scanned, the probe wavelength being fixed on the (24+1) REMPI tran-
sition of the S('Dy) or S(®P;) atomic fragments. Generating the second type of
REMPI spectra involved fixing the photolysis wavelength and scanning the probe
laser over the Doppler width of the REMPI transitions of the S(*P;) spin-orbit
states of the atomic photofragments. Spectra generated in this manner were used

to estimate populations in different photofragment spin-orbit levels.

Rotational temperature of the molecular beam

REMPI spectra were also recorded in order to elucidate the rotational temperature
associated with the molecular beam. For experiments performed with the Jordan
valve this was achieved by monitoring the (1+1) REMPI signal from a beam of
< 1% NO seeded in Helium with a 2 bar stagnation pressure. The molecular beam
of neutral NO was ionised in a one-colour experiment using an unfocussed laser at
wavelengths relevant to the NO A(v = 0) — X (v = 0) rotational transitions located
around 226 nm. Under velocity mapping conditions the ionisation of NO molecules
results in NO™ ions with effectively zero velocity components perpendicular to the
TOF axis. The ions therefore appear as a single spot in the centre of the detector.
Due to the extremely high absorption coefficients the intensities of the lines in the
experimental spectrum may have been saturated making a quantitative assignment
of the rotational temperature difficult. However, the lack of lines in the experimen-
tally recorded spectra, shown in Figure 3.3, indicate that the molecular beam would

have an associated rotational temperature of < 5K. For experiments carried out
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Figure 3.3: NO (1+1) REMPI spectrum. The lower trace shows the experimen-
tal spectrum while the top three traces show simulations of the spectrum based
on rotational temperatures of 1, 2 and 5 K. The simulations were performed using
LIFBASE [130].

using the General valve, previous measurements performed by the group indicate a

rotational temperature on the order of 25K [47,50, 77].

3.3.2 Ion images

Ion images presented in this thesis have been averaged over > 20,000 laser shots. As
mentioned previously, the use of a photoelastic modulator to flip the polarisation of
the probe beam allowed images to be recorded in two experimental geometries dur-
ing a single image acquisition. In the case of the photodissociation of CSs, however,
a further complication arose in that the molecules absorbed and subsequently gen-
erated ST signals at the REMPI wavelengths used, i.e. without the pump laser on.
This problem was minimised by reducing the power of the probe laser, however, the

magnitude of the probe-only signal was sufficient to require a background subtrac-
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tion procedure in order to isolate the pump-probe, one-photon photodissociation,
signal of interest. The background subtraction was achieved by recording the ion
images using a 4-channel acquisition. For each laser shot the probe polarisation was
alternated by 90° relative to the previous shot, while the pump laser was triggered
in an ‘ON-ON-OFF-OFF’ pattern, achieved by patterning the signal sent to either
the excimer laser, for the 193.3 nm experiments, or to the Q-switch of the Nd:YAG
laser used to pump the LPD 3000 dye laser. In this way the background probe-only
signal, e.g., channels three and four in the above, could be directly subtracted from
the total (pump-probe + probe-only) signal, e.g., channels one and two in the above,

leaving the desired pump-probe signal.

3.4 Reagent sources

3.4.1 CS,

A < 1% mixture of CS, (99.9% spectroscopic grade, Sigma Aldrich) in 1 bar Helium
was prepared for experiments described herein. CSs (vapour pressure ~ 300 mmHg
at 20° C) was expanded into a cylinder and diluted several times with He in order
to prepare the < 1% mixture. This low seeding ratio was used to minimise the

probability of cluster formation.

3.4.2 Cb

A 0.5% mixture of Cly (99.9% purity, CK Gas) seeded in 2bar He was used for the
experiments carried out in this thesis. This low seeding ratio was used to prevent

cluster formation and preserve the lifetime of the nozzle.

3.5 Data analysis

In the following section the procedure for extracting meaningful physical quantities

from a set of velocity mapped ion images is described. The analysis of experi-
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mental ion images follows the well-established Fourier moment scheme proposed by
Brouard and co-workers [58] allowing the (analytic) determination of the observ-
ables of interest. In this framework, the angular dependence of an experimental
ion image is expressed as a Fourier expansion. The quantities of interest, including
a complete description of the angular momentum polarisation, are then found by
fitting these experimental moments to a set of simulated moments. The equations
describing the simulated moments are derived from the rigorous and fully quantum
mechanical description of photodissociation processes provided by Vasyutinskii and
co-workers [92], as discussed in Section 2.3.2. The Fourier moment analysis scheme
has been described in detail previously [47,77,106], and only the principles and key

equations are set out below.

3.5.1 Image processing

Subsequent to the recording of ion counted [129] data, images are processed to al-
low the extraction of the raw Fourier moments (described below). The processing
procedure involves a manual centering of the ion images. Centering is achieved by
superimposing a series of concentric circles on the image. Once the centre has been
roughly determined, by lining up the circles on the image, the images are sym-
metrised, which involves reflecting the images along the horizontal and vertical axis
of the 2D image. If the centering is incorrect, large distortions of the (circular) ion
images become apparent in the symmetrised image. The manual centering process
is repeated until no distortions are visible. For a single pump-probe geometry, sev-
eral experimental acquisitions of between 5,000 — 20,000 laser shots were recorded.
Once correctly centred, these images could be summed together prior to extracting
the Fourier moments (see below). Furthermore, at this stage any background im-
ages arising solely from the probe laser, e.g., following a 4-channel acquisition as

described in Section 3.3.2, could be subtracted, leaving the desired summed images.



Experimental technique and data analysis 53
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Figure 3.4: The TOF frame of reference used to define the laser polarisations
employed in this work.

3.5.2 Experimental geometries

In general ion images were collected using several different pump-probe laser po-
larisations in order to allow the extraction of all moments of the electronic angular
momentum distribution for a given photofragment, as discussed in Section 1.3. In
order to define the experimental geometry two polar angles, # and ¢, are used to
describe the electric vector of linearly polarised radiation in the time of flight refer-
ence frame. For circularly polarised radiation, the direction of laser propagation is
used to define the experimental geometry. Recall that in the TOF reference frame
the Z axis lies parallel to the time of flight direction with the pump and probe prop-
agation directions lying along the +X and —X axis, respectively. For convenience,
the labels used to define the experimental geometries used in this thesis, and their
polar angles, illustrated in Figure 3.4, are tabulated in Table 3.3.

Throughout this thesis ion images are commonly referred to using two labels.
The first label is used to define the pump laser polarisation in the time of flight

frame while the second refers to the probe laser. Furthermore, as a convention,
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0/degrees ¢/degrees Label Laser
0 N/A \Y% Pump and probe
90 90 H Pump and probe
+45 90 +45 Pump
90 0 C Pump
90 180 C Probe

Table 3.3: Angles, 6 and ¢, used to define the polarisation vector of the linearly
polarised or the propagation direction of the circularly polarised pump and probe
lasers in the time of flight reference frame.

the ion images presented in this thesis are oriented in such a way that the H laser

polarisation lies horizontally across the page.

3.5.3 Fourier moment analysis

As illustrated in Figure 3.5, an experimental ion image recorded in pump-probe
geometry ¢ is a function of the polar co-ordinates r» and #. Therefore, it may be

expanded as a Fourier series in the angular co-ordinate 6

P(r,0)=C§(r)+2 Z CI(r)cosnf + CI(r) sinnf , (3.1)

n>0
where C4(r) and C9(r)" are the Fourier moments (coefficients) of the experimental
image. Due to the symmetry of the experimental ion images, a consequence of the
random orientation of molecules in the molecular beam prior to fragmentation, only

the even moments need to be determined for the work carried out in this thesis.
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0 50 100 150 200
r / pixels

Figure 3.5: Ion image (left) and Fourier moments of ion image (right) of the
Cl(?P4 /2) fragments following photodissociation of Cly at 450 nm, see Chapter 4.
The Fourier moments are colour coded, Cy (black), Cs (red), Cy (blue) and Cg
(green). Data shown was recorded in a HH geometry using the 2P, /2 2P, /2
(24+1) REMPI transition at 234.54 nm.

Explicitly, the Fourier moments are described by

2w
Ci(r) —/ I?(r,0) cosnb rdf (3.2)
0

27
C’g(r)':/ (r,0)sinnd rdf . (3.3)
0

Numerical integration over the angular co-ordinate # is carried out at each value
of r in order to extract the Fourier moments of the images. These moments are
initially normalised to the 0" order moment, however, where angular momentum
polarisation effects are important, a careful renormalisation is required at a later
stage of the data analysis procedure, as described in Section 3.5.4.

Having defined the Fourier moments of the experimental images the next step
is to define the simulated Fourier moments, by making a connection with the the-
oretical description of the photodissociation process. As detailed in Chapter 2,
Vasyutinskii and co-workers have provided explicit expressions describing the elec-
tronic angular momentum distribution following a one-photon dissociation of a di-
atomic molecule within the axial recoil approximation [63]. The laboratory frame

distribution of electronic angular momenta is described by the py, (6, ¢) state mul-
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tipole moments [63, 104], adapted for multiple recoil velocities to give [106]

1/2
.00 = = (55) X S0 By (@

ka,q4,Q" 9,9’
" fr(q,q5v) ]2 I 1 kg
<f0(0,0,’l))> + <2f0(1,1,1})> ql —q _Ql
x Dfsoy (¢, 6,0) Dl (6,6,0), (3.4)

where the angles  and ¢ are the polar angles defined in the time of flight (TOF)
frame, v represents the velocity of the photofragment, and [C] = (2C'41). The other
terms in Equation (3.4) are defined as follows: Ej, 4, (e) are the matrix elements of
the photodissociation light of rank k4, Dj . are rotation matrices [52], Q" = ¢’ —q and
fr(q,q;v) are the velocity-dependent dynamical functions [92]. Since the experi-
mental measurements described herein were performed by recording a 2D projection
of the 3D scattering distribution, i.e. traditional ‘crushed’ imaging, integration over
the velocity component along the TOF Z direction allows one to define the state
multipoles for the two dimensional projection of the full three dimensional scattering

distribution. As detailed previously, the resulting expression is [106]

1/2 ) kd
o) = 1 (G1) S X0 B @b |

/ /
kaga qq’' ¢ —q¢ —Q

" (—1)Q7Q/ Z[K/] K kg K’ K kg K Jind
K’ —Q q@ n Q" Q" 0
x [1+ (—1)K/+”] /C’K/H(Q, 0)fx(q, ¢ ;v)dvz, (3.5)

where Ck1,(6,0) is a modified spherical harmonic [52] and the integral is performed
over the time of flight Z axis. The dynamical functions in Equation (3.5) have
been renormalised, with fi(q,q;v) = fr(q,q;v)/ ({fo(0,0;v)) + (2fo(1,1;v))). In
the Fourier moment analysis scheme [58], the speed dependence of these dynamical

functions is expressed as a linear combination of equally spaced Gaussian functions,
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with the expansion coefficients representing the (Gaussian specific) polarisation pa-

rameters [106]
fila,d'sv) = > Nakl(g, ¢'si)e " (3.6)

By inserting Equation (3.6) into Equation (3.5) and rearranging, the expression for

the crushed state multipole moments may be shown to take the form of a Fourier

series [106]
Por ) => " ak(q,q;1) <pKQ(q, q,i,0,9;7)
ioqq
+> [pKQ(Q: q,i,n+, g;r) cosng
n>0
+ pKQ(q,q’,i,n—,g;T)}iSinn¢> ) (37>
with

pKQ(Q7 qlv Z7n+7gv T) = pKQ(Q> q/7i7 +nag7 T) + PKQ(% q/77;7 —-n,g; T)

pro(q,q i,n—, g;7) = prolq,q, i, +n, g;7) — prol(q, 4, i, —n,g;r) . (3.8)

The modified state multipoles, pxg(q, ¢, i, n,g;7), are given by [106]

1/2
praiedsiomgin) = 1 (1) 30 TS B (@)l

dm [JA] kaqa qq’
q —q —Q | & —Q q n
K kg K’ y
X ¢ [1+(—1)K +”}
—Q/ Q/ 0
X / We 7= Oy (6, 0)duy (3.9)

where W is a normalization constant.
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Previous work by Kummel, Sitz and Zare [131,132] has allowed the extraction
of polarisation moments from experimental (2+1) REMPI signals. In the present
case, the ion image intensity of a crushed velocity map image in geometry g may be

written as [104, 106]

T9(r,¢) = W ) _ Prpeq(r, 6)Cicq85, 0%,) (3.10)

KQ
where the Py are linestrength factors [133] which are defined below, and the angles
09, and ¢f, give the direction of the probe laser polarisation in the time of flight
frame. By substituting in the expression for the crushed state multipoles, pjEp, (7, ¢),

from Equation (3.7), one can recast the ion image intensity as a Fourier series [106],

Z9(r, ) = Re[eo(r)] + Z Re[cp4(r)] cosng — Imlc,— ()] sinng, (3.11)

n>0

with the expansion coefficients depending on the ax(q, ¢’;7) polarisation parameters,

which were defined in Equation (3.6) [106],

nGauss
Au(r)= Y Y ak(q.q;)G(K,q.q i,nE, gir). (3.12)
i=1 K,q,q

The G(K, q,q',i,n, g;r) are geometry (g) dependent basis functions for the simulated
moments, explicitly given by [106]

G(K,q,q i,nE, g;r) = W' Prpra(a, ¢ i,nt, 9;7)Ceo(05,07) . (3.13)

Q
The Fourier moment analysis scheme is conceptually simple and involves fitting
the simulated Fourier moments to the experimental moments by adjusting the val-
ues of the ax(q, ¢, 1) parameters. Once the best agreement is found, these ax(q, ¢, 1)
parameters allow the speed, angular, and angular momentum distribution to be ex-
tracted from a set of velocity map ion images. The fitting procedure itself, described

in Section 3.5.5, is usually performed globally with all experimental pump-probe ge-
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ometries and (24+1) REMPI transitions included. When angular momentum polar-
isation is important, the intensity of an ion image depends on the total (integrated
over velocity) alignment and/or orientation [106]. In such cases, a careful renormal-

isation procedure must be used, as discussed in Section 3.5.4.

Line strength factors, Py

The sensitivities to particular ranks, K, of the electronic angular momentum dis-
tribution following a specific (2+1) REMPI transition can be described by the
linestrength factors, Px. They have been defined by Mo and Suzuki as [133]

i 2 2 K J J K
Py = 5V2K + 1/2J; + 1(—1)7* . (3.14)
2s —2s 0 2 2 J;

where J; and J; are the initial and intermediate states involved in the REMPI
process, and the parameter s can take values of 0 for linearly polarised and +1 for
circularly polarised probe radiation. Equation (3.14) is general and can be used for
all cases except where J; = J;. The calculated numerical results for all REMPI
processes used in this thesis can be found in Tables 3.4 to 3.9.

For the case of Cl(*P3/5) and CI*(*Py/2) atoms, a complication exists in that
coupling of the electronic angular momentum with the unpolarised nuclear spin
reduces the polarisation intrinsic to the photodissociation process. This hyperfine

depolarisation effect, however, can be quantified by the equation [52]

2
NS

g = , 3.15
(2]—|—1) J J I ( )

where k describes the photofragment rank, [ is the nuclear spin, and F' the total
(electronic + spin) angular momentum. Specifically for C1(*P3/2), Equation (3.15)
gives g* = 0.5, g> = 0.27 and ¢* = 0.2, and for C1*(*Py2) g* = 0.375. The reduction
coefficients, g*, are absorbed into the linestrength factors, Py, to account for the

hyperfine depolarisation in the data analysis.
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2P1/2 — 2P3/2

Geometry f’l b By by by

HH/VV 0 10 0 0 141
HV/VH 0 10 0 0 -071
+45L 134 -1.0 045 0 -0.35

RR -1.34 -1.0 -045 -1.64 0.71

Table 3.4: Linestrength factors, Py, defined in Equation (3.14) and constants,
bx, defined in Equation (3.17) for REMPI transition and laser geometries used to
probe C1(?P; /2) fragments. Note that left and right circular polarisation produce
opposite sign ]5173 and by factors.

2D5/2 — 2P3/2

Geometry ]51 PQ P3 b1 bQ

HH/VV 0 -0.71 0 0 -1.01
HV/VH 0 -0.71 0 0 0.51
+45L 0.15 0.71 0.19 0 0.25

RR -0.15 0.71 -0.19 -0.18 -0.51

Table 3.5: Linestrength factors, Pk, defined in Equation (3.14) and constants,
bx, defined in Equation (3.17) for REMPI transition and laser geometries used to
probe C1(?Py /2) fragments. Note that left and right circular polarisation produce
opposite sign ]51,3 and by factors.



Experimental technique and data analysis 61

2P3/2 — 2P1/2

Geometry f’l by
HH/VV 0 0
HV/VH 0 0

+45L 1.0 0

RR -1.0  -1.23

Table 3.6: Linestrength factors, PK, defined in Equation (3.14) and constants,
bi, defined in Equation (3.17) for REMPI transition and laser geometries used to
probe CI*(*P 5) fragments. Note that left and right circular polarisation produce

opposite sign P; and b; factors.

5Py 1Dy,3Py

Geometry ﬁl P2 Pg P4 b1 b2

HH/VV 0 -060 0 -1.07 O 0.84
HV/VH 0 -060 0 -1.07 0 -0.42
+45L -1.18  0.60 0 -0.18 0 0.42

LL -1.18 0.60 0 -0.18 -1.43 0.42

Table 3.7: Linestrength factors, Py, defined in Equation (3.14) and constants,
bk, defined in Equation (3.17) for REMPI transitions and laser geometries used to
probe S('D3) and S(3P3) fragments. Note that left and right circular polarisation

produce opposite sign P 3 and b; factors.
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Geometry .[51 PQ P3 P4 b1 b2

HH/VV 0 0.68 0 -011 0 -0.96

e}

HV/VH 0.68 0 -0.11 0 048
+45L 0 -068 -025 -0.02 0 -0.48

LL 0 -068 -0.25 -0.02 0 -0.48

Table 3.8: Linestrength factors, Py, defined in Equation (3.14) and constants,
bk, defined in Equation (3.17) for REMPI transition and laser geometries used
to probe S(!Ds) fragments. Note that left and right circular polarisation produce

opposite sign Pj 3 and b; factors.

3P2 — 3P1

Geometry P P, b ba

HH/VV 0 071 0 -0.96
HV/VH 0 071 0 048
451 -041 -0.71 0 -0.48

LL -0.41 -0.71 0.48 -0.48

Table 3.9: Linestrength factors, P, defined in Equation (3.14) and constants,
bx, defined in Equation (3.17) for REMPI transition and laser geometries used
to probe S(*Py) fragments. Note that left and right circular polarisation produce

opposite sign P; and b; factors.
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3.5.4 Total signal normalisation

As mentioned in Section 3.5, a careful renormalisation of the ion image intensity
must be used in the data analysis. In particular, the ion image intensity must be
normalised to take into account the total (integrated over velocity) orientation and
alignment, (A') and (A?), respectively, for each pump-probe geometry, g. Expres-
sions for these parameters are given below, however, for a complete derivation see
Ref [106]. The ion image intensity, given by the integrated zeroth order Fourier mo-
ment, can be expressed in terms of the total integrated orientation and alignment

as [106]
(I9) = by + by (A') + by(A?) (3.16)

since higher order (K > 2) moments of the angular momentum distribution vanish

upon averaging over recoil direction [84]. The constants, by, are defined as [106]

_ /3[K]\ V2 1 1 K
b = Pk (u) (—1)+t Pk (cos ), (3.17)

/] s —s 0
where ¢ describes the angle between the pump and probe lasers. Values of the
constants, bx, can be found in Tables 3.4 to 3.9 for all the (2+1) REMPI transitions

used in this thesis. The total orientation and alignment, (AX), may be expressed in

terms of the dynamical functions [106],

, 1 1 K
(A%) =D (-3 (fi(a,q;v)), (3.18)

/ /

qq’ q —q _Q
or in terms of the laboratory frame polarisation parameters, as detailed in Equa-

tion (2.22).

The total alignment and orientation can be calculated from the simulated Fourier
coefficients, in this way allowing renormalisation of the experimental image intensi-

ties to take place at each iteration of the fitting process, ‘on-the-fly’.
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3.5.5 Data fitting

In order to determine the polarisation parameters of interest the experimental
Fourier moments, C,,, are fitted to the simulated moments, c,, via a x> minimi-

sation [106]

=) Z [Ca(r;) = Relen (r)]] - (3.19)

Note that the summation runs over all recorded geometries, g, and therefore Fourier
moments for all geometries are fit simultaneously. The minimisation procedure itself
is performed by a well-known genetic algorithm routine [134]. The genetic algorithm
is used to vary the values taken by the polarisation parameters, themselves linear
combinations of the ax(q, ¢, i) factors, between their physically allowed extrema [84].
In fact, the speed dependence of higher order (n > 0) ax(q, ¢, i) factors was expressed

as a Legendre polynomial expansion, multiplied by the speed distribution ag(7) [106]

nleg
ak(q,q31) = ao(i) Y ae(q,¢; D) Pi(wi) (3.20)
=0
where
1—1
i =2— —1 21
n=2 =l 3.21)

is constrained between the physically allowed limits of + 1. This allows one to
reduce the number of fitting parameters when the speed dependence of the polarisa-
tion parameters takes on a relatively simple form. This is useful when the number
of Gaussians required to reproduce the speed distribution is large, but the speed

dependence of the angular distribution and polarisation are simple.
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Error analysis

A Monte Carlo procedure was used to determine the errors associated with the
experimental data [135]. In this method sets of ax(q,q’,i) parameters were ran-
domly chosen so as to generate a value of x? below a certain cut-off. The selected
value of x? was chosen based on the noise associated with individual experimental
Fourier moments, with the optimal value selected to fully encompass this experi-
mental uncertainty. The errors in the experimental data were determined by the
limits obtained from a large set of these ax(q, ¢, ) parameters, giving the errors in

the speed, angular and angular momentum distributions.



Chapter 4

Cl, Photodissociation

The experimental results presented in this chapter were obtained following the pho-
todissociation of Cly at a range of dissociation energies from the long wavelength
tail, 470 nm, to close to the peak in the absorption spectrum, 355nm. Ion images
were collected for both the C1(*P3/2) and CI*(*Py2) fragments in order to measure
the electronic angular momentum alignment and orientation for dissociation into
both product channels of significance to the first absorption band. These results
are compared to recent high level time dependent wavepacket calculations [50] per-
formed on a set of ab initio potentials [51]. In addition, theoretical results from time
dependent wavepacket calculations are presented for the photodissociation of vibra-
tionally excited parent molecules. The results of these calculations are compared to

the first experimental measurements on the photodissociation of Cly (v = 1).

4.1 Background

The ultraviolet absorption spectrum of molecular chlorine consists of a single broad
distribution with a maximum around ~ 335 nm, as shown in Figure 4.1. The spec-
trum arises primarily as a result of excitation to the unbound, repulsive, C 11,
state. A weaker spin-forbidden transition to the B 3H0¢ state becomes prevalent in
the long wavelength region giving the profile a slight asymmetry, as illustrated in

Figure 4.1. Of significance to this absorption band are the two product channels,

66
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Cl+CI*
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Figure 4.1: Adiabatic potential energy curves of Cly (right) [136] important
for dissociation in the first absorption band (left) [137]. At short wavelengths
the C 11y, state (green) dominates with the B 3H0$ state (blue) becoming more
important as the wavelength increases.
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Cl(*P3/2) + C1(*P32), and C1(*P3/5) + CI*(*P; ). These are termed the ground and
excited state product channels, respectively, in subsequent discussions.

The electronic states relevant to the present work are derived from a single
electron promotion between two antibonding orbitals of 7, and o, symmetries, re-
spectively. The electronic states derived from the molecular orbitals involved are
detailed in the adiabatic correlation diagram shown in Figure 4.2. The correlation
diagram connects the molecular states in both Hunds case (a) and (c) with the sepa-
rated atomic states. The diagram, which follows the adiabatic correlation rules first
described by Mulliken [138], can also been seen in Refs [139-142] and is included
here for completeness. As shown in Figure 4.2 the C 'II;, state correlates adiabat-
ically with the ground state product channel, while the B 3H0¢ state, important in
the enhanced long wavelength portion of the absorption, correlates with the excited
state product channel. The adiabatic potential energy curves for the states believed
to be important for photodissociation are shown in Figure 4.1.

