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Abstract of the Dissertation
DC Slice Ion Imaging Study of Atomic Orbital Orientation and
Alignment in Photodissociation
by
Suk Kyoung Lee
Doctor of Philosophy
in
Chemistry
(Chemical Physics)

Stony Brook University
2007

Advisor: Arthur G. Suits

A complete study of atomic photofragment polarization has been achieved by
using DC slice imaging, a recently developed approach directly providing the central
slice of the full 3D product distribution without any mathematical transformation. In
this dissertation, the quantum mechanical treatment adapted for the sliced images has
been derived to extract the angular momentum polarization anisotropy parameters
for any recoil speeds. The important photodissociation dynamics of small polyatomic
molecules has been presented based on the thorough interpretation of the observed
orientation and alignment.

The first demonstration of DC slice imaging of orbital polarization was a study

of the 193 nm photodissociation of ethylene sulfide, followed by detailed investiga-

il



tion in ozone and OCS. In ozone, the speed-dependent orientation was measured for
O('D,) atom produced from photodissociation in the 248 — 285 nm region. The re-
sults show negligible orbital orientation following dissociation by circularly polarized
light but strong recoil speed-dependent orientation following photolysis by linearly
polarized light at all wavelengths studied. The origin of this polarization is ascribed
to nonadiabatic transitions at avoided crossings and at long range.

The atomic orbital alignment and orientation, including the higher order mo-
ments (K = 3,4), has been carried out for the photodissociation of OCS at 193 nm.
The observed speed-dependent 3 and polarization parameters of S(1D,) atom sup-
port the interpretation that there are two main dissociation processes: a simultaneous
two-surface excitation and the initial single-surface excitation followed by the nonadi-
abatic crossing to the ground state. The angle- and speed-dependent density matrix
can be constructed containing the higher order contributions for circularly-polarized
dissociation light. It was shown in one case that the higher order contributions should
not be overlooked for an accurate picture of the dissociation dynamics in this system.

In addition, photofragment angular anisotropy is reported for the photodissoci-
ation of acetaldehyde cations in the wavelength range 354 — 363 nm. Three product
channels were observed: HCOT, CH3;CO* and CH;. The distinct angular distri-
bution of the CH3CO™ fragments shows a large value of the higher order Legendre
polynomial term, providing evidence that acetaldehyde cations are spatially aligned

during the ionization process.
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Chapter 1

Introduction

Understanding elementary chemical reactions in as much detail as possible is the
central goal of chemical dynamics. Many chemical processes which occur in nature
are usually initiated by light, and, thus, photochemistry has great significance in
such study, including a broad range of issues of fundamental importance in chemical
physics: the theoretical description of chemical reactions, the quantum mechanical
behavior of molecular systems, and the interaction of light with matter.! The key
to elucidating photochemical processes is the characterization of the potential energy
surface (PES) because the dynamic forces governing the breaking/forming of chemical
bonds are closely related with PESs. The detailed information concerning the PESs
can be provided by the study of the directions and anisotropies for vectors of interest,
referred to as dynamical stereochemistry.?

Photodissociation is the central process in photochemistry. It has long been
established that photofragments produced by dissociation with polarized light can
themselves be polarized.®> This polarization is also affected by the PESs on which

dissociation evolves and is extensively explored by examining the correlation among



vector quantities. Therefore, the study of photofragment polarization has been a
valuable means of providing deep insight into the underlying dissociation dynamics.
Investigations of vector properties in molecular photodissociation processes have been
performed experimentally and theoretically during the past 40 years. Considerable
effort has been devoted to elucidating the polarization of photofragments by intro-
ducing new experimental techniques with concomitant developments in theoretical
treatments.

First, the general overview of vector correlations and relevant experimental method-
ologies will be addressed for the better understanding of the achievements discussed
in this research. Specific vectors of interest are 1) p, the transition dipole moment of
a parent molecule, 2) E, the polarization of the dissociation light, 3) v, the photofrag-
ment recoil velocity, and 4) J, the angular momentum of the photofragment. When
light interacts with an isotropic gas sample, linearly polarized photolysis light will
preferentially excite parent molecules with their transition dipole moment, p, paral-
lel to the polarization of the photolysis light, E. This alignment between p and E is
determined by the excitation probability, |- E|?, in the electric dipole approximation.
The laser polarization vector E is usually chosen as the laboratory-fixed Z axis. Con-
sequently, p is aligned by the dissociation light defined in the laboratory frame, and
subsequently, v and J can be also defined in the laboratory frame. The correlations

between these vectors will be described in detail in the following sections.



1.1 E-p-v Correlation: Recoil Velocity Anisotropy

Since Herschhach and Zare mentioned an anisotropic angular distribution of
photofragments,* the most familiar vector correlation has been recoil velocity anisotropy
(p-v correlation), which can provide information on the symmetry and lifetime of
the excited states involved in dissociation. The first experimental observation of
photofragment velocity anisotropy was performed by Solomon,” and the theoretical
description of this correlation was first provided by Zare. The well-known expression

is given as a function of the recoil angle,

1(0) = %[1 + [ Px(cosB)] (1.1)

where 6 is the angle between the photolysis polarization and the recoil direction,
and Ps(cos ) is the second order Legendre polynomial.

The anisotropy parameter 3 can be presented as:

B = 2Py(cos ) (1.2)

where x is the angle between the transition dipole moment g and the asymp-
totic recoil direction v. 3 ranges from -1 to 2 for linearly polarized light along the
Z-axis and from 0.5 to -1 for circularly polarized light propagating the Z-axis.” For
diatomic dissociation wvia the linearly polarized light, # values of -1 and 2 indicate
that the photofragments recoil perpendicular or parallel to the transition moment,

respectively. It should be noted that this theoretical treatment was constructed on



the assumption that the characteristic dissociation time is significantly smaller than
the molecular rotation period; this approximation is called the axial recoil limit. That
is, the degree of pu-v correlation will be diminished during the dissociation process
depending on the excited state lifetime. This breakdown of the axial recoil dynamics
causes intermediate values of 3. The recoil anisotropy of photofragments from ro-
tating parent molecules has been both experimentally and theoretically investigated

8712 and recently, a quantum mechanical study

for diatomic and triatomic systems,
of the non-axial recoil problem was explicitly reported for a diatomic-like system by

Kuznetsov and Vasyutinskii.'® Intermediate values also arise due to the bond break-

ing that is not strictly parallel or perpendicular to p, such as in polyatomic systems.

1.2 E-p-J Correlation: Angular Momentum Polarization

As in the case of velocity anisotropy, the p-J correlation persists in the laboratory
frame unless the alignment of p is lost owing to parent rotation prior to dissociation.
After Van Brunt and Zare first discussed polarized fluorescence of photofragments
in an electronically excited state,? studies of E-J correlation were mostly concerned
with the rotational alignment of the photofragments.

The angular momentum distribution represents the expectation value of the an-
gular momentum vector J along a given recoil direction, which is conveniently ex-
panded in a series of multipole moments pg¢g of rank K and component (). The
zeroth order multipole moment corresponds to the population, while higher order

odd moments (dipole octupole, etc) describe the angular momentum orientation, and



Figure 1.1: Schematic illustrations of (A) isotropic, (B) oriented, (C) aligned distributions
of angular momentum vectors adapted from ref.? and corresponding the population of each
magnetic sublevel, m .

even moments (quadrapole, hexadecapole, etc) describe the alignment. As shown in
Fig. 1.1, orientation represents the unidirectional distribution (e.g, J preferentially
points in one direction, e.g. up or down), and alignment is regarded as the bidi-
rectional distribution (i.e., J preferentially points along a vertical axis rather than a
horizontal axis or vice versa). These polarizations are directly reflected in nonequi-
librium populations of the magnetic sublevels m;, which are the projection of the
total angular momentum J onto the recoil axis. Orientation, which may be probed
only with circularly polarized light, is reflected in unequal populations changing with

my, while alignment, probed with linearly or circularly polarized light, corresponds



to unequal populations proportional to different |m ;| levels. The diagonal elements
(population) of the photofragment density matrix corresponding to each polarization
effect are also schematically illustrated in Fig. 1.1.

In most early studies, the total alignment or orientation in the laboratory frame
(E-J correlation) was mainly measured, which is the average polarization obtained
by integrating over all recoil directions. However, these net measurements cannot
give enough deep insight into the underlying dynamics, such as coherent effects and
nonadiabatic processes. Such information can be provided by exploring the more

detailed v-J correlation.

1.3 v-J Correlation

In contrast with velocity anisotropy and the net angular momentum polarization,
the vector properties between v and J are completely independent of the laboratory
frame and, thus, survive polarization scrambling due to a longer dissociation lifetime
relative to rotation. As mentioned above, the recoil angle dependence of angular
momentum polarization, the so-called “v-J vector correlation”, can afford valuable
insight into the dissociation event by revealing the dynamics in the molecular frame.'*
In other words, studies of this phenomenon tell us about the implications for the sym-
metries and potential surface shapes of the states involved and the role of coherence,
nonadiabatic effects, and long-range interactions (see Fig. 1.2).152!

The simplest way to understand this correlation is to consider two limiting cases,

v1J and v||J. In the case of v perpendicular to J, the photofragments exhibit a



A+B

Figure 1.2: The factors which affect atomic angular momentum polarization: (1) Sym-
metry of excited electronic state, (2) Coherent excitation of multiple electronic states,
(3) Coulomb interaction at large internuclear separation, (4) Nonadiabatic transitions at
avoided crossings, and (5) Nonadiabatic transitions at large internuclear separation (adapted
from ref.??).

“cart-wheel”-like motion (e.g., bent triatomic molecules). For the case of v parallel

to J, the fragments execute a “propeller”’-like motion (e.g., HyO,).?

These limiting
cases can be easily described by classical mechanics. However, v and J are not so
strongly correlated in most chemical systems.

The development of the theory has been achieved to interpret the v-J correlation.
The semiclassical approach by Dixon is based on the expansion of the angular distri-
bution in terms of the expectation values of bipolar harmonics.?* Although semiclas-

sical models perfectly describe high-J rotational polarization, a quantum mechanical

approach is best suited for treating the atomic angular momentum produced in dis-



sociations with low J. Hall et al.2*

presented a density matrix approach. Siebbeles et
al.” provided a fully quantum mechanical theoretical treatment, where the recoil an-
gle dependence of angular momentum polarization is expressed in terms of scattering
matrix elements. An important challenge is to make the explicit connection between
theoretically defined parameters and practically observable measurements. Bracker
et al.'” presented a detailed quantum mechanical machinery in terms of anisotropy

parameters introduced by Vasyutinskii and co-workers,?> which is applicable to ion

imaging experiments.

1.4 Experimental Approaches

The studies of vector correlation have employed a number of different exper-
imental approaches. Velocity anisotropy is commonly measured by translational
spectroscopy, in which the fragments are separated in space and then detected as
a function of position and time. Another widely used method is the Doppler profile
of photofragments noted by Zare and Herschbach.? In Doppler spectroscopy using a
narrow-bandwidth laser, the width and shape of the Doppler profile provide informa-
tion about the magnitude and anisotropy of velocity, respectively. For measuring the

angular momentum polarization as well as velocity anisotropy, Doppler,2%21:25:26 §

on
time-of-flight,'®1%27 and ion imaging methods!® 172846 have been used. In particu-
lar, the ion imaging technique has emerged as a premier means of investigating these

phenomena owing to their ability to probe the nature of the angular momentum polar-

ization as a function of the photofragment recoil angle. Therefore, this approach now



dominates over alternative probe methods as the most convenient means of studying
these phenomena. A significant recent advance in imaging probes of orbital polariza-
tion has been the development of slice imaging methods*” #° that allow the angular
momentum polarization to be measured directly over a large spread of photofragment
recoil velocities, without needing to apply any form of forward convolution or inver-
sion to the experimental data. The DC slice imaging technique is emerging as a very
powerful tool for exploring atomic orbital polarization.

Atomic orbital polarization in photodissociation has been the subject of consid-
erable interest since the late 1990s. Most studies to date have focused on rank K = 2
alignment (Cly,'"4 NO,,3! N,0,3%3439 BrCl137 03,50 OCS,’! HBr,3>% S0,*) and
rank K = 1 orientation(IC1,2"5% Cl,,'" HCL*® O3,% OCS,3%4%:51.53 BrCI*"), ignoring
the higher order moment contributions. However, the importance of the higher order
K = 3,4 terms is clear in some systems, such as Oz, even though a quantitative
analysis has not yet been performed.’®* The theory has recently been extended to
include the rank K = 4 case for photofragment alignment and applied to the experi-
mental case of O('D,) atoms from N,O photodissociation® and the rank K = 3 case
for photofragment orientation applied to the experimental case of Cl(*Py/3) atoms

from BrCl photodissociation.*¢

Although many recent studies have been performed to elucidate quantum dynam-
ics especially for diatomic and triatomic photodissociation events, there still remain

some phenomena not yet fully understood, and there has been little research on larger



molecular systems. The DC slice imaging method, used as an experimental method
in this research, could begin to accomplish such necessary tasks. Hence, it is essen-
tial to fully develop the theoretical machinery for DC slice imaging and demonstrate
the application of this approach to the investigation of larger polyatomic dissocia-
tion dynamics (e.g., ethylene sulfide). The rigorous quantum mechanical treatment
to deal with that system was developed based on the previous work of Siebbeles,
Vanyutinskii and co-workers,” %25 which will be described fully in Chapter 3. One
of the strong points in the DC slice imaging approach, as mentioned before briefly, is
the easy analysis of experimental data which enables one to obtain the recoil speed
dependence of orbital polarization effects quite readily. Strong recoil speed-dependent
alignment /orientation is closely associated with dynamics; For example, the ultravio-
let photodissociation of ozone, the main topic of this research, showed an interesting
correlation of the orientation effect with respect to the recoil speed which suggests
the critical role of nonadiabatic transitions in the dissociation mechanism. In gen-
eral, contributions of higher state multipoles are often neglected in most previous
polarization studies, even though multipoles up to rank K = 2.J exist. Recently, a
few groups have begun to emphasize the higher order contribution to photofragment
polarization that enable one to completely exploit the physical properties happening
in dissociation,*®?> and the last part of this work will address this subject. This
research also reports for the first time the full photofragment density matrix con-
structed by the complete polarization measurement including the higher order terms.
The results presented in the following chapters open the possibility for the complete

and comprehensive understanding of important chemical dynamics and achieve the

10



extension of vector correlation study to complicated polyatomic systems.

This dissertation is organized as follows: Chapter 2 presents the background of
the DC slice imaging experimental setup. Chapter 3 details the theoretical approach
to extracting quantitative alignment and orientation data from slice imaging mea-
surements. Chapter 4 shows the experimental ion images and measured polarization
anisotropy parameters for ethylene sulfide, ozone and carbonyl sulfide photodisso-
ciation. Furthermore, the interpretation and discussion of experimental results are
provided. Finally, the study of photofragment angular distribution is extended to a
cation system in the Chapter 5, and the recoil angular anisotropy for acetaldehyde

cation photodissociation has been investigated.

11



Chapter 2

Experimental Approach

2.1 Overview

Ion imaging has been a powerful and standard tool for studying photodissociation
or reactive scattering since Chandler and Houston®® first reported this technique
in their paper on the photodissociation of methyl iodide. In comparison with the
Doppler profile technique, it is a more straightforward method to measure product
translational energy and angular distributions. The most substantial improvement
of the ion imaging technique was achieved by Eppink and Parker®” introducing the
high resolution, velocity map imaging technique (VELMI). The energy resolution was
improved by almost an order of magnitude higher than that which is obtainable with
original ion imaging, typically 10 ~ 20 %. In this technique, they removed the grids
of the Wiley-McLaren setup and used inhomogeneous extraction field, by which the
blurring of the image arising from the spatial distribution of the initial ion packet
and the trajectory distortion induced by the grid are eliminated.

A general ion imaging setup is composed of a time-of-flight mass spectrometer

combined with a two-dimensional (2D) position-sensitive detector, a microchannel
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plate (MCP) coupled to a fast phosphor screen and a charge coupled device (CCD)
camera. A photofragment ion cloud flies toward the detector and is crushed into it,
resulting in a raw 2D ion image. This 2D projection can be transformed using math-
ematical methods, such as the inverse Abel transformation, to reconstruct the full 3D
photofragment distribution; then, the central section of interest is obtained. However,
this inversion approach is always associated with artificial noise, especially along the
cylindrical symmetry axis. Furthermore, the presence of the cylindrical symmetry
axis parallel to the imaging plane is the prerequisite for adapting this method.*® It
causes a limitation on laser polarization geometries in two-color experiments. In par-
ticular, photolysis and probe beams with different polarizations are needed for the
study of photofragment orientation and alignment. The specific experimental way to
measure angular momentum polarization will be discussed in the next section, and
its theoretical background will be addressed in Chapter 3 in detail.

