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ABSTRACT

The velocity map ion imaging technique is a powerful tool for studying
photodissociation. Determination of correlated product internal and translational energy
distribution, as well as vector correlations, can elucidate fundamental dynamics of the
photo-induced reactions. Vector correlations, which describe the relative orientations of
the transition dipole moment of the parent molecule u, recoil velocity vector v, and
angular momentum vector of photofragment rotation j are sensitive probes of the
stereodynamics of photodissociation reactions. The focus of this dissertation is the
development and application of a method for extracting vector correlation, from
experimental angular distribution of sliced or reconstructed non-sliced images
generated by 2+1 REMPI. Two general approaches for applying the new equations;
direct inversion and forward convolution, are presented. The new method is tested with
images of OCS photodissociation at 230 nm and NO, photodissociation at 355 nm and
the results are compared to previous publications.

The ultraviolet photodissociation of carbonyl sulfide (OCS) is an important
system, not only because of its role in atmospheric chemistry, but also because of its
significance as a benchmark system of photodissociation via multi-excited states. We
are particularly interested in the wavelength dependence of the dynamics. The OCS
photodissociation dynamics of the dominant S(*D,) channel near 214 nm have been
studied, as an application of our new method mentioned above. We report a vibrational
branching ratio of 0.79/0.21 for CO v=0/v=1, indicating substantially higher vibrational
excitation than that observed at longer wavelengths. The CO rotational distribution is

bimodal for both v=0 and v=1, although the bimodality is less pronounced than at longer



wavelengths. The measurements of vector correlations indicate that excitations to both
the 2'A’ (A) and 1'A” (B) states are important in the lower-j part of the rotational
distribution, while only 2'A’ state contributes to the upper part. The discovery is
consistent with the previous work at longer wavelengths. The computational chemistry
results from Dr. George McBane support the experimental results, and also suggest
that the highest-j peak arises from molecules that begin on the 2'A’ state but make non-

adiabatic transitions to the 1'A’ (X) state during the dissociation.
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CHAPTER |

BACKGROUND AND INTRODUCTION’

The field of gas phase reaction dynamics study can generally be divided into two
categories: unimolecular reaction dynamics and bimolecular reaction dynamics.
Photodissociation dynamics is a unique subject under the unimolecular reaction
dynamics. Photodissociation can be viewed as unimolecular reactions in which the
reactants initial states are prepared by the photons and evolve on one or several
potential energy surfaces. In order to understand photodissociation dynamics, we need
to understand not only the unimolecular dynamics on a single potential energy surface
(ground or excited surface), but also the photo-matter interactions occurring before the
involvement of unimolecular reactions. *

When a molecule absorbs a photon which has a sufficient amount of energy, the
molecule is excited to a higher energy electronic state. Depending on the nature of the
excited state, the excited molecule will behave differently. If the excited state is
repulsive, the molecule will evolve on this surface and dissociate. If the excited state is
a bound state, several processes can happen next. The molecule can emit a photon
and relax to either another excited or the ground state. Alternatively, several non-
radiative decay processes can occur. For example, the molecule can undergo a non-
adiabatic transition to a dissociative state and dissociate on that state’s potential energy

surface. Finally, the excited molecule can undergo internal conversion to the ground

" Part of this chapter is reprinted from “D. W. Chandler and P. L. Houston, The Journal
of Chemical Physics 87 (2), 1445 (1987)”, with the permission of AIP Publishing.
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electronic state, resulting in the redistribution of the excess of energy among the
vibrational modes which could also lead to dissociation.*®

There are still humerous challenges in understanding the photodissociation
dynamics. For example, the excited electronic state potential energy surfaces are
usually less well-determined compared to the ground state surfaces. Besides, it is also
difficult to locate the non-adiabatic coupling between excited state potential energy
surfaces, which makes the interpretation of experimental results of multi-state
photodissociation still difficult. Experimental photodissociation studies are needed to be
able to increase our knowledge of the characteristics of the excited state potential
energy surfaces and the unimolecular reaction dynamics evolving on these excited
states, which are otherwise difficult to access.

Another benefit of photodissociation dynamics study is that the
photodissociation can be viewed as a “half-collision” reaction. The process of molecules
being prepared in a certain reactive state and evolving toward dissociation is the
inverse process of a reactive collision. If we view the photo-prepared unimolecular
reaction as an inverted bimolecular collision reaction, then the special benefit of
studying such “bimolecular reactions” is that specific factors of the “collision” process,
like the internal state selection and the total angular momentum, can be well controlled.
Such conditions are usually difficult to control in experiments studying bimolecular
reactions, like crossed molecular beam experiments.’

There are two general philosophies for the experimental study of
photodissociation dynamics. Modern experimental technologies, like femtosecond
lasers, allow us to directly probe the transition state of the reaction.® But a large amount

of experimental study is still following the traditional philosophy: explicitly observe the
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characteristics of the product from the photodissociation process and infer the
dynamics. These characteristics include scalar properties like energy partitioning
between kinetic energy and internal energy. They also include vector correlations, the
relative orientations of the transition dipole moment of the parent molecule p, the recoil
velocity vector of photofragments v, and fragment rotational angular momentum vector
j. Different reaction dynamics will lead to different product energy partitioning and vector
correlations. This methodology is similar to the investigation of a crime scene:
detectives investigate the observable clues after the crime and try to recover what has

happened.

The Development of Experimental Techniques and Their Impacts

The vast development of experimental technology is one of the primary driving
forces behind advancement in the field of molecular dynamics. Just one hundred years
ago, the study of how chemical reactions happen would mean studying the macroscopic
behaviors of solutions/ gas/ solid samples using traditional bench chemistry methods.
Studies of reactions on the molecular level were possible only using either
spectroscopic methods or theoretical calculations (pens at that time). During this one
hundred year period, with the rapid development of instrumental techniques and the
inspirations from other disciplines like particle physics and surface chemistry, scientists
were able to experimentally measure scalar and vector properties of photofragments,
not only at the molecular and atomic level, but also at the internal energy state level.
Among all of these advancements in experimental methods, the internal state

distribution measurements, the photofragment translational spectroscopy methods and



the correlated measurements are the three keys to the experimental photodissociation
dynamics study.

In the late 1970’s, the development of tunable dye laser technology made a
large number of new spectroscopy methods possible, like laser induced fluorescence
(LIF) ,*> *° resonance enhanced multi-photon ionization (REMPI)'* and coherent anti-
Stokes Raman spectroscopy (CARS). With these methods, scientists are able to
measure internal energy state population distributions of the photofragment. This was
the first giant step toward a full map of the energy partitioning during the
photodissociation.

The first several photofragment translational energy spectroscopy
measurements were reported around the same period of time.** * These types of
experiments measure photofragment product speed distributions. In the experiment, the
molecular beam is dissociated by a pulsed laser and the photofragments are detected
by the electron impact ionization detector. The arrival time of the atomic fragments are
measured by the quadrupole mass selector and can be converted to speeds. Although
such method is sensitive and can successfully provide speed distributions of the
photofragments, it does not have fragment internal state selections.

The next breakthrough was the correlated measurement, the measurement of
the speed of the products in coincidence with their internal energy. Such coincident
measurement is necessary because a full picture of energy partitioning among the
products not only includes the internal state distributions of both fragments, but also
includes the correlation between the internal energy of the fragments. Take a simplified
example of flipping a quarter and a nickel. If the two coins are ordinary, the probability

of having heads for both coins is 0.25. An alternate scenario consists of two coins that
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are specially designed so that whenever one of them lands on a head/tail, the other one
will also land on a head/tail respectively. In such a case, the possibility of having heads
for both coins is 0.5. In order to determine whether they are special coins, we measure
the possibility of getting head and tails. If we only flip one coin at a time, we will get
possibility of 0.5 for both coins and will not be able to determine whether the coins are
special or normal. Only by making correlated measurements (flip both coins
simultaneously and record the results) can we determine the truth.”> When measuring
the fragment speed distribution in coincidence with the internal state distribution, energy
conservation will be able to provide information about internal state distributions in
coincidence with the co-fragment internal state distributions.

In the early stages, such correlated measurements were experimentally
achieved by a combination of the two methods above: the speed measurement
methods like Doppler technique® / time-of-flight (TOF) spectrometer®’, and the internal
state distribution measurement methods like LIF/ REMPI. One example is measuring
the Doppler profile broadening of the LIF of probing the ground state H atoms formed
from the photodissociation of HI at 266 nm.'® The combined measurements can make
guantum state selections and measure the speed distribution of the selected fragment.
These correlated measurements are quite successful, despite the limits of resolution.
The limits are primarily in the speed detection: it is a one-dimensional speed detection.
The more speed components that exist, the harder it is to achieve small error bars for
each component.