The generally accepted mechanism for photodissociation giving rise to the ground
state product channel involves photoexcitation to and dissociation on the C 'IIy,
state surface, with an additional contribution from the A°3Il;, state following non-
adiabatic coupling between the two in the long range region where the potentials
are close in energy. The excited state product channel arises following the formally
spin-forbidden excitation to the B 3H0¢ state, which becomes weakly allowed due
to the spin-orbit interaction [51]. At long wavelengths the dissociation is believed
to proceed adiabatically on the B 3H0$ state. The character of this dissociation
channel, as opposed to the ground state channel, is wavelength dependent, with the
perpendicular component primarily arising through a non-adiabatic transition from
the C''II;, to (3)3X, state. A further contribution is believed to arise from a non-
adiabatic transition between the (3)3%], and (4)3A, states. In the following section
the experimental and theoretical work which has given rise to the above described

mechanism is reviewed.
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Figure 4.2: Adiabatic correlation diagram linking the atomic C1(3P) states
(right) with the molecular states in Hunds case (c) and (a) (middle) and molecular
orbitals (left). The numbers give the occupancy of the 5042m,2m;507 molecular
orbitals. The five states believed to be important in the photodissociation are
also labelled. Adapted from Refs [139-142].
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4.2 Previous work

4.2.1 Experimental studies

Studies of chlorine photodissociation date back to the early years in molecular re-
action dynamics research. The first translational spectroscopy experiments were
performed on Cly by Busch [34] et al. and Diesen et al. [143] in the late 1960s.
By probing translational energy and angular distributions following excitation using
the second harmonic of a ruby laser, 347.1 nm, both studies showed that the atomic
fragments were dissociating preferentially perpendicular to the electric vector of the
linearly polarised dissociation light. Busch et al. were also able to assign the ground
state product channel from their translational energy distribution, with both studies
interpreting their results in terms of dissociation on the C'II;, state.

Significant advances in experimental methodologies allowed Li et al. to inves-
tigate the photolysis reaction near 325nm at the fully quantum state specific level
some 20 years later [140]. (34+1) REMPI spectra were recorded in this region and
due to the absence of any signal intensity at the known CI*(*P;5) resonances, the
dissociation was understood to proceed in a purely adiabatic manner on the photoex-
cited C''TI}, state, in agreement with the earlier studies [34,143]. Matsumi et al.,
in two publications in 1989 [144] and 1992 [139], recorded Doppler profiles following
(241) REMPI in a comprehensive study of the photodissociation right across the
absorption band, 266 — 485 nm. From their experiments Matsumi et al. were able
to extract wavelength dependent CI*(*Py2)/Cl(*Pj3/2) branching ratios and spatial
anisotropy parameters, 3. The CI*(*Py2)/Cl(*P3/2) branching ratio was shown to
increase with wavelength from ~ 1 x 1072 at 308nm to ~ 0.5 at 475nm. At short
wavelengths, 355 nm, the authors measured a limiting 3 parameter of —1.0 for the
Cl(*P3/2) fragments, assigning adiabatic dissociation on the C''Iy, state. On the
other hand the § parameter for the excited C1*(*Py2) fragment was given as a lim-
iting parallel 2.0 at 400 nm, decreasing to a predominantly perpendicular —0.7 at

shorter wavelengths, 308 nm. The parallel component of this channel was assigned to
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the B 31_[03 state, with the perpendicular character at shorter wavelengths suggested
to arise from non-adiabatic coupling of the C !II;,, and € = 1 states correlating with
Cl(*P3/2) + CI*(*Py2) at long internuclear distances.

More recently, the first ion imaging study was performed by Samartzis et al.
[145] using (2+1) and (3+1) REMPI. At 355 nm the authors report 5 parameters
of 1.78 and —0.87 for the CI*(*Py/2) and Cl(*P3/2) fragments, respectively, as well
as a CI*(*Py/2)/Cl(*P3/) branching ratio ~ 5 times greater than previously given
by Matsumi et al. [139,144]. Combined, the non-limiting 5 parameter for the
Cl(*P3/2) fragments and larger CI*(®P;/5)/Cl(*P3/5) branching ratio suggested a
greater influence of the B°II+ state [145].

Atomic alignment measurements

In addition to the above mentioned studies, there have been several investigations
into the electronic polarisation of both the C1(*P3/5) and C1*(*Py 2) photofragments.
The first measurements to probe the atomic alignment in the molecular frame were
performed by Wang et al. [146]. REMPI-TOF profiles were recorded using different
pump-probe laser polarisations to investigate electronic alignment effects at 355 nm.
The authors interpreted their results, utilising the theoretical description provided
by Band et al. [97,147|, as showing a preference for the M; = 41/2 sub-levels,
consistent with adiabatic dissociation on the C'II;,, state.

In 1997 Bracker et al. were able to directly link the fully quantum mechanical
treatment of atomic polarisation effects in the recoil frame [92] with experimentally
measurable signals [62]. For the first time a description of the underlying physics of
the dissociation that result in atomic polarisation effects was provided [62]. Although
pre-dating velocity mapping, their ion imaging study used a combination of different
pump-probe laser polarisations and CI(*P3/) (2+1) REMPI transitions in order to
extract the K = 2 alignment parameters, rigorously including coherent alignment
effects at 355 nm [62,63]. The authors showed that in addition to the incoherent

alignment resulting from dissociation on the C''II;, state, a description including a
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Wavelength / nm

Parameter 30861 320[78l 355062 35517 375 — 45001451 4708l

3 -0.88(3)  -1.0 -1.0 1.0 ~ 2 ~2
5 -0.12(2) -0.10(2) -0.074(9) -0.10(2) -0.16 -0.14(4)
a -0.06(1) -0.05(1) -0.032(3) -0.05(1) 0.16 0.14(4)
7 0.05(1) - 0.001(16) - - -
7 0.16(4) 0.16(3) 0.075(20)  0.15(5) - -
(Ay)  -0.10(6) -0.10(7) -0.09(8) -0.08(10) -0.32 -0.28(8)

Table 4.1: Laboratory frame alignment parameters reported from previous stud-
ies by Brouard and co-workers [61], Rakitzis et al. [78], Bracker et al. [62],
and Rakitzis and Kitsopoulos [79] at 308, 320 and 355nm, respectively, for
the CI(?P4 /2) photofragments in the ground state product channel, and from
Samartzis et al. [145] and Rakitzis et al. [78] for the excited state product chan-
nel. Errors (1o) in the final digit(s) are given in parenthesis where appropriate.

non-adiabatic transition to the A 3Il;, state in the long range region of the potentials
is required to understand the measured coherent effects.

In 1999 Zare and co-workers [78] performed core extraction TOF experiments to
probe the C1(*Pj /2) alignment at two wavelengths, 320 nm and 470 nm. Close to the
absorption maximum at 320 nm Zare and co-workers found the measured incoherent
and coherent alignment to be in agreement with previous work at 355 nm. At the
470 nm tail of the absorption, only incoherent contributions to the alignment were
found, with the C1(*P3/5) fragments showing a strong (near limiting) preference for
M; = £1/2 and a positive spatial ansiotropy, 5 ~ 2.0, consistent with adiabatic
dissociation on the B 3H03 state curve. Around the same time Samartzis et al. per-
formed a comprehensive ion imaging study, recording ion images of the C1(*P3 /2) and
CI*(?Py/2) fragments at several dissociation wavelengths from 310 — 450 nm [148].

The ion images, all recorded in a HH geometry, see Section 3.5.2, were used to
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Wavelength / nm

Parameter 30861 320[78 35562 35571 375 — 45001481 470[78l

3 -0.88(3)  -1.0 1.0 -1.00(3) ~ 2.0 2.0

al?(L)  -0.62(9) -0.5(10) -0.35(4) -0.50(10) - -

af?(L)  -0.26(7) -0.32(6) -0.15(4) -0.30(10) ; _

a$? () - - - - ~-0.8 -0.70(20)

Table 4.2: Molecular frame alignment parameters reported from previous studies
by Brouard and co-workers [61], Rakitzis et al. [78], Bracker et al. [62], Rakitzis

and Kitsopoulos et al. [79], and Samartzis et al. [148]. aé2)(J_) and agz)(J_)
data are shown for the C1(?P; /2) fragments in the ground state product channel

(top) while aéQ)(H) data are shown for the excited state product channel (bottom).
Errors (1o) in the final digit(s) are given in parenthesis where appropriate.

investigate the CI*(*Py2)/Cl(*P3/2) branching ratio and spatial anisotropy param-
eters for both fragments, in addition to probing the angular momentum alignment
effects of the C1(*P3/,) products. For the ground state product channel the angular
distributions extracted from the ion images, analysed using the Abel inversion [43]
method, were found to be characterised by a within experimental error wavelength
independent 5 component of —1 with zero contribution from higher order moments.
Although the lack of higher order moments to the angular distribution indicates
negligible alignment in the laboratory frame, the authors explain that for this par-
ticular pump-probe geometry, the same sign and similar magnitude incoherent and
coherent alignment in the molecular frame can lead to this at first surprising result.
The authors noted that this was consistent with the previously reported values of
Bracker et al. [63]. The distributions for the Cl(*P3/2) fragments belonging to the
the excited state product channel suggested a limiting spatial anisotropy parame-
ter, § = 2.0, and maximum alignment in the molecular frame, M; = +1/2, for

the region 375 — 450 nm. For this channel the § parameter was shown to decrease
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with decreasing wavelength below 375 nm, reaching a value of —0.64 at 310 nm. In
agreement with the previous work near the absorption peak, a later slice imaging
study by Rakitzis and Kitsopoulos [79], also at 355nm, showed a preference for
Mj; = £1/2 in the recoil frame for the ground state product channel.

The most recent ion imaging study of CI(*Pjs/2) alignment was performed by
Brouard and co-workers at 308 nm [61]. By recording ion images using several laser
pump-probe geometries and (2+1) REMPI transitions, the authors were able to ex-
tract the spatial anisotropy parameter, 3, and all K = 2 alignment terms from their
experimental data. The analysis yielded a non-limiting § of —0.9. It was noted that
the rotational temperature of the molecular beam had to be in the range 50 — 100 K
to account for the reduction in 4 on the basis of the electronic transition being
purely perpendicular in character. The alignment parameters were found to be in
good accord with previous studies at 355 nm [63], and illustrate the importance of
coherence effects even at this short wavelength. Tables 4.1 and 4.2 provide a sum-
mary of the previous laboratory and molecular frame angular momentum alignment

measurements.

Atomic orientation measurements

In addition to the electronic alignment of the C1(*P3/,) photofragments, two stud-
ies have also probed the K = 1 orientation of both the C1(*P3/;) and CI*(*Ps)
photofragments. The first such study by Kim et al. reported values of the co-
herent Im[agl)(H, 1)] parameter for the CI*(*Py2) fragments following dissociation
in the range 270 — 400 nm using linearly polarised light [149]. The Im[a{" (]|, L)]
parameter, which was believed to arise following interference between the parallel,
B 3H0¢ state, and perpendicular, C''II;, state, pathways was shown to oscillate as
a function of dissociation wavelength. The authors also reported measurements for
the 37C1*(?P; o) fragment, which show a phase shift in the Im[agl)(H, 1)] parameter
due to a difference in the de Broglie wavelengths associated with the **Cl and 37Cl

isotopes [149]. The wavelength dependence of the experimental Im[agl)(H, 1)] pa-
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CI(?P32) CI*(*Py2)

Parameter 31001421 330042 37([42.149]  33()[142,149]

5 -1.0 -1.0 -0.64 0.24
o 0.07(1) 0.12(1)  -0.11 -0.08(5)
" - - -0.07 0.03

Table 4.3: Laboratory frame orientation parameters reported from previous
studies by Kim et al. [149] and Alexander et al. [142]. Note that the authors used
the values of the spatial anisotropy, (3, from the work of Samartzis et al. [148] to
calculate their orientation moments. Errors (1) in the final digit(s) are given in
parenthesis where appropriate

rameters for the 3°Cl and 37Cl isotopes were modelled theoretically, with qualitative
agreement between experiment and theory observed.

In a separate study Alexander et al. used circularly polarised photolysis light
to measure the incoherent orientation, al’(L), for the Cl(*P3/5) and CI*(*Py5)
fragments following dissociation at 310 and 330 nm [142]. The authors found that for
the ground state product channel the measured aél)(L) parameters were consistent
with dissociation on the C 'II;, state potential with a contribution arising from the
A3Il,, state due to a non-adiabatic transition between the two. A mechanism based
on a small fraction of the excited C'II;, state molecules making a non-adiabatic
transition to the (3)3%], state was necessary to explain the CI¥*(*Py5) orientation.
It was proposed that ~ 67 % of CI*(*P; ) atoms dissociate on the (3)*3], surface,
while ~ 21 % undergo a further non-adiabatic transition to the (4)3A;, state along
the dissociation co-ordinate [142]. A summary of the previously measured laboratory

and molecular frame K = 1 orientation moments is provided in Tables 4.3 and 4.4.
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CI(?P3)s) CI*(*Py2)

Parameter 31001421 33001421 37142, 149]  33()[142, 149)]

3 1.0 -1.0 -0.64 0.24

al’(L)  013(2) 0.23(1)  -024  -0.26(17)

Imla{"(||, L)] - - 0.1 0.03

Table 4.4: Molecular frame orientation parameters reported from previous stud-
ies by Kim et al. [149] and Alexander et al. [142]. Note that the authors used
the values of the spatial anisotropy, (3, from the work of Smaratzis et al. [148] to
calculate their orientation moments. Errors (1) in the final digit(s) are given in
parenthesis where appropriate

4.2.2 Theoretical studies

There have been several theoretical studies on the Cly molecule over a period of
around 30 years. In the following both the electronic structure theory and studies
regarding the photodissociation dynamics are briefly reviewed.

In 1981 Peyerimhoff and Buenker computed the first ab initio curves for the
Cly molecule using a multi-reference configuration interaction method (MRD-CI)
neglecting spin-orbit coupling [150]. Some 20 years later Asano and Yabushita
performed the first of several studies including spin-orbit coupling [151], calculating
all valence €2 = 0 and 1 states. Also in 2001, Buenker et al. performed a multi-
reference single and double excitation configuration study (MRD-CI) focussing on
the low lying ion pair states [152]. More recently, Buenker et al. were able to
calculate the valence states more accurately, including relativistic effects, allowing
computation of the absorption spectrum and CI*(*Py,)/Cl(*P3/5) branching ratio,
finding good agreement with the experimental data [51]. A relatively recent study
by Macedo and Wong was able to compute all 23 adiabatic states correlating with
the C1(*P;) + C1(*P;) asymptote with spectroscopic properties in good agreement

with experimental work [153].
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Yabushita et al. used their 2 = 0 and 1 potentials to perform a semi-classical
calculation on the photodissociation with non-adiabatic interactions included wvia
the Rosen-Zener-Demkov (RZD) model [151]. Their study was able to calculate
the wavelength dependence of the spatial anisotropy parameter, (3, as well as the
CI*(*P1/2)/C1(*P3/5) branching ratio in good agreement with experimentally avail-
able data. Furthermore, using the Youngs double slits model [154, 155], Yabushita
et al. calculated the coherent Im[agl)(H, 1)] parameter for the CI*(*Py2) photofrag-
ments. They were able to model the oscillatory nature of this parameter, both phase
and magnitude, to be in good agreement with the experiments performed by Kim
et al. [149]. The mechanistic origins of the Im[agl)(H, 1)] parameter were described
as due to an interference between the parallel B 31_103 and the perpendicular (3)*%]
transitions with the latter state populated via a non-adiabatic transition from the
C '11,, state, as calculated using the RZD model [151]. A more recent semi-classical
study by Yabushita et al. in 2003 contrasted their Cly results to the photodisso-
ciation of the heavier halogen molecule Bry [136]. In particular, it was found that
non-adiabatic effects were much more important in Cl, than for the mostly adiabatic
dissociation of the heavier Brs.

The most recent, comprehensive study on Cl, photodissociation was performed
by Johnsen et al. in 2010 [50]. The calculation, similar in spirit to those performed
by Balint-Kurti et al. on the hydrogen halides [95, 101, 102], allowed the extraction
of all dynamical information regarding the photodissociation, including angular mo-
mentum polarisation. The fully quantum mechanical time-dependent wavepacket
treatment, the first undertaken on a system of this complexity, was performed on
the set of ab initio potentials computed by Buenker et al. [51]. The calculation, in
which non-adiabatic effects are implicitly included by transforming between diabatic
and adiabatic bases, yielded an absorption cross section and wavelength dependent
CI*(?Py/2)/C1(*P35) branching ratio in excellent agreement with experimental data.
Generally good agreement was also found with the experimental 3 and angular mo-

mentum polarisation parameters, where available. Interestingly, the calculations
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also predict higher order K = 3 orientation parameters to be important, particu-
larly for the ground state product channel, however, no previous experimental data

on these parameters was available.

Motivation

In spite of the extensive literature on Cly photodissociation, the progressively in-
creasing complexity of studies through the years, particularly those including atomic
polarisation effects, mean that experiments continue to reveal surprising results on
the dynamics of this relatively simple system. The experimental measurements of
polarisation effects date over a period of several years, use a variety of different tech-
niques and do not include any higher order K = 3 moments, therefore in order to
stringently test the recent high level theory [50] a comprehensive set of experimental
data has been collected over a range of dissociation wavelengths. The results of the
current experimental study are compared with those from the dynamical calcula-
tion [50] in Section 4.3. Additionally, the recent theoretical work has been extended
here to encompass the photodissociation of vibrationally excited chlorine molecules,
with the results of these calculations presented along with the first experimental

measurements on the photodissociation of Cly (v = 1).

4.3 The C1(*P3/,) fragment

4.3.1 Experimental results

Following photodissociation of Cly at 355, 376, 384, 389, 398, 420, 450 and 470 nm,
pump-probe images of the C1(*P3/2) fragment were collected using two (241) REMPI
transitions, 2P1/2 — 2P3/2 and 2D5/2 — 2P3/2 at 234.5 nm and 236.2 nm, respectively.
The (2+1) REMPI transitions were chosen so as to be sensitive to all ranks, K =
0 — 3, of the electronic angular momentum distribution, as detailed in Tables 3.4
and 3.5. In general images were collected using a variety of pump-probe geometries

using both linearly and circularly polarised pump and probe laser radiation, giving
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a total of 16 ion images for each dissociation wavelength. For a particular photolysis
wavelength, the Fourier moments extracted from all pump-probe geometries were
fit globally allowing the extraction of the speed, angular and angular momentum
distributions, as described in Section 3.5. The ion images, Fourier moments and fits
to the data are shown in Figures 4.3 to 4.30. For the data collected at 450 nm the
451 and 45R geometries were of insufficient quality to be included in the global fit.
For this wavelength the parameters 71, 74, and 73 were not determined. At 420 nm
the HH and HV geometries following ionisiation via the ?Ds/o state were also not
included. For 470 nm ion images were only recorded using linearly polarised pump
and probe radiation, and at this wavelength only the even rank alignment parameters
were determined. The data displayed over the following pages are shown in order
of increasing photolysis wavelength. Speed distributions returned from the fits to

the C1(*P3/2) Fourier moments are shown in Figure 4.31, and a complete list of 3

parameters and laboratory frame alignment and orientation parameters are provided

in Tables 4.5 and 4.6.
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Figure 4.3: C1(2P3/2) ion images, Fourier moments (—) and fits (- - -) for linear
geometries using the 2P /2 transition following photodissociation at 355 nm. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey).
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Figure 4.4: C1(*P3/,) ion images, Fourier moments (—) and fits (- - -) for linear
geometries using the 2Dy /2 transition following photodissociation at 355 nm. The
Fourier moments are colour coded, Cy (black), Cs (green), Cy (yellow), Cg (grey).

e i ‘-.!\_-.':"_ﬂ_'\.\

M 1 M 1 M 1 M M 1 M 1 M 1 M
500 1000 1500 0 500 1000 1500
v,/ms’ v,/ms’

- - L2
e e o e e i R L v N ]

" 1 " 1 " 1 " " 1 " 1 " 1 "
500 1000 1500 0 500 1000 1500
v,/ms’ v,/ms’

Figure 4.5: Cl1(*P3/5) ion images, Fourier moments (—) and fits (- - -) for cir-
cular geometries using the 2P /2 transition following photodissociation at 355 nim.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.6: Cl1(*P3/,) ion images, Fourier moments (—) and fits (- - -) for cir-
cular geometries using the 2Dy /2 transition following photodissociation at 355 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cs

(grey).
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Figure 4.7: C1(*P3/,) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2P /2 transition following photodissociation at 376 nm. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey).
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Figure 4.8: C1(*P3/,) ion images, Fourier moments (—) and fits (- - -) for linear
geometries using the 2Dy /2 transition following photodissociation at 376 nm. The
Fourier moments are colour coded, Cy (black), Cs (green), Cy (yellow), Cg (grey).
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Figure 4.9: Cl1(*P3/5) ion images, Fourier moments (—) and fits (- - -) for cir-
cular geometries using the 2P /2 transition following photodissociation at 376 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.10: Cl(*Pj/5) ion images, Fourier moments (——) and fits (- - -) for cir-
cular geometries using the 2Dy /2 transition following photodissociation at 376 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cs

(grey).
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Figure 4.11: Cl1(*Pj ) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2Dy /2 transition following photodissociation at 384 nm. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey).
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Figure 4.12: CI(*P35) ion images, Fourier moments (—) and fits (- - -) for cir-
cular geometries using the 2P /2 transition following photodissociation at 384 nm.
The Fourier moments are colour coded, Cy (black), Co (green), Cy (yellow), Cg

(grey).
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Figure 4.13: CI(*P; ) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2Dy /2 transition following photodissociation at 384 nm. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey).
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Figure 4.14: Cl(*P; ) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2P, /2 transition following photodissociation at 389 nm. The
Fourier moments are colour coded, Cy (black), Cs (green), Cy (yellow), Cg (grey).

M TR R T
0 500 1000 1500

-1
v,/ ms

" 1 " 1 " 1 "
0 500 1000 1500
v,/ms’

e i e el AN

\

" 1 " " 1 "
0 500 1000 1500
v,/ms’

" 1 " " 1 "
0 500 1000 1500
v,/ms’

Figure 4.15: CI(*Pj5) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2Dy /2 transition following photodissociation at 389 nm. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey).
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Figure 4.16: C1(2P3/2) ion images, Fourier moments (—) and fits (- - -) for cir-
cular geometries using the 2P /2 transition following photodissociation at 389 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.17: Cl(*Pj/3) ion images, Fourier moments (——) and fits (- - -) for cir-
cular geometries using the 2D5 /2 transition following photodissociation at 389 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.18: Cl(*P; ) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2P, /2 transition following photodissociation at 398 nm. The
Fourier moments are colour coded, Cy (black), C (green), Cy (yellow), Cs (grey).
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Figure 4.19: CI(*P35) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2Dy /2 transition following photodissociation at 398 nm. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey).



Cl, Photodissociation 88

e e i Ww%\-]&~ s e e ec;;ﬁ\—fég
" 1 " 1 " 1 " 1 " 1 " 1
500 1000 1500 0 500 1000 1500
v,/ms’ v,/ms’

——wﬂ"‘,—ﬁ—‘v“w‘:;ﬁ—— e

" 1 " " 1 " 1 " 1 " 1
0 500 1000 1500 0 500 1000 1500
v,/ms’ v,/ms’

Figure 4.20: C1(2P3/2) ion images, Fourier moments (—) and fits (- - -) for cir-
cular geometries using the 2P /2 transition following photodissociation at 398 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.21: CI(*P3/5) ion images, Fourier moments (—) and fits (- - -) for cir-
cular geometries using the 2D5 /2 transition following photodissociation at 398 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.22: Cl(*Pj /) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2P /2 transition following photodissociation at 420 nm. The
Fourier moments are colour coded, Cy (black), Cs (green), Cy (yellow), Cg (grey).
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Figure 4.23: Cl(*Pj/) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2Dy /2 transition following photodissociation at 420 nm. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey).
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Figure 4.24: Cl(*Pj/5) ion images, Fourier moments (——) and fits (- - -) for cir-
cular geometries using the 2P /2 transition following photodissociation at 420 nim.
The Fourier moments are colour coded, Cy (black), Ca (green), Cy (yellow), Cg

(grey).
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Figure 4.25: Cl(*Pj/5) ion images, Fourier moments (——) and fits (- - -) for cir-
cular geometries using the 2Dy /2 transition following photodissociation at 420 nm.
The Fourier moments are colour coded, Cy (black), Ca (green), Cy (yellow), Cg

(grey).
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Figure 4.26: Cl(*Pj /) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2P, /2 transition following photodissociation at 450 nm. The
Fourier moments are colour coded, Cy (black), Cs (green), Cy (yellow), Cg (grey).
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Figure 4.27: Cl(*P3,) ion images, Fourier moments (——) and fits (- - -) for linear
geometries using the 2Dy /2 transition following photodissociation at 450 nm. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey).
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Figure 4.28: Cl(*Pj/5) ion images, Fourier moments (—) and fits (- - -) for
circular geometries using the 2P /2 transition (top) and the 2Dy /2 transition (bot-
tom) following photodissociation at 450 nm. The Fourier moments are colour
coded, Cy (black), Cy (green), Cy (yellow), Cg (grey).
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Figure 4.29: CI(*P3/,) ion images, Fourier moments (——) and fits (- - -) for cir-
cular geometries using the 2P /2 transition following photodissociation at 470 nm.
The Fourier moments are colour coded, Cy (black), Ca (green), Cy (yellow), Cg

(grey).
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Figure 4.30: C1(2P3/2) ion images, Fourier moments (—) and fits (- - -) for cir-
cular geometries using the 2D5 /2 transition following photodissociation at 470 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).