A probe light source is usually utilized for the ionization of the neutral photofrag-
ments. A general one-photon ionization using tunable radiation may be achieved by
synchrotron sources or vacuum ultraviolet (VUV) lasers. In this case, it is unlikely
to detect the state-selected products since several quantum states are involved in this
ionization, determined mostly by the Franck-Condon factors.?® Multiphoton ioniza-
tion, from a practical point of view, is more easily accessible by using frequency dou-
bling/tripling of visible dye laser light. In addition, resonant multiphoton ionization
provides a state-selective probe so that the advent of resonance enhanced multiphoton
ionization (REMPI) has spurred the study of photodissociation dynamics. In N+M

REMPI, N represents the number of photons required to reach the resonant excited
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intermediate state, and M describes the number of photons needed for ionization. De-
pending on a REMPI scheme, the image resolution can be impaired due to the recoil
electron energy, when the excess energy above the ionization continuum is relatively

large.

2.2 Measurement of Angular Momentum Polarization

Typically, the v-J correlation of photofragments is sensitive to spectroscopic
probing such as REMPI, so that such polarization can induce additional angular
modulations to the total signals. In effect, the angular momentum polarization infor-
mation encoded in these modulations is extracted in terms of anisotropy parameters
representing the distinct dissociation mechanisms. However, the contribution from
the orbital polarization anisotropy to the total angular distribution is small relative
to one from the population signal. Hence, it is better if the angular modulation at-
tributed to the v-J correlation can be clearly isolated from the signal given by the
population. The way to isolate these measurements is to perform a set of experiments
with different geometries of photolysis and probe lasers. For instance, image data ob-
tained with both vertically and horizontally polarized probe lasers should be collected
in order to extract alignment effects. This usually results in a situation where the
experimental image does not possess an axis of cylindrical symmetry, as mentioned
previously.

According to the original methodology of Bracker et al.,!” a series of basis images

embodying the contribution from each of the possible dynamics were used to fit the
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experimental ‘orientation/alignment image’ that is the difference image between two
images for different probe polarizations. The resulting fitted parameter for each basis
function gives the relative contribution of each different excitation mechanism to the
observed photofragment polarization, which can directly reveal the physical origins of
the orbital polarization. In this so-called “forward-convolution” approach employing
the basis functions, the symmetry requirement for the reconstruction process was
no longer relevant. There have been successful applications of this approach to the
photodissociation of several molecular systems for measuring both alignment and
orientation.'® 313259 However, it is still not a perfect strategy for getting information
on angular momentum polarization because this method is only suitable for situations

where the photofragment kinetic energy distribution is monoenergetic in nature.

2.3 DC Slice Imaging

As one way to eliminate the cumbersome reconstruction, a slicing technique
has been explored that may directly detect the central ‘slice’ of the 3D fragment
distribution. The earliest idea for it was introduced by Tonokura and Suzuki,®® in
which they employed “laser sheet” ionization with a cylindrical focal lens to probe
any slice of a neutral fragment sphere. A more recent development was reported
by Kisopoulos and co-workers.*” Applying a pulsed electric field to the expanded
fragment ion following a short period of field free expansion results in a stretched
ion clouds. The central section of the ion packet may be sampled exclusively with a

narrow time gate at the imaging detector. A key advantage of slice imaging is that it
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allows the measurement of orbital polarization effects in a more direct way without the
necessity for additional inversion methods, such as the inverse Abel transformation
or complex forward convolution. In addition, it is adaptable to systems of interest
which have a broad range of photofragment kinetic energy. Vector correlation studies
in the photodissociation of Cly, Bry, HCI, and HBr have been demonstrated with this
method.3% 36

This slice technique using delayed pulsed extraction, however, has a shortcoming
associated with the grid that is used for creating the field-free region and the coupling
into the recoil region. This leads to image blurring; therefore, the high resolution
that is attainable with VELMI is compromised. This problem is circumvented by
operating multilens velocity mapping ion optics at a low voltage, without a mesh
grid (i.e., no pulsed field) .*® In this direct current (DC) slice imaging developed
by our group, the spread of an ion cloud is achieved by a low repeller voltage, and
the momentum focusing is performed by regulating the voltage applied to extractor
lenses. That is, the velocity resolution critically depends on the ratio of the applied
voltage, given that other variables of the imaging apparatus are specific. Simulations
for the expansion of a nascent isotropic distribution along the time-of-flight axis are
presented in Fig. 2.1. A conventional velocity mapping condition is illustrated in
Fig 2.1 A, where the entire ion cloud arrives at the detector within a short temporal
spread (40 ns) and is detected. As mentioned above, the decrease of a repeller voltage
gives rise to the expansion of the ion cloud, as presented in Fig 2.1 B. The extent of
reducing Vg is limited by the loss of velocity focusing, which can be overcome by the

use of additional electrodes. Fig 2.1 C represents such a case that two focusing lenses
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Figure 2.1: Simulations showing the expansion of the photofragment ion cloud at 1.5 us
intervals for 3°Cl with 1 eV kinetic energy (adapted from ref.8). In each simulation, the
leftmost electrode is the repeller (VR), and the rightmost lens is grounded (Lg). (A) Single
focusing lens with Vg = 42500 V, which is a potential setting for conventional velocity
mapping imaging. The entire distribution is sampled, and thus, reconstruction is needed to
obtain the central section. (B) Single focusing lens with Vg = +500 V. (C) Two focusing
lenses with Vg = 4500 V, which correspond to a DC slice imaging arrangement. The ion
cloud stretches enough to enable direct sampling of the central section.
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are employed to sufficiently spread the ion sphere, leading to the increase of arrival
time width. Thus, this condition makes the central slice more readily measurable by a
narrow gating at the detector and was used for experiments in this research. It should
be noted that the “3D” imaging method, nearly equivalent to our slice technique, was
developed independently by K. Liu et al..*

The key components of the experimental apparatus are shown schematically in
Fig. 2.2. A supersonic molecular beam seeded in either Ar or He is expanded into
the source chamber via a pulsed nozzle operating at 10/30 Hz (depending on a laser
system) with a backing pressure of ~ 25 psig. After passing through a skimmer (1.0
mm), the collimated beam enters in a velocity mapping electrode assembly optimized
for DC slice imaging and is intersected at 90 ° by two counter-propagating lasers.
The photolysis and probe light may be polarized, for which polarization vectors are
specified by a coordinate system depicted in Fig. 2.2. The detailed description of
it will be examined in Chapter 3. Following ionization by the probe laser, the ion
sphere elongated along the flight tube is compressed onto a dual microchannel plate
(MCP) array of 75/120 mm diameter, which is coupled to a P-47 phosphor screen.
Application of a narrow (~40 ns) time gate at the detector was then used to sample
the central section of the distribution. The resulting signal was recorded using a
CCD camera and a photomultiplier tube (PMT), in conjunction with the IMACQ

61

Megapixel acquisition program.®® This interface software was recently developed in

our group, enabling high-resolution real time ion counting.
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Figure 2.2: Schematic of experimental apparatus for DC slice imaging
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2.3.1 Speed and angular distributions for sliced images

The procedure for yielding the speed and angular distributions from sliced images
was discussed by previous works, in which conclusions were drawn that the analysis
of sliced image is nearly identical to that of conventional ion imaging.*”4® For thin
slices, the resulting sliced image can be considered to be equivalent to the inverse
Able transformed image. Application of the standard psin @ weighting to the raw
sliced data, therefore, is effective to extract the speed distribution, where p and 6
is the magnitude of the recoil speed and the recoil angle with respect to the axis of
cylindrical symmetry, respectively (note that 6 here is different from that which is
one defined in Fig. 3.1). Recently, Komissarov and co-workers carefully examined the
treatment for the data with finite slice widths, usually occurring in the detection of
slow fragments.? Although incomplete slicing may be achieved for slow fragments,
they reported that the psin# weighting can successfully operate to obtain the speed
distribution.

The angular distribution from a slice image can be attained in the same way as
the traditional one for the reconstructed image, as previously discussed. It should be
emphasized again that the angular distribution obtained by the sliced data can be free
from artifacts near the cylindrical symmetry axis and can totally reveal the angular
anisotropy for any recoil speeds. However, it is still questionable as to the validation
of using the same analysis for slow components. Further work will be required to
rigorously test the capability of the analysis in the case of the finite slicing. The data

for slow fragments presented in this report were carefully examined with the basis
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images/functions for the unsliced case to confirm their credibility.
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Chapter 3

Theory and Data Analysis

3.1 Photofragment Polarization Angular Distribution

In a photodissociation event producing fragments A and B with angular momenta

ja and jg (j = ja + jB), respectively, the differential excitation cross section matrix

()

elements o, . for one-photon fragmentation of an AB molecule which has an isotropic

angular momentum distribution can be written as%

2
) 4w )
' c(2J; + 1) MZM( k] d - el W ) (Wi d - e[ W) (3.1)

a5tV

where w is the frequency of the incident light, e is a light polarization vector, and d
is a dipole operator. W s is the wave function of the initial molecular state, and
VUm:k is the dissociative wave function describing two photofragments flying apart
with momentum Ak and direction specified by the unit vector k with polar angles
and ¢ , as shown in Fig. 3.1.
Since the differential cross section is experimentally measured by detecting one of
JA

two fragments, the corresponding cross section (¢74 ) involves averaging over the
m,,MmA
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Figure 3.1: Laboratory frame co-ordinate system

quantum numbers of nondetected fragments.%* The differential cross section matrix
elements can be generally expressed in terms of the series of the state multipoles pg,
with ranks K = 0...2j4 and projections Q = —K ... K:636°

oA 0,¢) = (2]A+1 UOZ ]A ma 2K—|—1)1/2

my,ma

Jja Ja K
X Pro(0, @) (3.2)
my —my —Q

where o9 = (2j4 + 1) V2(Tr[o?4 ', m4(0,0)]) is the total zeroth-order fragmentation
cross section, and the factor in the brackets (:::) in Eq. (3.2) is a Wigner 3 — j sym-
bol. The recoil-angle-dependent state multipoles describing the angular momentum

polarization of photofragments has been derived by Siebbeles et al.” and extended
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l.17

by Bracker et al."* in the axial recoil approximation, which are given by

3 (2K 41\ Kt fr(a,d)
paltd) = 1 (3] X U Eae)

2]14 + 1 Ka0a,Q' ¢.q' (Oa O) + 2f0(17 1)
11 Ky . .
X \/ 2Kd _|'_ ]_ DQ,Q’ (0, ¢, O)qu(fQ/ (0, ¢, O) (33)
¢ —q —Q

where ngQ,(G, ¢) are Wigner rotation matrix elements, and Ek, ,,(e) is the polariza-
tion tensor of the dissociation light. The quantities fx(q,q’) are called the dynamical
functions because they contain all information on the transition dipole moment and
the relevant dissociation dynamics. The indices ¢, ¢’ (AQ) are the spherical harmonic
components of the molecular electric dipole moment and have the values 0 or 1, cor-

responding to parallel or perpendicular transitions, respectively.!”%4

The dynamical
function with ¢ = ¢’ (diagonal terms) represents incoherent excitation, while the off-
diagonal terms with ¢ # ¢ represent the simultaneous coherent excitation of different
molecular continua.

It is convenient to express the state multipoles in terms of anisotropy polariza-
tion parameters, which are composed of normalized combinations of the dynamical
functions fx(q,q’). They are associated with different dynamical mechanisms taking
place during the dissociation processes, and each of them has a characteristic angular
distribution that is governed by the corresponding 3—j coefficient and rotation matrix
element, as seen in Eq. (3.3). The detailed description of orientation and alignment

parameters will be addressed later. The general representations of rank K = 0,1,2

state multipoles for specific experimental conditions were presented explicitly in the
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previous studies (see ref.!” and ref.'%).

As mentioned above, the state multipole ranges from K = 0 to K = 2j4 reflecting
the property of the 3 — j symbol in Eq. (3.2).%5 The zeroth-rank state multipole
poo is proportional to the total population of the photofragment magnetic sublevels,
and the multipoles with rank K > 0 describe the anisotropy of the photofragment
angular momenta. For example, the complete description of the 1D, oxygen atomic
photofragments contains up to rank K = 4 state multipoles (i.e., K = 0 (population),
K =1, 3 (orientation), K = 2, 4 (alignment)). Although most studies to date have
considered rank K = 1 orientation and K = 2 alignment as the leading contributions
to the angular momentum polarization, it is being revealed that the contribution of
the higher order K = 3,4 terms is important in some systems, such as 05.5%5 A
fully quantum mechanical treatment has been recently extended to include the rank

K = 3,4 cases for photofragment orientation?® and alignment,>

respectively.

Since all experiments reported here were performed by DC slice imaging, I will
only focus on the theoretical treatment and analysis approach to slice imaging. In par-
ticular, the contributions of the higher order (K = 3,4) state multipoles to photofrag-
ment angular momentum polarization will be considered in detail. As discussed in
Chapter 2, the slice imaging technique allows one to exclusively monitor the narrow
central section of a given photofragment distribution for any desired photolysis-probe

laser geometry, which, in the coordinate scheme in Fig. 3.1, corresponds to fixing 6 to

a value of 7/2.%3 The following expressions are suitable for the 2D central slice case.
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3.1.1 Orientation

For two different experimental geometries, the expression of photofragment ori-

entation can be written as the following:

Geometry 1. Photolysis light (right circularly polarized) propagates along the

X-axis:

3V 6 , )
pu(m/2,¢) = _&r\/% e’ [041 cos ¢ — %71 sin ¢
3VTVa(5) ' |
p31(m/2,0) = 167:/\;% e {\@043 COS¢—22W”73 sin¢_
p33(m/2,0) = _1::57\:352—]‘?3% e3? [O./g cos ¢ — z'\/Tgvg sin ¢ (3.4)

Geometry II. Photolysis light (linearly polarized at 45° to the detector plane)

propagates along the X-axis:

3\/6 R YoRNY

p1(m/2,¢) = WW "

sin ¢

pa1(m/2,9) = Wﬁw 13 COS¢—173 sin ¢

paa(1/2,0) = %\/%ﬁem [% cos ¢ + z% sin gb} (3.5)
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where

and Vi(ja) = 1, V3(ja) = ja(ja + 1) /[(Ja — D(Ja +2)(2ja — 1)(2j4 + 3)]"/?

Although there are other state multipoles (e.g., pio, ps0, and psq) for both ge-

fr(1,-1)

o = Vielia)™ 70(0,0) + 2/o(1, 1)

2Re|fx(1,0)]
f0(0,0) +2£5(1,1)

vk = Vi(ja)™'

2Im|[fx(1,0)]
(0,0) + 2fo(1, 1)

Vi = Vi(ja)™'
fo

Im[fs(1, —1)]

ometries in Eqgs. (3.4) and (3.5), p11, ps1, and ps3 were presented here because those
are only detected experimentally for the geometry in which the photolysis and probe
light are counterpropargating along X-axis, as shown in Eq. (3.14) in the following
section. Photofragment orbital orientation can also be produced with linearly polar-
ized dissociation light in cases where the photolysis beam is linearly polarized along
either the Y or Z-axis (as would be common in a typical imaging experiment). For
this case, the angular distribution of the expectation value of angular momentum
arising from rank 1 orientation is proportional to sin @ cos@sin ¢ (for the slice imag-
ing case, NO observable value) and is displayed in Fig. 3.2. Therefore, even though

the conventional imaging technique is used, the corresponding angular momentum
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Figure 3.2: Angular dependence of the rank 1 orientation component (p11) of the
photofragment angular momentum j for linearly polarized photolysis light along the Y-
axis. Black and grey correspond to positive and negative sign, repectively, and the arrow
represents the direction of j

distribution is antisymmetric with respect to the reflection in the plane of the detec-
tor, and this results in a zero observable orientation effect. However, when the linear
polarization is rotated out of the Y Z plane, any non-zero v}, and 73 orientation effects
that are present become observable and will, in fact, show a maximum value when
the polarization is set at an angle of 45° with respect to both the Y and Z-axes.!4
The rank K = 1,3 orientation anisotropy parameters, ax, Yk, Vi, and 713, each
characterize the extent to which a distinct physical mechanism plays a role in the
overall dissociation dynamics. The parameters ax and ygx describe contributions
to the fragment orientation from incoherent perpendicular excitation and a coherent
superposition of a parallel/perpendicular excitation, respectively. Both parameters

result from the photon helicity of dissociation light. Therefore, the helicity must
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be preserved during dissociation and transfer to photofragments in order to observe
these orientations. The parameter v} relates to a coherent superposition of parallel
and perpendicular excitations that results from the transition dipole moment aligned
to the photolysis light polarization vector e. In classical terms, v} is the helicity
representing the elliptical motion of the electron charge cloud that is developed by
the interference effects via a mixed transition.?” Finally, the 73 parameter describes

orientation from a coherent superposition of two perpendicular transitions.