Inspired by the electron stimulated desorption ion angular distributions
(ESDIAD) experiments in surface science®®, Houston and Chandler combined TOF

spectrometry and the micro-channel plate based two-dimensional detection technique
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and developed the imaging technique in 1987.*° Figure 1.1 shows their first image. With

2027 three dimensional information

proper reconstruction algorithms developed over time,
can be recovered from the two-dimensional projection images.

In the past 30 years, the imaging technique has become widely accepted and
applied. A number of improvements have also been introduced. The most important
improvement is the velocity mapping technique.?® By utilizing a set of Einzel lenses,
ions with the same velocity will be focused onto the same detector spot. The resulting
velocity map ion images (VMI) have better speed resolution. Meanwhile, rapid
development of CCD cameras has made image accumulation and processing
significantly easier. The speed resolution is further increased by image processing
algorithms by Chang et al.?

There are a number of advantages of the velocity map ion image technique.
This technique has reasonable speed resolution. It can make correlated measurements
of fragment speed and internal state distributions. The analysis of the correlated
measurements is also straight forward. But the most important advantage of the VMI
technique is the ability to measure photofragment angular distributions and vector
correlations. Although previous techniques like Doppler spectroscopy and TOF can also

measure vector correlations, the VMI technique is capable of measuring speed-

dependent vector correlations in a much easier way, which will be discussed later.



L.ASER POLARIZATION

Figure 1.1: The first ion image. CHsz ion image from photodissociation of CHsl at
266 nm. Figure reproduced from Chandler and Houston, JCP 87, 1445 (1987).*°



The Vector Properties

Besides scalar properties, researchers are also interested in the photofragment
anisotropic product distributions, which arise from vector properties. Vector correlations,
which describe the relative orientations of the transition dipole moment of the parent
molecule W, recoil velocity vector v, and angular momentum vector of photofragment
rotation j are sensitive probes of the stereodynamics of photodissociation reactions. The
most widely discussed vector correlation as discussed above, is the p-v correlation.
When a molecular beam is intercepted by the laser, the molecules which have their
transition dipole moments J parallel to the photons’ electric field are most likely to be
excited, and when excitation leads to dissociation, the recoil velocity v of the
photofragments will be along the broken bond (axial recoil).

The photofragment angular distribution was theoretically described by Zare and
Herschbach.®* 3! The photofragment density for a diatomic molecule is characterized by
the spatial anisotropy parameter f according to the Equation:

1(6) x 1+ BP,(cosb,) (1.2)
where P, is the second Legendre polynomial and 8, is the angle between the outgoing
fragment velocity and the polarization vector of the photodissociating light. The g is
defined as (P, (cos #)) where 6 is the angle between the transition dipole moment of the
parent molecule g and the recoil velocity vector v of the photofragment. For a linear
diatomic molecule in the axial recoil limit, g is +2 for a purely parallel transition and -1
for a purely perpendicular transition.

The direction of the transition dipole moment with respect to the molecule is
dependent on symmetry of the initial and final states. If the symmetry of the initial and
final states is conserved, the transition dipole moment will be parallel to the primary

8



symmetry axis of the parent molecule. If the symmetry of the initial and final states is
different, the transition dipole moment will be perpendicular to the primary symmetry
axis of the parent molecule. These mean that if such spatial orientation can be
preserved, the product recoil will be anisotropic, and the distribution will indicate the
nature of the parent molecule excited state symmetry. Such information can provide
helpful feedback for computational chemists.

Sometimes the measured p-v correlations deviate from the symmetry predicted
by computational chemistry; this may indicate that a surface crossing is taking place.*
The u-v correlations make large contributions to the observed anisotropy of the
photofragment angular distribution. However, the angular distribution can also be
affected by other correlations if the fragments have rotational angular momentum
alignment. In other cases, if the rotation of the parent molecule during the dissociation
process is significant, the anisotropy of the fragment angular distribution will be
decreased. Other factors can also affect the anisotropy, which will be discussed later.

Experimentally, p-v correlations were first observed by Solomon.* Later in the
1970’s, n-v correlations were also observed from photofragment translational energy
spectroscopy experiments.’* '* Since then, p-v correlations have become as widely
measured as scalar properties in photodissociation dynamics studies. Almost all the
experimental methods that can make correlated measurements are able to measure
product angular distributions.

The relative orientation of the photofragment rotational angular momentum j can
also provide useful information. p-j correlations can tell us about the direction of
photofragment rotations with respect to the parent molecule transition dipole moment,

which can be important supplements to the p-v correlations. The laboratory frame
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direction of the angular momentum can be probed by the direction sensitive interactions
between the electric vector of the probe laser and the transition dipole moment of the
photofragment pgag. The relative direction of pr,g with respect to j depends on the
detection rotational transition branch. Classically, for each resonant photon, the Mg Of
a Aj=0 transition is perpendicular to the fragment rotational plane and parallel to j, and
the pqag Of @ Aj=%1 transition is in the fragment rotational plane and perpendicular to i3
A more detailed description beyond the classical picture can be found in the literature.**
35, 36

Since correlations can exist between g-v and p-j, it can be naturally inferred that
correlations between v-j exist. In fact the v-j correlation also plays a significant role in
interpretation of photodissociation dynamics. **° The v-j correlation originates from the
forces and torques acting during the product formation process, and provides a direct
and intuitive image of the photofragments motion as they leave each other. Their
correlations can range from v parallel to j, like the OH fragments leaving each other with
“helicoptering” motion in H,O, photodissociation,** to v perpendicular to j, like the NO
fragment leaving the dissociated NO; with “cartwheeling” motion ** *. The v-j
correlation is retained even in slow dissociation processes when no memory of the lab-
frame alignment of the parent molecule transition dipole moment is preserved. An

example of correlations of W, v and j is shown in Figure 1.2.

10



Figure 1.2: Schematic diagram of vector correlations. The OCS molecule is bent
in the excited state, with p in the plane. The CO fragment can either be ejected
with “helicoptering” or “cartwheeling” motions.

The v-j correlations can not only arise from dynamical effects of
photodissociation, they can also be observed in statistical unimolecular reactions due to
conservation of angular momentum which results in v-j correlations.** * If the rotational
angular momentum of one fragment cannot be balanced by that of the co-fragment, the
outstanding angular momentum has to be balanced by the relative orbiting of one
fragment with respect to the co-fragment.

One should be cautious when interpreting the vector correlation information from
experimentally observed anisotropy parameters as they can be affected by several

46-50

factors. If the time period between the parent molecule photo-excitation and
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dissociation is comparable or longer to the parent molecular rotation time period,
significant decrease of anisotropy parameters can occur. Non-coherent simultaneous
parallel and perpendicular excitation transitions to excited states which lead to the same
photofragment can result in a reduction of the observed anisotropy parameters. Even
for a fast dissociation, parent vibrational motion can change the image anisotropy
parameters in certain situations. Near the dissociation threshold, the axial recoil
approximation no longer holds and photofragment recoil can deviate from the axis of the
broken bond. It has been reported that in the case of direct photodissociation of
triatomic molecules, if the available energy is primarily partitioned in the diatomic
molecule rotational energy so Eyans<<E;q, the observed image anisotropy can deviate

from the limiting cases significantly.*" >2

Vector Correlation Information from Experiments
Experimentally, information about vector correlations can be extracted from
measurements of anisotropic signal distributions in the laboratory frame. Examples of

39,5355 jon time-of-

commonly used experimental methods are Doppler spectroscopy,
flight,® *" and ion imaging experiments.? * %% %% A significant advantage of measuring
vector correlations with ion imaging, especially the DC-sliced imaging technique, is the
straight forward measurement of “speed dependent vector correlations”. When there is
more than one product channel involved in a photodissociation processes, it is not
uncommon to observe different dynamics in each channel. Therefore, it is important to
be able to measure the individual product angular distribution of each speed

component. The fragment images will be able to show all of the channels with their

corresponding speed components. Each speed component can show its own angular
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distributions. In this way, we can make correlated measurements of vector correlations
of each channel, instead of measuring the averaged vector correlations of all the
product channels. An example can be found on the study of stereodynamics of NO;
photodissociation.*

In ion imaging, the photon absorption probabilities of parent molecules are
cos?(8) dependent, where 0 is the angle between the transition dipole moment Hpar @and
electric field vector of dissociation laser for single photon dissociation, resulting in an
angular dependent distribution of photofragment ensemble. Photofragments are
detected using Resonance Enhanced Multi-Photon lonization (REMPI) and the
detection probabilities of photofragments of the same quantum states are also
dependent on the angle between the rotational angular momentum vector j and electric
field vector of probe laser. The probed photofragment ion ensemble can be more than
cos?(8) dependent because of the correlations with j.*

The resulting anisotropy of the collected ion image will be a product of the
angular distribution of photofragments (dependent on the relative photodissociation
laser polarization) along with their angular sensitivity to detection (dependent primarily
on the probe laser polarization). In cases where multiple vectors are correlated, several
combinations of different photodissociation and probe laser polarizations (parallel or
perpendicular to image plane) are needed to provide enough information to determine
the correlations of all the vectors. By changing the probed REMPI branch with both
lasers’ polarizations fixed in a parallel geometry in the imaging plane, it is also possible
to determine the vector correlations.