4.3.2 Discussion

As discussed in Section 1.3 angular momentum polarisation effects can be observed
through the differences between ion images collected with the same pump laser
polarisation but different probe polarisation. Following photodissociation at 355 nm
a single feature is observed in the ion images corresponding to production of the
ground state product channel, C1(*P3/5) + Cl(*P3/5). The alignment can clearly
be seen here by comparison of the isotropic VV geometry with that obtained in
a VH geometry, which for the *P;, REMPI transition has more intensity at the
‘sides’ of the image, see Figure 4.3. For the *Dj/, transition, more intensity is seen
at the top and bottom of the image, see Figure 4.4. The reason for this effect is
due to the linestrength parameters, P,, having opposite signs for the two REMPI
transitions, as detailed in Tables 3.4 and 3.5. The electronic orientation can also
be clearly seen by inspection of the RL and RR geometries collected via the Py
transition. For the 2Dj /2 transition, which is less sensitive to the orientation, much

smaller differences are observed. It should also be noted that, due to the hyperfine
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Figure 4.31: Speed distributions, P(vp), for the Cl(*Pj3/5) fragments returned
from the fits to the experimental Fourier moments. Data shown for wavelengths
355 — 470 nm.

depolarisation, the experimentally observed alignment will be implicity less than the
orientation (K = 1) since the alignment (K = 2) is more depolarised by coupling to
the nuclear spin, g = 0.5 vs ¢ = 0.27 [52], as detailed in Section 3.5.

The speed distributions returned from the fits to the experimental data are
shown in Figure 4.31. At short wavelengths, 355 nm, only one feature is seen in the
ion images, which corresponds to the formation of CI(*Pj3s) 4+ C1(*P3/2). As the
wavelength increases multiple features arise, corresponding to dissociation in both
the Cl(*P3/2) + C1(*P3/2) and Cl(*P3/) + CI*(*Py/2) product channels. Further-
more, additional signal from the photodissociation of vibrationally excited parent
molecules, v = 1, is observed for both product channels, with these results discussed

in Section 4.5. At two of the shorter wavelengths, 376 nm and 384 nm, the angu-
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lar distributions and polarisation data for the weak excited state product channel
could not be reliably extracted from the experimental data. For these wavelengths
the ground and excited state product channels are incompletely resolved in the ion

images with the intensity dominated by signal arising from the photodissociation

into Cl(2P3/2) + Cl(2P3/2)

CI*(*Py/5)/C1(*P3/2) branching ratio and 3

The CI*(*Py/2)/Cl(*P3/2) branching ratio has been defined previously as [51]

ocrx
cr/Cl= ————-, 4.1
/ ocr + 20q (41)

where oc; and o¢ represent the sum of the partial cross sections relevant to the
ground and excited state product channels, respectively. The factor of two in the
denominator arises since two C1(*Pj32) atoms are formed in the ground state channel
whereas only one is formed in the excited state channel. The experimental data, as
determined from the intensities of the different features seen in the ion images, is
shown in Figure 4.32(a) along with the results of the recent theoretical work [50].
Excellent agreement is seen with the previous experimental data from Samartzis et
al. [148] and the theoretical calculation [50]. The excited state product channel,
Cl(*P3/2) + CI*(*Py2), is shown to become important at wavelengths > 370 nm, and
dominates the absorption beyond 400 nm.

Also shown in Figure 4.32 are the spatial anisotropy parameters, [, for dissoci-
ation into the two product channels. The measured 3 parameters for the excited
state product channel decrease from a close to limiting parallel transition, § = 1.98,
at long wavelengths to 1.82 at 355 nm, reflecting the mixed nature of the transition
in this region. Reassuringly, the 3 values obtained from measurements of both the
Cl(*P3/2) and CI*(*Py ,) fragments, at the same wavelength, lie within experimental
error of one another. For this channel, measurements made here, Figure 4.32(b),
agree quite well with those previously made by Samartzis et al. [145]. However,

there seems to be a discrepancy in wavelength between the experimental values and
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Figure 4.32: (a) CI*(*Py3)/Cl(*P3/5) branching ratio determined from the-
oretical work (——) [50] and compared with experimental data (circles) and the
previous results of Samartzis et al. (squares) [148]. (b) Spatial anisotropy param-
eter, (3, determined from theoretical work (——) for both product channels [50].
Values returned from fits to experimental data represented by circles. Open and
crossed circles refer to the Cl(?Ps /2) and CI*(?P, /2) results, respectively. Pre-
vious measurements by Samartzis et al. [148] and Ritchie and co-workers [156]
represented by solid and open squares, respectively.

theory. This is perhaps surprising since theory seems to reproduce the branching
ratio, CI*(*Py/2)/C1(*P32), very well. Interestingly, the § parameter determined
experimentally reaches a maximum limiting value near 400 nm then decreases some-
what, giving 8 ~ 1.8 at 450 nm, confirmed by measurements of both the C1(*P3s)
and CI*(*Py),) fragments, see Figure 4.32(b). By 470nm the spatial anisotropy
parameter again approaches the limiting value for a pure parallel transition. The
possible reasons for these discrepancies between experiment and theory are discussed
in Section 4.7 with a view to future work. For the ground state product channel
the experimental data is consistent with a wavelength independent 3 = —1. The
low values of 3 measured here imply a low rotational temperature of the molecular
beam < 10 K.

At long wavelengths the dissociation to give excited state products is believed
to arise following an adiabatic dissociation on the B 3H0$ state potential, resulting
in § = 2. As one moves to shorter wavelengths, however, the excited state channel

develops perpendicular character and a sharp reduction in [ is seen. Since more
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Figure 4.33: Incoherent (a) and coherent (b) K = 2 alignment parameters
for the C1(*P3/5) + C1(*Pj/2) channel returned from fits to the C1(*P35) Fourier
moments. Experimental data represented by open circles and compared to the
recent quantum calculation (——) [50]. Previous measurements by Brouard and co-
workers at 308 nm (solid circles) [61], Zare and co-workers at 320 nm (squares) [78],
Ritchie and co-workers from 320 to 350 nm (solid triangles) [156], and Bracker et
al. at 355nm (open triangles) [63] also shown.

than one ) = 1 state correlates with this channel, measurements of [ alone are
unable to unravel the subtle mechanism resulting in the formation of these products.
Likewise, measurements for the ground state product channel, where 3 = —1 across
the absorption band, are unable to distinguish which of the {2 = 1 symmetry states

are ultimately responsible for dissociation.

C1(*P3,2) alignment in the C1(*P3/,) + Cl1(*P3/2) channel

The incoherent alignment parameters s and sy returned from the fits to the data
are shown in Figure 4.33(a) and compared to the theoretical calculation [50]. The
theory predicts that s = 2as at all dissociation wavelengths, as expected for a
purely perpendicular dissociation channel. The experimental data appear to be in
good agreement with the theory with respect to both the signs and magnitude of
these parameters. Furthermore, the data is in good accord with the previously
reported measurements by Brouard and co-workers at 308 nm [61], Zare and co-

workers at 320nm [78], Ritchie and co-workers from 320 to 350 nm [156], and the
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studies at 355nm [63, 79].

At short wavelengths, A < 360 nm, the values of the incoherent parameters are
near limiting. For an adiabatic dissociation process the incoherent alignment can
be predicted by inspection of the expansion coefficients of the molecular wavefunc-
tion in the atomic basis at long range [93,105,110]. These expansion coefficients,
in this case computed by consideration of the long range quadrupole-quadrupole in-
teraction, have been given by Alexander [113]. For the C' 'TI;, state, the molecular

wavelunction can be written as

. rese |3 1\[3 1
\I]Clqnlu(r,R) _— ‘§,§>’§7§>7 (42)

with the long range expansion coefficient given by

TC e = 1 (4.3)

As discussed in Section 2.3.2, the expansion coefficients can be used to calculate the
asymptotic polarisation in the axial recoil limit. For adiabatic dissociation on the
C'111,, state potential, the molecular frame polarisation is predicted to be a limiting
a(()2)(J_) = —0.8, which transformed to the lab frame gives sy = —0.16 and ay =
—0.08. In the short wavelength region, A < 360 nm, theory gives sy = —0.14 and
as = —0.07, which is broadly consistent with the picture of adiabatic dissociation via
the C''1I;, state. Following the incoherent excitation of an 2 = 1 or —1 component
of the C 11, state, only dissociation on the same substate leads to non-zero values of
the dynamical function f»(1, 1), giving rise to the parameters s, and s [62, 63, 141].

The reduction in magnitude of these incoherent parameters even in this short
wavelength region, however, indicates the involvement of another state. Inspection of
Figure 4.33(b) shows that theory predicts the coherent alignment parameter s to be
zero at all dissociation wavelengths, as expected if there is no parallel component to
the channel. The parameter 7y, however, which is related to the f(1, —1) dynamical

function is predicted to be important, even in the short wavelength region. As
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Figure 4.34: Only possible mechanism for non-adiabatic transition leading to
non-zero fo(1,—1). Note that a similar mechanism can be drawn with the non-
adiabatic transfer taking place from the C 'II, Q = —1 substate. This mecha-
nism, however, would be associated with the fo(—1,1) dynamical function which
is related to fao(1, —1) by symmetry [92]. Adapted from Ref [62].

discussed by Bracker et al. it turns out that this parameter can only arise following
a non-adiabatic transition from the C'!II;, state to the A3II, state, which must
occur in the long range region of the potentials where the energy separation between
the adiabatic curves is small [63, 66, 141].

There are several possibilities for dissociation following coherent excitation of
the = +1 substates of the C 'II,, state, both of which being equally populated
from the initial excitation step. The molecule may dissociate via the same substates,
via a coherent superposition of A3y, = 41 or via a coherent superposition of
the C''11;, Q = +1 and A3Il;, Q = F1 substates, with the latter the only mecha-
nism for production of non-zero 7, [62]. This mechanism is shown schematically in
Figure 4.34, with interference between the two pathways responsible for the varia-
tion in 75 as a function of wavelength. As the dissociation wavelength increases the
magnitudes of the incoherent parameters s, and as decrease, which can be taken
to mean a rise in the relative importance of the non-adiabatic transition to the
A3Il,, state, as outlined above. As discussed by Brouard and co-workers, at longer
wavelengths the optical transition to the C 'II;, state would occur to less repulsive
parts of the potential, see Figure 4.1, resulting in progressively slower timescales
associated with the dissociation, facilitating the non-adiabatic transition [61]. The

experimental data for the 7y parameter seem to be in reasonable accord with the
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quantum calculation with, barring a discrepancy in the position, the change in sign
observed as the wavelength is increased. In addition, the 355 nm measurements are
in good agreement with the previously reported values by Bracker et al. [63].

More surprisingly, however, are the experimental measurements of small but non-
zero values of the 7, parameter, which is related to the f»(1,0) dynamical function, at
several dissociation wavelengths. A very small but non-zero value of this parameter
has previously been reported by Brouard and co-workers following photodissociation
at 308 nm [61]. The implications for appearance of the v, parameter are that a
parallel, {2 = 0, state is somehow involved in the dissociation mechanism. An Q =0
state may be involved in the dissociation either through Coriolis (A2 = +1) coupling
of the C Iy, state with an Q = 0 state or more directly by optical excitation from
the ground state. Given that the experimental § parameters are so close to limiting,
any parallel component to the excitation process must necessarily be very small. It
is interesting to note, however, that consideration of the extremum values of the v,

parameter, which for J = % are given by [84]

AT = 40.16 (4.4)

(L+H)2-p)]"
2 )
show that even for a spatial anisotropy parameter 5 of —0.9, the magnitude of the

parameter 7y, can be as high as ~ 0.06. The implications of these measurements are

discussed in more detail below with regards to the electronic orientation.

C1(*P3/2) orientation in the CI1(*P3/,) + C1(*P3/3) channel

Strong orientation has been observed for the C1(*Pj3/3) + C1(*Pj3/2) channel, clearly
visible in the raw ion images recorded using circularly polarised pump and probe
radiation. Theory predicts that both low order, K = 1, and high order, K = 3,
orientation are important in this channel, however, only the low order orientation
has been reported previously.

The incoherent orientation parameters, oy and ag, are shown in Figure 4.35.
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Figure 4.35: Incoherent K = 1 and 3 orientation parameters for the C1(2P3 /2) +
C1(*P3/5) channel returned from fits to the Cl(ng/g) Fourier moments. Exper-
imental data represented by open circles and compared to the recent quantum
calculation (——) [50], and previous measurements by Zare and co-workers (trian-
gles) [142].

a is seen to be wavelength independent, taking a value of ~ 0.13, with excellent
agreement seen between experiment and theory. The value of a; ~ 0.13 can be
understood since incoherent excitation to, and adiabatic dissociation on both of the
potentials believed to be important in this channel, A°3Il;, and C'II;,, would be
expected to give a; = 0.13 based on long range interactions [113]. Unfortunately,
however, this means that measurements of the «; parameter, like those for the
spatial anisotropy parameter, are rather insensitive to the non-adiabatic dynamics
occurring in this product channel.

The parameter asz, however, does show some wavelength dependence. In fact the
a3 parameter shows a similar wavelength dependence to the incoherent alignment
parameters so and as. In the case of alignment the reduction in magnitude of these
incoherent parameters as the wavelength increases was taken to be indicative of the
importance of non-adiabatic effects. For the incoherent orientation parameter, as,
the same reasoning must be applied. The short wavelength measurements of as

seem to be in good agreement with the quantum calculation [50], and the reduction



Cl, Photodissociation 102

06d cip,)+cCIP.)

3/2 3/2

-0.6
250 300 350 400 450
Wavelength / nm

Figure 4.36: Coherent 73 orientation parameter for the Cl(*Py/5) + C1(*Py5)
channel returned from fits to the C1(2P5 /2) Fourier moments. Experimental data
represented by open circles and compared to the recent quantum calculation

(—) [50].

in magnitude with increasing wavelength is also seen experimentally.

The coherent parameter 73, related to the f3(1,—1) dynamical function, is pre-
dicted to be non-zero. Non-zero values of this parameter, like 75, indicate interfer-
ence between the C 1, state and A 3II;, state dissociation pathways. As mentioned
previously the non-adiabatic transition between these two states becomes increas-
ingly important in the long wavelength region of the spectrum, which is reflected in
the wavelength dependence of 73, as shown in Figure 4.36.

Theory predicts that the coherent parameters g and v should be zero since, as
discussed previously, the channel is believed to be fully perpendicular in character.
The experimental data detailed in Table 4.6, however, indicate non-zero v 5 param-
eters. The manifestation of these parameters can be seen in differences between
images recorded in 45L and 45R geometries. As discussed above with regards to the
alignment of the ground state product channel, these coherent parameters indicate
the involvement of some €2 = 0 component in the dissociation channel. In particular

there are two mechanisms that could give rise to such coherent parameters

e Spin-orbit coupling of the ground state to higher triplet gerade states allowing a
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necessarily weak optical transition to take place to the 2 = 0 states correlating

with the ground state product channel, see Figure 4.2.

e Coriolis coupling (AQ = £1) between one of the ungerade 2 = 1 states with

the ungerade 2 = 0 potential correlating with the ground state channel.

The first such mechanism, in which a spin-forbidden transition takes place to either
the 3I1,(0;") or the higher energy 3%+ (0;) state, perhaps weakly allowed wvia spin-
orbit coupling between the ground state and triplet states of gerade character, is
similar to the mechanism which gives rise to the excitation of the B3H0i state,
important in the excited state product channel. It should be noted that the excited
*11,(0;) and *X7(0;) states, with the second derived from excitation of the 5o,
bonding molecular orbital, were not included in the recent dynamics calculation [50].
The absence of these states should not, however, affect the results of the recent
calculation since there are no electronic transition moments associated with these
states [51]. The second mechanism which could give rise to a non-zero parallel
component in the dissociation is coupling of Q2 = 41 and €2 = 0 states due to
rotation of the nuclear framework, termed Coriolis coupling. It is interesting to note
that Coriolis couplings of the C''IT;, and/or A®Ily, states with the B®II; state,
important in the excited channel dissociation, were found to be negligible for parent

rotational temperatures as high as 300 K [139, 142].

Cl(*P3/,) alignment in the C1(*P;,;) + C1*(*P;/;) channel

The excited state product channel makes a significant contribution to the photodis-
sociation at wavelengths > 370 nm, as shown in Figure 4.32(a). At long wavelengths
the theoretical calculation predicts that limiting values are taken by the incoherent
alignment parameters, s; = —0.16 and oy = 0.16, with zero contributions arising
from coherent processes, as shown in Fig 4.37(a). These values, as well as indicat-
ing a pure parallel transition (since sy = —ay), are predictable based on the long
range expansion coefficients assuming a fully adiabatic dissociation takes place on

the B 3H0; state potential. In the long wavelength region the experimental results
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Figure 4.37: Incoherent (a) and coherent (b) K = 2 alignment parameters for
the CI(*P3/5) + CI*(*Py5) channel returned from fits to the CI(*P3/5) Fourier
moments. Experimental data represented by open circles and compared to the
recent quantum calculation (——) [50]. Previous measurements by Zare and co-
workers (squares) [78] also shown.

are consistent with this picture, and in good agreement with the previously reported
values by Zare and co-workers [78] and Samartzis et al. [148].

At around 400 nm the magnitudes of these incoherent parameters are reduced,
indicating that the dissociation can no longer be described as a purely adiabatic
process taking place on the B 3H03 state potential. Zare and co-workers [78] have
previously given a mechanism for the dissociation into this channel based on elec-
tronic orientation measurements of the co-fragment, CI*(*P;5). Their mechanism
involves C' 11, state excitation followed by a non-adiabatic transition to the (3)3X7,
state, with some additional contribution arising following a further non-adiabatic
transition to the (4)3A,, state.

The molecular wavefunctions in the atomic basis for the three states can be

written as
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Inspection of the long range coefficients enables prediction of the atomic alignment,

a(()2), based on adiabatic dissociation on each of the above states. For the B®IIy;

state a(()2) = —0.8, giving s, = —0.16 and ay = 0.16 in the lab frame as mentioned

S

N | =

R—o0 1 [ 31
Vapa,,(t,R) — 7§_§7§>

above. For the (3)3%] state a\” = 0.8, giving s» = 0.16 and as = 0.08, while for the
(4)3A1, state a?) = —0.8. This value is the same as for the B*11y; state, however,
in this case s, = —0.16 and oy = —0.08 since this state would be associated with a
perpendicular rather than parallel transition.

The experimental results show a decrease in the magnitude of the parameters
for wavelengths < 400 nm, as mentioned above. The trends in the experimental and
theoretical data are therefore consistent, based on the above adiabatic polarisation
arguments, with the picture of non-adiabatic transfer from the C''II;, to (3)3%],
state as being the dominant mechanism for production of C1(*P3/) + CI*(*Py2) in
the short wavelength region.

The coherent parameters v, and 7, are also predicted to be important in the short
wavelength region, as shown in Figure 4.37(b). The non-zero values taken by the
parameter v, which is related to the f»(1,0) dynamical function, are consistent with
an interference between the B *II; and (3)*X7,/(4)> Ay, state dissociation pathways.
The manifestation of 72, on the other hand, is consistent with interference between
the (3)3%],, and (4)3A;, states. The present study is the first to observe coherent
alignment effects for this dissociation channel. The experimental measurements of
the electronic alignment for this channel are in reasonable accord with the theoretical

calculation and support the mechanism given by Zare and co-workers [78].
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Figure 4.38: Incoherent K = 1 and 3 orientation parameters for the C1(?P5 /2) +
CI*(*Py ) channel returned from fits to the C1(*P3/5) Fourier moments. Exper-
imental data represented by open circles and compared to the recent quantum
calculation (—) [50].

Cl(*P;/,) orientation in the CI(*P3,;) + CI*(*P;,2) channel

The incoherent orientation parameters a; and as for the excited state state product
channel are shown in Figure 4.38 along with theoretical values for comparison. At
long wavelengths, > 400nm, there is no orientation. In this region, as discussed
above with respect to the electronic alignment of Cl(*P3/5) in this channel, the
dissociation can be viewed as proceeding adiabatically on the B 3H0¢ state potential.
Since a pure parallel transition results in zero orientation within the framework of
the axial recoil approximation [92] this result is understood.

Moving to shorter wavelengths both a4 and a3 are seen to take non-zero values,
with theory predicting a positive a; and a small, negative 3. In this region, the spa-
tial anisotropy parameter, 3, decreases indicating a perpendicular state is involved
in the dissociation. The positive value of a; ~ 0.3 reached at ~ 330nm implies
a molecular frame orientation of a(()l)(J_) ~ 0.6. By inspection of the long range
expansion coefficients, the dominant €2 = 1 contribution to the dissociation channel
must therefore come from the (3)3%], state, which is in agreement with the findings

of Zare and co-workers [78] and Yabushita et al. [151] and with the above discussion
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Figure 4.39: Coherent vx (a) and vy (b) K =1 and 3 orientation parameters
for the C1(*P39) + CI*(*Py /) channel returned from fits to the C1(*P3/,) Fourier
moments. Experimental data represented by open circles and compared to the
recent quantum calculation (——) [50].

regarding the electronic alignment for this dissociation channel. The value predicted
by theory, a(()l)(J_) ~ 0.6, is somewhat less than the limiting aél)(L) = 0.78 expected
for adiabatic dissociation on the (3)3%], state potential [113]. Since in this short
wavelength region the spatial anisotropy parameter, 5 = —1, another {2 = 1 state
must make a contribution to the dissociation. The only other {2 = 1 state corre-
lating with this dissociation channel is the (4)>A;, state which, in the adiabatic
limit, gives a much smaller a(()l)(J_) of 0.26. The incoherent orientation parameters
are therefore consistent with an additional non-adiabatic transition to the (4)3Ay,
state, as first described by Zare and co-workers [78].

For this dissociation channel, as opposed to the ground state channel, coherent
orientation parameters are predicted to arise as a result of interference between
parallel, AQ) = 0, and perpendicular, AQ) = +1, dissociation pathways. Non-zero
values are found at shorter wavelengths, where the § parameter decreases from its
limiting value of 2, as shown in Figure 4.39. At the wavelengths studied here, the
orientation of the C1(*P3,) fragment only just begins to be important. Nevertheless,
non-zero values of the coherent orientation parameters are seen, for the first time,

in the shorter wavelength measurements.
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The spatial anisotropy parameters, (3, and angular momentum alignment and
orientation parameters for dissociation to both the ground and excited state product
channels reported following measurements of the C1(*P3/5) fragment are summarised

in Tables 4.5 and 4.6.

Wavelength / nm

Parameter 389 398 420 450 470
3 1.85(12)  1.94(7) 1.87(6) 1.84(5) 1.99(5)
52 -0.12(2)  -0.13(3) -0.12(3) -0.13(4) -0.17(3)
as 0.09(3)  0.11(4) 0.11(3) 0.13(3) 0.16(4)
T -0.04(4)  -0.11(4) -0.03(3) 0.01(3) 0.08(8)
T 0.01(2)  0.03(4) 0.01(2) 0.00(3) 0.00(3)
a 0.03(1) -0.00(2) 0.01(2) -0.01(1) -
" -0.08(4)  -0.13(7) -0.13(4) -0.04(2) -
o -0.02(6)  -0.18(8) -0.09(3) - -
as -0.10(9)  0.00(0) -0.00(0) 0.02(1) -
s -0.35(23)  0.13(5) -0.06(2) 0.03(5) -
% -0.16(14)  0.04(3)  0.07(2) - -
s -0.35(22)  0.19(19)  0.01(1) - -

Table 4.5: Spatial anisotropy and angular momentum polarisation parameters
for the C1(2P4 /2) fragments from the excited state product channel returned from
the fits to experimental data. Errors (1) in the last digit(s) are given in paren-
thesis.
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Figure 4.40: CI*(*P,)y) ion images, Fourier moments (——) and fits (- - -) for
linear geometries using the ?Ps /2 transition following photodissociation at 355 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).