3.1.2 Alignment

The state mulipoles that are responsible for experimentally observed alignment
produced by linearly polarized dissociation light (see Eq. (3.12) and (3.13)) are given

by the following:

Geometry III. Photolysis light is linearly polarized along the Z-axis:

5Vs(g 3
p20(m/2,0) = —8;/\_/% {324-042—%5772]

Re[paa(7/2, )]

V15 Va(ja) [
8V2m\/2ja + 1

1
So + g — 5772] cos 2¢

3Vi(ja)

pao(7/2, 9) NI

V60
3(844-054)4—77]4

3Vi(ja)

Re[psa(m/2, ¢)] 32my/2a + 1

[@(34 +ay) + \/6774} cos 2¢
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3vV14V,(j4)

Re[py(m/2,9)] = ———== \/5(84—1-044)—\/57]4 cos 4¢ (3.7)

641y /2ja + 1

Geometry IV. Photolysis light is linearly polarized along the Y-axis:

p20(m/2,0) =

Re[pas(m/2,9)] =

pao(m/2,9) =

Re[paz(7/2, )]

Re[pa(m/2, ¢)]

where

V(i
_8;/\_5/% [82 + % (3cos2¢ —1) — 2772(1 +0052¢)}

V15 Va(ja) {{
8v2m\/2ja + 1

+ v, sin? 2¢ + % (cos2¢ + 1) cos 24

59 + % (3cos2¢ — 1)} cos 2¢

9Vi(ja) o V15

NS 54+7(3c082¢—1)—Tm(l—l—coquﬁ)]
3v2Vi(ja) Qg

N, e {\/5{34 + 5 (3 cos2¢ — 1)} cos 2¢

+ \/76 o sin® 2¢ — \/75 N4 (cos 2¢ + 1) cos 24

3VTVi(ja) {\/1—0 {34 + 2 (3c082¢ — 1)} cos 4¢

327 /2ja 11| 2 2
. . V6
+ /374 sin 2¢ sin4¢ + ol (cos2¢ + 1) cos 4o (3.8)

—lfK(Ovo) + 2fK<17 1)
f0(07 0) + 2f0(17 1)

sk = Vk(ja)
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1 fx(1,1) = fk(0,0)
f0(0,0) +2fo(1,1)

Vi (ja)

1 Re[fx(1,0)]
2V3Vi (ja) £0(0,0) +2f5(1,1)

2VBVicja) o )

]
£0(0,0) +2fo(1,1)

fr(1,—1)]
f0(0,0) +2fo(1,1)

V6Vi(ja) ™

and Va(j) = 5{j(j +1) /[(2j +3)(25 — D]}'/%,

(3.9)

Va(3) = 940G +1))° /(G = DG +2)(25 = 3)(2 — 1)(25 + 3)(25 + 5)]}1/?

The alignment parameters in Eq. (3.9), sk, ak, vk, and ng with K =

2,4, de-

scribe contributions to the total alignment from incoherent and coherent excitations:

sk and ag define incoherent excitation via both parallel and perpendicular tran-

sitions, with the limiting cases sx = 2ax and ax = —sgi representing pure per-

pendicular and pure parallel processes, respectively. The vx parameters correspond

to alignment from a coherent superposition of perpendicular and parallel excitation,

while nx parameters arise from a coherent superposition of two perpendicular tran-

sitions. Although it is not presented in the expressions above, the contribution from

a coherent superposition of parallel and perpendicular excitation is characterized by

Y5 in the case of circularly-polarized photolysis light.(see Ref.”) In this research, it
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is excluded due to the experimental difficulties of extracting this parameter.

3.1.3 Molecular frame state multipoles

The description of the angular momentum polarization in the molecular frame
provides a useful connection to theory. The molecular frame state multipoles nor-
malized by the zeroth-rank state multipole can be easily obtained from those in the
laboratory frame using a rotation matrix. In the case of circularly-polarized photolysis

light, the molecular frame state multipoles can be expressed as:%

Rank 1,3
mol(@) - 3\/2K+1O[KVK() COS@
Pk -7 V275 +1[1 — —ﬁPg(COS 0)]
mol(@> o 3V2K + 19k Vk(j) sin®
Fr N 2\/_ 21/2j; + 1[1 — 38P3(cos ©)]
n 3iv2K 4+ 17, Vk(j) sin© cos ©
2v2/2j; + 1[1 — 13Ps(cos O)]
mol o i V2K+177K VK(j) sin2@
P (O) = NI %ﬁpz(@)] (3.10)
Rank 2,4

V2K 4+ 1Vg(j) [sk + ax Py(cosO)]

RO = T - 1ane)
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@\/QK + 1V (j) 7k sin© cos ©

EACIEE
4 25+ 1[1 — 13Ps(cos O)]
. V6i V2K +1Vi(j) s sin©
4 /25 +1[1 — 1 3Py(cos O)]
o V6 V2K + 1V (j) nx sin®©
PRSO) = = ) ik (3.11)

8 V2ji +1[1 - 30P(0)]

where © is the angle between the direction of light propagation and the recoil axis
and the values of the index ¢ = +1 and ¢ = —1 correspond to the right and left light
circular polarization, respectively. It is clear from Eq. (3.10) that the parameters a
are responsible for the photofragment electronic angular momentum which is parallel
to the recoil direction v, while the parameters vy are responsible for the angular
momentum which is perpendicular to the recoil direction and lies in the plane defined
by the recoil vector v and the propagation direction of the photolysis laser beam
(see Fig. 3.3). The parameter ] is attributed to angular momentum perpendicular
both to the recoil vector v and to the photolysis light polarization vector e. All

molecular frame state multipoles can be used to produce the electron charge cloud

39,65 165

distribution and the full density matrix of the atomic fragment®° that is dependent
on recoil direction, giving information on the molecular frame dynamics. The electron
charge cloud and photofragment density matrix will be discussed more in the final

section of this chapter.
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Figure 3.3: Cartoon showing orientation of angular momentum vectors corresponding to
each orientation anisotropy parameter relative to transition dipole moment g and recoil
direction v.

3.2 Two-photon Excitation Probability of Photofragments

As shown by Kummel and coworkers,%”% the general expression describing the
absorption intensity of polarized light by photofragments via a two-photon transition
can be expressed in terms of the state multipoles pgg. For different experimental
geometries, the expressions for the 2+1 Resonance-Enhanced Multiphoton Ionization

(REMPI) probing are

I, = C|Fypoo + Papa + P4P40} (3.12)

2

[ P
Ixy = C|Fypo — —2{p20 F \/éRe[pzﬂ}

+ P 30 £ 2V TRelpa) + de[pM]}} (3.13)
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3 V10 V70
+3 A Pa0 — TPIRG[PM] + TPfRe[PM] (3.14)

where Iy, Iy, and Iz are absorption intensities related to linearly polarized probe
light with polarization vectors directed along the X, Y and Z axes, respectively, and
Iﬁ ;, corresponds to circularly polarized probe light propagating along the —X-axis.
The + and — of F in Eq. (3.13) correspond to the linear polarization along the X
and Y-axis, respectively, while the + and — of £+ in Eq. (3.14) correspond to the
right and left circularly polarized light, respectively. The constant C depends on the
intensity of the probe light, and Px and Py are linestrength factors for linearly and
circularly polarized probe light, respectively.'*

Usually, the spatial modulations in an ion image which result from photofragment
orientation and alignment represent a relatively small fraction of the total signal, as
mentioned earlier. For this reason, it is useful to isolate these contributions by taking
linear combinations of the signal recorded under different experimental geometries
of the photolysis and probe laser polarizations, in such a way that the population
term pgg cancels. Specifically, for the case of probing photofragment orientation,
the following combination of signals can be used to isolate the rank K = 1,3 state
multipoles from the rank K = 0,2, and 4 ones:

¥ - IX
(Iz) + (Iy) — g[Ix) + (%))

35



2/2j4 + 1 ﬁ%Re[pn] - %{\/gRe[pgl]—\/gRe[pgg]}} (3.15)

In the case of probing alignment, the isolation of the rank K = 2,4 state multi-
poles from the population and orientation terms can be achieved by the linear com-
bination of ion images recorded with the probe light linearly polarized along the Z

and Y-axis:

I — Iy  VZjar1l {ﬁ{
Ix) + Iy) + (Iz) 2 P,
Py
12P,

P20 + ?Re[ﬂm]}

_|_

{5p40 — 2V10Re|pu] —\/%Re[p44]}](3.16)

Both denominators on the right hand side in Egs. (3.15) and (3.16) are nor-
malization factors proportional to the total population of all magnetic sublevels,'4
(poo(0,¢)), and the angular brackets denote an averaging of the corresponding ab-
sorption intensities over all recoil angles. The denominator in Eq. (3.15), however,
has an experimental advantage over that used in Eqs. (3.16). Since the determination
of fragment population for any fragment angular space distribution can be carried out
by changing only the probe laser polarization without moving the laser beam direc-
tion,'* this would be a more direct method for normalizing the measurements. The
linestrength factors Py in Eqs. (3.12)—(3.16) for a (2+1) REMPI probe scheme may
be simply evaluated from the following expression given by Mo and Suzuki:%®

P 2 2 K jiogi K

= 5V2K +14/2j; + 1 (=1)rHi (3.17)
’ 25 —2s 0 2 2 j
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Table 3.1: Linestrength factors of two different 241 REMPI transitions by circularly- and
linearly-polarized light.

Cicular LFy Lp Linear LFy Lp
Ps /Py 0 -1.181 Py /Py 0.683 -0.598
P§ /Py -0.253 0 Py/ Py -0.115 -1.069

Here j; and j; are the initial and final total angular momenta of the detected atom,
respectively, and s, the projection of the molecular electronic dipole moment onto
the direction of the probe beam, takes a value of 0 for a linearly polarized probe,
+1 for right hand circular polarization, and —1 for left hand circular polarization.
For instance, the linestrength factors which are relevant to the 'Dy, —— 1Fj and
'Dy —— 1P, two-photon REMPI transitions in oxygen/sulfur atom are calculated
substituting j; = 2, jr = 1, and s = +1 or 0 into Eq. (3.17), which are presented
in Table 3.1. It is seen from Table 3.1 that the 'D, —— 'F} transition is sensitive
only to the K = 3 state multipole, while the !Dy —— !P, transition is sensitive only
to the K = 1 state multipole. That is, the contribution of the K = 1 and K = 3
state multipoles to the experimental signal can be determined independently. It is
more difficult to extract the rank 4 contribution because, although the sensitivity
of the 1P, is about ten times higher than that of 'F3, the linestrength factors are
nonzero for each of the two transitions. The recent work of Smolin et.al has shown
a way to isolate the rank 4 moments from all others experimentally.>® However, in
this particular instance, it is convenient to obtain the K = 4 moments by fitting to
the experimental image obtained via the ' P, transition using the fixed values of the

K = 2 moments measured via the 'F3 transition. The signals detected through the
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L F5 transition can be used to extract the K = 2 moments, neglecting the contribution
of the K = 4 moments.

As mentioned previously, the signal measured by DC slice imaging, the central
part of the total three-dimensional absorption signal, corresponds to a fixing 6 to
a value of 7/2. Substituting the state multipoles for the case of sliced images into
Eq. (3.15) and (3.16), the explicit expressions to obtain alignment and orientation

are given by the following:

Orientation

Geometry 1. Photolysis (right circularly polarized) and probe light (right or left

circularly polarized) propagate along the X and —X-axis, respectively:

! = (3.18)
(123, 0) + ({3, 0) — & [(E(3. 9)) + (X (5, )]

== {041 cos® ¢ + T gin? (;5} + 5 M {ag cos? ¢ (5 cos® ¢ — 3)

(1—-3/8 Py 2 Py 2v3
+’73§ sin ¢ (5 COSQ¢—1)}

Geometry I1. Photolysis and probe light counterpropagate along the X-axis, with
the photolysis light linearly polarized at 45° to the detector plane and the probe light

circularly polarized:

X5, 0) - If%cb)
(123, 0)) + (Iv(3,0)) — 3 (K G 0) + (55, 0)]

_(1_3\ﬁ/§8)7r SmQ : {Po7 +§MV3<J){Z§(5 05" ¢ = 1) + 15 cos ¢}}

= (3.19)

38



Alignment

Geometry III. Photolysis and probe light counterpropagate along the X-axis,

with the photolysis light linearly polarized along the Z-axis:

= (3.20)

(1-6/2)

Geometry IV. Photolysis and probe light counterpropagate along the X-axis,

with the photolysis light linearly polarized along the Y-axis:

IZ(%? ¢) - IY(%: ¢) _ 1 |:C/ P2
(Ix(3. 0) + (Iv(3, 0)) + (z(3,9))  (1+8/4) [2F
+ % (3 cos?2¢ — 4 cos2¢ + 1) + v, sin®2¢ + % (cos® 2¢ + 4 cos 2¢ + 3)}

o P,
12 P, {

{32 (cos2¢ — 1)

2(2 S+ ay (3 cos2¢ —1))(3+4 cos2¢p — 7 cosdo)

— 230, (54 12 cos 2¢ + 7 cos 4¢) sin® ¢

1
— g N4 (14 + 25 cos2¢ + 18 cos4¢ + 7 cos 6¢)}] (3.21)

where C' = /5 Vy(j)/4n, C" = 3V4(5) /327

The sliced image can be normalized by the zeroth-rank fragment state multipole
poo(0, @) integrated over the azimuthal angle ¢ at the fixed value of the polar angle
0 = 7/2. In practice, the measurement of Ix may be impossible for the photolysis

laser polarized along the Y-axis case (defined here as Geometry IV), which precludes
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proper normalization. However, when the polarization of the photolysis laser lies
parallel to the Z-axis (Geometry III), this problem can be circumvented since the
overall photofragment distribution will exhibit equal sensitivity to both X- and Y-
axis probe light polarization. That is, the total signal intensity of Ix is the same as
that of Iy. Taking this fact into account, the alignment anisotropy parameters, such
as 72 and sy + o, were measured for the geometry III (see Eq. (3.20)) and used to
normalize the data for the geometry IV. The experimental results from the geometry
I1I setup were not used exclusively because they do not give us 7, and independent
sy and ao parameters. An alternative way to normalize the data for the geometry
IV is to use the normalization factor shown as the denominator in Eqs. (3.18) and
(3.19). In this case, the geometry III experiment would be unnecessary.

From the above Egs. (3.18)—(3.19), it is apparent that each polarization pa-
rameter has a unique angular distribution. The angular dependence associated with
each distinct dissociation mechanism is plotted in Fig. 3.4 and 3.5. These polariza-
tion anisotropy “basis” functions are the specific case of the alignment/orientation
image basis functions for monoenergetic atomic fragments described by Vasyutin-
skii and co-workers.'46:5> The orientation and alignment parameters for any given
photofragment recoil velocity can be extracted by fitting the experimental data with
the basis set using a simple linear fitting algorithm, and then, a complete picture of
the mechanism in the photodissociation event is directly revealed in the result. In
particular, in the case of probing only rank 1 orientation following linear photolysis
(e. g., 'P, REMPI transition of O atom), the orientation parameter can be directly

obtained without any fitting process by integrating the numerator of Eq. (3.19) over

40



Relative intensity

[e]

o

I

IE
/

\

¥

i

Relative intensity

X =L L I L B
> o= -
%oo\\ -
c N\ /
[9} N e = - /

e N\ -7 4

= Lok .—— N I~ ]

2—20 \\ //

g \ //

]

< ,of \ / ]
[ \ /
L \, /

\ PN
- C e ,// 1
60, 0 ST T

o 30 60 20 120 150 180

Angle (degrees)

Figure 3.4: Slice imaging polarization anisotropy basis functions. (A) K = 1 orientation:
incoherent perpendicular (aq, solid line) and coherent perpendicular/parallel (71, dashed
line) resulting from circular photolysis, coherent perpendicular/parallel excitation (v, dot-
ted line) resulting from linear photolysis. (B), (C) K = 2 alignment: incoherent parallel
(sg = —ag, solid line), incoherent perpendicular (so = 2«9, dashed line), coherent perpen-
dicular /parallel (72, dotted line), and coherent perpendicular (12, dot-dashed line) resulting
from linear photolysis. Note that an angle of 90° corresponds to vertical in the ion image.
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Figure 3.5: Slice imaging polarization anisotropy basis functions. (A) K = 3 orientation:
incoherent perpendicular (as, solid line) and coherent perpendicular/parallel (73, dashed
line) resulting from circular photolysis, coherent perpendicular/parallel excitation (4, dot-
ted line) and coherent perpendicular (n3, dot-dashed line) resulting from linear photolysis.
(B), (C) K = 4 alignment: incoherent parallel (s4 = —ay, solid line), incoherent perpendic-
ular (s4 = 2ay, dashed line), coherent perpendicular/parallel (74, dotted line), and coherent
perpendicular (74, dot-dashed line) resulting from linear photolysis.
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the azimuthal angle ¢ at any given recoil velocity. The resulting expression is written

as:

(I5(3. 9) — (¥ (2. ) S Y T el PP

(12(5. 00+ (Ir(5. 0) = § |G, o) + (X (5, 00 (L7 F/8) To 2

It is important to note that in simplifying the expression of Bracker et al. (ref.!”)
from the case where the entire photofragment distribution is observed to one where
only the central section is sampled, sensitivity to all distinct polarization mechanisms
that are possible is retained. This represents a significant improvement over the orig-
inal analyzing approach of Ref.!” since slice imaging removes the need to manipulate
the data with radial convolution functions in order to account for the fact that in con-
ventional ion imaging experiments, the 3D photofragment distribution is compressed

onto a 2D detector.

3.3 Photofragment Density Matrix

A thorough analysis of angular momentum polarization allows the construction
of the full molecular frame atomic photofragment density matrix, explicitly including
the relative population of each magnetic sublevel and the coherences embodied in the
off-diagonal elements. The density matrix describing the atomic ensemble of interest
can be expressed in terms of state multipoles, as given in Eq. (3.2). Hence, the
molecular frame dynamics for any recoil angle can be examined by building up the
photofragment density matrix with observable state multipoles that are transformed

in the molecular frame using Eqgs. (3.10) and (3.11). The diagonal elements of the
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matrix, representing the probability of finding the fragment in a specific magnetic
sublevel, consist of the linear combination of the ) = 0 state multipoles, pgo. In the
case of 7 = 2, the contribution of each ) = 0 state multipole to the diagonal terms
of a 5x5 density matrix is shown in Fig. 3.6.