In the past several decades, numerous different formalisms have been used to

describe photofragment vector correlations.?*3® *° ®! Rakitzis and coworkers developed
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an alternative approach using polarization parameters aék)(p), later agk)(s), which are

widely used in the field of stereodynamics and take coherent rotational alignment
effects into consideration.® *® However, previous publications have shown that in the
high-j semi-classical limit, the contribution of coherence effects to the angular
momentum polarization of photofragment is 1/j dependent, and coherence terms have
been reported in a limited number of experiments.® *

The semi-classical bipolar moment formalism of Dixon offers a description with

straightforward physical interpretations.®* The bipolar moments [)’g(klkz) are the

expansion coefficients for bipolar harmonics which describe the spatial probability
distributions of v and j with respect to lab-frame aligned p vector during the
photodissociation process. The bipolar harmonics is given as:

ky K ky

BKQ(klkz;etwrcpr)=quzq2(—1)K‘Q[K]“2<q1 0 q,

) X Ck1q1 (wt) Ckzqz (wr)

(1.1)
K, k; and k, are the rank of the spherical harmonics, Q, q1 and g2 are the 2K+1
component of the formula, respectively. K, Q describe the photon interaction with the
system, and the two sets of lower case k,q describe the two other vectors, v and j of the
system. For systems with one photon dissociation using linearly polarized laser, K=0,2
and Q=0. ki, k, values can be higher than 2 and is determined by number of probe
photons. 8 and ¢ describe the polar angle and azimuth angle of a vector, with
subscription t indicating v and subscription t indicating j vector. w is the dihedral angle
and in our case usually applied as wy meaning the dihedral angle between v and j.
Imaging experiments with one photon dissociation followed by 2+1 REMPI
detection will be sensitive to nine relevant bipolar moments.** ® Conveniently, the
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BE(20) (Hpar-V), B(22) (v-j), and BE(02) (Mpa-j) low order bipolar moments can be
interpreted semi-classically as the expectation values of the second Legendre
polynomial: (P,(cosf)) where 6 is the angle between two relevant vectors, respectively.
For example, 0(22), where 6 is the angle between the v and j vectors, gives limiting
values ranging from -0.5 if the vectors are perpendicular, to 1 if the vectors are parallel.
The p3(22) moment is usually referred to as the “triple vector” correlation which
describes the relative orientation of all three vectors. The other bipolar moments,
B(44), BE(24), BE(42), BE(44) and BZ(64), are high order moments. The BJ(44)
moment can be interpreted semi-classically as the expectation value of the fourth order
Legendre polynomial: (P,(cos8)) where 6 is the angle between the v and j vectors. The
rest of the high order bipolar moments describe the correlation between all three
vectors and are not physically intuitive. The ranges of values for physically meaningful
bipolar moments are given by Dixon and shown in Table 1.1 below. A more detailed

discussion can be found in Dixon’s work.*

Table 1.1: The ranges of values for physically meaningful bipolar moments. The
data in this table are adapted from Dixon, JCP, 85 (4), 1866 (1986).>*

Lower limit Upper limit
B2(20) -0.5 1
B2(02) -0.5 1
B9 (22) -0.5 1
p2(22) -1 0.5
B2(24) -0.5 1
B2 (44) -1 0.75
B2 (44) -3/7 1
B2 (42) -0.5 1
p2(64) -0.5 1
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CHAPTER I

THE EXPERIMENTAL APPARATUS AND THE IMAGES'

A Brief Overview of VMI Apparatus

The molecular beam/velocity map ion imaging (VMI) apparatus is assembled in
the Department of Chemistry, Texas A&M University, with chamber parts from Dr. Paul
Houston’s laboratory at Georgia Institute of Technology.®® ® A general diagram of the
apparatus is shown in Figure 2.1. The apparatus consists of three collinearly arranged
sections: the source, the main (ionization), and the detector regions, arranged
collinearly. The source and the main region are separated by a conical skimmer. A gate
valve is used to separate the detector region from the main region. Each of the regions

has a connected turbo-molecular pump, which is backed by a mechanical vacuum

pump.

" Part of this chapter is reprinted from “W. Wei, C. J. Wallace, G. C. McBane and S. W.
North, The Journal of Chemical Physics 145 (2), 024310 (2016) ”, with the permission of
AIP Publishing.
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Source Region (10 torr)
lonization Region (107 torr)

Detector Region (108 torr)

ToT.P.

To T.P.

Figure 2.1: Diagram of the vacuum chamber system. The supporting vacuum
lines and pumps are not shown.

The apparatus is under high vacuum during experimental operations. The
pressure of the source chamber is typically about 3x10 torr, and increases to 9x107
torr when samples are injected. The pressures in the main region are typically 2x10°
torr with minimal change during samples injection. The detector region pressure is
about 1x107 torr during operation. When experiments are not being conducted, the gate
valve between the main and detector region is closed, and the pressure in the detector
region is maintained at around 5x107 torr. The benefit of high vacuum is to provide a
“collision-free” environment for the experiment. The measurements of scalar and vector
properties of photodissociation dynamics rely on the preservation of the recoil velocity
of the photofragments. If photofragments collide after produced, both the magnitude

and the direction of recoil velocity of the photofragments can be altered. The mean free
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path of molecules in the atmosphere is around 70 nm, while at 5x107 torr it is around 10
m. Thus in high vacuum, most of the photofragments will not undergo any collisions
before reaching the detector. Besides, the detector components are air sensitive and
should be kept under vacuum.

During experimental operations, a free jet expansion molecular beam is
produced by a General Valve series 9 pulsed valve in the source region. The pulsed
valve opens at a repetition rate of 10 Hz and has an opening time of 500-700 s,
depending on the desired molecular beam condition. The molecular beam will be
collimated by the conical skimmer and enter the main region. There are four einzel
lenses with bores in the center of each lens plate, and the molecular beam travels
through the bore of the first lens (the Repeller). Two windows, one on each side of the
chamber, allow counter-propagating laser beams to intersect the molecular beam at
90°, in the interaction region between the Repeller and the second einzel lens. The
lasers will dissociate the molecules in the beam and selectively ionize the
photofragments. The photo-ions will be accelerated by the einzel lenses toward the
detector. The acceleration of the ions by the einzel lenses is important for both time-of-
flight mass selection and velocity mapping. The accelerated photo-ions will travel
through an electric field free tube with a total length off 76 cm, and will be detected by a
time-gated ion detector. The key of the velocity mapping condition is that the ions with
the same velocity will be focused onto the same position of the detector, regardless of
starting position.

The detector, which faces the beam source, contains a two-dimensional position
sensitive device: a pair of 40 mm diameter chevron microchannel plates (MCP). A high-

voltage pulse generator (DIRECTED ENERGY, INC) supplies the MCP with high
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voltage pulses, with 2200V high position (open), 1300V low position (close), and pulse
durations between 40ns — 200ns depending on experimental requirements. Each ion
hitting the positively charged MCPs will generate a cascade of electrons. This cascade
will hit a P51 phosphor screen, located behind the MCPs and will produce an instant
glow spot on the phosphor screen. Generally the signal quantity correlates to the MCP
high voltage pulse duration, and the intensity of each signal spot correlates to the pulse
voltage. The instant overall signal intensity is collected by a Hamamatsu R928
photomultiplier tube (PMT). An IDS uEye gated CCD camera is used to record the two
dimensional signal on the phosphor screen. A picture of the detector region is shown in

Figure 2.2.
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Monitor
camera

Figure 2.2: A picture of the back of the detector. The monitor camera serves as an
instant image monitor, not a required component.

The entire velocity map ion imaging apparatus also includes laser systems,
control units and signal acquisition system. The layout of the entire experimental set up

is shown in Figure 2.3.
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Figure 2.3: Schematic diagram of experimental setup. PDL: Pulsed dye laser;
WEX: wavelength extender; BBO: Beta Barium Borate crystal; L: lens; MCP:
microchannel plate; PS: phosphor screen; CCD: IDS uEye gated CCD camera;
PMT: photomultiplier tube; DG: delay/pulse generator; HVP: high voltage pulse
generator; OS: oscilloscope; BC: Boxcar average; PC: computer.
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In order to obtain image signal, all of the components need to be synchronized.
The pulse valve, the lasers, the detectors, need to be well times so that the pulsed
molecular beam can be intercepted by the pulsed laser and the mass-selected ion
signals generated can be detected. This synchronization is achieved by using delay
generators (by Berkeley Nucleonics Corporation and Stanford Research Systems) to
externally control the instruments. It also serves as the master clock of the system. The
probe laser is delayed for 25 ns after the firing of the dissociation laser. The pulse valve
opening time is set to be 480-1180 us (usually 880 us) before the dissociation laser so
that the molecular beams can arrive at the interaction region in the main chamber when
the lasers arrive. The core of the detector, the MCPs require a pulsed high voltage to
make mass selection. The high voltage pulse is in active around 3-12 us after the
dissociation laser, depending on the mass to be selected. The camera is usually timed
to open for 98 us at 1056 s after the dissociation laser. A schematic diagram of pulse

sequences is shown in Figure 2.4.
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Figure 2.4: Pulse sequence for lasers, pulse valves and high-voltage pulse (mass
gate).