4.4 The CI*(°P, ) fragment

4.4.1 Experimental results

Following photodissociation of Cly at 355, 376, 389, 398, and 450 nm, pump-probe
images of the CI*(?Py o) fragment were collected using the (2+1) REMPI transition
via the *Py)y state at 236.4nm. This (24+1) REMPI transition was chosen as it is
sensitive to the K = 1 orientation. Images were collected using a variety of pump-
probe geometries using both linearly and circularly polarised pump and probe laser
radiation. For a particular photolysis wavelength, the Fourier moments extracted
from all pump-probe geometries were fit globally. For data collected at 398 and
450 nm only geometries using linearly polarised radiation were collected. For these
wavelengths only the spatial anisotropy parameter, (3, is presented. The ion images,
Fourier moments and fits to the data are shown in Figures 4.40 to 4.47, in order of

increasing photolysis wavelength.
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Figure 4.41: CI*(°Py ) ion images, Fourier moments (——) and fits (- - -) for cir-
cular geometries using the 2P; /2 transition following photodissociation at 355 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.42: CI*(*Py)y) ion images, Fourier moments (—) and fits (- - -) for
linear geometries using the Py /2 transition following photodissociation at 376 nm.
The Fourier moments are colour coded, Cy (black), Co (green), Cy (yellow), Cg

(grey).
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Figure 4.43: Cl*(QPl/Q) ion images, Fourier moments (—) and fits (- - -) for cir-
cular geometries using the 2Pj /2 transition following photodissociation at 376 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.44: CI*(*P; ;) ion images, Fourier moments (—) and fits (- - -) for
linear geometries using the 2Py /2 transition following photodissociation at 389 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.45: Cl*(QPl/Q) ion images, Fourier moments (—) and fits (- - -) for cir-
cular geometries using the 2Pj /2 transition following photodissociation at 389 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.46: Cl*(*P; ;) ion images, Fourier moments (—) and fits (- - -) for
linear geometries using the 2Py /2 transition following photodissociation at 398 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).
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Figure 4.47: CI*(*P, ) ion images, Fourier moments (——) and fits (- - -) for
linear geometries using the ?Ps /2 transition following photodissociation at 450 nm.
The Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg

(grey).

4.4.2 Discussion

Following photodissociation at wavelengths below 450 nm only one feature is ob-
served in the CI*(*Py2) ion images corresponding to dissociation into the C1(*P3s)
+ CI*(*Py2) channel. At 450 nm two features are seen in the ion images correspond-
ing to dissociation into the Cl1(*P3/) + CI*(*Py/5) channel following excitation of
Cly v = 0 and v = 1. The spatial anisotropy parameters, (3, returned from the fits
to the experimental Fourier moments are presented in Figure 4.32 and have been
discussed previously, in Section 4.3.2, with respect to measurements made on the
Cl(*P3/2) co-fragment.

At the wavelengths used here the CI*(*Py/) photofragment is somewhat less
interesting than the ground state Cl(*Pjs/2) fragment. At the longer wavelengths
probed only the spatial anisotropy parameter was determined since in this region
the excited state channel predominantly arises following adiabatic dissociation on
the B 3H03 state potential. For a purely parallel transition no orientation of the elec-

tronic angular momentum is possible and since J = % for this fragment there cannot
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be alignment. At two of the shorter wavelengths, however, low order orientation was
observed.

Following photodissociation at 355 nm and 376 nm, small but non-zero values of
the coherent 7] parameters are found for the CI*(*Py2) fragment. This parameter
arises following quantum mechanical interference between the B®Ily+ and (3)°%],
state pathways giving rise to the excited state product channel. 7 is related to the
molecular frame Im[agl)(H, 1)] parameter, as detailed in Table 2.1. This molecular
frame parameter has been modelled theoretically by Yabushita et al. [151] using the
Youngs double slit method to estimate the phase difference, A¢, between the par-
allel, B®II+ state, and perpendicular, (3)°X, state, dissociation pathways. Using

the model, the Im[agl)(H, 1)] parameter could be expressed as [151]

Im[a{" (||, L)] \/(1 +3) (1 - §> sin(Ag). (4.6)

The Im[a{" (||, 1)] parameter for the BCI*(?Py /2) and *"CI*(?Py ) fragments, as cal-
culated by Yabushita et al. [151] using Equation (4.6) is shown in Figure 4.48. Also
shown are the previous results from Zare and co-workers [149], and recent measure-
ments from Ritchie and co-workers [156], for both the 3CI*(2Py ) and *"C1*(*Py /o)
fragments. The Im[a{"(||, L)] parameter calculated by Yabushita et al. [151] is
in qualitative agreement with the previous results for both isotopes by Zare and
co-workers, and the recent results from Ritchie and co-workers [156], correctly pre-
dicting the phase shift due to the different de Broglie wavelengths associated with
the 3CI*(*Py2) and *"CI*(*Py ) fragments. The results for the shorter wavelength
measurements made here show the same trend as the previous experimental work.
Results from the recent theoretical calculation [50] show the same oscillatory struc-
ture but appear somewhat shifted in wavelength relative to the experimental results
made here and the previously reported values by Zare and co-workers [149]. This
discrepancy in wavelength is perhaps unsurprising given the differences in the theo-

retical and experimental 3 parameters, as discussed in Section 4.3.2. A wavelength
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Figure 4.48: Im[agl)(H,J_)] parameter for the CI¥*(*Py/y) fragments in the
C1(*P3/5) 4+ CI*(*Py ) product channel. The solid black line represents the recent
theoretical work [50]. The solid green line shows a shift of 20 nm to shorter wave-
lengths (see text for details). Experimental data returned from fits to Fourier mo-
ments represented by circles. Also shown is the Im[agl)(H, 1)] parameter reported
from the theoretical work by Yabushita et al. for 35C1*(2P1/2) (black dashed)
and 37CI*(?P, /2) (red dashed) fragments. Previous measurements by Zare and
co-workers [149] and Ritchie and co-workers [156] represented by triangles and
squares, respectively, for 3>CI*(?Py j5) (black) and *"CI*(*Py 5) (red).

shift of 20nm is required to the brings the experimental and theoretical g param-
eters into better agreement, see Figure 4.32, and a similar shift here improves the
agreement between the experimental and theoretical work. Table 4.7 summaries the
spatial anisotropy and angular momentum orientation parameters returned from the
fits to the experimental Fourier moments for the CI*(*P; 5) fragments.

Unlike the orientation parameters, ax and g, which may arise following pho-
todissociation using circularly polarised light and result from the helicity of the
dissociation photon, the orientation parameter +,, and therefore Im[al" (||, L)], is
produced following photodissociation using linearly polarised light and is related to
the alignment of the photolysis photon [84]. Using a classical description of two
orthogonal oscillations Zare and co-workers provided an instructive discussion on
the manifestation of such electronic orientation following photolysis using linearly
polarised light [149]. Following a parallel transition the transition dipole moment os-

cillates along the bond axis, whereas following a perpendicular transition the dipole
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Wavelength / nm

Parameter 355 376 389 398 450
B 1.82(5)  1.95(4) 2.00(4) 1.98(6) 1.80(5)
o -0.02(2) -0.00(2) - - .
M -0.21(16) -0.07(7) - - .
" 0.05(4)  0.01(4) - - .

Table 4.7: Spatial anisotropy and angular momentum polarisation parameters
for the CI*(2P, /2) fragments from the excited state product channel returned
from the fits to experimental data. Errors (1o) in the last digit(s) are given in
parenthesis.

oscillates back and forth perpendicular to this axis. When a mixed transition is
excited, composed of both parallel and perpendicular transitions, both the parallel
and perpendicular oscillations take place with a fixed initial phase relationship. The
parallel and perpendicular components sample different potential energy curves as
the internuclear separation increases, which gives rise to a phase shift in the par-
allel and perpendicular motions. Both transitions ultimately converge to the same
asymptotic photofragment product channel with result that the overall phase differ-
ence gives rise to a helicity in the electronic charge distribution [149]. Measurements
of such helicity, and therefore phase difference, provide a very sensitive test of the

potentials sampled on route to dissociation.

4.5 Photodissociation of Cl, (v =1)

The photodissociation of vibrationally excited Cly, (v = 1) has been investigated
both theoretically and experimentally. In this section theoretical results from time-
dependent wavepacket calculations performed on a set of ab initio potentials [51]

are presented. Additionally, experimental results are presented for dissociation into
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both the ground and excited state product channels. The v = 1 results are compared

to those obtained for the dissociation of vibrational ground state molecules.

4.5.1 Theoretical details

Using the methodology set out in Section 2.4.1 time-dependent wavepacket calcula-
tions have been performed on the set of ab initio potentials calculated by Buenker
and co-workers [51]. The calculations presented here are an extension of the work
by Johnsen et al. [50] to vibrationally excited Cly molecules. Similar detailed calcu-
lations, in which all angular momentum polarisation parameters are determined,
have previously only been performed for the photodissociation of the hydrogen

halides [95,101,102]. As for Ref [50], the calculation was performed on a set of

State Adiabatic correlation

,(2,)  Cl(®P3)s) + CI(*P3)s)
ATL,(1,)  ClL(3P3)s) + CI(*P3)s)
CL,(1,)  CI(*P3/2) + CI(*P3/s)

3AL(34) Cl(*P3/2) + CI1(*P32)

B*1L,(0})  Cl(*P3/2) + CI*(*Py2)
u5(1,)  Cl(*Psj2) + CI*(*Py)0)
*Au(2,)  Cl(*Pgsp2) + CI*(*Py2)

*A,(1,)  Cl(*Ps/2) + CI*(*Py)0)

U5(1,)  CI¥(*Pyjs) + CI*(*Py)9)

Table 4.8: Ungerade electronic states of the Cls molecule correlating with two
2p; fragments included in the dynamics calculations. Hunds case (c) labels are
given in parenthesis.
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Figure 4.49: Relevant diabatic (left) and adiabatic (right) potentials for elec-
tronically excited states [51] included in the dynamics calculation.

10 ab initio potential energy curves [51]. The potentials included in the calcula-
tion, in both the diabatic and adiabatic representations, are shown in Figure 4.49
and listed in Table 4.8. Constant (R independent) values of the ab initio transition
dipole moments [51] in the adiabatic representation were used in the calculation, as
listed in Table 4.9. As discussed in Section 2.4.1, the wavepackets were propagated
using the Chebychev method for the time evolution operator exp{—iHt/h} [117)].
Damping of the wavepackets was performed by using a complex absorbing potential.

The details of all parameters used to perform the dynamical calculation are provided

in Table 4.10.

State  TDM / Debye

ABTL, 0.021
B3Iy 0.060
C 'y, 0.347
(3)3%t, 0.010

Table 4.9: Ab initio transition dipole moments (TDM) [51] used in the dynamics
calculation.
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Parameter Value
Total propagation time / fs 32768
Time step /fs 0.5
No. of grid points 2048
Grid spacing / Bohr 0.0075
Grid range / Bohr 3.2-18.5
Analysis distance / Bohr 15.0

Start of damping potential /Bohr 15.5
Damping parameter / Bohr 0.0594

No. of Chebychev polynomials 14

Table 4.10: Parameters used in the dynamics calculation.

4.5.2 Results

Partial Cross Sections

The partial cross sections for all states correlating with the C1(*Ps/2) + C1(*Pj/2) and
Cl(*P3/2) + CI*(*Py2) channels, calculated from the square of the 7' matrix elements
returned from the dynamics calculation, are shown in Figure 4.50. Superimposed
on the same plot are the partial cross sections following the photodissociation of Cl,
(v = 0) as calculated by Johnsen et al. [50]. The partial cross sections give the
probability the photofragment will be found in a specific adiabatic state following
photodissociation and Figure 4.51(a) and (b) show the cross sections relevant for

dissociation into the ground and excited state product channels, respectively.
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Figure 4.50: Partial cross sections for all states included in full v = 1 calculation
(—) compared with the v = 0 results (- - -) [50].

The same states significant for the dissociation of Cly (v = 0) are found to be
important in the dissociation of v = 1 molecules. The partial cross sections them-
selves and the wavelengths at which they become important change significantly,
however, compared to v = 0. Most strikingly, as a consequence of the reflection
principle discussed in Section 1.2.2, the partial cross sections for all states possess a
node following dissociation from v = 1. The node appears since the dissociation is a
direct process and the shape of the partial cross sections are mostly determined from
the nuclear wavefunction of the ground electronic state. In this direct dissociation
process the shape of the partial cross sections ultimately comes from a reflection of
the square of the v = 1 nuclear wavefunction. As such, the cross sections for the
v = 1 calculation possess a minimum near the position of the maximum in the v = 0
cross sections.

For dissociation to the ground state product channel only the C''1I;, and A3II,,

states are important. The partial cross sections for these two states, Figure 4.51(a),
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Figure 4.51: (a) Partial cross sections for states correlating with the ground
state product channel. (b) Close up of partial cross sections for states correlating
with the excited state product channel. v = 1 (——) results compared to v = 0

)

possess a node at around 340nm. Furthermore, the cross section for the C 11y,
state is seen to be significant at much longer (and shorter) wavelengths compared
to the dissociation from v = 0, which has implications for the branching into the
two product channels. For the excited state product channel the B°Il:, (3)°%7,
and (4)3A, states are important, with population in the latter two arising following
photoexcitation to the C' 1y, state. Since dissociation on the (3)3%], and (4)3A4,
state potentials comes following a non-adiabatic transition from the C!II;, state,
the node in the partial cross sections appear at the same wavelength as that for the
O '11,,, state. The partial cross section for the B 31_103 state, shown in Figure 4.51(b),
extends to much longer wavelengths than that for v = 0 dissociation. Interestingly,
the partial cross sections for the (3)3%], and (4)3A,, states are somewhat different
in shape to those for all other states. In particular, for these two states larger
cross sections are seen on the short wavelength side of the node whereas for all
other states the opposite is true, illustrating the increasing importance of the non-

adiabatic transition from the C''IIy, to (3)33], state at shorter wavelengths.
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Figure 4.52: Ratio of partial cross sections for v = 0 and v = 1 calculations,
oy=1/0v=0 (black), and experimental (v =1)/(v = 0) ratio (red) determined from
intensities of the v = 1 and v = 0 signals in the ion images. Simulations based
on vibrational temperatures of 150, 200 and 298 K. Data shown in (a) and (b)
correspond to the ground and excited state product channels, respectively.

Vibrational ‘temperature’ of the molecular beam

Surprisingly large signal levels identified as arising from the photodissociation of Cl,
(v = 1) have been observed experimentally. Attempts have therefore been made to
assign the likely vibrational temperature associated with the molecular beam us-
ing a combination of both experiment and theory. The partial cross sections, or
rather, the sum of the partial cross sections relevant to the dissociation into the
ground and excited state product channels have been determined from both the
v = 0 and v = 1 calculations. Using the ratio of these two quantities, o,—1/0,—0,
with the o, weighted by the vibrational populations, therefore allows simulation of
this characteristic of the molecular beam. The experimental (v = 1)/(v = 0) ratio
was calculated using the intensity of the relevant features in the experimental ion
images. Reassuringly, the ratio of the theoretical partial cross sections, o,-1/0,—o,
was found to qualitatively follow the wavelength dependent behaviour observed ex-
perimentally. In particular, a ‘vibrational temperature’ of 298 K appeared to model
the experimental data reasonably well, as shown in Figure 4.52.

The simulations suggest that there is little or no cooling of the vibrational de-

gree of freedom in the molecular beam. As discussed in Section 4.3.2, in relation
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to the near limiting spatial anisotropy parameters, 3, observed for the ground state
product channel, the rotational degrees of freedom are cooled efficiently, with the
experimental data consistent with low rotational temperatures, < 10 K. In general,
cooling of the rotational degrees of freedom is much more efficient than for vibra-
tions in supersonic molecular beams. Aside from hydrogen, which has a very large
rotational constant, the rotational energy of the molecules in a molecular beam is
equilibrated within ~ tens of collisions and the energy removed from rotation con-
verted to translational energy along the propagation direction of the beam [157].
For vibrations of energy > kg7 it may take an order of magnitude more collisions
for the vibrational energy to be equilibrated and the cooling of these in a molecular

beam can therefore be very inefficient [157].

CI*(*Py/5)/C1(*P3/2) branching ratio and 3 parameter

Figure 4.53(a) displays the theoretical C1*(*Py5)/C1(*P3,5) branching ratio, as de-
fined in Equation (4.1), for the v = 1 calculation. Also shown are the previously
reported theoretical values for the photodissociation of Cly (v = 0) [50]. The excited
state product channel becomes significant at much longer wavelengths, ~ 420 nm,
relative to the dissociation from v = 0 where CI*(*Py/y) starts to increase near
370nm. Furthermore, the slope of CI*(*Py/5)/CI(*P3/2) is much steeper for the
v = 1 species, reflecting the gradients of the partial cross sections for the C 11y,
and B BHOI states in the region 420 — 440 nm, and ultimately gives rise to relatively
more excited state products in the long wavelength region. The sharp spike in the
branching ratio near 340 nm can be understood in terms of the nodes in the partial
cross sections correlating with the ground state product channel, see Figure 4.51.
At 340 nm the partial cross sections for both the C 'II;,, and A?®Il,, states are zero
and only the B®IIy; state contributes to the dissociation. Since the B°II; state
is associated with the excited state product channel a sharp peak is observed in
the CI*(*Py/2)/C1(*P3/2) branching ratio. Reassuringly, as with the v = 0 data, the

experimental measurements appear to be in good agreement with the theoretically
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Figure 4.53: (a) Branching ratio, Cl*(QPl/Q)/Cl(2P3/2), for v =1 (—) and
v =0 (---). (b) Spatial anisotropy parameter, 3, for v =1 (—) and v = 0
(- - -). Experimental data represented by open circles.

predicted branching ratio.

The spatial anisotropy parameter, 3, for both dissociation channels is shown in
Figure 4.53(b). Like the dissociation of Cly (v = 0), the angular distribution of
the ground state product channel is seen to be wavelength independent and char-
acterised by § = —1. Experimental measurements for this dissociation channel at
all wavelengths are in good accord with the theory, all within error of the predicted
limiting value. For the excited state product channel the 3 parameter is wavelength
dependent, reaching a limiting parallel transition value at long wavelengths, similar
to the dissociation of Cly (v = 0). Near 400nm the [ parameter for this channel
suddenly drops from a limiting +2 to —1. At this wavelength a node appears in the
partial cross section for the B 31_[03 state, Figure 4.51, with the only non-zero con-
tributions to the dissociation channel arising from the (3)*%], and (4)3A;, states.
Both of these {2 = 1 states arise following a perpendicular transition to the C''II;,,
state which therefore results in a 3 of —1 at this wavelength. Moving to shorter
wavelengths 3 increases quickly reaching positive values, reflecting the relative im-
portance of the B*Il s, (3)°Y], and (4)*Ay, states, again reaching a limiting value
of 42 at 340nm. At this wavelength, as mentioned above with regards to the spin-

orbit branching ratio, a node appears in the partial cross section for the C 'II;,, state
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and thus for both the (3)*%] and (4)3A, states, and only the parallel character
B 31_[03 state makes a contribution to the dissociation. Beyond 340 nm, the 3 pa-
rameter declines sharply to —1 as the short wavelength wing of the B 3H0¢ state
partial cross section decreases to zero.

Given the low CI*(*Py/,)/Cl(*P3/) branching ratio at wavelengths > 420 nm,
dissociation of Cly (v = 1) into the excited state product channel was only observed
experimentally at two wavelengths, both in the long wavelength tail of the absorp-
tion. The experimental data at 470 nm is in good agreement with the theoretical
value of +2 with the value determined for dissociation at 450 nm slightly smaller at

1.82, but in agreement with the results for v = 0.

Cl(*P3/,) alignment in the C1(*P;,;) + C1*(*P;/;) channel

At wavelengths > 420 nm the dissociation into the excited state product channel
can be viewed as an adiabatic process taking place on the B 3H0$ state potential.
In this region the theoretical spatial anisotropy parameter 3 = 2 and only non-zero
incoherent polarisation parameters are expected. The values of sy and as, —0.16
and 0.16, respectively, are consistent with this picture and zero contributions are
found to arise from coherent processes. The experimental data in this region are in
excellent agreement with theory.

Moving to shorter wavelengths the magnitudes of both s, and as decrease sharply
reaching a minimum near 400nm. As mentioned previously with regards to the
CI*(*Py/2)/C1(*P35) branching and ( parameter, a node appears in the partial cross
section for the B 3H03 state near this wavelength. In the region 340 — 400 nm the
incoherent parameters follow the same trend as a function of wavelength as seen for
the spatial anisotropy parameter, Figure 4.53(b), reflecting the relative importance
of the B*Il s, (3)°%], and (4)*Ay, states to the dissociation in this region. Both
parallel-perpendicular and perpendicular-perpendicular coherent parameters show
oscillatory structure in this region, resulting from interferences between the different

routes taken to the dissociation channel.
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Figure 4.54: Incoherent (a) and coherent (b) K = 2 alignment parameters for
v=1(—)and v =0 (- - -) dissociation into the excited state product channel.
Experimental data returned from fits to C1(?P5 /2) Fourier moments represented
by open circles.

At 340 nm the node in the (3)33], and (4)3A,, state partial cross sections means
the dissociation occurs adiabatically on the B ?’Hozr state potential and so sy and
as reach limiting values. The coherent parameters v, and 7y both go to zero at
this wavelength, as shown in Figure 4.54(b), illustrating the adiabatic nature of the
process. Below 300nm contributions to the dissociation channel from the B?’HOI
state are very small and the coherent 7, parameter approaches zero. Here only
the perpendicular (3)3X], and (4)3A,, states are involved and so sy = 2ay, with

non-zero values of 7y also predicted.

C1(*P;/,) polarisation in the CI(*P3,;) + CI(*P3/3) channel

The K = 2 alignment for the ground state product channel is shown in Figure 4.55.
Similar to the dissociation of Cly (v = 0), at short wavelengths the dissociation may
be viewed as a mostly adiabatic process taking place on the C 'II;, state potential.
Below 325 nm the incoherent parameter s, is close to the limiting value of —0.16,
with so = 2as, as expected following adiabatic dissociation on the perpendicular
C '11,,, state potential. The sharp structure seen at 340 nm is a consequence of the

node in the partial cross section for the C 'II;, state. Interestingly, the incoherent
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Figure 4.55: Incoherent (a) and coherent (b) K = 2 alignment parameters for
v=1(—) and v =0 (- - -) dissociation into the ground state product channel.
Experimental data returned from fits to C1(?Py /2) Fourier moments represented
by open circles.

parameters sy and as appear symmetrical for ~ 75nm either side of the node at
340 nm, reflecting the double structure in the partial cross sections, Figure 4.51.
Around 425nm the incoherent parameters decrease in magnitude. This reduction
takes place at much longer wavelengths than that seen for Cly (v = 0). The decrease
in magnitude of the incoherent parameters for v = 0 was understood to reflect the
increasing importance of the non-adiabatic pathway to the dissociation. For v = 1
the decrease of sy and as to 0 occurs much more rapidly than the gradual decrease
seen for v = 0. The experimental measurements of these parameters are in excellent
agreement with the theoretical values.

Similar to Cly (v = 0) theory predicts no parallel Q@ = 0 state is involved in
the dissociation into the ground state product channel and therefore v, = 0. The
ny parameter, which arises from interference between the C''II;, and A3II,, state
pathways, shows similar short wavelength behaviour to that following v = 0 dissoci-
ation. The change in sign of this parameter, however, occurs at longer wavelengths
than observed for v = 0, reflecting the differences in the importance of the C I, to
A3T1,, state non-adiabatic transition as discussed above with respect to the incoher-

ent alignment parameters. The experimental data seems to be in reasonable accord
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Figure 4.56: Incoherent K = 1 and 3 orientation parameters for v =1 (——) and
v = 0 (- - -) dissociation into the ground state product channel. Experimental
data returned from fits to C1(>Py /2) Fourier moments represented by open circles.

with theory, although in less good agreement than for the incoherent parameters.
Both K =1 and K = 3 incoherent orientation have been measured experimen-
tally for dissociation into Cl(*P32) + C1(*P3/5), as shown in Figure 4.56. The oy
parameter is wavelength independent since only the C 'II;, and A3II,, states are
involved in the dissociation, as discussed in Section 4.3.2 with regards to the ori-
entation for dissociation of v = 0. The a3 parameter, however, like the incoherent
alignment parameters is symmetrical about the node at 340 nm, reflecting the sym-
metry of the partial cross sections. At longer wavelengths this parameter decreases
in magnitude as a result of the increasing importance of the non-adiabatic effects.
Table 4.11 summarises the angular and angular momentum polarisation data

returned from the fits to the C1(*P3/,) Fourier moments.