If there is no orientation or alignment, the distribution of magnetic sublevel pop-
ulations is isotropic, while if either orientation or alignment exists, the distribution
is changed depending on the extent of the polarization and can manifest the cor-
relation between recoil velocity (v) and angular momemtum (j) for a system. The
non-zero off-diagonal elements point at the presence of the interference (“coherent
superposition”) in the system. Furthermore, it should be mentioned that the total
cross section, associated with the total number of fragments, is obtained by summing
up the populations of magnetic sublevels for all recoil angles and is proportional to
(poo). This result is to be expected since the summation of the coefficient for each
non-zero rank multipole over magnetic sublevels becomes zero (see Fig. 3.6), leading
to no contributions of polarization terms to the total population.

The physical significance of the photofragment density matrix is easily seen by
considering the shape of the electron charge cloud, corresponding to the alignment of
the total orbital angular momentum L. The charge distribution of atomic photofrag-
ments described by the density matrix can be transformed in terms of state multipoles.
In particular, the expression of charge density for an atom with two unpaired electrons

discussed by Vasyutinskii and co-workers?? can be written as
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Figure 3.6: The contributions of the () = 0 state multipoles, pxq, to the diagonal elements
of the density matrix for an atomic system with j = 2. The number below each magnetic
sublevel corresponds to the coefficient of the state multipole.
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m Uiq(0,0) pro(L)(3.23)

B 141 6(2L + 1)
NG, ¢) = (=17 == KXC;

where Wk (0, ¢) is a spherical harmonic. In the case of an O(*D,) atom, L = 2 and
[ = 1 substitute in the 6 — 7 symbols, so the final expression for the charge cloud is

given by

N0, ¢) = {,00 4?(3 cos? 0 — 1) pao + \/?cosesinﬁcosqﬁfie[pﬂ]

—2—@ sin? @ cos 2¢ pgg} (3.24)

where the rank K = 4 multipoles and imaginary parts are omitted from consider-
ation. The above Egs. 3.23 and 3.24 show that the charge cloud consists of two
contributions, isotropic (pgo) and anisotropic (pag).®° Each state multipole has a
characteristic angular distribution, independent of the recoil direction: the charge
distribution arising from the state multipoles with zero component (represented by
incoherent transition) have cylindrical symmetry, while one arising from the state
multipoles describing coherences has azimuthal asymmetry. The shape of the charge
cloud, however, will vary with the recoil angle since the relative contribution of each
angular distribution, determined by the value of the corresponding state multipole, is
different depending on the recoil direction.!” Therefore, the appearance of the elec-

tron charge cloud will directly reflect the measured alignment parameters, which in

turn, will provide dynamical information on photodissociation of interest.
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Chapter 4

Photodissociation of Polyatomic Molecules

4.1 Ethylene Sulfide

4.1.1 Introduction

The photofragmentation of ethylene sulfide has received considerable attention
both experimentally and theoretically due to the production of important radicals. In
particular, the 193 nm photolysis of ethylene sulfide has been studied using photofrag-
ment translational spectroscopy (PTS)™ and Doppler-broadened laser-induced fluo-

72,73 reported a tri-

rescence (LIF) spectroscopy.” More recently, Qi and co-workers
modal translational energy distribution of S(!D,) fragments and the presence of a
channel producing S(3P) fragments by probing with VUV synchrotron radiation. For
excitation at 193.3 nm, it is known that the S(* Dy) + CoHy (*4,) channel is the dom-
inant dissociation process, and the S(*P):S(*Dy) branching ratio has been reported
as 1.4:1.™ Sulfur (* Dy) atoms are believed to be yielded wvia three different potential

energy surfaces following excitation from a non-bonding orbital localized on S-atom

to a 4p, Rydberg state,” with a broad continuum of photofragment kinetic energies
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in the approximate range 0 — 2.6 eV. Previous studies have proposed that the ini-
tial excitation occurs predominantly on a single electronic state that may dissociate
directly to produce translationally hot sulfur atoms, while less energetic fragments
arise from internal conversion prior to dissociation. The recoil-energy averaged value

of velocity anisotropy () has been determined to be around 1.1,

indicating that
a parallel transition is dominant in nature.

The alignment measurement of S(*Dy) photofragments could suggest explicitly
more detailed dynamics of ethylene sulfide dissociation, especially clarifying the pos-
sible different mechanisms corresponding to three distinct regions in translational
energy distribution. I present here the alignment anisotropy parameters of S(*Dy)

atom for any recoil speeds measured from the experimental images obtained by using

the DC slice imaging technique.

4.1.2 Experiment

The overall experimental set-up for DC slice imaging is essentially the same as
that described in detail in Chapter 2; thus, only the key details specific to this study
will be summarized here. Argon was bubbled through an ethylene sulfide sample
(Sigma-Aldrich, 98%) in an ice bath. A gas sample, a 10 % mixture of ¢-CyH,S
in Ar at a backing pressure of ~ 1.5 bar, was expanded into the source chamber
via a pulsed nozzle operating at 10 Hz. The photolysis laser was provided by an
ArF excimer system (GAM EX10/600). In order to produce only the beam with a

linear polarization parallel to the detector plane, the laser output was first allowed to
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propagate through a total of eight fused silica windows set at Brewster’s angle (33°
in this instance) before being focused into the interaction region using a 30 c¢cm lens.
The photolysis laser power was ~ 0.5 mJ/pulse. The probe laser was generated by
frequency doubling the output of a dye laser (Continuum Jaguar, R590/R610 dyes)
pumped by a Nd:YAG system at 532 nm (Quanta Ray GCR-5). Control over the
probe polarization was achieved using a Soleil-Babinet compensator (special optics),
and then the probe beam was focused into the chamber using a second 30 cm lens.
Typical output power for the doubled dye laser beam was ~ 2 mJ/pulse, and accurate
wavelength calibration was achieved using a wavemeter (Coherent WaveMaster). The
S(1D,) atomic photofragments produced in the dissociation event were probed using

the following (2+1) REMPI scheme:

S 3p'('Dy) 2 S Bptap(LFy) M S* 288.179 nm (4.1)

After ionization, the S-atom fragments were accelerated through the multi-lens
velocity mapping assembly and impacted upon a position sensitive dual MCP /phosphor
screen detector of 120 mm diameter. In this particular instance a repeller electrode
held at +550 V was used in conjunction with three additional focusing lenses in
the velocity-mapping scheme to stretch the photofragment ion cloud along the time-
of-flight axis to around 340 ns. The overall flight path from the interaction region
to the detector was 130 cm. The resulting image was recorded using a CCD cam-
era (Mintron 2821e, 512 x 480 pixels) in conjunction with PC acquisition software

(McLaren Research) that enabled real time event counting of the data.
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4.1.3 Results

DC sliced images were acquired for S atomic fragments under the experimental
condition (Geometry IV defined in Chapter 3) that the Y-polarized photolysis laser
was used with both Z- and Y-polarized probe lasers, which are shown in Fig. 4.1.
Three broad features are distinguished in the images and more clearly in the speed
distribution plotted in Fig. 4.2 A, which is consistent with previous work.” Significant
recoil anisotropy (characterized by [, here referred to as () was observed and is
largely parallel for the overall speed range, implying a predominant parallel excitation.
However, the extent of the recoil anisotropy clearly exhibits a strong correlation to
the S-atom recoil speed (Fig. 4.2 A): The anisotropy decreases from a maximum of
By ~ 1.5 for the fastest fragments to a minimum of 3 ~ 0.3 at the lowest recoil speed.
A recoil energy-averaged value is Fy = 1.22 £ 0.15, which is in reasonable agreement
with previously reported values.”™ "

The alignment image (difference image in Fig. 4.1 C) is obtained by subtracting
Fig. 4.1 A from Fig. 4.1 B, as discussed in Chapter 3. From the distinct angular
distribution in the alignment image, it is immediately noticeable that S(*Dy) atomic
orbital alignment is strikingly dependent upon the recoil speed: There are three
discrete regions, which correspond well the three dissociation pathways that may be
seen in Fig. 4.2 A. For the fastest S-atom fragments (1950-2700 ms™!), the angular
distribution with four lobes is displayed, and the middle region (1350-1950 ms™!)

shows essentially zero alignment. In the case of the slowest fragments (0-1350 ms™!),

the distribution has a perpendicular anisotropy.
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Figure 4.1: DC sliced images and difference image of S(! D) from 193.3 nm dissociation of
ethylene sulfide for the indicated combination of photolysis-probe laser polarization direc-
tions. Note that the difference image C is not shown on the same intensity scale as images
A and B.
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Figure 4.2: (A) S('Ds) speed distribution (solid line) and recoil speed-dependent angu-

lar anisotropy parameter, 3y (dashed line) for ethylene sulfide photodissociation at 193.3
nm. (B) Speed-dependent alignment contributions for S-atom arising from the following
mechanisms: sz (solid line) and ay (dotted line) which together describe incoherent exci-
tation, v (dashed line) which describes coherent parallel and perpendicular processes, and

72 (dot-dashed line) which describes coherent perpendicular excitation.
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A linear, singular value decomposition (SVD) fit™ of Eq. 3.21 to the alignment
image yields the recoil speed-dependent alignment anisotropy parameters correspond-
ing to each different dissociation mechanism, which is plotted in Fig. 4.2 B. It is
apparent that the alignment effects are clearly shown with distinct features in three
speed regions correlating with the three dissociation channels shown in the speed
distribution. For the slowest S(*Dy) fragments, the observed alignment results exclu-
sively from a coherent perpendicular mechanism (7y). The middle region, as would
be expected from the image (Fig. 4.1 C), shows no alignment at all. For the fastest
photofragments, the alignment is dominated by a coherent superposition of perpen-
dicular and parallel processes (7,), concomitant with significant contributions from an
incoherent perpendicular excitation (characterized by se &~ 2a) and from a coherent
perpendicular mechanism (7).

The total alignment (Asy) can be determined by using the fitted alignment
anisotropy parameters plotted in Fig. 4.2 B. In effect, (As) represents the total
contribution of each alignment anisotropy parameter averaged over all recoil angles.
Specifically, when the dissociation light is linearly polarized, the relevant relationship

has been shown to be as follows:”

(A2) = —2(2 + 72 + 172) (4.2)

It is found that (Ayy) is around —0.02 for the slowest S-atom fragments, drops to
zero for intermediate recoil speeds and then peaks at a value of —0.08 for the fastest

fragments. The magnitude of the measured (Ayy) and alignment anisotropy param-
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Table 4.1: Limiting values for the alignment anisotropy parameters at three recoil speeds
with corresponding values of (.

Parameter Range

(Bo) = 0.7 (Bo) = 1.1 (o) = 1.4
So —0.2---0.2 —0.2---0.2 —0.2---0.2
Qo —0.16---0.16 —-0.17---0.17 —0.18---0.18
Yo —0.21---0.21 —0.19---0.19 —-0.17---0.17
o —0.13---0.13 —0.09---0.09 —0.06---0.06
(Ag0) —1.0---1.0 —-0.9---0.9 —0.82---0.82

eters here must be in the range of the theoretical limiting values that are calculated
assuming maximum orbital alignment of the atomic photofragments. These are pre-
sented for three recoil speed regions in Table 4.1. Comparing these limiting cases with
the magnitude of the anisotropy parameters obtained from the experimental data, as
shown in Fig. 4.2 B, it can be seen that the extent of the S-atom orbital alignment is
less than only 10 % in this instance. Indeed, the size of the alignment effect is small,
and thus, it can bring into question the reproducibility of data. However, repeated
measurements of several data sets show the relative magnitude and spatial distribu-
tion of the intensity in the resulting difference images to be remarkably consistent. It
indicates that the alignment presented here, although small, is a real and quantifiable
effect and also demonstrates that the slice imaging approach can provide a highly

sensitive probe of these small effects.

4.1.4 Discussion

The ethylene sulfide molecule in the ground state is highly symmetric (Cy, point

group) and has a (2b1)?(7a;)?(8a;)?(4by)?(3b;)? electronic configuration, which is of

o4



LA, overall symmetry. The outermost 3b; orbital is almost completely non-bonding
in character, and its main component is a 3p, orbital localized on the sulfur atom.™
Note that the molecular frame z—axis taken to be the Cy symmetry axis and the plane
of the molecule is the yz plane. Carnell and Peyerimhoff observed a sharp peak in the
absorption spectrum of ethylene sulfide at 192.2 nm and, based on MRCI calculations,
assigned the peak to the promotion of an electron from this non-bonding orbital to a
4p, Rydberg orbital, making the transition to the excited state 'A; (in Cy, symme-
try).”™ Tt is accepted that the photolysis at 193.3 nm arises predominantly through
the same excitation, and that presumption was the basis of a previous discussion on
the photochemistry of ethylene sulfide. That is, the observed trimodal translational
energy distribution was interpreted as the result of subsequent internal conversion to
two other nearby surfaces (! B, and ground state) following the initial excitation to
the 1A; state.™ Fig. 4.3 displays the potential energy surfaces of ethylene sulfide in
the (s, symmetry calculated by Qi et al..”® It should be noted here that all three
S(*Dy) exit channels in question produce the same electronic state of the CoHy (*A,)
co-fragment although there are large differences in the relative partitioning of the
total available energy, (Fyqns)/{Eint), in each case.

It is important to point out significant features shown in Fig. 4.2. First, the recoil
velocity anisotropy, [y, exhibits a strongly increasing trend with increasing recoil
speed and does not reach the value for the limiting parallel transition (G, = 2.0)
at the highest speed. In the case of the fastest S-atom fragments ((Gy) ~ 1.4),
which arise from direct dissociation along the 'A; excited state, this deviation is

probably a consequence of the rotation of the parent molecule through a small angle
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Figure 4.3: Schematic diagram of the singlet ethylene sulfide potential curves in the Co,
symmetry as a function of the S-CoH, internulear distance, which is adapted from Ref.™
and the structure of ethylene sulfide.

prior to the axial recoil along the C, axis via the simultaneous cleavage of the two
C-S bonds. ™™ The intermediate ((3y) ~ 1.0) and slow ({3,) ~ 0.6) fragments
correlate with the dissociation on the ' By and ground (*A;) states following internal
conversion, respectively. The increased excitation of the internal degrees of freedom of
ethylene sulfide as a consequence of relevant internal conversion could be a possible
reason for the exaggerated deviation of ;. As an alternative explanation for the
observed 3y trend, it can be speculated that the non-axial recoil arising from the
sequential breaking of the C-S bonds also begins to play an increasingly important
role. Although the coupling between the lower lying states and the excited ' A; state is
considered not to be significant even in C symmetry,” it would also be plausible that

the lower 3, values, at least in part, are due to a distortion of the parent molecules

56



arising from the coupling in the dissociation process.

Second, the alignment anisotropy parameters in Fig. 4.2 B show a clear S-atom
recoil speed dependence, with notable contributions of coherent excitations. These ef-
fects indicate a small yet highly interesting contribution to the photolysis in ethylene
sulfide. It suggests that the dissociation mechanism is considerably more complex
than was previously thought since coherence effects imply the involvement of more
than just a single potential surface in the initial excitation. A closer examination
of the absorption spectrum of ethylene sulfide reported by Clark and Simpson™ and

1.™ reveals that, in addition to the strong Rydberg peak mentioned

also by Tokue et a
above, there are a series of additional peaks beginning at longer wavelengths. These
have been assigned as vibrational progressions of the 4p, Rydberg orbital (B; over-
all transition symmetry) and, beginning at even longer wavelength, to a 4s Rydberg
state (also B; symmetry overall).”™ Therefore, the transitions to those states are pure
perpendicular, while the transition to the excited ' A; state considered as a dominant
initial excitation is pure parallel (where here ‘parallel” and ‘perpendicular’ refer to the
direction of the transition dipole moment relative to the molecular symmetry axis).
In particular, the 4p, B; state located in close vicinity of the 'A; state could be
responsible for the alignment contribution arising from coherent parallel and perpen-
dicular processes (i.e., simultaneous excitation of the 4p, and vibrationally excited
4p, states, as characterized by ;). Furthermore, the incoherent perpendicular con-
tribution observed clearly for the faster S-atom fragments might be also attributed
to the transition to the vibrationally excited 4p, state exclusively.

The 7y alignment describing coherent perpendicular excitation is plainly shown,
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though weak, in the lower recoil speed region. This could be either a manifestation of
degenerate states arising from the 4p, excitation or via interaction between the 4p,
and even more highly vibrationally excited levels of the 4s Rydberg. Indeed, the fact
that this slowest component is associated with the production of the most internally
excited ethylene co-fragments would be consistent with this picture. In order to fully
elucidate the importance of these proposed mechanisms for production of the coherent
contributions, a detailed study of the wavelength dependence of the alignment would
be required; at this point, the discussion is necessarily speculative in the absence of
more investigation.