The Molecular Beam

The sample gas is made by flowing 1 atm of helium through a bubbler
containing liquid OCS at 196 K, yielding ~25% OCS in the molecular beam. The sample
is made into a molecular beam and the beam goes through supersonic expansion. The
supersonic expanded beam will be collimated by a conical skimmer. The supersonic

expansion efficiency depends on the distance between the tip of the skimmer and the
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aperture of the pulse valve. An ideal distance will be 20 times of the aperture size of the
pulse valve, which is 2 cm in our system.>*

The purpose of employing supersonic expansion is to greatly reduce the internal
energy of the parent molecule, which is necessary to ensure the precision of
photofragment kinetic energy measurements. Characterization of the rotational
temperature is conducted by measuring the E-X resonance-enhanced multi-photon
ionization (REMPI) spectrum of a molecular beam with a 5% mixture of CO in helium
gas. A forward convolution simulation with a Boltzmann distribution is used to fit the CO
E-X REMPI spectrum. From simulation, the principal rotational temperature of the CO
molecular beam is about 8 K. The rotational temperature of OCS in the molecular beam
has not been evaluated separately. The details of REMPI spectrums and forward
convolution simulation will be discussed later.

The temperature in the molecular beam is not uniform. The internal energy of
the molecules in the early period of the pulse is higher, and in the later period is lower.
We usually conduct the photodissociation experiments on the middle period of the

pulse.

The Lasers

The experiments usually involve two counter-propagating linearly polarized
lasers. One laser is used to dissociate the parent molecules and the other laser is used
to selectively ionize the photofragment of interest. In some “one color experiments”, the
same laser supplies photons to dissociate and probe the photofragments. In order to
maintain a high photon density for dissociation and ionization, the laser beams are

focused into the interaction region using lens. The lasers are pulsed with a 10Hz
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frequency and the wavelengths are typically in the ultraviolet range. The lasers are
linearly polarized to provide a laboratory frame direction. The polarizations of laser is
either set as “horizontal”, meaning the electric field vector of the laser is polarized along
the direction of the molecular beam (z axis, H geometry) and perpendicular to the
detector plane; or “vertical’, meaning the electronic vector of the laser is polarized
parallel to the detector plane in the laboratory frame (x axis, V geometry).

There are four major experiments presented in this dissertation: probing the CO
fragment of the photodissociation of OCS around 230 nm with a 214 nm laser, probing
the S fragment of the photodissociation of OCS around 214 nm with a 291.18 nm laser,
and probing the CO of the photodissociation of OCS around 214 nm with a 230 nm
laser and with a 214 nm laser. The 230 nm pulsed laser is generated by a Spectra
Physics Lab-150-10 Nd:YAG using the third harmonic (355 nm) to pump a LAS LDL
2051 dye laser to generate laser wavelengths around 460nm (Coumarin 460 laser dye
with methanol solvent). The dye output is frequency doubled to generate wavelength
corresponding to the 2 + 1 REMPI transitions of CO through the B-X (0,0) and (1,1)
band (229-230.5 nm).%”®® The laser power was between 150-400 pJ/pulse. The laser
beam is focused into the interaction region using a 30 cm focal length lens. The 291.18
nm laser was generated by the second harmonic of a Spectra Physics Lab-150-10
Nd:YAG (532 nm) which pumped a PDL-1 dye laser (Rhodamine 610 laser dye with
methanol solvent). The output was frequency doubled by the Wavelength Extender
(WEX) for the 2+1 REMPI transition of S(*D,) at 291.18 nm via the ®P; intermediate

state®® 7°

and focused into the interaction region using a 30 cm focal length lens. Typical
energy for the 291.18 nm pulses was 900 pJ/ pulse. The 214 nm laser was generated

by the third harmonic of a Spectra Physics Lab-150-10 Nd:YAG laser (355 nm) which
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pumped a Lambda Physik Scanmate dye laser (EXALITE 428 laser dye with p-Dioxane
solvent ) to generate 430 nm. The dye laser output was frequency doubled using a
type-l Beta Barium Borate (BBO, from CASIX) crystal to generate wavelengths
corresponding to the 2 + 1 REMPI transitions of CO through the E-X (0,0) band (213-
216 nm).%" % "'The focus of the 214 nm pump beam was detuned when collecting the
sulfur images. The typical energy for the 214 nm pulses was 500 uJ/ pulse. Each light
beam coming out of the laser is sent through a set of periscope lenses with the top lens
vertically rotated 90 degrees from the position that is parallel to the bottom lens. Such
periscope can adjust the direction and height of the laser beam. More importantly, it can
rotate the polarization of laser.

Another attempt was also made to obtain pulsed laser at wavelength around 215
nm by frequency tripling of laser wavelength around 645 nm. The vertically polarized
645 nm fundamental laser (typically 35 mj/ pulse) is generated by the second harmonic
of a Spectra Physics Lab-150-10 Nd:YAG (532 nm) which pumped a PDL-1 dye laser
(DCM laser dye with methanol solvent). The output was frequency doubled by the WEX
to generate a horizontally polarized laser with wavelengths around 322.5 nm with a
power of 1 mJ/ pulse. The doubling efficiency is around 10% with a typical power of 5
mj/ pulse and in this particular case the doubled laser will not be separated from the
residual fundamental 645 nm laser. The frequency tripling required the polarization of
both the 322.5 nm and 645 nm lasers to be the same. Accordingly, the 645nm laser
polarization needed to be rotated by a half-wave plate, ideally with coating specifically
for 645 nm light. Since such precisely coated plates are not available, a more practical
way is to employ a half-wave plate (Thorlabs, Inc) with coating for 633 nm light, and

precisely tilt it around the vertical axis so that the tilted 633 nm coating is equivalent to
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the coating for 645 nm light. The combination of horizontally polarized 322.5 nm laser
and vertically polarized fundamental 645 nm laser is sent through the finely tilted half-
wave plate with coating for 633 nm (Thorlabs, Inc) to rotate the polarization of the
residual 645 nm laser to horizontal direction. The polarization of the co-propagated
322.5 nm laser will not be altered in this situation. The combined laser beams are then
sent through a Type | BBO crystal with finely tuned incident angle to achieve frequency
tripling. The resulting 215 nm laser beam is vertically polarized with a typical power of
100 uJd/ pulse and a power efficiency of 0.3%. A Pellin-Broca prism is used to separate
the 215 nm laser from the other laser beams.

There are several technical issues with this method in our laboratory. The
primary reason is that the line-width of the fundamental dye laser (0.01 nm) is not sharp
enough. The frequency doubling and tripling efficiency is highly dependent on the line-
width of the fundamental laser. Thus the output 215 nm laser power is too low to be
sufficient for our experiments. Besides, frequency tripling efficiency is highly sensitive
not only to the phase matching angle of the non-linear optics for frequency doubling and
tripling, but also to the tilting angle of the half-wave plate mentioned above. In the
experiments the tilting angle and BBO phase matching angles can be optimized with
regard to 215 nm power at each wavelength. However, when scanning of wavelength is
needed (which is often), the half-wave plate, the frequency doubling and tripling crystals
all need to be step-wise optimized simultaneously to maintain the 215 nm laser power
which is hard to achieve in our experimental setting.

When the molecular beam enters the interaction region in the main chamber,
some of the parent OCS molecules absorb photons and dissociate. In our experimental

condition, most of the parent OCS molecules absorb a single photon. Among the
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molecules intercepted by the dissociation laser, the percentage of molecules
dissociated can be determined by the following Equation:

Paissociation = 1 — €777 (2.1)
where o is the absorption cross section of OCS molecules at a given wavelength, and n
is the photon density in unit area. The photon density varies with respect to laser beam
diameter. When focused down, a Gaussian beam will have a minimum focal spot

diameter:

0.89f1
wy = 2202 (2.2)

where w; is the focal spot radius, f is the focal length, A is the laser wavelength, and D
is the lens diameter.”? With this equation, the photon density at the focal spot can be
determined and the dissociation percentage can be estimated. Focused down by a 1”
diameter lens with a focal length of 30 cm, both 214 nm and 230 nm laser with 0.5
mj/pulse of power will be able to dissociate more than 90% of the molecules at the
focal spot.