4.6 Summary

The photodissociation of molecular chlorine has been investigated at a range of ener-
gies from close to the peak in the absorption spectrum, 355 nm, out to the long wave-

length region, 470 nm. Experimentally, the velocity map ion imaging technique has
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been used to probe the speed, angular and angular momentum distributions of the
resulting atomic fragments. Both C1(*Pj/2) and CI*(*P j5) species have been probed
with the electronic alignment and orientation of both the C1(*Pj3/2) + C1(*P3/2) and
Cl(*P3/2) + CI*(*Py2) product channels investigated.

The experimental results presented here have been compared to the recent time
dependent wavepacket calculations [50] performed on a set of high level ab initio
potentials [152]. The calculations provide the first prediction of all angular momen-
tum polarisation information amenable to the Cl; system. From this detailed study
high order, K = 3, polarisation was predicted to be important for the C1(2P3/2)
photofragments. The current work provides the first experimental measurements of
such orientation moments. In general good agreement was found between experi-
ment and theory, and the previous experimental measurements, with any discrep-
ancies discussed in Section 4.7 with a view to future work.

The data presented here generally support the previously made assertions
regarding the subtle mechanisms by which the Cl, molecule dissociates. The
Cl(*P3/2) + Cl(*P3/2) product channel dominates the short wavelength region with
excitation to and adiabatic dissociation on the C'!II;, state potential giving rise
to the majority of the products. As the wavelength increases a significant non-
adiabatic transition from the C'II;, to A3Il,, state takes place, with the effects
of this encoded in both the experimental and theoretical polarisation parameters.
At the other end of the absorption spectrum the CI(*Pj/5) + CI*(*Py/5) channel
dominates with excitation to and adiabatic dissociation occurring on the B 3H0$
state potential. At shorter wavelengths perpendicular components to the dissocia-
tion channel become important. In particular, a non-adiabatic transition from the
C' I, to (3)*%], state takes place and results in the C1(*P35) + C1*(*Py 2) channel
developing purely perpendicular character. Moreover, an additional transition takes
place to the (4)2A, state giving rise to coherent polarisation resulting from two
perpendicular electronic transitions. Where the B*II s+, (3)°XY, and (4)°Ay, state

dissociation pathways overlap, significant interference effects result.
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Furthermore, both experimental and theoretical work has been presented re-
garding the photodissociation of vibrationally excited Cl,. Although the electronic
states involved in the photodissociation of Cly (v = 1) were found to be the same
as for Cly (v = 0), significant differences were found regarding the observables. The
differences were discussed in terms of the partial cross sections for dissociation into
the two product channels. Good agreement was found between the experimental
measurements, the first presented for v = 1, and the theoretical calculations. Us-
ing a combination of both theory and experiment it was discovered that negligible

cooling of the vibrational degree of freedom takes place in the molecular beam.

4.7 Future work

The results presented here point to several possibilities regarding future experimen-
tal and theoretical work. Although in good general agreement with theory, the
experimental polarisation data for dissociation into the ground state product chan-
nel carry the fingerprints of a parallel, 2 = 0, state. No such state has previously
been discussed, and could only arise through two mechanisms. Either a direct exci-
tation could take place to one of the two €2 = 0 states correlating with the product
channel or a Coriolis type coupling, AQ2 = +1, could give rise to population in one
of these states as the dissociation proceeds. The second mechanism could be investi-
gated relatively easily by monitoring the dissociation as a function of the rotational
temperature of the molecular beam.

Another slight discrepancy with theory was found at 450 nm, where the mea-
sured spatial anisotropy seemed to be somewhat smaller than the limiting values
predicted by theory. It would be useful to know whether this measurement reflected
the experimental conditions at this particular wavelength, namely the rotational
temperature of the molecular beam, or the underlying dissociation dynamics, since
this would have strong implications for the underlying mechanism, currently under-
stood to be adiabatic dissociation on the B 3H0$ state potential. A disagreement

between experiment and theory was found regarding the position at which the spa-
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tial anisotropy parameter, 3, starts to decrease from its limiting value of +2 in the
excited state product channel. While the theory appears to predict correctly both
the CI*(*Py2)/Cl(*P32) branching ratio and the shape of the experimentally ob-
served decrease in 3, the wavelength at which this takes place is shifted somewhat.
Further electronic structure studies would therefore be useful in order to understand
this effect.

Regarding the photodissociation of vibrationally excited Cl; it would be interest-
ing to investigate the dynamics at shorter wavelengths than probed here. In particu-
lar; it would useful to study the region around 340 nm where a node appears in both
partial cross sections of the states correlating with the C1(*P3/5) 4+ C1(*P3/2) product
channel. At this wavelength a sharp peak in the CI*(*Py/2)/Cl(*P3/2) branching
ratio is expected as all molecules dissociate to the excited state product channel.
Measurements in this region would prove a stringent test of the current ab initio
potentials.

In the present study, the coherences describing the correlations between photofrag-
ments in different M; levels have been investigated. By using femtosecond tech-
niques, however, it may be possible to probe coherences between the CI(*P ) spin-
orbit states of the photofragments in future experimental studies. Further possi-
bilities for new experiments on this system include the investigation of electronic
polarisation effects following the photodissociation of a coherently prepared sample
of Cly in v = 0 and v = 1. In addition, the current theoretical treatment of po-
larisation effects in photodissociation deals with the case in which only one of the
photofragments is detected. It may be possible, however, to use ion imaging tech-
niques to probe the electronic polarisation of the two fragments born in coincidence.
In a system such as Cly, in which determination of all 7" matrix elements through
the detection of only one fragment is possible, this may not reveal new information.
However, in a general sense, the detection of both fragments atomic polarisation

could reveal fascinating new information on molecular photodissociation.



Chapter 5

Photodissociation of CS; : the S('D,)

channel

In this chapter experimental results on the photodissociation of CS, at several wave-
lengths are presented. The results come from two sets of experiments, the first cor-
responding to dissociation at 193.3nm, and the second regarding the state-to-state
dissociation at lower energies close to the S(*Dy) channel threshold. Whereas the
results at 193.3nm follow electronic excitation above the barrier to linearity in the
(!By)' S state, the state-to-state results are relevant to excitation below this en-
ergetic barrier. In this region the structured features in the absorption spectrum
correspond to vibronic transitions taking place to the combined bending and sym-
metric stretching levels in the excited state. Given the low bending frequency of
ground state CSs, transitions also take place starting from excited bending levels in
the ground electronic state, giving rise to rich absorption structure. In this chapter
the results of experiments following excitation of different features in the absorp-
tion spectrum are compared and contrasted. Comparisons are also drawn with the

photodissociation of the isovalent molecule OCS.

134
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Figure 5.1: 300 K ultraviolet absorption spectrum of CSs, corresponding to the
'By('2f) « X' transition. The barrier to linearity in the 'By('X) state is
located near 204 nm, as indicated by the arrow. Adapted from Ref [168].

5.1 Background

Extensive spectroscopic literature dating back to the 1960s exists on the ultraviolet
absorption of CSy in the region 43,000 — 54,000 cm~! [158-167], corresponding to the
transition from the linear ...(r,)* X 'S ground state to the ...(m,)* (77)! 133 (1 By)
excited state in a fully allowed parallel (AQ = 0) transition. The intense absorp-
tion band is shown in Figure 5.1. Analysis of the absorption spectra show that
the equilibrium geometry of the excited electronic state changes at higher energies,
~ 49,000 cm ™!, from bent to linear nuclear configurations, with these two regions
of the '3 (1 By) potential separated by an energetic barrier to linearity [158,165].
Above the barrier to linearity the spectrum appears to consist of a series of bands

separated by ~ 410cm™!, consistent with progressions in the near degenerate sym-

metric stretching and bending modes of the excited state, v; and vy, respectively, and
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in the bending mode of the ground state, 4. Unfortunately, however, the features
in the absorption spectrum are not well described using a simple harmonic picture.
Furthermore, since the three modes are near degenerate, vy ~ vy ~ v/ ~ 400cm™!,
and of the same symmetry species in the Cy, point group, at energies below the
barrier (< 204nm) this leads to a highly complicated, perturbed and irregularly
spaced absorption spectrum.

The low energy region of the absorption spectrum lies close to the energetic
threshold for dissociation into the CS(X'XT) + S(*D,) product channel, where
the CS,; molecule may be described as a near-prolate symmetric top allowing the
quantum number K to be used [159]. K represents the projection of total (electronic
+ vibrational, [A + {]) angular momentum on the figure axis, also referred to as the
a-axis. For the linear ground state, the electronic angular momentum, A = 0, so that
K" =1". For a parallel type transition the selection rule AK = K’ — K” = 0 [169]
means that the projection quantum number K’ must be equal to the vibrational
angular momentum in the ground electronic state, K’ = [”. Absorption bands are
labelled with the greek letters 3, II, A etc. for transitions arising from K" (= 1) =
0,1 and 2 levels. Vibrational angular momentum may arise due to excitation of
a degenerate vibrational mode [169], which for linear CS, restricts the source of
this angular momentum to the bending mode, v/J. The manifestation of vibrational
angular momentum, [, in the case of a triatomic may be intuitively visualised by
superimposing the two degenerate, perpendicular, bending motions with a certain
phase shift, as illustrated in Figure 5.2. As shown, the nuclei will move around the
axis in a circular motion giving rise to an angular momentum about the figure axis.

The 137 (1 By) state is predissociative, and there are two energetically accessible
product channels following excitation with the wavelengths used here, leading to

sulfur atoms of singlet and triplet spin multiplicity

CSy + hy — CS(X'E1) + S('Dy) (5.1)
CS2 + hy — CS(X12+) + S(3P271,0) . (52)
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Figure 5.2: Schematic illustration of the source of vibrational angular momen-
tum in a triatomic molecule. The two degenerate bending modes are represented
by the solid and dashed arrows. Adapted from Ref [169].

In both cases, the CS co-fragment is formed in its electronic ground state, X (*X7).
The majority of work on CS, dissociation has been carried out at 193.3 nm, however,
there have also been a few studies where the excitation has taken place below the

barrier to linearity. The previous work is summarised in the following sections.

Previous work below the barrier

Hepburn and co-workers performed a detailed photodissociation study at wave-
lengths across the absorption band from 198 — 214nm [170,171]. Their study was
carried out by dissociating a jet cooled sample of CSy seeded in He using a tune-
able dye laser system with detection of the S('Dy) and S(*Py) photofragments using
laser induced fluorescence (LIF). The resulting photofragment excitation (PHOFEX)
spectra showed drastic differences depending on whether the S(*D5) or S(3P ;) atomic
species were probed. In particular, the major products following excitation of 3
bands were found to be S(®Py) species, with the S(*P3)/S(*Dy) branching ratio
of 1.96 £ 0.17 at higher energies (198 nm) in good agreement with previous work
at 193.3nm [172]. Relative to excitation of a 3 band, significantly more S('Dy)
photofragments were observed when a Il band was excited. Furthermore, analysis

of their PHOFEX spectra indicated much shorter lifetimes associated with these
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hot bands [170,171]. The overall picture led to the description of a mode specific
dissociation, with K enhancing both the dissociation rate and the S('Ds)/S(*P3)
electronic branching ratio [170,171]. Based on some preliminary ab initio work,
Hepburn and co-workers suggested a mechanism for producing S(*D,) atoms [171]
involving photoexcitation to the 'Y (1 By) state, followed by crossing to a purely re-
pulsive state of 'II, symmetry. As the molecule bends, the 'II, state splits into a ' Ay
+ 1B, Renner-Teller pair in Cy, geometries, and an avoided crossing results between
the photo-excited !B, state and the !B, component derived from the IT state. The
overall picture was therefore of a conical intersection between these two states [171],
and passage through this conical intersection could then allow predissociation into
CS(X'2T) + S(*Dy). The recent ab initio calculations by Bisgaard et al. are in
agreement with this picture and point to an additional conical intersection with
a 1A, state further along the dissociation co-ordinate [173]. The !By components
derived from the > and II states are shown in Figure 5.3. Until recently, no infor-
mation was available about the states giving rise to triplet products, although one
expects spin-orbit coupling of the ! (! By) excited state with triplet states of 3, or
II, symmetry to give rise to these products. The schematic potential energy curves
by Townsend et al. are qualitatively in agreement with this picture [174]. Slices
through the ab initio potentials calculated by Stolow and co-workers are shown in
Figure 5.4 including the repulsive ®II, state [173].

In their laser induced fluorescence (LIF) study Liou et al. investigated the disso-
ciation following excitation at 210 nm. The authors reported a lifetime of 4.4 ps for
the level accessed at 210nm and observed the CS(X!'X") fragments in vibrational
levels up to v = 6, with the higher vibrational levels necessarily arising from disso-
cation to the triplet channel [175]. In a later study, Liou et al. used the stimulated
emission pumping (SEP) technique to prepare specific rotational levels in the excited
state. In this study, also concerning the band at 210 nm, comparisons were made
between the dissociation process initiated from the vibrationless ground state (0,0,0)

with that from a highly vibrationally excited ground state (3,18,0). The predissoci-
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Figure 5.3: Ab initio ' By potentials derived from the excited ¥ and II states as
a function of asymmetric stretching co-ordinate and bending angle, see text for
details. The other CS bond length is fixed at 1.55 A. Adapted from Ref [173].

ation was found to be twice as fast for the photodissociation of vibrationally excited
ground state molecules, relative to dissociation following excitation of (0,0,0) [176].

By using a heated supersonic nozzle, Chen et al. were able to investigate the
effects of hot band excitation on the dissociation in the region 210 — 216 nm [177].
Predissociation lifetimes and S('D3)/S(*P2) branching ratios were determined from
photofragment excitation (PHOFEX) and laser induced fluorescence (LIF) spectra.
The use of a heated nozzle allowed bands with up to K = 2 to be observed for
the upper vibrational states accessed. Chen et al. reported a strong dependence of
both the lifetime and branching ratios on the quantum number K. In particular
they found that the lifetimes decreased and S(!D)/S(*Py) branching ratio increased
with increasing K [177]. The authors concluded that predissociation of CS, giving
rise to the S('Dy) channel occurs through more bent nuclear geometries than that
for the S(*P;) channel [177].

In a more recent ion imaging study, Lin and co-workers recorded (1+1) REMPI
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Figure 5.4: Slices, at linearity, through the potentials relevant to S(!Dz) channel
dissociation as a function of asymmetric stretching co-ordinate. Adapted from
Ref [173].

spectra of jet cooled CSy [178]. The (1+1) REMPI process consists of excitation to
the 'S (1 By) state followed by a one-photon ionisation, with the spectra generated
in this manner therefore similar to true absorption spectra. Analysis of their (1+1)
REMPI spectra gave rise to excited state lifetimes in the range 0.3 — 3 ps, in accord
with previous lifetime measurements [171,179, 180]. The authors also recorded ion
images of both the CS and S fragments at two dissociation wavelengths, 210.25 nm
and 212.54 nm, which were assigned as the (1,3,0) « (0,1%,0) and (2,0,0) « (0,0,0)
transitions, respectively. Although the authors did not use a state selective detection
method they reported values of the anisotropy parameter, 3, of ~ 0.8 for the S(*P )
channel at both dissociation wavelengths and values of ~ 1.3 and ~ 1.1 for 210.25
and 212.54 nm dissociation to the S(*Dy) channel, respectively. Analysis of the CS,
(14+1) REMPI spectrum revealed lifetimes of 1.5 + 0.3 and 2.7 £ 0.4 ps following

excitation at 210.25 nm and 212.54nm, respectively [178].
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Previous work above the barrier

Absorption at 193.3nm excites close to a peak in the absorption spectrum that is
believed to belong to a progression in the combined symmetric stretching and bend-
ing modes of the quasi-linear molecule [158,166]. Photodissociation at the argon
fluoride excimer wavelength has been the subject of numerous experimental studies
using a variety of different techniques. Unfortunately, despite the attention paid
to the dissociation at 193.3 nm, considerable disagreement remains in the literature
regarding many of the experimental observables. Branching ratios for production
of ground and excited state sulfur atoms, S(®P;)/S('Dy), have been reported to
range from as low as 0.25 to as high as 6.0 [23,172,174,181-185], although the
more recent ion imaging studies suggest values of 1.5 £ 0.4 and 1.6 4 0.3 [186, 187].
These values are somewhat smaller than the previously accepted branching ratio of
2.8 +0.3 measured by Waller and Hepburn [172], which was in good agreement with
the results of two time of flight mass spectrometry (TOF MS) studies [188, 189].
For the singlet channel the CS(X'¥™) products can be formed in vibrational levels
up to vmax = 5, while for the triplet channel they can be vibrationally excited up
to vmax = 13, and, broadly speaking, there is consensus regarding the energy parti-
tioning in the two channels. For the singlet channel, several studies have reported
the distribution among CS vibrational levels to reach maxima around v = 2 [186]
or v = 3 [172,181,188,189]. For the triplet channel, S(*P;) kinetic energy dis-
tributions are found to be broader and much less structured than for the singlet
channel, implying maxima in the CS co-fragment vibrational populations in the
range 7 < v < 10 [172,181,188,189]. Some limited data concerning the rotational
distributions of CS(X'X") is also available and is discussed in Section 5.3.1 with
respect to the experimentally determined S(!D,) speed distribution.

Angular distributions of the S('Dy) and S(*P;) atomic products formed at
193.3nm have also been reported in several studies, although there is some de-
gree of disagreement in these measurements. For the singlet channel, the reported

values of the spatial anisotropy parameter, (3, range from 0.2, corresponding to an
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almost isotropic angular distribution, to an almost limiting value of ~ 2, while for
the triplet channel the reported values range from 0.2 to 1 [172,174, 186,187, 190].
Where the 3 parameter has been used to infer the lifetime, this disagreement has
inevitably led to uncertainty in this property, with reported values ranging from
0.6 — 2.0 ps. Direct measurements of the lifetimes near 200 nm suggest that the dis-
sociation is associated with a shorter timescale, approaching 180 fs at 194nm [191].
The more recent time resolved photoelectron spectroscopy studies of Stolow and
co-workers, also at wavelengths around 200 nm, support these shorter dissociation
lifetimes [173,174], and in the first of these papers Townsend et al. highlight the dis-
crepancies in the lifetime obtained from observations of the translational anisotropy,
3, alone [174]. Several authors have previously noted the incompatibility between
the direct measurements of the lifetime and those determined indirectly based on

estimates of # [171, 186].

5.2 Results for dissociation at 193.3 nm

5.2.1 Ion images and fits

Two REMPI transitions were used to collect ion images in several pump-probe
geometries, giving a total of 14 experimental images. The summed and processed ion
images obtained using the 'F3 «-!'D, and 3P; «!D; (24+1) REMPI transitions are
shown in Figures 5.5 to 5.8. The Fourier moments (coefficients) and the simultaneous

global fit to all the experimental moments are shown alongside the images.

5.3 Discussion

5.3.1 Speed distribution

The speed distribution, P(vp), returned from the global fit, shown in Figure 5.9(a),

contains information about the internal energy distribution of the diatomic co-
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Figure 5.5: Ion images (false colour), Fourier moments (—), and fits (- - -) for
the S(!Dg) atomic products probed via the 'F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), and Cg (grey).
Data shown for photolysis at 193.3 nm.

Figure 5.6: Ion images (false colour), Fourier moments (—), and fits (- - -) for
the S(ng) atomic products probed via the 'F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), and Cg (grey).
Data shown for photolysis at 193.3 nm.
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Figure 5.7: Ton images (false colour), Fourier moments (—), and fits (- - -) for
the S(!Dg) atomic products probed via the 3P; intermediate state. The Fourier
moments are colour coded, Cy (black), Co (green), Cy (yellow), and Cg (grey).
Data shown for photolysis at 193.3 nm.
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Figure 5.8: Ton images (false colour), Fourier moments (—), and fits (- - -) for
the S(!Dg) atomic products probed via the 3Py intermediate state. The Fourier
moments are colour coded, Cy (black), Co (green), Cy (yellow), and Cg (grey).
Data shown for photolysis at 193.3 nm.



Photodissociation of CS, : the S(*Dy) channel 145

(2) (b)
2
T T T T
4 3 2 1
~[ ~1t
Ny =
T a
=1 0

500 1000 1500

v,/ms’
(©) (d)
— 1
RS — T
2 ey el
g “0
0 300 1500 500 1000 1500
v,/ms’ v,/ms’

Figure 5.9: Speed distribution (a) and speed dependence of the spatial
anisotropy (b) for the S(*Dy) products returned from the fit to the experimental
data. The speed distribution and translational anisotropy shown in (a) and (b)
are superimposed on the results obtained by Kitsopoulos et al. [186] in (c) and

(d).

fragment CS(v, J) that accompanies the S('Dy) atomic products. The distribution
peaks around v = 2 or 3, in good agreement with previous work at this wave-
length [172,181, 182,186, 188,189,192]. The speed distribution determined in the
present work is also superimposed on that obtained in the slice imaging study of
Kitsopoulos and co-workers [186] in Figure 5.9(c), and demonstrates the excellent
agreement between the two studies.

As discussed in the introduction, speed (or kinetic energy) distributions from
the 193.3 nm photolysis of CS, have been reported widely in the literature [172, 181,
182,186-189,192]. Through laser induced fluorescence (LIF) and TOF MS mea-
surements, Yang et al. estimated the CS(v, J) distribution to peak at v = 3 [181],
with this conclusion broadly echoed in several later studies [172, 182,188,189, 193].
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Although the authors did not analyse the rotational distributions in detail, it was
noted that there appeared to be little dependence on vibrational state, assigning an
average rotational energy of ~ 1225cm™! for v = 4 [181]. A later photofragment
translational spectroscopy study by Frey and Felder, with a much improved energy
resolution, revealed structure that appeared to represent well defined vibrational
features, particularly at translational energies below the onset of S(*Dy) produc-
tion [190]. Subsequent LIF measurements by Butler et al. indicated the rotational
distributions for each of the CS vibrational levels to be bimodal [192]. Similar find-
ings were presented later by McCrary et al. [182], and since both studies involved
the detection of diatomic fragments formed in coincidence with both S(*Dg) and
S(®P), it was suggested that the bimodality may reflect differences in the potential
energy surfaces (PESs) that give rise to the singlet and triplet atomic products [182].

Through simulations of the speed distribution obtained from the universal de-
tection of both the S('Dy) and S(®P;) atomic products, Suits and co-workers esti-
mate that the vibrational distribution of the CS fragments reaches a maximum at
v = 3 [188]. In the same simulation, average rotational energies of between 525 and
875 cm ™! were suggested for each of the vibrational levels [188]. In their recent slice
imaging study, Kitsopoulos et al. assigned the maximum in the P(vp) distribution
to either the v = 2 or v = 3 vibrational level of the co-fragment [186]. It was ar-
gued that assignment of the maximum to v = 2 implied high rotational excitation
(J ~ 30) for v = 0 to 2, and lower rotational excitation (J ~ 20) for the higher
vibrational levels (v = 3 to 5) [186].

A more recent ion imaging study by Jackson and co-workers reported a bimodal
kinetic energy distribution with peaks in P(Er) below 350 cm™" and 2798 cm™! [187].
These findings, however, have not been supported by any of the previous studies,
nor by the present work. Jackson and co-workers emphasise the potential influences
of multi-photon effects on results recorded using focussed 193.3 nm radiation [187].
However, in the present study the photolysis source was focussed ~ 5 cm beyond the

laser-interaction region. In addition, the laser power was sufficiently low, via use of
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a neutral density filter, such that no CS™ ions were observed on the TOF spectrum
during S(*D5) image acquisition.