It is straightforward to reconstruct the S-atom electron charge clouds from the
measured anisotropy parameters, as discussed in Chapter 3. The coherence contribu-
tion appears most clearly in the shape of the electron density at the recoil direction
of 45°, showing the distribution with an azimuthal anisotropy. In this case, since
the overall alignment is so small, I have chosen to plot only the anisotropy of the
charge cloud in Fig. 4.4 rather than the total for highlighting the variation of the
charge cloud with recoil angle and speed. Note that the electron charge cloud at the
intermediate speeds was not displayed because of the negligible effects in that region,
and the relative magnitude of the charge cloud anisotropy is not shown in this figure.
As expected, the observed coherent effects give rise to a loss of cylindrical symmetry
of the electron charge cloud at © = 45°. The characteristic charge cloud anisotropy
shows with varying recoil speed, which can be a dramatic effect revealing the large
variation in the recoil-speed-dependent contribution to alignment.

One final issue to be considered is why the overall magnitude of the observed
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Figure 4.4: S(1D,) charge cloud anisotropy obtained from the parameters extracted from
the alignment image for two recoil speeds and three recoil directions. Note that the polar-
ization of the photolysis light is directed along the Z-axis.
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alignment is so small. Until a theoretical investigation is undertaken, this is a matter
of pure conjecture; however, the highly constrained ring structure of the ethylene
sulfide molecule raises some interesting questions. In a simple LCAO type descrip-
tion of the molecular orbitals in ethylene sulfide, the spatial geometry of the atomic
orbitals localized on the sulfur atom within the three-membered C-S-C ring is very
different from that in the free sulfur atom. The very rapid orbital relaxation might be
expected to occur following photolysis, and that could possibly cause the depletion
of any alignment that was initially present in the system. It will be illuminating
to investigate this idea systematically by examining the orbital polarization that is

observed for a series of related molecular species.

4.1.5 Conclusion

The analytical machinery that is developed to extract the absolute speed- and
angle-dependent angular momentum polarization from the readily obtained DC sliced
images has been applied to the vector correlation study of ethylene sulfide photodisso-
ciation at 193 nm. The speed-dependent recoil anisotropy and alignment anisotropy
parameters were measured over a continuous range of photofragment recoil speeds.
The apparent presence of coherent contributions to alignment suggests that the multi-
surface excitation could be involved in the dissociation mechanism. Although the
alignment effects are relatively small in this instance, DC slice imaging has been

shown to provide a highly sensitive probe of such phenomena.
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4.2 Ozone

4.2.1 Introduction

Despite its celebrated importance to life on earth, ozone photochemistry still
remains a subject of surprising enigma. Although the dominant features of the pho-
toabsorption in the ultraviolet spectral region and the ensuing chemistry have been
long understood, there remain puzzles that elude definitive explanation: the mass in-
dependent heavy isotope enrichment in the stratosphere;® ™ the vibrational structure
seen in the Hartley and Huggins bands;®%:8! the varying bimodal vibrational distri-
butions seen in the ground electronic state photolysis products;®? and the variation
in the vibrational distributions in the dominant excited state products throughout
the UV.® Further investigations and alternative approaches are clearly needed. The
use of ion imaging techniques to probe atomic orbital polarization in photodissoci-
ation!®1%17:36-38,42 hag recently emerged as one such alternative approach. These
studies fundamentally deliver new insight into photochemical problems because they
probe both the underlying features of the photoexcitation process as well as the
subsequent dissociation dynamics across multiple electronic states. As such, these
methods are ideally suited to studying ozone photochemistry, a system notorious for
its electronic complexity. In this work, an application of DC slice imaging as a probe
of atomic orbital orientation is presented for ozone dissociation at a series of wave-

lengths within the Hartley absorption band. The Hartley band extends from about

200 - 310 nm, and across most of this region photodissociation proceeds primarily via
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Figure 4.5: Schematic diagram of the O3 potential curves relevant to the UV absorption
region.

two pathways:

O3(X 'A1) 2% 0y(a’A,) + O('Dy) (4.3)
and
03(X 'A1) % 0,(X%%;) + OCPy) (4.4)

The initial excitation is believed to take place directly to the 1B, (B)-state with
about 90% of the population then dissociating on this surface to produce the O(* D,)
products.®¥86 Nonadiabatic crossing to the nearby R-state results in roughly 10%
yield of O(3P;) atomic fragments.®” This is illustrated schematically in Fig. 4.5.

Imaging studies of vector correlations in ozone photodissociation have a long
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history, largely in studies from the Houston group.2®°0:82:888 Dylewski et al. studied
alignment effects in ozone across a significant portion of the Hartley band, applying
both a “diagonal” treatment, in which coherences between different electronic states
are neglected, and a fully quantum mechanical approach (only considering the rank K
= 2 moment explicitly) where off-diagonal elements of the density matrix representing
the photofragment alignment describe any coherent phenomena.”® They concluded
that at dissociation wavelengths of 255 and 298 nm, an incoherent parallel excitation
mechanism dominates the alignment. This was consistent with previous assertions,
based on theory, that the initial absorption and subsequent dissociation largely take
place on the 1'B, surface. Their data also clearly revealed the contribution of a
higher order K = 4 moment, however, suggesting additional contributions from other
excitation or dissociation pathways. More recently, Hancock and co-workers”® ! have
reported significant alignment and orientation in the molecular Oy(a'A,) fragment
produced in conjunction with O(*Dy) atoms, and this is seen to fluctuate with the
product rotational state, perhaps a manifestation of the fascinating rotational-state
dependent curve crossing reported by Valentini et al.®® This observation of substantial

rotational orientation is surprising and, to-date, lacking explanation.

4.2.2 Experiment

The key aspects of the experimental set-up employed in the DC slice imaging
approach have been described in Chapter 2. Only the points specific to this particu-

lar study will be summarized here. Ozone was initially produced using a commercial
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generator (OREC) and retained in a silica gel trap held at —78°C in a dry ice/acetone
bath. A molecular beam was then formed by raising the trap temperature to —40°C,
flowing argon at about 730 Torr over the silica gel and expanding the resulting mix-
ture through a 1 mm diameter pulsed nozzle. The photolysis laser light was generated
using several different strategies: 266 nm was provided by the fourth harmonic of a
Nd:YAG laser (Quanta Ray DCR-2A) operating at 10 Hz; 248 nm was produced by
pumping a dye laser (Quanta Ray PDL 3, DCM dye) with the 532 nm output of the
same YAG laser and then sum-frequency mixing with the residual 1064 nm fundamen-
tal; Longer wavelengths ( 275 nm) were simply generated directly from the doubled
output of the 532 nm pumped dye laser (Rhodamine 560 dye). In all cases the power
of the resulting beam was attenuated to approximately 1 mJ/pulse and then loosely
focused into the interaction region using a 30 cm lens. Control over the polarization
was achieved using either a fused silica Soleil-Babinet compensator (Special Optics)
for cases where circular polarization was required or a double Fresnel rhomb in cases
where linear polarization was required at 45°. The probe laser was provided by fre-
quency tripling the output of a dye laser (Continuum Jaguar, Rhodamine 640 dye)
pumped by the 532 nm harmonic of a second Nd:YAG laser (Quanta Ray GCR-5). A
magnesium-fluoride Soleil-Babinet compensator (Karl Lambrecht) was used to pro-
duce the required circular polarization. The probe beam (~ 0.7 mJ/pulse) was then
focused through a second 30 cm lens. The O(*D;) atomic photofragments produced

in the dissociation event were probed using the following (2+1) REMPI scheme:

O 2]94(1D2) 2, O 2p33p(1F3) v, OXs 203.7nm
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20 2p33p(tPy) 2 OF 205.4nm (4.5)

Following ionization, the oxygen ions were accelerated through the multi-lens
velocity mapping assembly and impacted upon a dual microchannel plate array of
120 mm diameter, which was coupled to a P-47 phosphor screen. In this particular
instance a repeller electrode held at 4700 V was used in conjunction with three ad-
ditional focusing lenses in the velocity-mapping scheme to stretch the photofragment
ion cloud along the time-of-flight axis to around 400 ns. The resulting image was
recorded using a CCD camera (Mintron 2821e, 512 x 480 pixels) in conjunction with
PC acquisition software (McLaren Research) that enabled real time event counting

of the data.

4.2.3 Results

DC sliced images of ozone photodissociation at 266 nm were obtained using two
different REMPI schemes (Fig. 4.6). In order to eliminate the population contri-
bution and extract only alignment effects, two sliced images collected with different
polarization geometries were used (see the details in Chapter 3). It is clearly seen
that alignment images for different probe transitions each show quite different angu-
lar distribution from each other, implying that the angular modulations induced by
the ionization process are distinctive. The four rings in each image correspond to
v =0~ 3in the Oy (a'A,) co-fragment. The difference image for the 'Dy —— 1Fj
ionization scheme was analyzed to measure the alignment anisotropy parameters,

containing dynamical information of photodissociation. In this instance, the rank
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Figure 4.6: DC sliced and difference images of O(*Ds) from 266 nm dissociation of ozone
for indicated combination of photolysis-probe laser polarization. The atoms were ionized
via two REMPI transitions (203.7 and 205.4 nm). Red and blue correspond to positive and
negative intensities, respectively.
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Figure 4.7: Speed-dependent Rank 2 alignment anisotropy parameters for O(1Ds) from
ozone photodissociation at 266 nm. Incoherent parallel (s; = —ag, solid line), incoherent
perpendicular (sy = 2ay, dashed line), coherent perpendicular/parallel (72, dotted line),
and coherent perpendicular (72, dot-dashed line).

K = 2 terms were included for an analyzing process, without the contributions of
K = 4 terms. The fitted alignment anisotropy parameters are plotted as a function
of the O atom recoil speed in Fig. 4.7. Significant alignment effects were observed
and dominantly attributed to an incoherent parallel transition regardless of the recoil
speed.

The orientation of oxygen atomic photofragments was determined by using a
left and right circularly polarized probe light, and experimental images obtained at
a photolysis wavelength of 266 nm are shown in Fig. 4.8. The dissociation laser was
polarized either circularly or linearly at 45° with respect to the Y Z plane, as indicated,

in order to investigate the three possible atomic orientation effects, as described fully
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Figure 4.8: DC sliced and difference images of O(! D) from 266 nm dissociation of ozone
for indicated combination of photolysis-probe laser polarization. Red and blue correspond
to positive and negative intensities, respectively.
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in Chapter 3. From the difference images and integration of the images (not shown), it
is apparent that the values of the orientation anisotropy parameters (cvy, ), obtained
using circularly polarized photolysis light, are negligible within statistical error. For
the case of 45° linearly polarized light, however, there is a significant orientation
effect arising from a coherent parallel/perpendicular excitation (7}) that is strongly
dependent upon the photofragment recoil speed. A particularly striking feature is the
change in the sign of the innermost ring relative to the other three, which is confirmed
by switching the direction of the photolysis polarization from +45° to —45°, as shown.

In order to investigate the recoil speed dependence of 7} more closely, additional
orientation measurements (using linear polarization at +45°) were carried out at var-
ious dissociation wavelengths ranging from 248 to 285 nm. The results are presented
in Fig. 4.9. In general, a change of sign in the difference images for the slower frag-
ments is consistently noted. This suggests that the sign and magnitude of 7/ correlate
most strongly with the O-atom recoil speed rather than the specific vibrational level
of the Oy co-fragment. In addition, some cases exhibit a change of sign of 4] within
one ring (see Fig. 4.9, e.g., the v = 0 ring at 285 nm, the v = 1 ring at 280 nm and
the innermost ring at 248 nm). This observation suggests that the correlation of ]
with co-fragment rotational levels may be an additional aspect of the dependence of
the orientation effect on recoil speed.

The absolute K = 1 orientation anisotropy parameters can be obtained by fit-
ting the difference images to the relevant Eq. (3.18) and Eq. (3.19), which include the
correct normalization factor weighted by the recoil-dependent (3 for the sliced image.

As described earlier, for the ] case, it is also possible to directly measure the orienta-
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Figure 4.9: DC sliced difference images for the photodissociation of ozone at from 248 nm
to 266 nm. Red and blue correspond to positive and negative intensities respectively.

tion parameter by just integrating the total intensity of the difference image at each
recoil speed (Eq. (3.22)). With the latter approach, +; may be determined directly
from the experimental difference images and plotted as a function of O atom recoil
speed, as shown in Fig. 4.10 for dissociation wavelengths of 248, 266, and 285 nm.
Speed-dependent values for the recoil anisotropy parameter, 3, were obtained by
fitting the vertical-vertical (photolysis-probe polarization) image recorded using the
O (*Dy) —— O (*F3) — O REMPI probe transition at 203.7 nm, and neglecting
the K" = 4 contribution (which, as may be deduced from Eq. (3.17), is small in this in-
stance). Peak 7/ values for each vibrational level of the Oy co-fragment are presented
in Table 4.2 for all dissociation wavelengths studied.

From the speed-dependent orientation distributions plotted in Fig. 4.10, it can
be seen that the peak of the orientation parameter does not generally occur at the
peak of the population for each vibrational level. Instead, the maximum occurs at
the slow side (corresponding to higher rotational states of the co-fragment) at each

vibrational level except for the innermost ring. For the inner ring, where v; changes
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Figure 4.10: Orientation anisotropy parameter, 7}, as a function of O-atom recoil speed
following the photodissociation of ozone at 248, 266, and 285 nm. The solid line with the
circle points denotes 7}. The solid and dotted lines correspond to the total population,
(Iz) + (Iy) — 2 [(I#) + (I¥)]) and the difference signal, (I} — Iy"), respectively. These
values have been arbitrarily scaled.
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Table 4.2: Variation in orientation anisotropy parameter, v with Og co-fragment vibra-
tional level following the photodissociation of ozone in the region 248 nm ~ 266 nm.

Wavelength v=0 wv=1 v=2 wv=3 v=4 v=5

248 -0.123 -0.167 -0.124 -0.148 -0.176  0.052
266 -0.139 -0.151 -0.105 0.051

278 -0.090  0.006 0.015

280 -0.137 -0.009 -0.029

282 -0.102 -0.013

285 -0.073  0.054

sign, this dependence on the co-fragment rotational level is also inverted. That is,
for the inner ring it is the lower rotational levels that have the largest magnitude
of the orientation, and this occurs for rotational levels that are lower than the most
probable levels for the given vibration. This behavior is consistently observed for
other photolysis wavelengths even though it is not as clear at 248 nm, perhaps due

to a complex overlapping in rotational structures.

4.2.4 Discussion

Results of ozone photodissociation at 266nm show a strong alignment caused
by an incoherent parallel transition, consistent with earlier results from the Houston
group.’® Measured rank 2 alignment parameters can be employed to construct the
electron charge cloud and photofragment density matrix for any recoil angles (see
Fig. 15 in Ref.%%). The charge cloud with cylindrical symmetry distribution along
the breaking bond and the diagonal elements dominantly populated in |m;|=0 indi-
cate that the angular momentum vector is preferentially perpendicular to the recoil

direction. However, as pointed out in the previous work,® the incompletion of the
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density matrix is suggested by the presence of negative elements, which may be due
to neglecting the higher order terms (K = 4).

As already discussed in Chapter 3, the influence of the used probe step on the
atomic alignment is substantial. Although the K = 2 moment has been considered
as a most important contribution for alignment, higher moments may be required to
characterize the underlying dynamics fully in some cases. The linestrength factors
in Table 3.1 present that the sensitivity of the rank 4 terms for the 'Dy —— 1P
transition is much higher than that for !Dy —— 1F3. Therefore, the difference image
produced using the 205.4 nm ionization scheme (Fig. 4.6) may reflect the angular
variation caused by the contributions of the rank 4 moments, in contrast with the
case of the 203.7 nm ionization. The peculiar difference image with four lobes for the
205.4 nm probe demonstrates that the contributions of the rank 4 moments could be
important, and work is underway to extract the higher terms explicitly.

All three rank 1 orientation anisotropy parameters in the 266 nm photodisso-
ciation of ozone have been measured. The «; and ~; parameters, corresponding to
incoherent perpendicular and coherent parallel/perpendicular excitation/dissociation
mechanisms, respectively, are zero within the experimental uncertainties, while the
dissociation mechanism represented by ~; shows a strong effect. Although +| also
reflects the coherent excitation of parallel and perpendicular transitions, it is quite
different in origin from ;. The «; and v, parameters arise, in effect, from propaga-
tion of the photon helicity into the product. The origin of v, however, may simply
reflect the simultaneous excitation of the different components of the transition dipole

moment in the molecular frame. Therefore, it should not be surprising that the values

73



of 74 and v, are very different.

For the moment, we have no complete quantum mechanical theory of these phe-
nomena and cannot give a full quantitative analysis; however, a qualitative explana-
tion can be put forward based upon the following arguments. As already mentioned,
the oy and ~; parameters directly reflect a mapping of the photon helicity Fiq(e)®
into the angular momentum distribution of the O-atom products. The components
of the fragment angular momenta j and j, lie in the molecular plane parallel and
perpendicular to the recoil axis, respectively (see Fig. 4.11). In fact, the condition
for this orientation mechanism is preservation of the quantum number  (helicity) in
the molecular excited state during dissociation. For a planar triatomic molecule this
condition usually cannot be fulfilled. Let us consider the following expansion of the

electronic molecular wavefunction over the basis set |{2):

Wt = Y An (19) £ - Q). (46)

where () is the component of the total angular momentum projected onto the recoil
axis.