The photofragments from the dissociation will have a wide quantum state
distribution. Specific quantum states selection and ionization can be achieved
simultaneously via 2+1 REMPI. There are three types of 2+1 REMPI utilized in this
work, probing 'D state S (around 291.18 nm) and probing X '=* state CO via two
different intermediate resonant states (E-X transition around 215 nm and B-X transition
around 230 nm). The first step of REMPI is a two-photon resonant transition exciting the
photofragment 'D state S or ('=*, v, j) state CO to an intermediate state (°P; state for S,
E state or B state for CO). Then, the last photon will be absorbed non-resonantly to

excite the molecule above the ionization threshold and the molecules become cations.
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In this work, the three photons in a 2+1 REMPI will be at the same wavelength. An

example of CO E-X REMPI scheme can be found on Figure 2.5.

CO*
A
A
hv hv
E 1 7 ) .I , v'=1
it y=
A
2hv 2hv
N
_’ n Vu=1
X 1y + J v'=0

CO

Figure 2.5: CO E-X REMPI scheme. Energy levels are not to scale.
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The ionization yield will be wavelength dependent, and the yield will be greatly
enhanced when the wavelength of each photon matches with the two-photon resonant
transition. The ionization yield is also highly laser power dependent and laser line-width
dependent. For our experiments, a satisfying ionization yield requires typical laser
power of >500 pj/pulse for 215 nm laser (0.002 nm line-width), >300 pj/pulse for 230 nm

laser (0.002 nm line-width) and >1mij/pulse for 290 nm laser (0.01 nm line-width).

The Detection of lons

The photofragments which are not ionized will eventually be removed from the
main region by the vacuum system. The selected photofragment ions will immediately
be accelerated down the time of flight tube toward the detector by the einzel lenses.
The einzel lenses, shown in Figure 2.6, are a set of four positively charged stainless
steel plates parallel to the detector plane, named Repeller, L1, L2 and L3 following the
direction of molecular beam.” The voltage of the lenses will vary depending on the
experimental conditions. There are three main purposes for employing the einzel
lenses. Firstly, with a proper voltage, the einzel lenses will be able to focus the ions to
the detector so that when hitting the detector, the ions of the same displacement from
the center will have the same x-y (detector plane) velocity, regardless of the initial

position of the ions in the molecular beam.?
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Figure 2.6: Einzel lenses in the main region.

Secondly, einzel lenses are an essential part of the time-of-flight mass selection.
The flight time of ions through the time-of-flight tube, from the moment of ionization to

the moment of hitting the detector, is determined by

t o« \/m/(qVg) (2.3)
where t is the flight time of ions of a given mass-to-charge ratio, m is the mass of the
ion, q is the charge of the ion, and Vg is the voltage of the Repeller.”* As the equation
shows, for ions of a given mass-to-charge ratio, the flight time will only be affected by
the Repeller voltage.

It is difficult and inconvenient to precisely measure the flight distance of ions and
other details of time-of-flight tube. Alternatively, calibrations can be conducted to
determine the quantitative relation between t and m. The calibration is usually
conducted by using the VMI apparatus to measure the full mass spectrum of ions from

residual hydrocarbon molecules in the VMI main chamber. The hydrocarbon residuals
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(primarily pump oil) in the main chamber can be dissociated and ionized by the 214 nm
laser. This process will produce a complete set of ions with mass-to-charge of 12, 24,
36 etc. They are usually considered as background noise in an experiment, but can be
used as a calibration of the time-of-flight mass spectrum. The flight time t of each major
mass signal from the mass spectrum is recorded and assigned to a mass-to-charge
ratio. Their correlation is shown in Figure 2.7. A clear linear correlation between flight
time and square root of mass is presented and serve as time-of-flight mass spectrum
calibration curves. The calibration coefficient is Repeller voltage dependent and needs
to be recalibrated at different voltage. The non-zero offset is a result of the non-zero
time duration, include phosphor screen respond time, signal transmit and processing

time, etc. which all happen after the event of photodissociation.
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Figure 2.7: The correlation between mass and flight time, with a Repeller voltage
of 4000V.

The final purpose of the einzel lenses is to “compress” or “stretch” the temporal
profile of the ion clouds flying toward the detector. In our experiments, we either collect
“crushed” or “sliced” signal of the ion clouds. If we collect the ion signals from the whole
ion cloud, we utilize two einzel lenses to “crush” the temporal profile of the ion cloud to a
very narrow time period (much smaller than the 100 ns detector time gate) and the
whole ion cloud will hit the detector almost “simultaneously”. These “crushed” images
will generally have better spatial resolutions for translational energy extraction purpose.
However, the “crushed” process converts the three-dimensional ion cloud to a two-

dimensional image. In order to obtain the velocity distribution and angular distribution of
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the true ion cloud, mathematical treatments are required to reconstruct the three-
dimensional ion cloud information from the two-dimensional image. Such mathematical
treatments require the ion clouds to preserve cylindrically symmetry with respect to x
axis vertical in the image plane. Such requirements will not be fulfilled when one of the
laser polarizations is perpendicular to the imaging plane (z axis).”” In some situations, it
is more beneficial to collect only the center finite slice of the ion cloud (DC-slicing).”
The DC sliced imaging method utilizes all four einzel lenses to stretch the temporal
profile of the ion cloud. In our experiments the typical time width of the ion cloud is 200
ns. With a 40ns detector time gate, the center slices of 3-D ion clouds can be directly
collected. Compared to the traditional non-sliced imaging method, the experimental
requirements are more critical and the spatial resolution will be lower. However, there
are two major benefits of slicing conditions. DC-sliced imaging allows for the direct
measurement of image anisotropy information, without requiring cylindrical symmetry of
the ion clouds. This way, the polarization of the lasers does not have to be vertical.
Besides, when the ion cloud possesses multiple speed components (multiple rings),
reconstruction of crushed images will be more likely to introduce errors. In this case,
DC-slicing is more reliable, especially when collecting speed-dependent image
anisotropy information. In this work, crushed and DC-sliced imaging methods are

utilized for different purposes.

The REMPI Signal Accumulation and Spectrum Simulation

As discussed earlier, photofragments are probed state-selectively by the

REMPI. The total ion signal of a selected mass generated by the REMPI is a function of
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the probe laser wavelength. By scanning the probe laser wavelength and collecting the
total signal of the ion cloud, a REMPI spectrum can be obtained.

For more technical details, the total signal of the ion cloud here is a
measurement of the instant glow on the phosphor screen caused by crushed ion cloud
hitting the detector. The glow signal is collected by the photomultiplier tube (PMT), with
a 600 V-1000 V working voltage, and converted into an instant voltage signal. The
output signal is time gated by a Boxcar averager to select only the signal arising from
the mass of interest and is converted to an analog signal, which is then sent to a Data
acquisition (DAQ) device (National Instruments) and send to the computer for signal
processing.

The three probe laser systems each have a different way of scan control and
signal processing. The LAS dye laser system, which generates 230 nm, has its own
signal process system which only requires synchronization trigger and PMT signal
input. The scan operation and resulting REMPI spectrum can be accessed by the
program Wavescan.exe (Sirah/Lasertechnik, Inc.). The Scanmate dye laser, which
generates the 215 nm laser, is controlled by the program Scanmate.exe (Lambda
Physik, Inc.). This program, however, does not include a REMPI spectrum function. It
only provides an output analog voltage signal (0-10 V) indicating the current wavelength
while scanning. The relation between the voltage signal and current wavelength is given

by

Ac—Ag
U= m X10V (24)

where A, A\; and A, are the starting, current and stopping wavelengths (fundamental, not
frequency doubled) of the scan. The REMPI spectrum is collected with a home-made

program written in Labview language (National Instruments). This program reads the
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output wavelength analog signal from Scanmate dye laser and the ion cloud signal from
the Boxcar averager via the DAQ device mentioned before. Usually, the scan is
conducted over a range of 0.2 nm (fundamental) and the stepwise wavelength is 0.002
nm (fundamental), so the voltage change for each wavelength step is 0.1 V. At each
step, the laser will fire for 3 seconds with a rate of 10 Hz. The program is designed to
first record the raw wavelength analog input signals and Boxcar averaged ion cloud
intensity signal at each laser shot. Then it will process the signal by identifying the
wavelength at each voltage, and for each wavelength, the signal from the first 30 laser
shots is averaged to give a single intensity data point. The new wavelength-intensity
plot is recorded as the REMPI spectrum. An example of raw and processed CO E-X

REMPI spectra is shown in Figure 2.8.

36



wavelength signal voltage

Laser shots

0 1000 2000 3000 4000

Raw intensity

= W O N © -
1

20

15

10

5

Laser shots
3000 4000

0

0 1000 2000

14 Averaged intensity
12 -
10
8 -

6
4
2 -
0 A
4

26.8 426.85 426.9 426.95 427

Figure 2.8: CO E-X REMPI spectrum. The top panel is the change of voltage signal
of wavelength over laser shots; the middle panel is the raw signal intensity over
laser shots; the bottom panel is the REMPI spectrum after ion signal averaging

and wavelength signal conversion.
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The wavelength scanning function of the PDL dye laser (291 nm laser) is
achieved by a PC controlled stepper motor which is connected to the dye laser grating.
The REMPI spectrum collection program is adapted from a home-made control program
written by former student Dr. Michael Grubb with Labview language. The scan REMPI
program simply scans the stepper motor one step at a time, and collects the Boxcar
averaged ion cloud intensity signal. A diagram of ion cloud intensity as a function of
stepper motor steps is recorded as the raw REMPI spectrum. The step number is
linearly correlated with the wavelength of the laser and can be converted to wavelength
by Dr. Grubb’s program.”® Since the primary objective of scanning the PDL laser is to
find the REMPI wavelength of a single transition (S *P;-'D,) and fix the wavelength at
that transition, the scanning program for this PDL laser is not programed to convert
stepper motor steps to wavelength.