Simulations of the experimentally measured kinetic energy release distribution
have been carried out with the aim of gaining a more quantitative estimate of the
degree of vibrational and rotational excitation of the diatomic co-fragment. The sim-
ulations assume a Gaussian envelope in rotational population in level .J, with these
rotational distributions transformed into the velocity space of the recoiling S(*Dy)
atom. Each rotational envelope was then used as a basis function and, after convolu-
tion with a detection sensitivity function, fit to the experimental distribution using
a genetic algorithm routine similar to that described in Section 3.5.5. Figure 5.10
shows the best fit to the experimental kinetic energy distribution, and includes the
rotational envelopes for each of the CS vibrational levels. The vibrational popula-
tions derived from this fit were P(v =0:1:2:3:4) =0.18 : 0.17: 0.32 : 0.15 : 0.18.
Apart from the extra population in v = 0, the distribution agrees well with previous
work [181]. The slight excess population in v = 0 may be due to the photodis-
sociation of vibrationally excited parent molecules in the molecular beam, which
would result in a shift in the kinetic energy distribution to higher kinetic energies.
The simulations also return estimates for the rotational distributions of each vi-
brational state. These are all found to be quite narrow, with Gaussian widths of
15 — 25 J, and peaks at values in the range 45 to 31 as the vibrational state varies
from v = 0 to v = 4. These values seem to be in reasonable accord with previous
estimates [181, 186, 188|.

It is worth noting that the degree of CS(X!'YT) rotational excitation observed
here is significantly smaller than that observed for the CO(X'¥*) fragments born
in the photodissociation of OCS at 248 nm [194]. Unlike the case of CS,, where ex-
citation at 193.3 nm takes place above the barrier to linearity in the '3 (1 By) state,
photon absorption by OCS at 248 nm is formally forbidden at linear configurations,
which may be one reason for the higher rotational excitation observed for the latter.

Another possibility is that the differences can be described entirely on electronic
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Figure 5.10: S('Dy) kinetic energy release distribution (black) and fit (red) using
a basis of Gaussian population distributions in J for each vibrational state. Also
shown are the fitted vibrational envelopes for v =0 to 4 (- - -).

structure grounds, as discussed by Bersohn and co-workers [195]. For the current
system, highly vibrationally excited diatomic fragments are formed, whereas OCS
dissociation gives rise to CO predominantly in v = 0. In OCS the chromophore, non-
bonding electron, is almost exclusively on the S atom, with the CO bond therefore
not affected by the absorption process. Following the electronic excitation in CSs,
however, both bonds are stretched, since the non-bonding electrons on both S atoms
contribute to the absorption process. Since only one of the CS bonds breaks in the

dissociation process, the diatomic fragment is strongly vibrationally excited [195].

5.3.2 Spatial anisotropy parameter, (3

The speed dependence of the spatial anisotropy is plotted in Figure 5.9(b). It is
mildly structured, with maxima that may correlate with the vibrational levels of
the CS cofragment. The 3 parameter returned from the fit to the experimental data
is positive at all speeds, as expected for a parallel transition, with a speed averaged
value of 3 ~ 0.44. Several previous studies have probed the angular distribution of
products resulting from dissociation at 193.3nm [172, 181,184,186, 187,190]. The

mildly structured [ value observed here, with a speed averaged value of ~ 0.44, is
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in quantitative agreement with the ion-imaging study of Kitsopoulos et al. [186]
(see Figure 5.9(d)), and is also close to the most recent of the molecular beam
TOF MS studies by McGivern et al. [188]. Several previous studies have found
the same trend of increasing [ with increasing translational energy, however, the
structure observed in the present study is most consistent with the recent results
of Kitsopoulos et al. [186]. Both Frey and Felder and Suits and co-workers have
indicated the importance of the expansion conditions on the reported values of
(B [188,190]. Most studies, including the present one, have been carried out in
the inert carrier gas, He, while neat CSy was used in the study by Jackson and
co-workers [187]. Less good agreement is found with the anisotropy parameters
reported in earlier studies by Yang et al. [181], and Waller and Hepburn [172].

In the axial recoil diatomic limit, the angular distribution for a parallel (AQ = 0)
transition gives the spatial anisotropy parameter, 3, a limiting value of 2. The re-
duction in magnitude from limiting values may be due to several factors, including
rotation of the parent molecule prior to dissociation, bending motions during dis-
sociation, and non-axial recoil effects. It is interesting to compare the translational
anisotropy with the larger speed averaged value of ~ 0.78 observed in the photodis-
sociation of OCS at 248nm [194]. As noted in Section 5.3.1 with regards to the
S('Dy) speed distribution, for OCS excitation takes place to a bent excited state in
a transition that is formally forbidden at linear geometries, resulting in CO products
with a large amount of rotational excitation and little vibrational excitation [194]. In
contrast, and as discussed in Section 5.1, the optical transition relevant to 193.3 nm
studies of CS, is formally allowed at linearity, and is believed to excite a quasi-linear
electronic state of the molecule. Further comparisons with OCS, with particular ref-
erence to the excitation schemes in the two systems, are discussed in Section 5.3.3
in relation to S(*Dy) polarisation effects.

Kitsopoulos et al. [186] have pointed out that it is hard to interpret the experi-
mentally determined values of 3 with what is known about the lifetime of the CS,

137 (Y By) state excited around 193.3nm. As noted in Section 5.1, direct lifetime
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measurements at wavelengths as low as 194 nm suggest lifetimes on the order of
180fs. A lifetime of around 500fs, for example, would only reduce (3 for a parallel
transition from +2 to around +1 for a 300 K rotational distribution, and about +1.7
for a 50 K rotational temperature, a conservative estimate of the beam temperature
of the present experiments. Furthermore, assuming the simulations of the speed
distributions are correct, the rotational excitation of the CS(X'YT) fragments are
not high enough to lead to significant non-axial recoil effects, and hence significant
deviation of § from its limiting value. This is in contrast with the case of OCS pho-
todissociation at 248 nm, where the CO rotational excitation for the singlet channel
is so high as to cause significant non-axial recoil [194].

In the recent time-resolved photoelectron study of aligned CS, at 201.2 nm, Bis-
gaard et al. coherently excited a combination of symmetric stretching and bending
levels in the 'S (1 By) state with a femtosecond pulse [173]. In their study, changes
in the character of the excited electronic wavefunction with stretching and bending
of the CS, nuclear framework were used to account for observed oscillatory, time
dependent, changes in the photoelectron angular distribution [173]. In the present
work, carried out using nanosecond lasers, this quantum beat phenomena would not
be observed. In the present case it is better to think of the excited state system as
of mixed 'Y} (*By) —' II,(* By) character at non-linear geometries, with the nature
of the initial mixture dependent on the vibronic band excited. It seems plausible to
assume that knowledge of the precise details of the excitation process, as opposed
to arguments constructed purely by consideration of the lifetime, would allow a full
interpretation of the reduction in § from its limiting value of +2. While it remains
possible that a number of the factors outlined above may play a role in reducing (3
from its limiting value, it is clear that interpreting this behaviour solely in terms of
a lifetime effect is not appropriate in this case. As will be discussed in Section 5.3.3,

this description is consistent with the S(*Dy) electronic polarisation measurements.



Photodissociation of CS, : the S(*Dy) channel 151

0.1 T y " 0.1

s, Op+——=—tta, /hOLJO P e o S S

Ly !

500 1000 1300 O-17360 —Tooo 1500
v,/ms’ v,/ms’

0.1 y y " 0.]

vol 0 NI N
2 T 11 N = T

500 1000 1500 “O-1=3500 1000 1500
v,/ ms’ v,/ms’

Figure 5.11: Speed dependent K = 2 angular momentum alignment parameters
returned from the fits to the data for the S(*D3) products following dissociation
at 193.3 nm.

5.3.3 Angular momentum polarisation

Given the large S(!Ds) polarisation effects observed in the photodisscoation of OCS
at 248nm [194], the S(!D,) fragments in the present study are surprisingly found
to be completely unpolarised, as shown in Figure 5.11 where the speed dependence
of the low rank K = 2 alignment parameters are plotted. In addition, the speed
averaged values of all laboratory frame polarisation parameters returned from the
fit to the experimental data are listed in Table 5.1. Several factors could contribute
to experimentally observed S('D,) depolarisation. As with the 3 parameter, the
magnitude of some of the laboratory frame polarisation parameters can be reduced
by rotation of the parent molecule prior to dissociation [84,197]. Furthermore,
recent theory by Vasyutinskii and co-workers, applicable to both diatomic and linear
triatomic molecules, indicates that for broad band incoherent excitation in the high
J limit several of the polarisation parameters tend to zero for slow predissociation

with respect to rotation of the parent molecule [84,198]. Specifically, only the even
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Parameter  S('Dy) S(°Py) S(*Py) S(*Py)
s 0.441(23) 0.298(27) 0.358(17) 0.406(23)
82 -0.001(1)  0.007(3)  0.019(4) ;
as 0.001(1)  -0.001(5)  0.033(7) -
T -0.001(4)  -0.009(6) 0.079(17) -
M 0.004(4)  -0.003(4) 0.046(12) -
84 0.001(1)  -0.000(1) - ;
a -0.000(1)  0.000(3) - ]
V4 0.001(1)  0.001(2) - ;
s 0.001(2)  0.001(2) - ]
a 0.003(4)  0.001(2) -0.005(9) -
g 0.015(16) -0.001(2)  0.005(7) -
gl -0.014(15)  0.017(11) 0.018(26) -
a -0.000(3)  0.002(15) - ;
Vs -0.002(11)  0.000(17) - ;
% 0.011(11)  0.000(4) - ;

Table 5.1: Speed averaged polarisation parameters returned from fit to the
S('D3) experimental data following dissociation at 193.3nm. Also shown are
the polarisation parameters for the S(3P ;) products taken from Ref [196]. Errors
(1o) are given in parenthesis and refer to the errors in the final digits reported.

rank parameters s, ag, and ng, and the odd rank moment yx should survive to

give non-zero values [84,198]. However, although these effects could theoretically

contribute to the experimental findings they do not, alone, explain why in the present
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case all the S(*D5) polarisation parameters are zero within experimental error.

The recent ab initio calculations of the excited potential energy surfaces of CSy
by Bisgaard et al. (see Figure 5.3) indicate that motion on the surfaces involved in
the dissociation to S('Dg) + CS(X'3") may be non-trivial, possibly involving two
conical intersections on route to the asymptotic products [173]. Therefore, it seems
plausible to assume that these intersections have some effect on the character of the
dissociating wavefunction, and therefore the observed atomic orbital polarisation
effects. It should be noted, however, that the mechanism for production of S('Ds)
atoms from OCS dissociation at 248nm also involves passage through a conical
intersection, with large S('Ds) polarisation effects observed [199)].

In both CSy and OCS the state(s) accessed via photon absorption are derived
from a single electron m — 7* promotion. However, a possibility for the large differ-
ences in S('Dy) polarisation effects comes from the contrasting excitation pathways
in the two systems. In the case of OCS, as discussed in Section 5.3.1, photon ab-
sorption is formally forbidden at linear nuclear configurations, and the excitation
at 248 nm is believed to predominantly access a state of A’ symmetry with a small
contribution from an A” state (C point group). These are derived from the 'A and
133~ states, respectively, at linearity. This is in contrast to the case of CS,, where
it is the '3 (1 By) state that is accessed. The transition to the corresponding '
state in OCS occurs at shorter wavelengths ~ 153 nm compared to ~ 197nm in
CS;y [163]. A further complication in CS, exists in that the excited state accessed,
137(* By), is heavily mixed with the 'TI, (' By) state at non-linear geometries. Unlike
the X7, A, and X% states discussed above, the 'II, state is derived from o — 7*
promotion.

Consideration must also be given to long range effects between the two recoiling
fragments. In the following, the absence of observable atomic polarisation is dis-
cussed in the light of a long range interaction model [124], which, although approx-
imate, has proved a useful tool in understanding the origin of polarisation effects in

various triatomic systems [59, 124-127,199]. The model [59, 124], see Section 2.4.2,
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Figure 5.12: Predicted long range potentials for the S(*Dy) + CS(X!'XT) chan-
nel based on the (long range) dipole-quadrupole interaction (left). Shown on the
right are the polarisation moments associated with dissociation on each of the five
surfaces, pao (black), p21 (red), and paa (blue). Adapted from Refs [194] and [86].

has been described in detail in a recent review article [86], and considers the case
where the potential in the long range region is determined solely by first order elec-
trostatic interactions between the diatomic and atomic fragments. Cuts through the
long range potential surfaces are generated as a function of Jacobi angle, v, which
then allow calculation of the dependence of the molecular frame photofragment state
multipoles, pkq, describing the orbital polarisation of the system, for evolution on
each of the surfaces. The potentials are evaluated at an arbitrary critical distance,
R., which is not determined by the model after which point the fragments are as-
sumed to lose all contact.

As described in Section 5.1, and similar to the OCS system mentioned above, CS,
predissociates into S(*D5) and the closed shell diatomic CS(X!XT) co-fragment. The
symmetry of the molecular states in the long range region is therefore determined en-
tirely by the orbital occupancy of the atomic fragment. The closed shell CS(X!¥T)
diatomic possesses both a dipole and quadrupole moment, 6.53 x 1073° C m [200] and

—8.3 x 10719 C'm? [201], respectively, whereas the S(*D,) atomic fragment possesses
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Figure 5.13: Predicted long range potentials for the S(*Dy) + CS(X!'XT) chan-
nel based on the (long range) quadrupole-quadrupole interaction (left). Shown
on the right are the polarisation moments associated with dissociation on each of
the five surfaces, pay (black), p21 (red), and pa2 (blue). Adapted from Refs [194]
and [86].

only a quadrupole, 9.9 x 1074 Cm? [202]. Although the dipole-quadrupole inter-
action must dominate at sufficiently large values of R, both the dipole-quadrupole
and the quadrupole-quadrupole interactions might be important in determining the
polarisation of the S-atom in the CS(X'3") + S('Dy) system.

The dipole-quadrupole and quadrupole-quadrupole contributions to the long
range electrostatic potentials are shown in Figures 5.12 and 5.13. The linear SCS
configuration corresponds to v = 0°, while 180° coincides with a linear CSS config-
uration. The relative energy ordering of the states at long range has been chosen to
be consistent with the CO(X'XT) + S('Dy) system, as the signs of both interaction
terms are the same. Evaluated at a large separation of 5 A, the interaction terms
have values of 69.9cm™' and —8.9cm™! for the dipole-quadrupole and quadrupole-
quadrupole, respectively. One important difference between the CS(X*XT) + S(*D5,)
and the CO(X'XT) + S(!Ds) system is that the CS dipole moment is an order of
magnitude larger than that for CO. Therefore, it seems plausible to assume that

the CS(X'X1) + S('D;) dipole-quadrupole interaction might dominate in the long
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range region at which the polarisation of the atom is established. This is in con-
trast to the case of CO(X'S*t) 4 S('Dy) where at 5A the dipole-quadrupole and
quadrupole-quadrupole terms are of similar magnitude, 3.9cm™! and —7.0cm™!,
respectively. The polarisation moments associated with dissociation on each of the
surfaces are shown alongside the potentials in Figures 5.12 and 5.13 and also appear
in Refs [86,106,194]. For example, for the A state shown in Figure 5.12, a positive
value of the moment py is predicted at v = 0° for both the dipole-quadrupole and
quadrupole-quadrupole interactions. This is consistent with a preferential alignment
of J parallel to z since the A state is derived from population in M; = +2 only.
Likewise poo for the X and II states are negative at 0°, indicating alignment of J
perpendicular to z [86]. These states are derived from population in the M; = +1
and 0 levels for II and X2, respectively.

As v increases from 0° the molecular system bends away from linearity, and
this gives rise to mixing between states of the same symmetry species, A’ or A” in
the Cy point group. Avoided crossings necessarily result, and are most evident at
v = 90° in the quadrupole-quadrupole surfaces. Notice that the energy ordering of
the states, see Figure 5.13, and the polarisation moments they give rise to, switch
round between v = 0° and 180° in the case of the dipole-quadrupole interaction.
Recall that, unlike OCS [194], this is likely to be the dominant interaction at long
range for CS,. A crude estimate of the Jacobi angles sampled during the dissociation
process can be made by comparison of the time taken to reach the critical distance,
here taken as 5 A, with the classical period of rotation of the CS molecule. Assuming
that the fragments born at the peak of the speed distribution, corresponding to
around v = 2, J = 37 in CS(X'ET), result from a direct process, the time taken
to reach the critical distance can be estimated to be tgis ~ 2.6 x 107135, assuming
that the relative velocity of the fragments remains constant during the dissociation.
Furthermore, if the CS moiety behaves as a free rotor, the classical period of rotation
is Tyor ~ 5.4 x 10713 s. This means that CS could rotate about half a period as the

fragments separate. One might expect the sampling of Jacobi angles particularly
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for S(*Ds) fragments formed in coincidence with high rotational angular momenta
CS(X'XT) diatomics to be nearly uniform in «. Any sampling of v > 0° inevitably
means some mixing between states of the same symmetry. A possible consequence of
the mixing is that the orbital polarisation, described by the px¢q functions, becomes
scrambled at long range.

Another difference between the current study and that of the CO(X'YT) +
S(*Dy) system is that while in the latter case the diatomic co-fragment was born
vibrationally cold [194], in the present study the CS diatomic can populate levels
up to v = 5. The dipole moment of CS(X'XT), like its CO(X'ET) counterpart,
actually changes sign as the C-S bond length increases [200]. Although extension
of the diatomic C-S bond for levels up to v = 5 is not large enough to change the
sign of the dipole [203], it is sufficiently large to reduce the magnitude of the CO~S%+
dipole by ~ 50% [200]. If one considers the maximum extension of the C-S bond
during a v = 3 vibration, then the dipole moment is reduced to 5.09 x 1073° Cm.
This puts the value of the dipole-quadrupole interaction energy at 54.7 cm~!. Based
on these estimates, however, it seems likely that this change in dipole-quadrupole
interaction with CS vibration is probably too small to account for the lack of S(*Dy)
polarisation observed here.

The interpretation of the experimental results using the long range interaction
model is necessarily qualitative. If the simulation of the speed distribution is to
be believed, then it seems possible that there may be some rotational scrambling
effects on the S(!D,) polarisation in the long range region. However, arguments
based on the long range potentials do not appear to account for the fact that while
S-atom polarisation is not observed in the singlet channel, it is found in the triplet
channel, in particular for S(®P;) species, as detailed in Table 5.1 [196]. It therefore
seems more likely that the complicated motion along the dissociation co-ordinate,
with the multiple conical intersections encountered, in addition to the nature of the
excitation process itself, are the more likely source of the interesting observation of

the lack of S(*Dy) polarisation.
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5.4 State-to-state results

5.4.1 CS; (14+1) REMPI spectrum

The (1+1) REMPI spectra generated by electronically gating the CCD camera over
the CS; peak in the TOF spectrum and scanning the pump laser in a one-colour
experiment is shown in Figure 5.14. The spectrum is compared to the (1+1) REMPI
spectra previously reported by Beatty et al. [204] and Lin and co-workers [178] in
Figure 5.15. The bands in the spectrum are labelled as far as possible based on

previously made assignments [159,204], as listed in Table 5.2.

5.4.2 Photofragment excitation (PHOFEX) spectra

Photofragment excitation spectra were generated in a two colour experiment by
scanning the photolysis (pump) laser with the probe laser fixed in order to selectively
detect the S(1D,) products. The S(!D,) fragments were ionised using the (2+1)
REMPI transition via the 'F3 state at 288.1nm. The S('Dy) excitation spectrum
is shown in Figure 5.16 alongside that of the S(®Py) fragments and the CS, (1+1)

REMPI spectra for comparison.

5.4.3 Ion images and fits

Ton images of the S('D,) atomic fragments were recorded following photodissocia-
tion at nine wavelengths, as listed in Table 5.2 and indicated in Figure 5.14. For
each photolysis wavelength images were recorded in four pump-probe geometries
using the (2+1) REMPI transition via the 'F3 state at 288.1nm. The ion images,
Fourier moments and fits for all transitions are shown in Figures 5.17—5.25. The
ion images for each dissociation wavelength show two major features corresponding

to the formation of the diatomic co-fragment in the v = 0 and 1 vibrational levels.
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Figure 5.15: CSy (1+1) REMPI spectra. The bottom trace shows the experi-
mentally determined spectrum, while the middle and top traces show the spectra
reported by Beatty et al. [204] and Lin and co-workers [178], respectively.

5.5 Discussion

5.5.1 Spectra

The CS, (14+1) REMPI spectrum, Figure 5.14, is produced by one photon excitation
to and ionisation from the '3 (!By) state. The spectrum generated in this man-
ner shows rich absorption structure, with progressions in the combined symmetric
stretching and bending modes of the excited state, 11 and v», respectively. In addi-
tion, due to the low frequency bending mode of ground state CS,, v ~ 400 cm™1,
hot bands are also observed due to vibrationally excited parent molecules. The
assignments of the various bands, along with previously determined excited state
lifetimes, are provided in Table 5.2.

The CS, (14+1) REMPI spectrum is compared with that obtained in two previ-
ous studies by Beatty et al. [204] and Lin and co-workers [178] in Figure 5.15. The
spectrum is seen to be in excellent agreement with the spectra generated by Beatty

et al., and in reasonable accord with the measurements by Lin and co-workers,
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with any discrepancies perhaps attributable to different expansion conditions of the
molecular beams used in the three experiments. Lin and co-workers also point to
the possibility of clusters of parent CSs molecules as responsible for the unassigned
peaks in their spectra [178]. In the study by Beatty et al. [204], two different ex-
pansions were used, firstly using He as the buffer, and secondly using a 5 : 1 mixture
of argon:butane [204]. The latter mixture was used in order to facilitate cooling
of the vibrational degrees of freedom in the parent beam. In their study Beatty et
al. observed drastic differences in the spectrum obtained using argon:butane com-
pared to that obtained using He as the buffer gas, with significant reductions in
the intensities of bands arising from vibrationally excited precursor molecules [204].
Additionally, through a full rotational analysis of their spectra, Beatty et al. were
also able to evaluate the lifetimes of the different transitions. The authors showed
that IT and A bands were associated with shorter lifetimes than those for ¥ bands,
supporting the previous conclusions by Hepburn and co-workers [170,171,204]. The
spectral analysis by Lin and co-workers revealed lifetimes in general agreement with
those obtained by Beatty et al. although the trend in lifetime with K was not ob-
served [178]. Table 5.2 summarizes the assignments and lifetimes of the different
features in the (14+1) REMPI spectrum.

Figure 5.16 compares the S(!Dy) and S(*Py) photofragment excitation spectra
with the CSy (141) REMPI spectrum. The spectrum for the S(®Py) fragments more
closely resembles the CS, (1+1) REMPI spectrum. This is perhaps unsurprising
since dissociation to give triplet S-atoms is known to be the dominant dissociation
pathway. The S(*Dy) spectrum, however, does show significant differences to both
the S(®Py) excitation and CSy (1+1) REMPI spectra. In particular, the S(*Dy)
spectrum appears to show an enhancement of the IT over ¥ bands, relative to that
obtained for the S(®P,) species, most notably in the region ~ 47,600cm™". This
observation is in good agreement with the conclusions drawn by Hepburn and co-

workers [170,171,204] and Chen et al. [177], as discussed in Section 5.1.
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Figure 5.17: Ion images (left), Fourier moments (—), and fits (- - -) (right) for
the S('Dy) atomic products probed via the !F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey). S(!Ds)
data collected following excitation via band (a), see Table 5.2.
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Figure 5.18: Ion images (left), Fourier moments (——), and fits (- - -) (right) for
the S(!Dg) atomic products probed via the 'F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey). S(*Ds)
data collected following excitation via band (b), see Table 5.2.
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Figure 5.19: Ion images (left), Fourier moments (—), and fits (- - -) (right) for
the S('Dy) atomic products probed via the !F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey). S(!Ds)
data collected following excitation via band (c), see Table 5.2.
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Figure 5.20: Ion images (left), Fourier moments (——), and fits (- - -) (right) for
the S(!Dg) atomic products probed via the 'F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey). S(*Ds)
data collected following excitation via band (d), see Table 5.2.
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Figure 5.21: Ion images (left), Fourier moments (—), and fits (- - -) (right) for
the S('Dy) atomic products probed via the !F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey). S(!Ds)
data collected following excitation via band (e), see Table 5.2.
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Figure 5.22: Ion images (left), Fourier moments (—), and fits (- - -) (right) for
the S(!Dg) atomic products probed via the 'F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey). S(*Ds)
data collected following excitation via band (f), see Table 5.2.
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Figure 5.23: Ion images (left), Fourier moments (—), and fits (- - -) (right) for
the S('Dy) atomic products probed via the !F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey). S(!Ds)
data collected following excitation via band (g), see Table 5.2.
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Figure 5.24: Ion images (left), Fourier moments (—), and fits (- - -) (right) for
the S(!Dg) atomic products probed via the 'F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey). S(*Ds)
data collected following excitation via band (h), see Table 5.2.
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Figure 5.25: Ton images (left), Fourier moments (—), and fits (- - -) (right) for
the S(!Ds) atomic products probed wvia the 'F3 intermediate state. The Fourier
moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cs (grey). S('Ds)
data collected following excitation via band (i), see Table 5.2.