The wavefunction ¥,,, is either symmetric or antisymmetric under reflection
of the electron coordinates in the molecular plane. The interaction between the
basis states |2) and | — ©) within the stationary wavefunction ¥,,, in Eq. (4.6)
results in the destruction of the orientation due to the population exchange between
these states. Qualitatively, the rate of this interaction is proportional to the energy

separation between the excited state and the nearest electronic states of the same
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Figure 4.11: Recoil speed dependence of 4] for all Og co-fragment vibrational levels and
all photolysis wavelengths.

symmetry, AFE,. Therefore, if AFE, is large compared with the inverse dissociation
time Tcgsls, the quantum number € is not preserved and the orientation effect of the
considered type (a7 and 1), in general, cannot exist in planar molecules. An opposite
case is met in diatomic molecules, where the interaction between |2) and | — ) basis
states is usually caused by a rather weak A-doubling interaction. As a result, for fast
dissociation AE, < 7!, and the fragment orientation due to the above mechanism
is close to its maximum possible value, as reported elsewhere.3® 64,92

The photofragment state multipole p;1(k) described by the 7] parameter arises
in a completely different way. As shown by Siebbeles and co-workers,” this state mul-

tipole arises as a direct tensor product of two alignments: p11(k) o [Ya(k) @) E2(e)]i1,

where Y5, (k) is the fragment recoil spherical harmonic and Ey,(e) is the photolysis
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photon alignment. Note that the interaction between the basis states |[2) and | — ),
discussed above, does not affect the molecular alignment. The corresponding com-
ponent of the fragment angular momenta j' is perpendicular to the molecular plane.
Therefore, the orientation characterized by the parameter 7] should be expected for
the polyatomic molecules in the absence of the Coriolis nonadiabatic interactions and
in case the molecular planes possess alignment due to photodissociation.

The appearance of this coherent parallel /perpendicular contribution even in dis-
sociation initiated on a single surface can be understood in light of related observa-
tions previously reported in NO,.3! In ozone excitation to the B-state, the transition
moment has By symmetry within the Cy, point group and lies in the molecular plane
at an angle § = 31.6° with respect to the recoil axis. This gives rise to non-limiting
[ values even within the axial recoil approximation, and the transition moment pos-
sesses both parallel and perpendicular components in the recoil frame. This is a
“static” coherence effect because the two pathways are degenerate and the initial
phase difference between them is locked at a certain value during the initial excita-
tion. In the previous study of NO,, a similar coherent dissociation mechanism gave
contributions to the alignment described by the 7, anisotropy parameter. In the case
of orientation, the three anisotropy parameters described above should be considered
in general. The parameter «; and 7, are proportional to cos A¢, while the parame-
ter ] is proportional to sin A¢, where A¢ is the phase shift between the “parallel”

27,64 Tn general, the phase shift

and the “perpendicular” axes to the recoil direction.
contains a contribution from the nuclear movement which can be qualitatively associ-

ated with the elastic scattering phase shift and a “dynamical phase” (or Stokes phase,
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see”®) contribution which is due to the optical electron excitation and the nonadia-
batic interactions. The former contribution is known to give rise to the oscillation
of the magnitudes of anisotropy parameters with photon wavelength;?” it can likely
be neglected in the “static” coherent case. However, the “dynamical” phase shift is
nonzero, and in this experiment, results in the significant value of the v parameter.

Although this “static” coherence could account for the large v1, it cannot simply
account for the profound speed dependence. This speed dependence is shown clearly
in Fig. 4.11 in which the maximum magnitude of the ] for each peak at all dissociation
wavelengths has been plotted. Regardless of the photolysis wavelength or cofragment
vibrational level, the value of 7] is generally small and positive for the slow fragments,
and abruptly changes to large and negative for O atom recoil speeds of 1300 m/s or
greater. Schinke has argued that photoexcitation in the Hartley-Huggins band system
is exclusively to the B-state but that curve crossings with the A-state occur both at
a very short range (not likely to be important in this case) and at a longer range
(see Fig. 4.5).87 Both the B and the A-state encounter the R-state subsequently, and
there is additional opportunity for recrossing back. Furthermore, the A and B-states
correlate asymptotically to the same electronic states of the products, so coherences
created in the initial excitation may well be preserved and give rise to interference
following these curve crossings. More recently, Baloitcha and Balint-Kurti calculated
accurate potential energy surfaces of ozone with several avoided crossings.”* They
reported that there are three major curve crossings (i.c., B-A, A-R, and B—f{) related
to dissociation processes yielding asymptotic singlet products. Based on their diabatic

and adiabatic potential energy surfaces, the probabilities of two possible pathways
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Figure 4.12: The probabilities of two possible pathways including three curve crossings,
B-A, A-R, and B-R. One is the diabatic pathway, representing the dissociation along the

B state exclusively (solid line); The other is the adiabatic pathway, in which the crossings
to the A and R states, and subsequent crossing back to B state happen during dissociation
(dashed line).

were evaluated as a function of velocity by using the Landau-Zener formula, which is
displayed in Fig. 4.12. One pathway is the diabatic dissociation along the B state, and
the other is the adiabatic dissociation crossing to the A and R states. The results show
a substantial speed-dependence of the overall crossing probability consistent with the
following interpretation: for the fast fragments, the diabatic pathway is dominant,
while both adiabatic and diabatic pathways yield important contributions to the
dissociation dynamics simultaneously for the slower fragments. Although this model
could simplify the whole picture of the dynamics, it would provide a qualitative clue
to explain the interesting speed-dependence of orientation. It is likely that smaller

modulations are superimposed on these larger effects and associated with additional
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pathways and long-range nonadiabatic interactions. In fact, the abrupt change seen in
Fig. 4.11 as a function of recoil speed is likely a consequence of “diabatic” dissociation
on the B-state giving rise to large magnitude orientation effects for higher recoil
speeds, with “adiabatic” dissociation (i.e., crossing to the A-state) quenching this
effect at lower recoil speeds. Recently, studies of O(!D,) orientation at the longer
wavelengths (> 298 nm) were reported by two groups in Oxford.?% Orientation at
298 nm agreed well with that presented here at 285 nm. However, the negative values
of 7} observed at the longer wavelength than 300 nm, even though those were speed
averaged values, bring into question about the above simple model for the recoil speed
dependence of orientation and imply that the other factors affecting orientation might
be considered, as well as the contribution of curve crossings at the longer wavelength
photolysis.

The change in sign of ] for the slowest fragments and the related observation of
the shift in the orientation peak from the population peak for each vibrational level
provide further clues to the origin of the orientation. Since the latter observation
persists in some form for all recoil speeds, to understand the effect we must look for a
mechanism that would give a correlation between the co-fragment rotational level and
atomic orientation. The static coherence mentioned above might exhibit this behavior
since dissociation from more acute bond angles would be associated with greater
perpendicular contributions, thus a larger parallel/perpendicular coherence, as well as
with greater product rotational excitation. But if this were the principal mechanism,
the coherence should closely track the § value since they both would find their origin

in the deviation from the parallel limit. It does not. It should also be pointed out
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that, except for the innermost ring, the value of 7/ is maximized for O-atoms formed
in conjunction with Os in high rotational levels, and this general trend persists over
all dissociation wavelengths studied. According to the analysis of the orientation
parameter (Fig. 4.10), the orientation effect peaks in coincidence with much higher
O, rotational levels than the most probable rotational state for a given vibrational
level, and these already have a large J quantum number.®® Assuming the simple
impulsive model, one would expect that the smaller bond angle of ozone corresponds
to the higher rotational excitation of Oy fragments. An alternative explanation may
be found by considering the dependence of the long-range potentials on the bond
angle. Alignment measurements of O(*Dy) in N,O photodissociation by Teule et al.
showed that the atomic polarization is correlated with the rotational state of the
Ny co-fragment. They developed a semiclassical model taking into account the long-
range quadrupole-quadrupole interaction that could account for this correlation.?* A
similar argument could account for the rotation correlation observed in ozone: i.e.,
it is a manifestation of the O-O-O bond angle mediating the long-range interactions.
The recent study of ozone photodissociation at 193 nm showed that the orientation
predicted by their model for the long range quadrupole-quadrupole interaction is quite
consistent with the speed-averaged value of those reported here.”

In summary, the gross features of the speed-dependent orientation are a conse-
quence of the static coherence persisting or being quenched at the avoided crossing
between the B and A- states. Superimposed upon these large effects are smaller mod-
ulations induced by the long-range interactions and by other nonadiabatic processes.
Although dissociation start on a single potential surface and end in a single atomic
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state, the angular momentum polarization reveals that there would be the distinct
paths during process. Additional theoretical investigation will be necessary to frame

this interpretation in quantitative terms.
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4.3 Carbonyl Sulfide

4.3.1 Introduction

Carbonyl sulfide (OCS) plays a key role in the atmospheric sulfur cycle,”®% and
it has been an attractive target for studies of photodissociation dynamics, as well
as other isoelectronic molecules COy, N5,O, and CS,.1%197 For photodissociation
in the 220-250 nm region, it is well known that the excitation from ground state
(*X*) in the linear geometry is forbidden, while excitation of bent OCS is allowed
for a transition to the excited states 1'A and 113!, The former state becomes the
1'A” state and the latter state splits into the 2'A’ and 2'A” states in the bent
geometry. These potential curves are illustrated schematically in Fig. 4.13. Suzuki
and co-workers'? reported that the excitations to the 21 A’ (parallel transition) and
LA” (perpendicular transition) states are involved in the main dissociation processes
via conical intersections with A’, A” (1) states, ultimately leading to rotationally hot
CO(X '2F, v =0,J) + S(*Dy) asymptotic products. They also attributed the slow S
photofragments of a bimodal energy distribution to nonadiabatic crossing between the
21 A" and the 11 A’ (*31) ground state. The photodissociation of OCS in the vacuum
ultraviolet has also been examined, where more excited states are accessible, such
as (1'II « '37) and (2!'%* « 1) transitions at ~ 166.7 nm and ~ 152.7 nm,
respectively.!%>1% At 157nm, the dominant channel is S(1S) + CO(*X™), yielding
vibrational resolved angular and energy distribution of CO fragments.'6
Most previous studies of atomic orbital orientation and alignment have been

33,45,51,53

carried out for OCS around 230 nm. Recently, van den Brom et al. in-
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Figure 4.13: Schematic diagram of the OCS potential curves as a function of the OC-S
bond angle and internulear distance adapted from Ref.!109

vestigated orbital orientation of S(* D) photofragment produced from state-selected
OCS (v, =0, 1|JIM), observing the dependence of orientation on bending excitation
at 230 nm.* They suggested that the contribution of the molecular frame polar-
ization parameter Im[agl)] (defined as ~; in my formalism) mainly comes from the
simultaneous excitation to two potential surfaces (2'A’ and 1'A”), resulting in the
phase shift between the scattering wave functions. Important recent developments
in understanding OCS photochemistry have come from the Janssen group, who have
used hexapole focusing to prepare laboratory-frame oriented, state-selected parent

OCS molecules for photodissociation studies. Their work has provided insight into
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deviations from axial recoil, an issue examined in some detail below.

4.3.2 Experiment

The overall experimental set-up employed in the DC slice imaging approach has
been described in Chapter 2 in detail, thus only the points specific to this partic-
ular study will be given here. A pulsed supersonic molecular beam of OCS seeded
10% in Ar is expanded into the source chamber and collimated by a skimmer. The
photolysis laser light (193nm) was generated by an ArF excimer system running at
30Hz (GAM EX10/300). In order to produce the linearly polarized light, the laser
output was first allowed to propagate through a total of eight fused silica window
set at Brewster’s angle before being focused into the interaction region using a 40
cm lens. Control over the polarization was achieved using a Berek’s compensator
(New Focus) for cases where circular polarization was required. The photolysis laser
power was approximately 0.5 mJ/pulse. The probe laser was provided by frequency
doubling the output of a dye laser (Rhodamine 610/590 dyes) pumped by the 532 nm
harmonic of a second Nd:YAG laser (Quanta Ray PRO 290). A magnesium-fluoride
Soleil-Babinet compensator (Karl Lambrecht) was used to produce the required circu-
lar polarization. The probe beam (~ 3 mJ/pulse) was then focused through a second
30 cm lens. The S(*Dy) atomic photofragments produced in the dissociation event

were probed using the following two (2+1) REMPI schemes:

S3p'(1Dy) 2% S 3pap(tFy) % St 988.18 nm
2 S 3pdap(tpy) 2 St 291.47 nm (4.7)
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Following ionization, the S-ions were accelerated through the multi-lens velocity
mapping assembly and impacted upon a dual microchannel plate array of 75 mm
diameter, which was coupled to a P-47 phosphor screen. In this particular instance
a repeller electrode held at +700 V was used in conjunction with three additional
focusing lenses in the velocity-mapping scheme to stretch the photofragment ion cloud
along the time-of-flight axis to around 350 ns. The overall flight path from the laser
interaction region to the detector was 100 cm. The resulting image was recorded using
a CCD camera (Sony XC-ST50, 768 x 494 pixels) in conjunction with the IMACQ

Megapixel acquisition program.®!

4.3.3 Results

Experimental images obtained at a photolysis wavelength of 193 nm using two
different REMPI transitions as a probing scheme are shown in Fig. 4.14. The Y-
polarized dissociation laser was used with both Z- and Y-polarized probe, which
corresponds to the Geometry IV case (defined in Chapter 3). For normalizing the
data and improving measurement statistics, Geometry III measurements (Z-polarized
photolysis) were also performed but the results are not shown here.

The resulting images show features not seen in previous studies around 230 nm,
and some of this is owing to the higher resolution of the slicing approach, but more
importantly owing to the different photolysis energy. In the faster fragments, there
are three distinct rings which are likely associated with some specific groups of rota-

tional states of the CO co-fragments, and these are labeled A-C. For the ' Dy —— 1Fj;
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Figure 4.14: DC sliced and difference images of S(!Dy) in the photodissociation of OCS
at 193 nm for indicated combination of photolysis-probe laser polarization. Red and blue
correspond to positive and negative intensities, respectively.
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REMPI probe transition, an intense inner ring comes from hot-band dissociation pro-
duced by the probe laser alone; this has been explicitly studied before.!'%” Although
a dilute sample was used to reduce this contribution, this signal from the vy = 2
bending state of the OCS parent molecule always exists but was omitted from our
analysis. On the other hand, there is little one-laser signal in the !, REMPI transi-
tion owing to the difference in wavelength. A comparison of the angular distributions
of the experimental images for the two geometry cases confirms that the relatively
weak signals lying right beyond the one-laser signal (labeled the D region) are due
to S fragments from 193 nm dissociation. The D region consists of several rings cor-
responding to resolved rotational structure of CO co-fragments. In particular, two
distinct rings in the YY image with a probe wavelength at 291.47 nm (top-right in
Fig. 4.14) show an energy spacing of ~0.028 eV.

Fig. 4.15 shows the total translational energy distribution and 3 parameter ob-
tained from the YY image (top-left in Fig. 3). The comb above shows the rota-
tional levels for the CO co-fragment in v=0 obtained using the dissociation energy
Dy=25311 cm™!, the excitation energy of S(!Ds), and the internal energy constants
of CO (wp=2169.81 cm™!, rotational constants By, Dy from Ref.!®3). The peak of
the A ring is assigned to J =~ 76 of the CO co-fragment in the ground vibrational
level. The B and C rings are peaked at J ~ 79 and 84, respectively. The highest
(3 parameter, (=~ 0.8), was observed in the C ring, while for the B ring the smallest
value was measured, 8 ~ 0.3, which is the almost same as that obtained in the D
ring. The A region photofragments show a slightly larger (§ value (=~ 0.4) than in the
B ring.
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Figure 4.15: Total translational energy distribution (solid line) and corresponding recoil
velocity anisotropy parameter, 3 (dashed line).

The rank 2 and 4 alignment anisotropy parameters are extracted by fitting the
difference images to the relevant Eq. (3.20) and Eq. (3.21), including the correct
normalization factor weighted by the recoil-dependent 3 for the sliced image. The
fitting results are plotted as a function of S atom recoil speed in Fig. 4.16. The trend
of s9,an alignment parameters indicates that over the whole range, an incoherent
parallel transition (characterized by s; ~ —a3) is dominant but with a minor con-
tribution from the perpendicular transition at some recoil regions. An interesting
feature is the variation of the 7, parameter over the three rings, showing evidence
that the dissociation dynamics in the C ring is distinct from that in other two rings.

Comparing to the A and B rings, the fragments in the C ring have small negative 7
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Figure 4.16: Speed-dependent alignment anisotropy parameters for O(*Ds) from OCS
at 193 nm arising from the following mechanisms: sk (dashed line) and ax (dot-dashed
line) which both describe incoherent excitation, vx (dotted line) and nx (solid line) which
are corresponding to coherent excitation (as discussed in the main text in detail). Three
shadow bars denote the speed region where three distinct peaks are placed in images.
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Figure 4.17: DC sliced difference images for indicated combination of photolysis-probe
laser polarization measured via the ' Dy —— 1P; REMPI transition. Red and blue corre-
spond to positive and negative intensities respectively.

values representing a coherent parallel /perpendicular contribution. This strong recoil
speed-dependence of v, indicates that two different dynamics are likely contributing.
Even though the size of the effect is small, a contribution of coherent perpendicular
excitation described by 7y exists around the B ring and especially in the outer edge
of the A ring. The 7, contribution is quite strong in the same region. That means
two perpendicular transitions are involved in those regions.