The CO REMPI spectrum can also be simulated and fit to the experimental
spectrum. Each REMPI peak is simulated with a Gaussian function peaked at a
calculated REMPI transition wavelength. The wavelength is calculated by the following
equation:

Epy = [Ty + B,/ + 1) — D'yj2G" + D?] = [B"j"(" + 1) — D"j"?(" + D?] (2.5)
the T,, , B’y , D'y , are the spectroscopic constants for CO molecules in a given
electro-vibrational state, and j is the rotational state. The double prime denotes an
electronic ground state and the single prime denotes an electronic excited state. The
heights of the peaks are determined by two factors: transition probability and
population of the initial state of the transition. The transition probability for different
rotational ranches within the same electro-vibrational transition can be calculated by

the two-photon line-strength factors””.
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The rotational population distributions vary depending on the system. For a
thermalized system, like the cold CO molecular beam coming out of the pulsed valve,
the population distribution can be determined by the Boltzmann distribution:

I = Ny(2j + 1)e BeJU+Dhe/kpT (2.6)
where Ny is the population of the rotational ground state, B, is the rotational constant,
h is the Planck constant, c is the speed of light, kg is the Boltzmann constant.”®

Figure 2.9 is the Boltzmann plot of the populations derived from the REMPI
spectrum of CO beam. From the slope of the plot, the rotational temperature of the CO

beam is determined to be 22+ 3 K.

In [Population/ (2j+1)]
N

0 20 40 60 80 100

Rotational Energy (cm-')

Figure 2.9: Rotational population derived from the CO E-X (0-0) REMPI. The solid
line represents the best fit to a Boltzmann distribution
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The transition probability of two-photon absorption is given by Bray and
Hochstrasser.”” For our case of CO E-X transition, the transition probability of each

rotational branch is given as:

: % 2.7)
p: % (2.8)
Q: 101(j4(r]1+)(12)§2—]1;(12)1+3) (2.9)
R: % (2.10)
F T @11)

With the wavelength and the peak intensities determined, the simulated peaks

are summed up to form a simulated spectrum.

The Image Accumulation and Processing

Image capturing and processing are achieved using a program developed by Dr.
Grubb™. Each snapshot captured by the camera is represented as a two dimensional
array of intensities data. The resolution of each snapshot is 768 by 768 pixels, and the
2D-array is composed of 589,824 pixels, with each pixel representing about 70 uym in
size, which is smaller than the glow produced by a single event on the phosphor screen.
A “centroiding” process is included in the image accumulation process to determine the
true ion position by weighing the intensity of the pixels in each glow spot. Then each
shapshot captured by the camera is converted to a binary image, in which each pixel

associated with the center of ion hitting location is counted as one hit, and all other
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pixels are counted 0. The binary images are summed up to form a 768 by 768 unsigned
8-bit (0 to 255 for intensity of each pixel) accumulated image (raw image). Since the
centroiding process is involved, sometimes when multiple ions hit the detector
simultaneously, the centroiding algorithm will treat the centroid of a multi-ion event as
the center of a single hit, instead of identifying the centers of each single ion event. In
this case, the accumulated image will start to show unreasonable pattern, like the image
on the right of Figure 2.10. In such situation, we usually slightly detune the laser to

decrease the amount of ions generated, avoiding the centroiding error.

Centroid with problem Normal

Figure 2.10: Problems introduced by centroid function when taking images. The
left figure is aresult of centroiding errors due to too many ions hitting the
detector simultaneously. The real ion image should look like the one on the right.

In order to perform analysis on the raw images, the center or the image needs to

be determined. Additionally, in many situations, the four quadrants of the experimental
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images are not symmetrical due to presence of defects on the detector or other issues.
Both of these issues can be resolved by four-fold symmetrization of the image. Vertical
and horizontal mirror reflection operations are performed on the raw image, with the
position of the vertical and horizontal mirror planes determined by the manually inputted
center coordinates Xcenter, Yeenter» respectively. The original raw image will be merged with
the three mirror images. The guessed image center coordinates values can then be
adjusted until the reflections overlap each other precisely, as the two mirrors passing
the real center of the raw image will generate reflections that overlap with the original
image. In this way, both the image center and the symmetrized image can be obtained.
An example of symmetrization can be found in Figure 2.11. The raw image shows some

asymmetry and can be symmetrized.

Figure 2.11: Example of the symmetrization. The image on the left is the raw
image while the image on the right is the symmetrized image.
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The primary source of noise in the images is ions generated by the ionization of
hydrocarbons from pump oil. These ions are pulse valve independent and will have
broad speed distributions and isotropic angular distributions, like the image shown on
the top panel of Figure 2.12. (The trace of rings in this background image is a result of a
not completely off-resonance probe laser.) The middle panel demonstrates an image
symmetrized without any treatment on background noise. The noise ions will have two
impacts on the experimental results: lowering the resolution of the product speed
distributions and lower the observed anisotropy of angular distributions. The impacts on
the angular distribution are especially significant since the measurements of all of the
vector properties rely on the precise measurements of angular distribution, and the
background noise is isotropic. When the number of ions coming from photochemical
process of interest is low compared to the number of noise ions, the anisotropy of the
whole image will be washed out.

In such cases, it is necessary to collect background noise ion images and make
background subtractions. If the signal of interest is generated by REMPI, the
background image should be collected with the probe laser tuned off-resonance. If the
signal of interest is two-laser dependent, and one of the laser also generates ions signal
not of interest, the background image should be collected with these signals. The
background ion signals can be subtracted from the image of interest by utilizing the
ImageJ program.”® Before subtraction, the background image should be intensity scaled
to match the intensity of the image of interest. The scaling is not critical because, using
the image subtraction algorithm in ImageJ, if certain pixels on the background image

have higher intensity compared to the same ones on the image of interest, the resulting
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intensities of these pixels will be 0 instead of negative values. The bottom panel of

Figure 2.12 shows the resulting image from the background subtraction.

Figure 2.12: Example of the background image subtraction. The top panel shows
the image of background ions; the middle panel shows an image of interest
without background subtraction; the lower panel shows the image after
background subtraction.
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Analysis of Images

The symmetrized images are 768 by 768 pixels with Cartesian coordinates X, y.
The images will be converted to polar coordinates (r, 8) with the radial coordinate r (in
pixels) as the distance from the center of image and the angular coordinate 6 as the
angle away from the x axis of image plane (also called image angle). These polar
coordinates are more applicable for further analysis and are physically more meaningful
because the value of r is related to the speed of the detected photofragments and the 6
is related to the direction of recoil photofragments. The relation between Cartesian

coordinates and polar coordinates is given below:

r= \/(x — Xcenter)* + (V — Yeenter)? (2.12)
= X~ Xcenter
0= arctan(y_ycenter) (2.13)

where Xeerner and Yeener are the Cartesian coordinates of the center of images. The
intensity distributions 1(r,8) obtained by this method still do not represent the true
intensity distribution of the photofragment ions yet because it is either only the
projection of a three-dimensional distribution projected to a two-dimensional detector
plane (crushed images), or a finite (but not perfect) slice of the ion cloud (DC-sliced
images). Different algorithms are required to reveal the true intensity distribution of the
photofragment ions, depending on whether the images are crushed or DC-sliced
images.

For crushed images, the Polar Onion Peeling method can be applied to reveal
the three-dimensional distribution from the crushed images if the ion clouds preserve
cylindrical symmetry along the x axis of the detector plane.”® Such prerequisites are
usually fulfilled if both the dissociation and the probe lasers are linearly polarized

vertically (VV geometry, along the x axis of image plane). The processing of crushed
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images in this work utilizes the POP module in the home-made Labview based program
by Dr. Grubb™, adapted from the work of Roberts et al.?® . The algorithm assumes the
outer edge of the images to be equivalent to the true two-dimensional center slice of the
ion cloud. Since the ion cloud is cylindrically symmetric, the three-dimensional intensity
distribution of the outer edge shell can be reconstructed. Then this outer shell can be
“peeled away” from the crushed image. This same process of reconstruction based on
cylindrical symmetry is repeated until all the layers are “peeled away”. The intensity
distributions I(r,0) obtained by this reconstruction now represent the entire two-
dimensional intensity distribution of the photofragment ions I(r,0). The true three-
dimensional radial (pixel) distribution can be obtained by:

I(r)=[I1(r,0)-7rdo (2.14)
where the r factor is included because on each radial shell, the true distribution should
represent a two-dimensional shell instead of a one-dimensional circumference.