5.5.2 Speed distributions

The speed distributions, P(vp), generated by the fits to experimental Fourier mo-
ments for all dissociation wavelengths, presented in Figure 5.26, show two major
features which appear at velocities consistent with S(*Dy) formed in coincidence
with CS(X'3") v = 0 and 1. For several photodissociation wavelengths further
rotational structure is observed, but only partially resolved. The HH ion images
were additionally analysed using the pBASEX method of Garcia et al. [205]. This
analysis procedure allowed slightly higher resolution speed distributions to be ob-
tained and could be performed since the ion images show no evidence of angular
momentum alignment. The slices through the 3D scattering distribution and speed
distributions obtained using this method are shown in Figure 5.27, along with the
distributions obtained following the Fourier moment analysis, for all photodissocia-
tion wavelengths, demonstrating the excellent agreement between the two analysis
schemes.

In order to investigate the internal energy distributions further, the speed dis-
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Figure 5.26: Speed distributions (top) and speed dependence of the spatial
anisotropy parameter, 3, (bottom) for the S(!D2) products returned from the fits
to the experimental Fourier moments. S(*Ds) data shown for transitions detailed
in Table 5.2.
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tributions, P(vp), were transformed into S('D,) kinetic energy distributions and
simulated with a series of Gaussian functions, one for each rotational level of the
CS co-fragment. The central position of the Gaussian functions were calculated
given the dissociation energy of CS, and the rotational constant of CS(X'¥1). The
simulated distribution was fit to the kinetic energy distribution using a genetic al-
gorithm technique similar in spirit to the fitting technique used to treat the raw
experimental data. Unfortunately, the fitting program was unable to distinguish
the high J CS(X v = 0) from the low J CS(X v = 1) products occuring at similar
kinetic energy release. The average behaviour of the CS(X!XT) rotational popula-
tions, P(Jcs), generated from these fits, however, follows a general trend given by
the well-known prior distribution for a statistical distribution among product states.

The prior-expectation probability of an individual rovibrational level is given by [4]
P°(v,J) o (2J + 1)(Ean — E, — Ej)Y/? (5.3)

where E,, E,, and E; refer to the available, internal CS(X!'X") vibrational and
rotational energies, respectively. In order to simulate the experiment the Gaussian
basis functions for each rovibrational level of the CS co-fragment were weighted with
the prior distribution, Equation (5.3), and the resulting distribution superimposed
onto the S(*Ds) kinetic energy distributions, as shown in Figure 5.28. The resulting
simulations, although unable to account for the oscillations in the kinetic energy
distributions, strongly suggest that on average the distribution amongst CS(X'XT)

vibrational and rotational states is statistical.

Mechanistic implications

The implications for this observation are that the CS; molecule becomes trapped in
a deep potential well and the PES does not possess a barrier to dissociation in the
exit channel. It is therefore worth revisiting the previously suggested mechanism
for photolysis, see Section 5.1, involving dissociation on the repulsive 'II, state, and

the ab initio potentials of Stolow and co-workers shown in Figures 5.3 and 5.4 [173].
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Figure 5.28: S('Dy) kinetic energy distibutions (——) and simulations based on
the statistical prior distribution (- - -), see text for details. S(!Ds) data shown for
transitions detailed in Table 5.2.

At the low energies of the present experiments, the excitation takes place below
the barrier to linearity in the ! Bo(137) state, and therefore reaches the double well
part of the ! By(1X1) state potential, as viewed along the bending co-ordinate. The
excitation is not energetic enough to reach the position of the conical intersection
with the ! By(1II,) state, as illustrated in Figure 5.3.

The statistical product state distributions may indicate that dissociation ulti-
mately occurs on the ground state potential energy surface. It may be possible to
explain these observations, for example, in terms of a heterogeneous predissociation
following a Coriolis interaction between the electronic and rotational motions. The

photoexcited state is of By electronic symmetry and rotation about the x-axis (in
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the Cy, point group) transforms as by symmetry. Through the electronic-rotation
interaction a radiationless transition could take place to a surface of A; symmetry,
since By ® by = Aj. A rotationally induced transition may therefore give rise to
population in the ground state PES, which transforms as A; in Cs,. Another possi-
bility is that rotation about the figure axis, which transforms as by, could give rise
to a transition to a state of Ay symmetry, since By, ® by = As. Recall that the 1I_Ig
state splits into the Ay + By Renner-Teller pair upon bending away from linearity.
Unfortunately, however, no information on this state is available to confirm whether
dissociation on the A potential would be likely to give rise to statistical product
state distributions.

When rotation is not important, an interaction between the electronic and vi-
brational motions could also give rise to dissociation on the ground state poten-
tial. In the excited !B, state the coupled symmetric stretching and bending modes
both transform as the totally symmetric representation, Ay, and the vibronic states
accessed would therefore be of By symmetry. At bent configurations the ground
electronic state is A; and the asymmetric stretch is described by b, symmetry, with
the overall vibronic species also Bs. Through the interaction between electronic and
vibrational motions a non-radiative transition could therefore transfer population
to the ground state. While the above discussion remains speculative, it at least
seems clear from the kinetic energy distributions, for both the K = 0 and 1 levels,
that following excitation below the barrier to linearity the CSs molecule ultimately
dissociates on a potential which has a rather deep well, high density of states and
no exit channel barrier.

The observations of statistical CS(X!3T) product state distributions are in no
way at odds with the mode specific dissociation behaviour as discussed by Hepburn
and co-workers [170,171,204] and Chen et al. [177], since measurements made in
these studies reflect a different part of the overall dissociation process. Whereas
the CS(v, J) distributions indicate, on average, a statistical partitioning of energy

when molecules reach the potential on which dissociation finally takes place, the
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measurements of S(*Dy)/S(®P3) branching ratios are sensitive to a more dynamical
process governing the relative importance of the S(*Dy) and S(®P,) dissociation

pathways.

Origin of the oscillatory structure

The CS(v, J) product state distributions seem to fit well on average with a statistical
description of the dissociation. However, the distributions presented in Figure 5.28
also show some intruiging oscillatory structure, which is reproduced in several bands.
In the region of the absorption spectrum studied excitation takes place to levels with
~ 4 quanta in the combined bending and stretching modes. Therefore, one possibil-
ity for the origin of the structure is that it represents a reflection of the transition
state wavefunction onto the product rotational state distributions, P(Jcs).

In a fast and direct dissociation process rotational distributions of the diatomic
co-fragment can represent either a direct reflection of the initial ground state wave-
function, or, alternatively, can reflect the initial wavefunction modified somewhat by
the anisotropy of the excited state potential [5]. For an indirect process the molecule
may survive for many vibrational periods before dissociation eventually occurs via
some dynamical process, by which time the identity of the initial ground state wave-
function may have been completely ‘forgotten’ by the system. In this case, however,
it is still possible for the wavefunction at the transition state to be mapped onto the
product rotational distributions [5].

Reisler and co-workers have developed a model to account for the oscillations in
the NO rotational distributions following the photodissociation of NOCI via the T}
state [206, 207]. Their model, a modification of a Franck-Condon treatment for map-
ping of the parent bending wavefunctions onto the diatomic rotational distributions,
was able to account for the experimentally observed multimodal NO P(J) distribu-
tions [206,207]. In a Franck-Condon treatment the rotational distributions of the
diatomic fragment are simply determined by the Franck-Condon factors, in this case

the square of the overlap between the bending wavefunction at the transition state,
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Uy 4, and the wavefunctions of the free diatomic fragment, Ys0(7,0) [5]

P(T) = [{(Y0(7, 0)[ena ()] (5.4)

For NOCI dissociation, the NO rotational distributions derived from the harmonic
oscillator bending wavefunctions at the transition state were found to be modified
by the torque generated by the angular anisotropy of the excited state potential
energy surface. In particular, it was found that the torque resulted in a shift in
the NO rotational distributions, which are symmetric about J = 0 in the Franck-
Condon limit, to higher (or lower) J. The rotational distributions were modelled
by [206, 207]

P.(J)=F(J—J(T))+ F(—-J - Ji(T)), (5.5)

with
F(z) = H? (/**hz) exp (—a/h*2?) | (5.6)

where H, is the n'" order Hermite polynomial, w is the bending frequency, o/ =

(Iwh)fl, and I is the bending moment of inertia with /=! = [l#] + [mﬁﬁ}' The
parameter J;(T') determines the shift in the rotational distributions from the Franck-
Condon limit as a result of the change in the bending angle during dissociation. By
using w, the bending frequency at the transition state, and J;(T") as adjustable pa-
rameters, Reisler and co-workers were able to successfully reproduce the multimodal
NO P(J) distributions [206, 207].

In the '¥1 (! By) state of CSy the symmetric stretching and bending modes are
coupled, and therefore a modified Franck-Condon treatment may not be directly
applicable. Furthermore, the precise details of the dissociation following excitation
of the X7 (1By) state are unknown at present, although possible mechanisms were
discussed above. However, in order to assess, at least qualitatively, whether the
multimodal distributions observed here could be the result of a reflection of the

transition state wavefunction, assumed to be at the '3 (! By) state, Equations (5.5)

and (5.6) have been used to model the CS rotational distributions assuming four
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Figure 5.29: (a) CS rotational distributions, P(.J), calculated using the modified
Franck-Condon model (see text for details). (b) S(!D2) kinetic energy distribution
for dissociation via transition (h), with the widths and positions of the multiple
peaks given in terms of the rotational angular momentum, J, of CS.

quanta in the 'Y 1 (! By) bending mode. Using the equilibrium value of the Jacobi
length, R, and of the bending frequency in the 'X7(1By) state, w ~ 400 cm™!, the
CS P(J) distributions were modelled with J;(7") an adjustable parameter.

The CS P(J) distribution calculated using the modified Franck-Condon model is
shown in Figure 5.29. Also shown is the S(!Ds) kinetic energy distribution observed
following excitation via transition (h). The best agreement between the model and
the experimental data was found with J;(7") ~ 35. The CS P(J) distributions cal-
culated using the model are cut off for J > 47 as these states are inaccessible on
energetic grounds. The positions of the peaks in the S('Dy) kinetic energy distri-
bution at J ~ 18,28, 35,39 appear to be in reasonable accord with those predicted
by the model J ~ 17,27,35,43. Furthermore, the widths of the peaks determined
by the model, AJ ~ 10 for the lowest J peak and AJ ~ 5 for the others, also
appear comparable to the widths of the structures seen in the S('D;) kinetic energy
distribution. Finally, the model also predicts that the most intense peak should
correspond to the lowest J, consistent with the experimental data.

From the above discussion it appears plausible that the oscillations seen in the
CS rotational distributions may result from a reflection of the transition state wave-

function. The position of the peaks in the CS P(J) distribution also indicate a
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modest torque is generated by changes in the bending angle during dissociation. As
mentioned above, the modified Franck-Condon model can only be used here qualita-
tively since the bending and stretching modes in the '3 (1 By) are strongly mixed,
and the details of the potentials sampled on route to dissociation have yet to be
worked out.

If the oscillations in the product state distributions do indeed represent a reflec-
tion of the transition state wavefunction, it is perhaps surprising that on average
they seem to fit so well with a statistical prior distribution. Schinke has discusssed
two limiting cases for dissociations that proceed via a long lived intermediate such
that memory of the initial ground state wavefunction is lost by the system [5]. In
particular, for a dissociation that proceeds via a narrow transition state separating
the reactants and products, Schinke has shown that the product rotational distri-
butions can reflect the (bending) wavefunction of the molecule at the transition
state. On the other hand, where the transition state is very broad the product state
distributions are frequently found to be statistical [5]. For the case of CSy photol-
ysis the CS(v, J) product state distributions exhibit features expected from both
limiting types of process, dynamical and statistical, as outlined above. This may
indicate that the dissociation lies in between these two limiting extremes or that
there are two competeing processes involved, giving rise to the features observed in
the CS(v, J) distributions. It is interesting to note, therefore, that there appears
to be a continuum background to the first absorption band. The possibility of the
oscillatory structure in the CS(v, J) product state distributions representing a re-
flection of the transition state wavefunction is discussed further in Section 5.6, with

respect to future work.

5.5.3 Spatial anisotropy parameter,

The speed dependence of the spatial anisotropy parameters, 3(vp), for all photodis-
sociation wavelengths studied herein are shown in Figure 5.26. The parameters are

all positive, consistent with a parallel-type transition. A general trend of decreasing
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[ with increasing internal excitation of the CS(X'XT) co-fragment is apparent for
all dissociation wavelengths.

A number of factors must be considered before attempts can be made to explain
the values of the anisotropy parameters measured in the current work. Firstly,
consideration must be given to the precise nature of the excitation process, and, in
particular, the rotational details of the rovibronic transition, i.e. P, Q or R-branch
excitation. Secondly, the anisotropy will depend on the geometry and lifetime of the
vibronic level acessed via the optical process. Finally, consideration should also be
given to the prospect of non-axial or transverse components to the recoil direction.
In the following paragraphs the likely importance to the measured (§ parameters
from the above mentioned factors are discussed.

For a symmetric top molecule the § parameter following P, Q and R-branch

excitation has been shown to be given by [198, 208, 209]

4(P) = {Ji((]ﬂrl) —3Kz}

T2 + 1)

5(Q) = _[JZ-(JZ-+1)—3KZ}

Ji(Ji +1)

B(R) = {(Ji +1)(J;+2) — SKZ} |

(Ji +1)(2J; + 1)

where J; refers to the initial rotational angular momentum of the parent molecule
and K represents the projection on the figure axis. Since the rotational temperature
of the molecular beam is believed to be < 10K, only a small number of rotational
levels of the parent molecule, J;, may be expected to be populated in the molecular
beam. The dependence of 3 on initial rotational level for P, Q, and R-branches,
as calculated from Equation (5.7), are shown in Figure 5.30 for both K = 0 and
K = 1. As seen from inspection of Figure 5.30, at low J; the 3 parameter for a

symmetric top molecule depends strongly on the exact nature of the transition. A
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Figure 5.30: Spatial anisotropy parameter, 3, for symmetric top molecule as a
function of the initial rotational angular momentum, J;. K = 0 shown on left and
K =1 on right.

particularly striking example is the change in 3 of 1 for K = 0 R-branch excitation
from J; = 0 to 1. In the present work the rotational transitions optically excited are
incompletely resolved, due to the low rotational constant of CS, in both the ground

and excited states, B ~ 0.1cm™1.

The precise details of the possible overlapping
transitions, taking into account a rotational temperature of ~ 10K, that may be
associated with each dissociation wavelength are detailed in Table 5.3, and, perhaps,
illustrate the difficulty in interpreting the angular distribution for this system even
in the absence of other factors.

For work carried out in this region, close to the S(*Ds) threshold, little energy
is available to the products. In cases where the kinetic energy release is small and
the rotational excitation of the diatomic fragment is large, non-axial or transverse
components to the recoil direction should be expected. Therefore, it is not unrea-
sonable to expect that non-axial recoil effects make an important contribution to
the measured angular distribution. In order to attempt to quantify this effect the
spatial anisotropy for the photodissociation, following excitation via band (a), was
modelled classically using the method introduced by Reisler and co-workers [91].
This non-axial recoil model has been sucessfully applied to several triatomic pho-

todissociation cases, including, for example, NO, [91] and OCS [194]. The important
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Energy / cm™' Label Rotational Lines

48032.91 (b) R(0)
47980.76 (¢)  R(6,8),R(14)
47562.48 (g) R(4)

Table 5.3: Overlapping rotational transitions based on laser spectral bandwidth
of 0.2cm™!. Only transitions with previous band origin measurements [204] are
shown.

parameters for the model, which is based on angular momentum conservation, are
shown schematically in Figure 5.31. In the following the important parameters in
the model are described.

Angular momentum conservation dictates that
Jes, = Jes +Js + 1, (5.8)

where Jcg,, Jos, and Jg refer to the total angular momentum of the parent molecule,
the CS and the S photofragments, respectively, and ¢ refers to the orbital angular
momentum of the system. In the classical model Jcg, and Jg are neglected and so

the magnitude of the orbital angular mometum |¢| = |Jog| such that

’€| = [Uelb = hy/ JCS(JCS + 1) , (59)

where the impact parameter, b, is shown in Figure 5.31, and p and v, are the
reduced mass and relative speed of the atom-diatom system. Rotation of the co-
fragment is assumed to be established at some Jacobi distance, R,. The impact
parameter and Jacobi length can then be related to the angle, o/, describing the
deflection from linearity, via o’ = sin”*(b/R,). The spatial anisotropy may then be
written as

[ =~ 2Ps(cos x'), (5.10)
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VCS

Figure 5.31: Parameters used to classically model the spatial anisotropy param-
eter, 3, as a function of the rotational excitation of the diatomic co-fragment.
On the left the exit impact parameter, b, and Jacobi length, R,, at which CS
rotation is established are defined. Also shown is d which indicates the direction
of R at the moment of excitation. On the right the angles «, §, and x are defined.
Adapted from Refs [47,194].

where the angle, \/, refers to the angle between vs and u. This angle, ¥’ = 180° — x;,
may also be written as Y’ = § — «’ if all vectors are co-planar, see Figure 5.31. By
using R, and ¢ as adjustable parameters, the spatial ansiotropy, 3, can be modelled
as a function of the rotational angular momentum of the diatomic co-fragment, Jcg.

The spatial anisotropy parameter, (3, following photodissociation wvia transition
(a) shows strong speed dependence, see Figure 5.26, decreasing quickly from a max-
ima of ~ 1.4 as Jcg increases. Using the methodology set out above, the speed
dependence of 3 for this transition could be successfully modelled by allowing the
transition dipole moment, u, to be deflected away from the initially linear SCS axis.
In particular a small tilt angle, 8, of 155° and a Jacobi length, R,., of 2.79 A allowed
suitable modelling of the experimental measurement. Comparison of the experi-

mental data with the classical model is shown in Figure 5.32. Perhaps reassuringly,
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Figure 5.32: Modelling of the spatial ansiotropy parameter as a function of the
rotational angular momentum of the CS diatomic (left). Model parameters are
R, = 2.79 A and § = 155°, see text for details. Experimental data represented
by the red circles. Shown on the right is the model (—) applied to the NoO
system [47,194], in which similar parameters were applied. Experimental points
from Refs [124,210-212].

the Jacobi length, R,, used to model the spatial anisotropy parameter corresponds
to that found for the equilibrium Jacobi length of CS, in the excited !B, state.
Moreover, the modest deflection of the transition dipole moment and the Jacobi
length used to model the speed dependence of  are very similar to the parameters
which were successfully used to treat the isovalent molecule NoO [47], as shown in
Figure 5.32, perhaps indicating that similar torques would be generated in the both
dissociations. It should be noted that the disagreement between the classical model
and experimental measurements for Jog > 40 is attributable to the onset of the
production of CS (v = 1), which overlaps with the production of high rotation v = 0
photofragments in the velocity distribution, making it difficult to extract a g value
for the v = 0 and v = 1 levels separately.

The experimentally measured spatial anisotropy will depend on numerous fac-
tors, discussed above, making quantitative assertions about this parameter difficult.
However, the measurements for photodissociation resulting in the highest kinetic
energy release seem to be successfully reproduced using a classical model to account

for non-axial recoil. It therefore seems plausible to assume that non-axial effects
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will be even more important for the lower kinetic energy release (longer wavelength)
measurements. In addition, the similarity between the parameters used to model

the non-axial recoil for CSy and N5O lend further support to this analysis.

5.6 Summary and future work

Following dissociation above the barrier to linearity, at 193.3nm, the CS(X'XT)
fragments are found to be produced with a high degree of vibrational excitation.
This is in stark contrast to the dissociation of the OCS system at 248 nm, which
results in little or no vibrational excitation in the diatomic fragment. For OCS, the
spatial anisotropy could be successfully modelled classically, taking into account the
effects of non-axial recoil. For CSsy at 193.3 nm, however, the rotational excitation is
too low to cause significant non-axial recoil. Furthermore, it is difficult to interpret
the § parameter solely in terms of the lifetime of the excited state. More likely,
the nature of the excitation process itself holds the key to the interpretation of 3.
Interestingly, no orbital polarisation, alignment or orientation, was observed in the
S('Dy) products. Attempts were made to interpret this in terms of the long range
interactions between the S(*Dy) and CS(X'ET) fragments. It seems more probable,
however, that the complicated motion along the dissociation co-ordinate, in addition
to the precise nature of the excitation ultimately give rise to this observation.
Below the barrier to linearity in the excited state, intriguing behaviour has been
observed. Firstly, it seems that the S(3P,)/S('Dy) branching ratio is highly depen-
dent on the vibrational state accessed following absorption. In particular, PHOFEX
spectra presented here seem to add further support to the mode specificity described
by Hepburn and co-workers [170, 171, 204]. It was also found that the CS(X'ST v,J)
internal energy distributions were well described, on average, by a statistical prior
distribution. The statistical product state distributions were taken to indicate that
dissociation, following excitation below the barrier to linearity in the 'X1 (! By) state,
occurs on the ground state potential energy surface. It was suggested that either

coupling between the electronic and vibrational or electronic and rotational motions
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could result in a radiationless transition to the ground electronic state. Interesting
oscillatory structure was also observed in the product state distributions. Although
difficult to understand, it was suggested that the origin of this structure could arise
through a mapping of the transition state wavefunction onto the CS(X'¥) product
rotational distributions. Finally, the angular distibutions were found to be success-
fully modelled by taking into account non-axial recoil effects. The parameters used
to model 3 were found to be similar to those previously applied to NoO [47], perhaps
indicating similarity in the dissociation geometries accessed in the two systems.
Overall there seems to be plenty of scope for further studies on this interesting
system. One possibility is to evaluate the product state distributions in the S(*Dy)
channel at even lower energies. Excited state species would then be produced with
fewer quanta in the combined symmetric stretching and bending modes, giving rise
to different transition state wavefunctions. Additionally, since the measurements
made here seem to point to rather different dynamics occurring far above and be-
low the barrier to linearity, it would be interesting to investigate the dissociation
around the position of this barrier ~ 204nm. Finally, investigation of the dissocia-
tion dynamics following excitation completely off-resonance would enable one to see
if contributions from bound-continuum and bound-bound excitation processes are

made to the dissociation processes studied here.



Chapter 6

Photodissociation of CS; : the S(°P))

channel

In this chapter experimental results on the photodissociation of CS, at several wave-
lengths are presented. The results were obtained by probing the three spin-orbit
states of the S(*P ) photofragments following excitation below the barrier to linear-
ity in the 'XF (! By) state. Compared to dissociation into CS(X'XT) + S('Dy), as
discussed in Chapter 5, much more energy is available to the diatomic co-fragment
in the CS(X'X") + S(®P;) channel. Experimental data is presented following the
excitation of three vibronic bands in the highly structured absorption spectrum.
Results for dissociation into this spin-forbidden channel are compared with those
following excitation above the barrier to linearity in the '3} (! By) state and also to

the dissociation of the isovalent molecule OCS.

6.1 Background

As discussed in Chapter 5, most experimental studies have been performed following
excitation at 193.3nm, above the barrier to linearity in the '3 (1By) state. At
these energies the spin-forbidden dissociation into CS(X'X+) + S(3P ) gives rise to
highly vibrationally excited diatomic photofragments. Energetically, the CS(X!¥T)

fragments can populate levels up to vy = 13, with several studies pointing to

185
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the maximum in the vibrational population being in the range v = 7 — 10 [172,
181,188, 189]. As mentioned in Chapter 5, several studies have probed the angular
distribution of the triplet S-atoms following dissociation at 193.3nm [172,174, 186,
187,190]. Although there is some discrepancy between previous results, the most
recent ion imaging studies appear to be in good agreement. From these studies the
3 parameter is found to be similar for each S(®P ) spin-orbit level, characterised by
a speed averaged value of ~ 0.4 [186,196]. The magnitude of (3 is similar to that
obtained following the spin-allowed dissociation into CS(X':") + S(*Dy) providing
an indication that the singlet and triplet products arise following excitation to a
common electronically excited state, and subsequently follow similar dissociation
dynamics.