In order to determine the three orientation parameters (o, vk, and vy ), right
and left circularly-polarized probe light is used and the photolysis light is polarized
either circularly or linearly at 45° with respect to the flight axis (Z-axis). The dif-
ference images are seen in Fig. 4.17 for REMPI detection via the ' P, intermediate,
which is only sensitive to the rank 1 orientation contribution. The alternate REMPI
scheme was used to determine the rank 3 parameters, which were found to be neg-

ligible within the uncertainty of the measurement. The recoil speed-dependent rank
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Figure 4.18: Speed-dependent orientation anisotropy parameters for O(1Dy) from OCS
at 193 nm arising from the following mechanisms: «; (dashed line) representing incoherent
perpendicular excitation, v (dotted line) and v} (solid line) which describe coherent su-
perposition parallel/perpendicular excitation. Three shadow bars denote the speed region
where three distinct peaks are observed in the images.

1 orientation parameters are plotted in Fig. 4.18. One striking feature is the ] con-
tribution in the B ring arising from coherent parallel/perpendicular excitation. In
addition to the dominant ] orientation, there are small effects for 7; and almost zero
for a;. These are associated with transfer of the photon helicity into the photofrag-
ment. For nonlinear triatomic molecules, it has been suggested that the a; and v,

will typically be quenched in the dissociation process.**
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4.3.4 Discussion

The previous studies of OCS photodissociation around 230 nm show bimodal
translational and angular distributions related to two different dissociation dynamics:
the slow channel arising from nonadiabatic transition from the 21A’ to the ground
state (11A’), and the fast channel resulting from a simultaneous excitation to two
excited states (21 A" and 11A”). As expected, the slower fragments had a large value
of B due to a nearly pure parallel transition of the A’ state, while the faster one
showed a small or near-zero value implying the contribution from a pure perpendicular
transition to the 11A” state. This interpretation was also supported by wave packet
calculation of Suzuki and co-workers, displaying three distinct rotational distributions
corresponding to different dissociation mechanisms: one from nonadiabatic crossing
to the ground state from 2!'A’, another from the adiabatic process along the 214’
state, and the third from the adiabatic process via the 1!'A” state.!© However, the
two adiabatic pathways were overlapped up in the experimental results at ~230 nm.
These results from the longer wavelength photolysis can provide guidance to interpret
the dissociation dynamics at 193 nm. First, the § value can give us the important
clue on the symmetry of excited electronic states involved.

The large positive 3 in the C ring may indicate that the fragment is formed by
dissociation from the A’ excited state corresponding to a mostly parallel component
of the transition dipole moment. On the other hand, the small # values in the B and
A rings imply possibly that some perpendicular excitation is involved in those recoil

speed regions, or there is greater bending in these regions. That is, the prominent
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lower value of 3 in the B ring may be ascribed to a multi-surface excitation in which
the contribution of transition to A” state (pure perpendicular) becomes significant.
It should be pointed out here that although the A and B rings are attributed to the
admixture of dissociation from two excited states, the contribution of the A” state is
larger in the B ring, accounting for the trend of the 3 parameter.

If the photolysis light is linearly polarized, the expression for the photofragments

angular distribution N(©) can be presented in the following traditional form:%3

N(©) = v/Zja T Lpoo(©) = ﬁ[

1+ (8 Py(cos©)], (4.8)

where O is the angle between the light polarization vector e and the recoil vector k
and P,(cos ©) is the Legandre polynomial of the second order.

If the photolysis light is circularly polarized, or unpolarized the result is
_ g
NO) = —|1- 5 Py(cos©) |, (4.9)

where O is the angle between the direction of light propagation and the vector k.

It has been known that the dissociation of OCS at 230 nm gives rise to non-
axial recoil dynamics even though the [ value of ~1.8 was observed at CO (N = 62)
fragment corresponding to the slow channel.!®® Recently, a quantum mechanical study
of the non-axial recoil problem was reported for the photodissociation of a diatomic-
3

like molecule by Kuznetsov and Vasyutinskii using the quasiclassical approximation.?

The main result of this work is that, neglecting Coriolis mixing, the rotation of the
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Figure 4.19: Illustration for the geometry of OCS at the initial excitation to the 21 A’
excited state and during dissociation. « is the angle between the transition dipole moment
(p) and the initial recoil velocity (v%) at Jacobi angle 6 and y can be measured from the
experimental result. (see the text in detail)

molecular axis during dissociation can be described by a number of rotation factors
which depend on the rank of the incident photon polarization matrix, on dissociation
mechanism, and on the classical angle of rotation of the recoil axis 7. Also, each
experimentally determined anisotropy parameter of the rank K > 0 can be presented
as product of the corresponding rotation factor and the “axial recoil” anisotropy
parameter.

However, the result of Kuznetsov and Vasyutinskii cannot be directly applied
to the photodissociation of a rapidly rotating planar triatomic molecule with the
transition dipole moment in the molecular plane, schematically shown in Fig. 4.19.
In this figure, the angle o between the transition dipole moment g and the initial

recoil direction is always in plane with the angle of rotation of the recoil axis v. As
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mentioned in Chapter 1, the parameter 3 is presented as

B = 2P(cos x), (4.10)

In this case, Y = a + 7 is the angle between the transition dipole moment g and the
recoil direction v, in Fig. 4.19.

Eq. (4.10) derived using a quantum mechanical approach perfectly agrees with
the result of classical treatment of the photodissociation of planar molecules.!? Ac-
cording to the transition dipole moment calculation of Suzuki et al., the angle between
the transition dipole moment and the initial recoil direction is about —20° («) at a
Jacobi angle (0) of ~ 7° for the single excitation to 2 A’ state. As mentioned pre-
viously, the transition dipole moment of the A’ state does have a component in the
molecular plane perpendicular to the recoil direction which could be the reason for
showing a lower  than the limiting value of 2 even for pure axial recoil. The value
of a might be changed during dissociation process depending on the change of the
Jacobi angle. Using Eq. (4.10), the angle x was determined from our experimental
result (6 ~ 0.8), giving y ~ 39°. With the values of x and «, the angle v of ~ 59°
is estimated. This suggests that the initial recoil velocity passes through g by great
bending and rotational motion of the parent molecule and ends at the final recoil
direction with a certain transverse recoil angle. The comparison with the dissociation
process at 230 nm, where the angle x of ~ 13° was measured, implies that the larger
deflection corresponding to the angle v probably occurs at 193 nm than 230 nm. In

other words, a strong bending motion could be involved prior to C-S stretching at
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193 nm to cause a larger deflection than in the 230 nm case.

Assuming dissociation from a parent molecule in J = 0, the impact parameter (b)
can readily be determined from the relative recoil velocity and rotational excitation
in the CO fragment (J = 84) using the well-known classical formula, L = pob.
It is calculated to be about 1.4 A(shown in Fig. 4.19), which is smaller than that
(b ~ 2.4 A) at 230 nm photolysis. The large impact parameter associated with a
high ( value at the longer wavelength is rather puzzling, and may reflect much lower
impulsive recoil relative to bending motion than at 193 nm. However, this is difficult
to reconcile with the y values discussed above.

Given the present development of the theory, the terms containing the angle of ro-
tation v cannot be isolated from the expressions for the K > 0 anisotropy parameters
for rotation of a planar molecule and therefore, the axial recoil anisotropy parameters
cannot be determined. However, the general expressions in Eqgs. (3.18)-(3.21) describ-
ing the experimental signals are still valid for the case of non-axial recoil of a planar
molecule if the anisotropy parameters s, ag, V&, and 7, are assumed to be a function
of v. In this case, the alignment and orientation anisotropy parameters can still give
us valuable insight into dissociation dynamics. The most important feature of the B
ring is the obvious 7] (coherent parallel and perpendicular excitation) contribution in
that ring. It supports the view that dissociation in this region also involves excitation
to the A” state. As mentioned previously, the very different feature of 5 in the C ring
indicates that fragments in the C ring might be produced via very different dynamics
than the other rings. Furthermore, the smaller value of 75 relative to that in the A

and B rings tells us that the coherent contribution is very small in the C ring. In other
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words, while the A and B rings are likely related to simultaneous excitation to both
21A" and 11A” states, the C ring is most likely to arise from single-surface (2'A4’)
excitation. The observation of n corresponding to a coherent perpendicular dissocia-
tion mechanism possibly suggests a coherent superposition of the pure perpendicular
transition to the 11A” state and the possible small perpendicular component of 21 A’
transition. However, it is less plausible to explain the 7, alignment effect above the A
ring with the same reason, since it is known experimentally and theoretically that the
contribution from 1'A” is associated with higher rotational levels than from 2'A’.
The potential energy surface in the bent geometry (shown in Fig. 4.13) shows that
there is another possible state (21 A”) to be considered in the dissociation at 193 nm
case. Although the 21 A” state has been ignored as out of reach (=~ 6.2 eV) in earlier
studies, at 193 nm (6.42 eV) it may be accessible, and the oscillator strength of this
transition is almost same as for 1'A” state. In addition, the fact that both 754 in
the C ring are nearly zero makes it more convincing that a nonadiabatic interaction
following single-surface excitation is involved in the dissociation process.

For dissociation at 223 nm, the CO rotational distribution is peaked at J =
55 and 67 for the faster and slower fragments, respectively.!” Assuming that the
efficiency of conversion of bending motion into CO rotation during the nonadiabatic
transition is constant regardless of photolysis photon energy, one can easily expect
J = 85 for the slower fragments in this case. This simple argument makes it reasonable
that S fragments in the C ring (J = 84) may arise from dissociation initiated on
the 21A’" state followed by a nonadiabatic crossing to the ground state, which is

also consistent with the above interpretation for observed orientation and alignment
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Table 4.3: Measured alignment and orientation parameters for S(!Ds) from 193 nm dis-
sociation of OCS.

Parameter Region C Region B® Region A?
I} 0.8 0.3 0.4
Qaq 0.00 0.01 0.01
T 0.02 0.00 -0.02
Y 0.01 -0.04 0.02
S -0.03 -0.06 -0.06
Qo 0.08 0.05 0.04
Yo -0.02 0.05 0.06
7o 0.01 0.03 0.02
Sy -0.04 -0.06
Qy -0.03 0.03
V4 0.03 0.04
M4 -0.09 -0.11

& Reported rank 4 anisotropy parameters are obtained at ~ 50 m/s faster
velocity region.

parameters. All measured alignment and orientation parameters are summarized in
Table 4.3.

As mentioned previously, wave packet calculations showed three distinct rota-
tional distributions. Although the contributions of two adiabatic pathways via each
21 A" or A” state were not resolved experimentally at ~230 nm photolysis, it is per-
haps not surprising that the separation in energy between two pathways is clearer in
the present results, both owing to the higher resolution of DC slice imaging and the
greater available energy following 193 nm dissociation. Results also suggest that the
nonadiabatic transition (peak C) has a stronger contribution relative to other disso-
ciation dynamics processes at 193 nm in contrast with previous results at the longer
photolysis wavelengths. It is known that the probability of nonadiabatic crossing is

larger as the photolysis energy increases owing to the greater possibility for reaching
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to the 11 A" excited state which lies higher in energy than 1'A’ state. In addition,
the Landau-Zener picture can also account for the larger probability of nonadiabatic
transition. In this picture, the probability of nonadiabatic crossing is proportional to
the recoil velocity and the difference in slopes of the two diabatic potential surfaces at
the crossing point. The recoil speed of the S fragments at the nonadiabatic avoided
crossing region is about 1150 m/s, which are faster than (~780 m/s) at 223 nm by
Suzuki and co-workers.'® That is, the diabatic pathway is more probable than the
adiabatic pathway at the shorter wavelength, which could be reflected in the increased
signal level in the C ring.

Some features in the D region show resolved rotational structure of CO as de-
scribed previously. The energy spacing of well-separated rings (~0.028 eV) gives us
a hint for rotational states of CO in this region. Using the rotational constant (By)
and vibration-rotation interaction constant («), a vibrationally dependent rotation
constant was estimated to assign those rings to J = 63 — 64 rotational levels in v = 4
excited vibrational state. The structure in the D region thus implies that some con-
tribution of highly vibrationally excited CO co-fragments possibly underlies the main
rings of CO in the ground vibrational state. Although most results of OCS photodis-
sociation at 223 nm and longer wavelength report that the vibrational excitation of

CO is negligible,100:109

it appears that some vibrationally-excited CO are produced
at 193 nm, given much greater available energy and possible access to other excited
states.

For the first time, the full molecular frame sulfur atom density matrix was con-

structed by using all measured anisotropy parameters. The complete density matrices
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Region C Region B

Figure 4.20: The population of each magnetic sublevel for S (1Dy) atom at the recoil angle
of 0° for the fragments in the region C (top) and region B (bottom). A wide darker bar
corresponds to the complete density matrix, and a narrow lighter bar indicates the density
matrix calculated excluding the rank 4 contributions. The uncertainty in the determina-
tion of these populations is typically less than 40.04 based on reproducibility over several
measurements.

are reported here for recoil angles of 0°,45° and 90° in the circularly-polarized dis-
sociation light case. Fig. 4.20 displays the diagonal elements of density matrices for
the photofragments in the C and B rings recoiling along the polarization of photolysis
light. In the C ring, it is apparent that v is parallel to J for either case with or with-
out the higher order K = 4 contributions. On the other hand, for the density matrix
in the B ring these are surprisingly different from one another. This means that the
hexadecapole moment (K = 4) of the angular momentum distribution is particularly
important in this recoil region and must be considered to obtain the complete density
matrix accurately. The distribution of the |m ;| population is peaked at |m |=1 with

an additional small orientation toward mj; = —1 level. It is noted that there is a

physically impossible negative element in the m; = 0 sublevel, implying that the
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rank 4 contributions might be slightly overestimated. For the B ring, the full density

matrices for recoil angles of 45° and 90° including all rank K = 0 ~ 4 contributions

are
0.10 ~0.05(—0.01)  —0.03 0 0
—0.05(0.01) 0.34 0.02(—0.01) 0.07 0
P = —0.03 0.02(0.01) 0.15 —0.02(—0.01)  —0.03
0 0.07 —0.02(0.01) 0.34 0.05(—0.01)
0 0 —0.03 0.05(0.01) 0.08
0.06  0.00(0.00) —0.05 0 0
0.00(0.00)  0.30  0.00(0.00)  0.13 0
P = —0.05  0.00(0.00) 027  0.00(0.00) —0.05
0 0.13  0.00(0.00)  0.30  0.00(0.00)
0 0 ~0.05  0.00(0.00)  0.06

where the values in parenthesis refer to an imaginary part of the coherence which
mostly comes from the 7] contribution. The non-zero off-diagonal terms indicate the
coherent interactions present in this system. The uncertainty in determination of
these matrix elements is typically better than 4+0.04 for the diagonal elements and
+0.01 for the off-diagonal terms based on reproducibility over several independent

measurements.
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4.3.5 Conclusions

All possible polarization of S(* Dy) arising from the dissociation of OCS at 193 nm
have been measured using DC sliced imaging. Three peaks corresponding to specific
groups of high rotational levels of CO in the vibrational ground state are shown, with
the rotationally-resolved rings at the D region ascribed to weak signals associated
with excited vibrational states of CO. The observed speed-dependent 3 parameter
and coherent alignment or orientation support that there are two main dissociation
processes: the simultaneous two-surface (A’ and A”) excitation and the initial single-
surface (A’) excitation followed by the nonadiabatic crossing to ground state. At
193 nm photodissociation, the nonadiabatic dissociation process is strongly enhanced
relative to longer wavelengths. This can be ascribed to the increased probability of
the nonadiabatic transition by the faster-speed fragments and greater contribution
of excitation to the A’ state, compared to those at the lower photolysis energy. Fur-
thermore, the dissociation happens via non-axial recoil dynamics due to the larger
deflection associated with a bending motion of parent molecule during dissociation.

The complete density matrix was constructed including the higher order (K =
3,4) contributions for the circularly-polarized dissociation light. It reveals the v||J
correlation in the S atom at the C ring and the preferential population of |m;| = 1
at the B ring, respectively. In particular, it was found that the density matrix in the
second ring is sensitively affected by the rank 4 terms. This suggests that the higher
order contributions should not be overlooked to understand deeply the underlying

dissociation dynamics in this system.
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Chapter 5

Photodissociation of Acetaldehyde Cation

5.1 Introduction

The photofragmentation processes of cations provide an avenue to investigate a
number of important issues in photochemistry. Cations prepared from closed-shell
neutrals are open-shell systems, so many low-lying electronic states exist and inter-
actions among them may be readily explored; resonant ionization techniques may be
used to prepare specific vibrational states or even particular molecular conformers for
photochemical studies, and vibrationally-mediated or mode-specific dissociation may
be seen; finally, quantum control experiments often probe fragmentation processes in
the product ions, so understanding the neutral and ionic pathways leading to the same
final ionic product may be important. lon imaging represents a powerful means of
examining photofragmentation processes in ions. Recently, the photodissociation pro-

110-112

cesses of cations have been extensively explored by velocity map imaging, slice

113,114 115,116

imaging, and reflectron multimass velocity map imaging methods com-
bined with REMPI. The advantage of the imaging technique in these applications is

the ability to measure the translational energy and angular distributions easily and
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with great sensitivity. In addition, the sensitivity of the angular distribution to the
symmetry and lifetime of the intermediate state may be important to understand
complicated dynamical processes.