For the DC sliced images, the slicing time width can sometimes be not small
enough compared to the ion cloud time width. In such a case, the population of the ions
with small velocity from the wide-sliced images can potentially be altered. DC sliced
images were treated using the finite slice algorithm described by Komissarov et al. to
obtain the true speed distributions.®

Sometimes if no background images are taken and no background subtraction
can be made directly on the raw images, corrections can be made directly to the radial
distribution. The radial/ speed distribution can be treated with a polynomial simulation to
fit the baseline of the distribution. The simulated intensity baseline is then subtracted

from the original distribution.
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From the obtained radial distribution, a lot of information of photodissociation
dynamics can be revealed. Certain calibration methods can be implemented to
determine the speed to pixel ratio of the photofragment. The speed distribution can also
be converted to fragment translational energy distributions. Since the total energy of the
photodissociation process is conserved and the internal energy of the detected
photofragment is known and the translational energy is correlated to the internal energy
of the co-fragment, the internal energy distributions of the co-fragments can be
obtained with certain transformation methods. These energy distributions can be utilized
to test the existing theories of photodissociation dynamics.

Photofragment angular distributions can also be obtained from analysis of the
images. The anisotropy of the images is the result of both the correlations of the three
vectors (transition dipole moments ppa, photofragment recoil velocity vector v and
photofragment angular moment vector j) and the detection laser polarization. Or it can
arise as the result of an anisotropic spatial velocity distribution of the photofragments
with respect to the dissociation laser and the detection sensitivity differences of
photofragments with different rotational angular momentum directions.

The orientations of the parent molecules are evenly distributed. However, when
through the use of linearly polarized lasers, a laboratory frame can be established. In
order to absorb a photon and evolve to a product channel, the transition dipole moment
of the parent molecule pp, needs to interact with the electronic vector E4 of the
dissociation laser. The transition probability of the parent molecule is proportional to the
square of the modulus of the dot product of Eq and pp,, i.€. the projection of E4 onto
Mpar

I=|Eq ul? = |Ea|2|#|2C05295du (2.15)
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where the 6, here is the angle between E4 and M. This means that a laboratory
frame absolute directional preference is established and those parent molecules whose
Mpar are aligned parallel to this laser E4 will be most likely to dissociate; while those
parent molecules whose pp, are perpendicular to Eq will be least likely to dissociate.

The general trend can be described with a COSZ@Edu distribution.3* 8"

When state selectively detecting the photofragments, the photofragments
resonantly absorb two photons (the general case in this work) and are then ionized by
non-resonantly absorbing a third photon. The resonant step also requires interaction
between the electronic vector of the probe laser E, and transition dipole moment of the
selected photofragment pyag. Since the Hqag is dominated by the rotational angular
momentum j, the probe laser E, can establish an orientational preference for the j of the
photofragments. Each probe laser photon absorbed by the selected photofragment will

introduce a cosZBEpj distribution. So in this work, signal angular distribution can be up to

cos®@ dependent.®

Angular distributions can be extracted from sliced images by integrating the
intensity over a narrow radial range. In case of a crushed image with a single
component, the integration should be over a narrow radial range (7-10 pixels) around
the outer edge of each crushed image. When the measured images consist of a single
speed component, the signal at the maximum ion cloud radius is equivalent to the
angular distribution that would be obtained from sliced imaging.®* %
The angular distributions derived from ion images can be expressed as a

weighted sum of Legendre polynomials, Py(x):

176 (6) = 1 + BF9P,(cos 8) + BFCP,(cos ) + BEC Ps(cos ) (2.16)
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where the B¢ are called image anisotropy parameters; F and G are the lab frame pump
and probe polarizations respectively, each of which in these experiments is polarized
either parallel (F/G written as V) or perpendicular to the imaging plane (F/G written as
H). k is an even number in case of linearly polarized light. For a certain FG laser
polarization geometry, the upper limit of the k value will be 2(m+n), where m is the
number of vertically polarized photons involved in the dissociation process and n is the
number of vertically polarized photons involved in the resonance step of the REMPI
process. Here m=1 if the dissociation laser is vertically polarized and m=0 if horizontally
polarized. In the 2+1 REMPI case, n=2 if the probe laser is vertically polarized and n=0
if horizontally polarized. Therefore, up to 6™ order polynomials are required; in the semi-
classical limit, orders higher than six may be neglected for a two photon process.® The
derived image anisotropy parameters Sf¢ are the key experimental parameters which
encrypt vector correlation information.

The experimental angular distribution can be fit with Equation (2.16) to obtain
the image anisotropy parameters £¢. Genplot, a graphical data analysis and plotting
program, is employed to conduct least squares regression fits to the experimental
angular distributions.?* The resulting image anisotropy parameters S£¢, can be used to

calculate vector correlation information with the equations derived in the next chapter.
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CHAPTER Il
THE METHOD OF EXTRACTING VECTOR CORRELATIONS

FROM 2+1 REMPI ION IMAGES'

The anisotropy of the collected ion image is the product of the spatial distribution
of photofragments (dependent on the relative photodissociation laser polarization) along
with their angular sensitivity to detection (dependent primarily on the probe laser
polarization). The values of image anisotropy parameters Sf¢ are affected by two
factors: detection laser polarization (detection geometry VV, VH or HV) and
photofragment vector correlations. In order to extract the bipolar moments, a set of
equations (2+1 REMPI Equations) expressing image anisotropy parametersff¢ as
functions of bipolar moments for images detected with 2+1 REMPI are needed, one for
each of the Bf¢ parameters given by the three laser detection geometries. These
equations also include parameters which specify detection branch information.

There are a number of previously published analysis methods for extracting
vector correlations from experimental ion imaging data. Previously, Grubb et al.
reported a method for extracting speed-dependent bipolar moments from images
obtained using 1+1 REMPI detection.®® ® This method is mathematically convenient
and can be used to analytically determine bipolar moments values from sliced image

anisotropy parameters. However, this method was designed to be applied to images

" Part of this chapter is reprinted from “W. Wei, C. J. Wallace, M. P. Grubb and S. W.
North, The Journal of Chemical Physics 147 (1), 013947 (2017)”, with the permission of
AIP Publishing.
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collected with 1+m REMPI detection, while the majority of ion imaging studies employ
2+1 REMPI detection. Bafares et al. have shown that 2+1 REMPI image anisotropy
parameters can be analyzed using the 1+1 REMPI Equations of Grubb et al., in the
cases where the high order anisotropy parameters are negligible. 3% However, this is
not a general result and its applicability is limited. In most cases, different equations are
necessary for the analysis of images from 2+1 REMPI detection. An extension of the
work of Grubb et al. has been developed to treat images collected with 2+1 REMPI
detection which links semi-classical bipolar moments and experimental angular

distributions from either sliced or reconstructed non-sliced images.

Derivations of the Working Equations
The derivation of the 2+1 REMPI Equations here follows a similar approach as

described in Grubb et al. %%

Fe = fonl[(i), ®, 6,, ﬂ,agk)(p)]Pk(cos 0)%sin9d9 (3.1)
where 6 is the lab frame image angle between fragment velocity and the x axis of image
(origin of image angle). I[G), o, 6., B, af]k)(p)] is a function describing the

photofragment detection probability in the molecular frame.® 3 ¢ \We have adapted
Equation (16) from Rakitzis et al.* to include k=4 terms which emerge from 2+1
detection, shown below as Equation (3.2). In this equation, the interference terms have

been omitted due to the fact that they go to 0 in the high-j semi-classical approximation.

1o, @. 6, 5,al )| = 1+ BPy(cosb,) + s, {(1+ B) cos?6, ai () P,(cos ©) +

(1 — g) sin?0, a(()z)(J_) P,(cos©) + (1 — B/2) sin?6, agz)(J_) J/3/2 sin’0 cos(ZdD)} +
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Sy {(1 + B) cos?8, a(()4)(||) P,(cos®) + (1 — /2) sin?8, a(()4)(J_) Py(cos®) + (1 —

£/2) sin%6, agl') (1) /5/8 sin?0 (7 cos?6 — 1) cos(2d>)} (3.2)
where 0 is the angle between the recoil velocity vector of the photofragment v and the

probe laser polarization vector P, 6, is the angle between v and the dissociation laser

polarization vector E, @ is the azimuthal angle between P and E about v, £ is spatial
anisotropy parameter and aflk)(p) are a set of Rakitzis’s molecular frame polarization
parameters > In the case of sliced images with linearly polarized dissociation and probe
lasers, the 6, and © angles either become image angle 6 if the respective lasers are
polarized parallel to x axis in the imaging plane or become /2 if the respective lasers
are polarized perpendicular to imaging plane. Angle @ is O if the dissociation and probe
lasers are polarized parallel or 11/2 if the two lasers are perpendicular to each other.?% 8

This function also contains detection sensitivity factors, sx, which are related to
detection sensitivity for different rotational branches. The values are specified in Table 1
from published work by Rakitzis and Alexander.®® These detection sensitivity factors
were referred to as alignment sensitivity coefficients in Grubb et al.®* % At high j, the
O/S-branch s, and s, factors approach the limiting values of -5/7 and 3/7 respectively,
while the P/R-branch s, and s, factors approach 5/14 and -12/7 respectively. The Q-
branch is special in 2+1 REMPI because the resonant step can consist of either two
parallel transitions (Aj=0) or two perpendicular transitions (Aj=+1 and -1). In reality the
resonant step will be a combination of the two situations.