S(3P ) spin-orbit populations have also been reported by several groups, and are
found to be highly non-statistical, with S(®P5) : S(*P;) reported to be ~ 3 : 1 [172,
188,189,196]. As discussed in Section 2.2.2, non-statistical spin-orbit populations
indicate that the dissociation cannot be described in the ‘statistical’ or ‘diabatic’
limit. In the diabatic limit, one assumes that complete mixing takes place between
the asymptotic potentials and the spin-orbit branching ratio is simply determined
by the degeneracy of the fine-structure levels. The (J = 2) : (J = 1) ratio of
1.7 : 1 predicted from the degeneracies of the fine-structure levels indicates that the
dissociation at 193.3nm may be closer to the adiabatic limit. Furthermore, in the
diabatic limit the speed distributions, P(vp), for each of the spin-orbit states would
be expected to be the same. Results from two imaging studies at 193.3 nm [186, 196],
however, indicate that the distribution for the J = 2 level is significantly different
from that of the J = 0 and 1 species, and provides a further indication that the
dissociation at 193.3 nm is not well described in the diabatic limit.

Interesting polarisation effects have also been observed for the triplet S-atoms
following dissociation at 193.3nm [196]. As with the S(*D3) products discussed in
Chapter 5, the S(3Py) fragments were shown to be unpolarised, however, significant

alignment effects were observed for the S(3P;) species. Similar incoherent alignment
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effects in the molecular frame have also been reported following the dissociation of
the triatomic molecule OCS at 248 nm [194]. In particular, the J = 2 states for
both systems were found to be characterised by isotropic M; populations while for
J =1 a preferential population was reported in the M; = +1 levels [194,196]. The
similarities between the polarisation data may indicate that a similar mechanism is
responsible for the photofragment alignment effects in both cases.

There have been comparatively few studies on the dissociation at lower ener-
gies, below the barrier to linearity in the 'X1 (! By) state. However, as discussed in
Chaper 5, several studies have pointed to a mode specificity in this wavelength re-
gion. In particular, dissociation following excitation of K > 0 levels in the 'X1 (1 By)
state were found to be characterised by a higher S(*Dy)/S(®Py) branching ratio and
a faster dissociation rate than for K = 0 levels [170,171,175-177]. In Chapter 5
it was suggested that for K > 0 dissociation the S(!D,) products arise following a
Coriolis interaction between electronic and rotational motions. For dissociation to
the triplet channel Hepburn and co-workers have reported yields of the S(*P ;) spin-
orbit states. The results following excitation of the ¥ bands appear similar to that
observed at 193.3nm, giving a (J = 2) : (J = 1) ratio of ~ 3 : 1, however, following
excitation of IT bands this ratio was found to be near 1 : 1 [170]. The differences in
the spin-orbit branching ratios for the excitation of K > 0 levels perhaps indicates
a different dissociation mechanism than following K = 0 excitation.

Compared to the singlet potentials, less information is available on the triplet
surfaces giving rise to CS(X'X) + S(®P;) products. The most recent ab initio
work presented by Bisgaard et al. [173] points to a surface of *II, symmetry at
linearity as that giving rise to triplet S-atoms. 1D slices through the potentials are
shown in Figure 5.4. At linearity two triplet states of ¥, and II, symmetry correlate
adiabatically with the S(*P;) asymptote, although no information is available on

the former.
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Figure 6.1: S(*P ) photofragment excitation spectra for J = 2 (bottom), J = 1
(middle) and J = 0 (top) species. Band assignments are taken from the work
of Douglas and Zanon [159]. The superscripts f, g and h designate the excited
vibrational state and the subscripts 0 and 1 refer to the number of quanta in the
bending mode of ground state CSy. The bands labelled with an asterisk indicate
the transitions studied in the current work.

6.2 Results

6.2.1 Spectra

Photofragment excitation spectra were generated in a two colour experiment by
scanning the photolysis (pump) laser with the probe laser fixed in order to selectively
detect the S(*P ;) products. The S(*Py), S(*P;) and S(*Py) fragments were ionised
using the (2+1) REMPI transitions via the S(®P1), S(°*P3) and S(®Ps) intermediate
states at 308.1, 310.0 and 310.8 nm, respectively. The three spectra are shown in
Figure 6.1.

For two of the photolysis wavelengths used, corresponding to the X! and II?
transitions, REMPI scans, in which the total ion signal was recorded as a function
of the probe wavelength, were performed in order to elucidate the relative spin-

orbit populations for the triplet channel. The relative linestrengths for the three
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REMPI transitions are unknown but believed to be approximately the same [172,
189, 213]. By integrating over each individual peak, the ratio of population in the
three spin-orbit states could be estimated. The spin-orbit populations obtained
from the REMPI spectra are detailed in Table 6.1, although given the uncertainty
in the relative linestrengths of the REMPI transitions the estimates of the spin-orbit

populations may be associated with large errors.

Expt. Starrs et al.

Band Position / em = S(®Py) S(®P;) S(®Py) S(3P3) S(®P;) S(®Py)

47980 (X1) 3.3(9) 1.04) 2.1(7) 31 1.0 1.2

47597 (I11) 1.7(6)  1.4(6) 1.0(4) 1.0 10 <1

Table 6.1: Populations of the S(3P) spin-orbit levels following excitation of
the % and I transitions (left). Also shown (right) are previous results from
Hepburn and co-workers [170].

6.2.2 Jon images and fits

Ton images of the S(®P5), S(*P;) and S(*Py) photofragments were recorded follow-
ing excitation of the three bands indicated in Figure 6.1. Ton images of the S(3Py)
fragments were recorded using the (2+1) REMPI transition via the S(*Py) inter-
mediate state at 310.8nm. For the S(®Py) species, which cannot be polarised, ion
images were recorded in the HH and VV pump-probe geometries. Images of the
S(3P;) fragments were recorded using the (2+1) REMPI transition via the S(*Py)
intermediate state at 310.0nm. The images were recorded using linearly polarised
pump and probe radiation. In addition, following excitation of the Y2 transition,
ion images were also recorded using circularly polarised pump and probe radiation.
For the S(®P3) species, ion images were collected via the S(*P;) intermediate state
in the (24-1) REMPI transition at 308.1 nm. lon images, Fourier moments and fits
to the S(®*Py), S(*P;) and S(*Py) data are presented in Figures 6.2 to 6.11 in order

of increasing photolysis wavelength.
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Figure 6.2: Ion images (false colour), Fourier moments (—), and fits (- - -)
for the S(*Pg) atomic products probed wvia the S(*P3) intermediate state. The
Fourier moments are colour coded, Cj (black), C (green), Cy (yellow), Cs (grey).
S(3Pp) data collected following excitation of the Y transition.

C.(v)

0 e im tith ettt by 2 e RO S M. S

P IR R R P P R R
0 750 1500 2250 0 750 1500 2250

-1 -1
v,/ ms v,/ ms

C,(»)

" 1 " " 1 " " 1 " " 1 "
0 750 1500 2250 0 750 1500 2250
v,/ms’ v,/ms’

Figure 6.3: Ion images (false colour), Fourier moments (——), and fits (- - -)
for the S(*P;) atomic products probed wvia the S(*P3) intermediate state. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cs (grey).
S(3P1) data collected following excitation of the X} transition.
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Figure 6.4: Ion images (false colour), Fourier moments (—), and fits (- - -)

for the S(*P;) atomic products probed wvia the S(*P3) intermediate state. The
Fourier moments are colour coded, Cy (black), C (green), Cy (yellow), Cs (grey).

S(3P1) data collected following excitation of the X! transition.
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Figure 6.5: Ion images (false colour), Fourier moments (—), and fits (- - -)

for the S(®*P3) atomic products probed wvia the S(*P;) intermediate state. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cs (grey).

S(3P2) data collected following excitation of the X transition.
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Figure 6.6: Ion images (false colour), Fourier moments (—), and fits (- - -)
for the S(*Py) atomic products probed wvia the S(*P2) intermediate state. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cg (grey).
S(3Py) data collected following excitation of the II} transition.
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Figure 6.7: Ion images (false colour), Fourier moments (—), and fits (- - -)
for the S(*P;) atomic products probed wvia the S(*P3) intermediate state. The
Fourier moments are colour coded, Cy (black), Csy (green), Cy (yellow), Cs (grey).
S(®P1) data collected following excitation of the I} transition.
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Figure 6.8: Ion images (false colour), Fourier moments (—), and fits (- - -)
for the S(*P3) atomic products probed wvia the S(*P;) intermediate state. The
Fourier moments are colour coded, Cj (black), C (green), Cy (yellow), Cs (grey).
S(3P3) data collected following excitation of the I} transition.
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Figure 6.9: Ion images (false colour), Fourier moments (—), and fits (- - -)
for the S(*Py) atomic products probed wvia the S(*P3) intermediate state. The
Fourier moments are colour coded, Cy (black), Csy (green), Cy (yellow), Cg (grey).
S(3Pg) data collected following excitation of the 25 transition.
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Figure 6.10: Ion images (false colour), Fourier moments (—), and fits (- - -)
for the S(*P;) atomic products probed wvia the S(*P3) intermediate state. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cs (grey).
S(®P1) data collected following excitation of the Eg transition.
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Figure 6.11: ITon images (false colour), Fourier moments (—), and fits (- - -)
for the S(*P3) atomic products probed wvia the S(*P;) intermediate state. The
Fourier moments are colour coded, Cy (black), Cy (green), Cy (yellow), Cs (grey).
S(3P3) data collected following excitation of the E{; transition.
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6.3 Discussion

6.3.1 Spectra

The S(®P;) photofragment excitation spectra, shown in Figure 6.1, are qualita-
tively similar for the three spin-orbit levels. The main difference between the S(*Ps)
and S(®P;) spectra appears to be the relative intensity of the II? band located at
47,597 cm™!. This band in particular, and also the II? band at 47,150 cm™!, appears
to be more significant for the S(3P;) species, relative to the nearby ¥ bands. The
S(®Pg) spectrum appears quite similar to that obtained for S(*Py), aside from the
reduction in intensity of the 33 band for S(3Py).

REMPIT spectra have also been used to estimate the populations of the S(*P )
spin-orbit levels following excitation via the X! and I1? transitions, as detailed in
Table 6.1. The spin-orbit populations estimated here appear to be in good accord
with previously reported values by Hepburn and co-workers [170]. Following exci-
tation via the X8 transition the (J = 2) : (J = 1) ratio of ~ 3 : 1 is very similar to
that observed following photodissociation at 193.3 nm, above the barrier to linearity
in the 137 (1By) state [172, 188,189, 196]. For the I} transition, however, the S(*P;)
species are much more important, giving a near 1 : 1 branching ratio. Hepburn and
co-workers have also provided the S(*P ;) yields for several more vibronic bands [170].
Their data appear to suggest a more general trend in that excitation of ¥ bands
results in a (J = 2) : (J = 1) ratio close to 3 : 1, while following excitation of II
bands the ratio is closer to 1 : 1. The spin-orbit populations for both transitions are
found to be highly non-statistical, cf. 1.7:1:0.3 for J =2:1:0. As mentioned in
Section 6.1, in relation to the previous work at 193.3 nm, non-statistical spin-orbit
population indicate that the dynamics of formation of S(*P ;) are not well-described
in the statistical or diabatic limit, and an adiabatic description of the dissociation
process may be more appropriate. The implications from these measurements are

discussed further in Section 6.3.3 in relation to the polarisation of triplet S-atoms.
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6.3.2 Speed distributions and (§ parameters

The speed distributions for the three S(*P;) spin-orbit species returned from the
fits to the experimental data are shown in Figure 6.12 for the three photolysis
wavelengths. Compared to the singlet channel, much more energy is available to the
photofragments upon dissociation. The CS diatomic co-fragment can, for example,
be vibrationally excited up to vmax = 9, compared to only vpa, = 1 for CS(X1XT) +
S('Dy). The distributions show some unresolved structure indicating appreciable
population in the CS(X'¥T) v = 0 — 9 vibrational levels.

The speed distributions obtained for the three transitions studied are qualita-
tively similar, however, small differences are observed between the distributions ob-
tained following II and ¥ band excitation. For the II transition the distributions for
each of the three spin-orbit levels appear quite similar. For both the ¥ transitions,
however, the distributions of the J = 1 and 0 levels are very similar, while that for
J = 2 has more intensity for slow (vp < 1000ms~!) photofragments. The distribu-
tions obtained following ¥ band excitation are qualitatively similar to those obtained
following dissociation above the barrier to linearity, at 193.3 nm [196], which are also
shown in Figure 6.12. In the sudden or diabatic limit, the three S(3P ;) speed distri-
butions would be expected to be the same, and, therefore, the differences in P(vp)
for different J indicates some degree of adiabaticity in the dissociation process.

As discussed in Chapter 5 regarding measurements made on the S(*Dy) product
channel, several factors may be important in understanding the values of the spatial
anisotropy parameters measured here. These factors include the precise details of
the excitation process, the lifetime of the excited state and non-axial recoil effects.
The speed dependence of the spatial anisotropy parameters, 3(vp), are presented
in Figure 6.12 alongside the speed distributions, P(vp). For 193.3nm excitation,
see Section 5.3.2, it was suggested that an interpretation of § solely in terms of
the lifetime of the 'X (1 B,) state seemed inappropriate in this case. Furthermore,
effects of non-axial recoil should be less important here than in the S('Dy) channel

due to the differences in energy available to the fragments in the two channels.
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Figure 6.12: Speed distributions (top) and speed dependence of the spatial
anisotropy parameter (bottom) for the three spin-orbit levels returned from the
fits to the Fourier moments, S(3Py) (black), S(3P1) (red) and S(*Py) (blue). Data
shown in (a), (b) and (c) corresponds to excitation of the X%, TI} and E(’; bands,

while (d) shows results reported at 193.3 nm [196].
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For the three photolysis wavelengths studied the magnitude of the 5(vp) parameter
is similar for each of the spin-orbit levels, and similar to that observed for the
singlet channel dissociation. As found following dissociation above the barrier at
193.3nm [196], this provides an indication that the singlet and triplet products arise
following excitation to a common electronically excited state, and may subsequently
follow similar dissociation dynamics. The (B(vp) parameters are somewhat larger
than that observed for the triplet channel dissociation at 193.3 nm, and all show the
trend of decreasing magnitude with increasing vibrational excitation of the diatomic

co-fragment.

6.3.3 Angular momentum polarisation

Given the similarities in $(vp) for the singlet and triplet channels, it seems likely
that the two products share a common excitation pathway. One might anticipate
near-zero angular momentum polarisation effects for the triplet channel, as observed
for the S(*Dy) products (see Chapter 5), and indeed this is found to be the case for
all fragments following excitation of the IT" transition. It is surprising, therefore,
that significant polarisation effects have been observed for the S(®P;) spin-orbit
species for both of the ¥ bands studied here. Furthermore, the S(®P,) species for
these bands, like the S(*D,) fragments, are found to be completely unpolarised.
The results following excitation of the > bands are very similar to those obtained
following dissociation at 193.3 nm.

The speed dependence of the rank K = 2 alignment parameters for the S(*Py)
spin-orbit levels are shown in Figures 6.13 and 6.14 following ¥ and %! band
excitation, respectively. A complete list of the speed averaged laboratory frame
polarisation parameters for the S(*P;) products for both transitions is also provided
in Table 6.2. The polarisation measurements made here are also compared to those
following 193.3 nm photolysis [196] and the dissociation of OCS at 248 nm [194], as
detailed in Table 6.2. Similar to the S(*P;) fragments generated in the dissociation

of OCS, following excitation of the 25 band large contributions to the polarisation
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are found from the coherent alignment parameters v, and 7. For Zg excitation the
two data sets are in very close agreement, while for X% and II? excitation they are
less so (see further below). As described by Vasyutinskii and co-workers, a pure
parallel transition in a diatomic or linear triatomic molecule should result in s, and
oy parameters of equal magnitude but opposite sign [63,66,84]. In addition, for
slow predissociation (in the high J limit), the parameter ay should be reduced by
a factor of 4 from its limiting axial recoil value [84,198]. Furthermore, in the slow
predissociation limit all the rank K = 2 parameters, excluding s,, are known to
be reduced from their axial recoil limiting values [84,197]. However, for the S(*Py)
products following Zé excitation, as is found to be much larger than sy, and both
2 and 7 are large. These observations lend support to the view that the reduction
of 4 and the polarisation parameters from their limiting values is not primarily due
to the long lifetime of the electronically excited CSy parent molecule.

The diagonal elements of the density matrix may be used to determine the molec-
ular frame M; populations, for which z||v. For S(*P;) the populations are deter-
mined by the values of the parameters s, and as. Plots of scattering angle averaged
molecular frame M; populations provided in Figure 6.15 indicate an alignment of
J L1 v, 1.e. a preferential population of the M; = +1 sub-levels in the molecular
frame for S(*P;). The absence of polarisation of the J = 2 products implies that the
M ; populations for these products are almost equal. The M; populations for both
J =1 and J = 2 photofragments determined here for both ¥ transitions are very
similar to those found for OCS at 248 nm, and to the results following dissociation of
CSs at 193.3nm. For J = 2, differences which do exist between the polarisation pa-
rameters for the two systems concern primarily the coherent terms 5 and 7, which
do not contribute to the M; populations. The similarities in the polarisation data
for OCS and CS, as outlined above may indicate an exit channel effect is ultimately
responsible for the electronic polarisation in both cases.

A complete theoretical treatment of electronic polarisation effects following tri-

atomic dissociation is not available at present. However, approximate ‘fast’ or di-
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Parameter Yh %] 193.3nm%  OCS 248 nm 19

3 0.70(4)  0.66(2)  0.36(2) 0.32(1)

53 0.061(6) 0.017(3)  0.019(4) 0.018(1)
o3 20.005(3)  0.056(6)  0.033(7) 0.038(4)
v 20.002(3)  0.11(10)  0.079(17) 0.081(6)
m -0.014(11) 0.032(5)  0.046(12) 0.031(4)
o 0.015(17) - -0.005(9) 20.001(1)
v -0016(17) - 0.005(7) 0.000(1)
v -0.039(21) - 0.018(26) 20.001(1)

Table 6.2: Speed averaged polarisation parameters returned from fit to the

S(®P1) experimental data following % and Eg excitation. Also shown are
the polarisation parameters for the S(3P;) products following dissociation at
193.3nm [196] and from the dissociation of OCS at 248 nm [194]. Errors (1lo)

are given in parenthesis and refer to the errors in the final digits reported.

abatic models have proved useful for describing the origin of polarisation effects in

the triatomic molecules NoO and SOs. Some of these models have been the subject

of recent review [86], where a detailed discussion may be found. In the diabatic,

fast recoil limit, assuming the electron spin is unpolarised, the alignment of the

S(®P3) species should be approximately equal in magnitude but opposite sign to

that of the S(*Py) species [59,125]. Statistical spin-orbit populations should also

be observed [125], clearly in disagreement with the experimental findings. It would

appear from these polarisation measurements that dissociation of CS; to generate

triplet S-atoms is closer to the adiabatic limit. An adiabatic model, similar to that

used to interpret the triplet S-atom polarisation effects in OCS dissociation [194] is

discussed below.
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Figure 6.15: Populations of the magnetic sublevels, P(My), in the molecular
frame for the S(3P;) species. Data shown following excitation of the ¥ band
(red), at 193.3nm (black) [196] and the 25 band (blue).

Adiabatic model

An adiabatic correlation diagram is shown in Figure 6.16, which connects the molec-
ular states of the linear CS,; molecule with atomic states in the long range region
by conservation of the projection quantum number, §2. A similar diagram has been
constructed for the triplet channel arising from the photodissociation of OCS [194].
The correlation diagram connects molecular states of triplet spin multiplicity and
therefore applies only to the part of the dissociation process taking place after the
spin-orbit interaction has coupled the singlet photo-excited state to the repulsive
state. At linearity two triplet states converge on the CS(X'X") + S(®P;) asymp-
tote, the *¥ and the °II, states. The *% state lies higher in energy at short range,
and is assumed to lie higher in energy in the long range for linear SCS based on the
signs of the quadrupole-quadrupole and dipole-quadrupole interactions [196]. As-
suming that axial recoil takes place, the value of the quantum number €2 transforms
into the value of M.

The correlation diagram allows prediction of the spin-orbit and M ; populations
assuming the dissociation takes place adiabatically on a single surface. From in-
spection of Figure 6.16, it can be seen that for dissociation at linearity on the 3II,

surface the adiabatic correlation diagram predicts an isotropic angular momentum
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Figure 6.16: Adiabatic correlation diagram (at linearity) connecting the molec-
ular and atomic states characterized by the total angular momentum projection
quantum number Q. Adapted from Ref [194].

distribution for the J = 2 spin-orbit species, in agreement with the experimental
observations. Recall that it was the °II, surface that Bisgaard et al. suggest is
responsible for triplet S-atom production based on their ab initio calculations [173],
see Figure 5.4. However, the model also predicts that dissociation on the *II, state
at linearity should lead to population only in the M; = 0 magnetic sub-level of the
J = 1 species, in contrast to the preferential population of M; = +1 levels found
in the present study. Furthermore, the spin-orbit populations predicted from the
model, P(J =2): P(J =1): P(J =0)=5:1:0, disagree with the experi-
mental findings for all transitions studied. An adiabatic correlation diagram is also
presented for bent (C) configurations of the CSy molecule in Figure 6.17. The corre-
lation diagram for dissociation on the *A” and ® A” components derived from the 311,
state at bent configurations, however, predicts the same results for the polarisation
of the J =2 and J = 1 species, as well as the spin orbit populations.

It is possible that the preferential population of the M; = 1 component of the
J =1 spin-orbit state could occur because of a crossing between states arising from

the *II, and 329_ states at some point along the dissociation co-ordinate. Although
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Figure 6.17: Adiabatic correlation diagram (bent) connecting the molecular and
atomic states. Adapted from Ref [194].

the latest ab initio calculations of Bisgaard et al. [173] point to intersystem crossing
between the photoexcited '3} and the ®II, states as the origin of the triplet products,
both the details of this crossing and the subsequent dissociation pathway are yet to
be worked out. It should also be born in mind that the population and polarisation of
the spin-orbit states of S(*P ;) might be better described by an intermediate picture
of the dynamics, rather than by the limiting diabatic or adiabatic pictures described
above. Whatever the explanation for the polarisation of the J = 1 products in CS,,
it seems highly likely that a similar mechanism is also at play in the triplet channel

of the photodissociation of OCS.

6.4 Summary

Results have been presented for dissociation into the spin-forbidden triplet channel
following excitation below the barrier to linearity in the '3 (1By) state. In this
region the population of the S(*P;) fine-structure levels has been shown to vary
with the vibronic band excited. In particular, following ¥ band excitation the

majority of triplet S-atoms are S(*P3), whereas for II band excitation the population
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in J =2 and J = 1 are similar. Furthermore, the speed distributions, P(vp), of
the S(*P) species are also different following excitation of the 3 and II bands. For
3} band excitation the distributions for the J = 1 and 0 levels are very similar,
and significantly different to that observed for J = 2. The differences in P(vp)
with J and the highly non-statistical spin-orbit populations indicate some degree of
adiabaticity in the dissociation process. Unlike the speed distributions of the S(*Dy)
products, see Chapter 5, the S(®P ;) distributions, while dependent on the vibronic
band excited, do not appear to significantly change following excitation above and
below the barrier to linearity in the 'S (! By) state.

Interesting polarisation effects of the triplet S-atoms have also been observed.
For ¥ band excitation, the S(*P;) fragments are found to be unpolarised and the
S(®P;) species show a preference for the M; = 41 sub-levels. These observations
are very similar to the results following dissociation at 193.3nm, above the bar-
rier to linearity in the !X} (1B,) state. Furthermore, the spin-orbit populations
and speed distributions are also very close to the results at 193.3nm. Following
excitation of the IT band, all S(®P;) fragments are found to be unpolarised. The
differences in spin-orbit population, speed distributions and polarisation data per-
haps indicates that a somewhat different dissociation mechanism results following
IT band excitation. Attempts have been made to interpret the polarisation data in
terms of adiabatic dissociation on the two surfaces correlating asymptotically with
CS(X'S™) + S(®Py). While successfully predicting an isotropic angular momentum
distribution for J = 2, it is more difficult to account for the spin-orbit populations
and S(®Py) polarisation based on this simple model. Little information is available
on the surfaces giving rise to the triplet channel but since the non-zero incoherent
alignment measured here is very similar to that observed following the dissociation of
OCS at 248 nm, it seems likely that a similar mechanism, at least in the asymptotic

region, may be responsible for the polarisation in the two systems.
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