The photodissociation of acetaldehyde cations formed by either vacuum-ultraviolet

(VUV) or multiphoton ionization has been studied using ionization mass spectrom-

117,118 119,120

etry, photoelectron-photoion coincidence spectrometry, and the Fourier

1 l119

transform ion cyclotron resonance (FT-ICR) technique.'* Bombach et a re-
ported that CH;CO™ and HCO™ are produced either by internal conversion to the
ground electronic state (X 2A4’) of acetaldehyde cations (95 %) or isomerization to
ground state oxirane (5 %) near the onset of the A 24” band. The photoelectron-
photoion coincidence studies of Johnson and co-workers'?® showed that CH; appears
together with CH3CO™ and HCO™ above an ionization energy of 13 eV, and the
formation of CHJ was interpreted as characteristic of dissociation through the A 2A”
band. In the B 24" band above 14.1 eV, CH starts to emerge in addition to CHsCO™*
and HCO™, along with a decreasing abundance of CHJ . The translational energy dis-
tribution of the acetyl ion was cited as evidence that CHj is produced via secondary
fragmentation of CH;CO™.12° Fisanick et al.''® and Shin et al.'?! proposed that the
photodissociation of acetaldehyde cations prepared by multiphoton ionization takes
place predominantly by excitation to the B 2A’ state. An energy diagram is shown in
Fig. 5.1 illustrating the relevant multiphoton ionization and dissociation processes.
In this study, parent ions were generated by 2-+1 REMPI through the B ! A’ state
corresponding to the 3s «+— n Rydberg transitions in the range from 354 to 363 nm. The

122-126

wealth of spectroscopic knowledge for these Rydberg states allows identification
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Figure 5.1: Schematic energy diagram for possible dissociation pathways of CH3CHO™ and
2+ 1 resonance-enhanced multiphoton ionization of CH3CHO. The number in a parentheses
indicates the dissociation threshold (eV) from acetaldehyde cation. The inset shows the
orientation of the transition dipole moment for B « X excitation.
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of the vibrational states of parent ions and thus provides a way to elucidate the effect
of mode-selective vibrational excitation on cation photodissociation processes. Based
on thermodynamic data taken from reference,'?” four dissociation processes, leading
to CH3CO™, HCO*, CHf, and CHJ products, are energetically possible with four
photons in this wavelength range (Fig. 5.1). Shin et al.'®! observed only acetyl ions
and formyl ions in this energy region, while Fisanick et al.''® detected several product
ions that can be formed with the absorption of up to five photons at the origin band
of Rydberg state. A strong power dependence of fragment ion production was also
reported in that case.l'®

In the following pages, I present results of an imaging study of the photodis-
sociation of specific vibrational levels of acetaldehyde cations prepared by following
241 REMPI. Particular emphasis is placed on the use of the angular distributions to

gain insight into the electronic transitions responsible and to investigate the extent

of spatial alignment of the parent ions produced in the REMPI excitation.

5.2 Experiment

The overall experimental apparatus employed in the DC slice imaging approach
has been described in Chapter 2 in detail, so only a brief sketch will be given here. A
pulsed supersonic molecular beam of acetaldehyde seeded 24% in Ar was expanded
into the source chamber and collimated by a skimmer. The beam entered into a
velocity mapping electrode assembly optimized for DC slice imaging, and was inter-

sected at a right angle by a laser beam tuned to a two-photon resonant excitation of a
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Rydberg state of acetaldehyde. The laser light was generated by frequency doubling
the output of a dye laser (Continuum Jaguar, LDS 722 dye) pumped by the 532 nm
harmonic of a second Nd:YAG laser (Quanta Ray PRO 290). The polarization of the
laser beam was parallel to the detector plane, and the typical output power was ~
0.3 mJ/pulse in the wavelength range from 354 to 363 nm. The laser light was then
focused into the interaction region with a 40 cm focal length lens. In this study, a
repeller electrode held at 400 V was used in conjunction with three additional fo-
cusing lenses in the velocity-mapping scheme to stretch the photofragment ion cloud
along the time-of-flight axis to around 400 ns. The overall flight path from the laser
interaction region to the detector was 100 cm. Application of a narrow (~40 ns) time
gate at the detector was then used to sample the central section of the distribution.
The resulting ion image was recorded using a CCD camera (Sony XC-ST50, 768 x
494 pixels) in conjunction with the IMACQ Megapixel acquisition program®! recently
developed in our group that enabled a high-resolution real time ion counting with sub-
pixel precision. The newly developed Megapixel analyzing program IMAN also was
used to determine the translational energy and angular distributions. In addition, the
photoelectron images were obtained with a similar experimental set-up, albeit with a
shorter flight path and reversed potentials. For the photoelectron imaging, the main
chamber and flight path were shielded with u-metal sheet to avoid the influence of

external magnetic fields.
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5.3 Results

The sliced images for all photofragments of acetaldehyde cations following 2+1
REMPI via the origin band (55024 cm™1!) of the 3s Rydberg transition are presented
in Fig. 5.2. As shown in the energy diagram (Fig. 5.1), four products are accessible by
one-photon dissociation of the parent cation at this energy (3.41 eV), but only three
ionic photofragments were observed: CHzCOT, HCO*, and CH}. The branching
ratio of products was estimated roughly from the integrated intensity of each sliced
image, which is CH3CO* : HCO* : CHf = 1.0 : 6.0 : 1.5. A glance at these images
shows that Fig. 5.2 (A), CH3CO™, is distinct in several ways: it shows an apparent
“hole” in the center as well as a multilobed structure.

The translational energy distributions for the three product ions are plotted in
Fig. 5.3. For HCO' and CHJ, a larger fraction of the available energy is deposited
into the internal energy of the photofragments, and the distributions peak near zero.
In contrast, the P(Ez) for acetyl ions has a peak at ~ 0.5 ¢V and a lower yield
of slower fragments, corresponding to the “hole” in the experimental image. The
average total translational energy is 0.65, 0.17, and 0.09 eV for the CH3;CO™, HCO™,
and CHJ channels,respectively. These represent 22, 10, and 8 % of the total available
energy.

More detailed information on photofragmentation dynamics can be obtained by
investigating the angular distribution of the product ions. The angular anisotropy

parameters are obtained by fitting the angular distrubutions from the ion images to
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Figure 5.2: Experimental sliced images of three fragments (A: CH3CO™, B: HCO™, and
C: CHZ) in the photodissociation of acetaldehyde cation prepared by 2 + 1 REMPI wia the
origin transition.
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Figure 5.3: Total translational energy distributions of CH3CO™ (dashed line), HCO™
(dotted line) and CHJ (solid line) ions. The arrows show the available energy for each
product ion, and the area under each curve relates to the branching fraction of each product.

an even Legendre polynomial expansion including high order terms as follows:

I(0) o< 14 (o Py(cos®) + [y - Py(cos ) + Fs - Ps(cosB) (5.1)

where @ is the angle between the laser polarization vector and the recoil velocity
vector. The measured anisotropies are listed in Table 5.1 for all fragments. Although
the Legendre polynomial terms up to the 8th order may be required for a thorough
description of the angular distribution for this four photon process, the 8th order
term is ignored because it is likely to make a negligible contribution. Neglecting any
angular modulation by multiphoton ionization processes, the angular distribution

for one-photon dissociation should be fitted well including only the second order
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Table 5.1: Recoil anisotropy parameters for all fragments from the photodissociation of
acetaldehyde cation.

Ton band B2 B4 B
CH3CO™* origin 0.43 -0.37 0.08
104 0.08 -0.30 0.08
6o, 78 -0.20 0.01 -0.08
HCO* origin 0.85 -0.03 -0.02
CHf origin 0.52 -0.06 0.01

* The uncertainties of reported recoil anisotropy parameters are (3 +
0.1, B4 £0.07, and B + 0.01.

Legendre polynomial term. However, as seen in Fig. 5.4, the angular distribution of
acetyl ion required higher order Legendre polynomial terms to get an adequate fit.
This striking feature is apparent directly in the experimental image showing the four
lobes. It implies that more than one photon process is responsible for the angular
distribution.

In order to explore the vibrationally mediated photodissociation dynamics, the
parent cation also were prepared by using REMPI via the 10} (55360 cm™!) and 68, 7§
(56195 cm™!) transitions. Three product ions (CH3CO*, HCO™ and CHJ ) were seen
at those wavelengths. It is notable that the angular distribution of the acetyl ion
becomes isotropic and tends to be perpendicular as the photon energy increases,
as shown in Table 5.1. The photoelectron image and spectrum at the 10} transition
(Fig. 5.5(A)) indicates that parent ions are formed predominantly in the v}, = 1 state,
which is in good agreement with the result of Kim and Anderson.'?® Fig. 5.5(B)
displays the photoelectron image and spectrum obtained by REMPI wvia the 6}, 7}
transition, where there are many rings assigned to several different vibrational states.

That is, the parent ions are not well state-selected at this wavelength.
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Figure 5.4: Angular distribution of acetyl ion: solid lines correspond to the best fit without
(black) and with (blue) higher order Legendre polynomial terms.

5.4 Discussion

Acetaldehyde cations can access two excited states (A, B) by one-photon ab-
sorption in this energy range, and the question of which excited state is predomi-
nantly involved in dissociation can be answered by examining the angular distribu-
tions of photofragments. As mentioned previously, the interesting angular anisotropy
of CH3CO™ strongly suggests the presence of multiphoton processes. There have been
a few studies of the angular distribution in multiphoton processes recently.!0,128-130
Chichinin and co-workers®! presented the photofragment angular distribution in the
dissociative multiphoton ionization of HCL. Li et al.''® studied the angular distribu-

tion of CO cation multiphoton dissociation. In general, these multiphoton angular
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Figure 5.5: Photoelectron spectra and Abel-inverted images for the photodissociation of
acetaldehyde cation produced by 2 + 1 REMPI through the 10 (A) and 63, 7§ (B) bands.
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distributions could reflect either neutral multiphoton dissociation with subsequent
ionization, or parent ionization followed by dissociation. However, neutral multipho-
ton dissociation is not likely in this case, which can be confirmed by measuring the
photoelectron image. The kinetic energy release of electrons generated by the two
processes is quite different: at the origin band, only 3 meV kinetic energy goes to
electrons for the resonant ionization/ion dissociation case, while the neutral process
with subsequent ionization would be associated with substantial electron kinetic en-
ergy. The photoelectron image taken with REMPI through the origin (not shown)
displays a strong signal close to zero kinetic energy corresponding to the formation
of vibrationless parent ions, consistent with the photoelectron spectroscopy results of
Kim et al..'?® This suggests that the product ions result mainly from the dissociation
of acetaldehyde cations. The higher order Legendre moments for the acetyl ion image
thus must reflect alignment of the ion in the (2+1) ionization step.

Although it is not straightforward to quantitatively measure the molecular align-
ment induced by multiphoton ionization in this complex polyatomic system, in con-

1 a qualitative interpretation may be achieved for the

trast to the diatomic case,'3
alignment of acetaldehyde cations by analyzing the angular anisotropy parameters.
The (3, value of HCO™ showing a parallel recoil anisotropy implies that parent ions
are spatially aligned with the C-C bond axis almost parallel to the direction of light
polarization (E), given that all fragments are formed from the same aligned parent
ions. The fact that acetaldehyde cations are pre-aligned suggests that the probability
of initial excitation to A 2A” (pure perpendicular, out of the CCO plane) is not sig-

nificant due to the orientation of aligned cations with respect to E. In other words, it
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can be speculated that all product ions arise from the initial excitation to the B 2A’
state.

The distinct angular distribution of the acetyl ion not only provides reliable
evidence of generating aligned parent ions by multiphoton ionization, but it also in-
dicates that both parallel and perpendicular recoil anisotropies are involved in the
H elimination channel. Some of the parallel recoil anisotropy would come from the
spatially aligned parent ions, as discussed above. This means that a perpendicular
anisotropy might be induced during a dissociation process. According to the discus-
sion of Shin et al.,'*! the formation of acetyl and formyl ions is correlated with the
dominant initial excitation to the single potential energy surface, the 24’ state. For
that case, the angular anisotropy of the acetyl ion would not be much different from
that of the formyl ion. To clarify the origin of the two different recoil anisotropies,
an ab initio TD-DFT calculation was performed by using the B3LYP/6-31+G(d,p)
basis set. The transition dipole moment (u) to 2A’ state was found to lie in the CCO
molecular plane, and the recoil anisotropy was determined by the angle («) between
the direction of g and the recoil direction of a fragment, as described by the well-
known [ = 2 P»(cos a) expression. Assuming a fast dissociation process (ignoring the
non-axial recoil dynamics), the angle a can be estimated by considering the asymp-
totic recoil direction of interest as the corresponding internuclear axis (see the inset
in Fig. 1). The estimated values of a formed by the C-H bond in a formyl group and
the C-C bond are about 110° (B ~ —0.65) and 136° (fB.q. =~ 0.55), respectively.
This implies that the angular anisotropy of the acetyl ion in dissociation is more per-

pendicular relative to that of the formyl ion even though both the H elimination and
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the C-C cleavage happen through the same initial excitation. The reason for having
a lower estimated value than the experimental 3 for HCO™ (0.85) could be that the
angular modulation by spatially aligned parent ions was not considered. The angular
distribution for CHJ, with the relatively lower 3, value, cannot be easily rationalized
with a simple picture owing to either the H intramolecular rearrangement (hydrogen
scrambling) or the possible partial contribution from a roaming mechanism.

The angular distribution of the acetyl ions varies with a well-characterized exci-
tation in a specific vibrational mode as indicated in Table 1. At the 10} transition, its
vibrational motions (CHj3 rocking and CCO bending) could interfere with the appear-
ance of the alignment of the acetaldehyde cation. However, the aligned parent ions
are still seen, as evidenced by the large value of 3;. In contrast, the angular distribu-
tion at the 6}, 7} band has a small perpendicular anisotropy with a 3; parameter near
zero. Vibrational motions in several modes probably wash out the molecular align-
ment effect, resulting in the formation of parent ions with an angular distribution
that is nearly isotropic. Therefore, the overall angular distribution may be mainly
attributed to the one-photon dissociation of parent cations, in agreement with the
above explanation of a perpendicular component for the H elimination channel.

The results of the translational energy distribution measurements are consistent

120 at lower resolution. These features

with those reported by Johnson and co-workers
of the translational energy distributions for HCO* and CH; (Fig. 3) are often inter-
preted as a signature of barrierless statistical dissociation from the ground state.!?
The small partitioning (8~10 %) into product translational energy is not consistent

with the direct dissociation along a repulsive excited state or predissociating state.
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Therefore, it can be proposed that these products arise from the ground electronic
state following internal conversion as argued by Johnson et al.. For the formation
of CH;, one might suspect the dissociation to occur over a barrier. The observed
P(Er) of CHJ implies that the barrier must be very small, unlike the photodisso-
ciation of neutral acetaldehyde. An alternative explanation to account for the low
translational energy and high internal energy in this channel is the possibility of a

33 involving methyl radicals, co-fragments of formyl ions. In

“roaming” mechanism?!
this picture, methyl radicals are nearly lost via barrierless dissociation but return to
effect intramolecular proton abstraction forming highly excited CHJ . In an analogous
recent study of acetaldehyde photodissociation, the role of a roaming mechanism in
the CHs + HCO channel was proposed to form the final products, CH; and CO.!3*
The peak of P(Er) for CH3CO™ is away from zero energy. This could be due
to a secondary dissociation pathway involving the fragmentation of highly excited
CH3CO™. However, this explanation can be ruled out because there is no evidence
of opening of the secondary channel (i.e., no CH; ). Another possibility is the pres-
ence of an exit barrier for the H elimination channel. To date, the measured ap-
pearance energy (AE) of the acetyl ions ranges from 10.67 to 10.90 eV,!357137 which
represents either a nearly zero or very small barrier. Some theoretical studies!®® 139
reported that a small exit barrier (~0.1 eV) exists for this channel. Johnson and
co-workers'?? found that the translational energy partitioning of the total available
energy, (Eyans)/{Eavair) 18 ~22 and 11 % for the acetyl and formyl ions, respectively,
which is consistent with results reported in this work. They found those values were

in accord with statistical predictions and concluded that those product ions occurs
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via internal conversion followed by dissociation on the ground state. The larger trans-
lational energy release for the H atom loss channel is largely owing to the absence of

rotational degrees of freedom for that fragment.

5.5 Conclusion

The translational energy and angular distributions of fragments in the photodis-
sociation of acetaldehyde cations are presented here. The peculiar angular distribu-
tion of acetyl ions having a large value of (34 anisotropy parameter supports the sug-
gestion that parent ions produced by REMPI wvia the origin band are predominantly
aligned parallel to the polarization direction of light in the multiphoton ionization
process. The spatially-aligned parent cation is mostly excited to the B state and dis-
sociates. However, the spatial alignment effect is diminished when dissociation occurs

through parent ions populated in many vibrational excited states.
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