The Q-branch s, and s, factors must be determined for each molecular system
|.36

calculated from Equation (19) of Rakitzis et a

_ 5 DU+LI¥2k+1y2]F1
S = P o <@ (33)
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in which the c(k) can be found from Equation (28) of Orr-Ewing and Zare,*® and
< JIJ®||J > is the reduced matrix element.®* The Py values in Q-branch need to be
determined with the knowledge of the ratio between parallel and perpendicular
component of transitions to the intermediate virtual state for Q-branch transition. An
example of determining the Py values can be found in work of Mo et al. & 8°

A set of equations (bridging equations) are used to substitute Rakitzis’s

molecular frame polarization parameter a,(lk)(p) with bipolar moments in the
photofragment detection probability function. For low order parameters, (agz)(ll),

aP (1), a? (1)), Equations 7(a-e) from Rakitzis et al. are used.” For higher order

parameters (a5 (1), a$” (1), a$” (1)), Equations (2)-(5) from Denzer et al. °* can bridge

high order polarization parameter and bipolar moments. However, after we apply
Equations (2)-(5), we found that the results are not physically reasonable for test cases

which will be discussed later. Consequently, we derived our own bridging equations for
high order polarization parameters agk)(p). These new bridging equations are similar in

format to the equations given by Denzer et al. but with subtle differences, and they
provide results that are more physically reasonable in selected test cases. The
derivation procedure is shown below.

The derivation of the bridging equations linking the high order terms of Rakitzis’s

molecular frame polarization parameter, aff)(p), and Dixon’s bipolar moments generally

I.’QO

follows work by Rakitzis et a which is to use polarization parameters aék)(p) to

describe the experimental Doppler profile.
The equation we used describing photofragment detection probability in the

molecular frame has been shown earlier as Equation (3.2). The terms in this equation
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have also been defined earlier. The angles in this equation are molecular frame angles,

which need to be converted to lab-frame Doppler detection angles I, A, and @ here with
same equations used in Rakitzis et al.”*

cos B, = cosycosT +sinysinT cosy (3.4)

cos® = cosy cosA + siny sin A cos(® — y) (3.5

cos® = {sin®y cosT cosA + sinT sin A cos @ — siny cosy [sin A cosT cos(® — y) +

sinT cos A cos y] — sin? y sinT sin A cos(® — y) cos x}/(sin 6, sin®) (3.6)

where I is the angle between dissociation laser polarization and detection axis, A is the

angle between probe laser polarization and detection axis (usually A = 11/2 ), @ is the

azimuthal angle between the projection of dissociation and probe laser polarization on

to the plane perpendicular to the detection axis, y is the azimuthal angle that describes

all the photofragments that have the same Doppler shift, ranging from 0 to 2, y is the

angle between photofragment recoil velocity and detection axis, and cosy is equivalent

to the Doppler shift xp. The definitions of these angles are same as Rakitzis et al.,

except that we used @ to represent @ in his paper because of a symbol conflict. The

Doppler profile can be described by:
1 p2
hap = 5= J3 " 1[N A @, B,x,a$7 (), xp)dx (37)
The resulting equation is equivalent to another well-known equation describing

fluorescence intensity as a function of Doppler shift xp with bipolar moments formalism,
given by M. P. Docker.**

Iixpy = CX gjP;(xp) (3.8)
where P;(xp) is Legendre polynomial and g; is given as:

9o =1+ b155(02) (3.9)
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g2 = ba§(20) + b330 (22) + baf§ (22) + bs S5 (24) (3.10)
ga = beB5(42) + by B3 (44) + bS5 (44) (3.11)
g6 = b10B5(64) (3.12)
in two-photon resonant probe case.

The b; coefficients contain functions of probe detection angles I', @ and also
contain detection sensitivity factors sy. Here instead of expanding the whole equation
out, we simply substitute the values of detection angles into Equation (3.7) before
integration to significantly simplify the equations. We re-organized the resulting equation

as [...]P;(xp) terms. Meanwhile, we also only use b; values from Table 3.1 to simplify
Docker's Doppler profile function. By comparing terms which share same P;(xp)
between simplified Docker's functions and [...]Pj(xp) re-organized from integration,

relations between a,(f‘)(p), and Dixon’s bipolar moments can be obtained. Some of the

[...]P;(xp) groups contain more than one a‘gk)(p) terms which cannot be directly related
to bipolar moment terms. Three classic detection cases (A, B, D) are used to generate
three functions with different detection angles substituted so that multiple agk)(p)

parameters can be determined in this case.

Table 3.1: The b; coefficients, adjusted from Docker, Chem. Phys. 135 (3), 405
(1989).** The coefficients for detection sensitivity are not listed here.

Geometry | by b, bs b, bs be b, bg big

A 4/5 -1 -1 4/71 | -2/7 | 27/35 3/8 -15/77 | -25/88
B -2/5 | -1 -1 -8/7 | 1/14 | 9/35 3/8 30/77 -5/88
D 2[5 | 2 -1 4/7 | 3/14 | -36/35 | 3/8 -15/77 | 15/44
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The bridging equations solved with this method contain detection sensitivity
factors s¢. This is because we omit them when substituting b; coefficients. These s
factors were omitted to match the format as those low order bridging equations given by
Rakitzis.

The resulting bridging equations are shown below:

a5” () = o155 7 B (64) — 15 B3 (44) + BY(44)] (3.13)
afP (L) = G [ B3 (6 + 22 B3 (44) — £ B3 (24) + RO (44)] (3.14)
a$P(1) = TS B AR (6M) + 15 B (44) — 2 f3 24)] (3.15)

By substituting the a‘gk)(p) expressions above into Equation (3.2) and integrating

we obtain image anisotropies as functions of bipolar moments, detection laser

geometries, and REMPI branches. The full equations are shown below:
Vv _
o=

5 {[9800 B3 (64)+210082(44)—3080 B2 (24)]s,+[3168 B3 (42)—7920 B3 (22)-1848 BZ(02)+1617052(22)]s,+1617082(20)}
231{[96 BZ(42)+40 B2(22)+84p2(02)]s,+175}

(3.16)

vv _
% =

—[88200 BZ(64)+9590085 (44)—69300 BZ(24)—148225B3 (44)|s,—[-165528 B§(42)+58080 B5(22)—8131255(02)]s,
847 {[96 B2 (42)+40 B2(22)+8452(02)]s,+175}

(3.17)
vV _  25[2590 BE(64)+60B5(44)—220 BZ(24)]s, (3.18)
6 7 363 {[96 BZ(42)+40 BZ(22)+84B2(02)]s,+175} )
i =

—10 {[455 BZ(64)+51085(44)—638 P& (24)]sa+[792 B§(42)—1056 35 (22)]s,—1848 B5(20)}
[10220 BZ(64)+3840B2(44)—6380 BZ(24)+3465B0 (44)]ss+[—1584 BZ(42)—5280 BZ(22)—3696 B (02)—9240 B (22)]s,+9240

(3.19)

HY 5{[35 B3 (64)+15p5 (44)—20 B3 (24)]s4+[18 B§(42)—24 BE(22)—42 B (22)]s,}
2 [35 B2(64)+15B83(44)—20 BZ(24)]s4+[18 B2 (42)+60 BZ(22)+42 B3(02)]s,+105B2(20)—105

(3.20)

56



HV _ —105 [25 BZ(64)+1485(44)—22 BE(24)+11BJ (44) s,
4 T 11{[35 B2 (64)+1582 (44)—20 B2(24)]s,+[18 B2 (42)+60 BZ(22)+42 B3(02)]s,+105B2(20)-105}

(3.21)

Equations (3.16)-(3.21) are the central results of this chapter. They provide a
connection between the bipolar moments and image anisotropy parameters B¢ which
can be extracted from experimental images via Equation (2.16). We suggest two major
applications of these new 2+1 REMPI Equations for extracting fragments bipolar
moments: direct inversion and forward convolution. For direct inversion, the bipolar
moments are numerically solved directly from the Equations (3.16)-(3.21) (2+1 REMPI
detection equations). For forward convolution, a trial set of bipolar moments are used in
Equation (3.16)-(3.21) (2+1 REMPI detection equations) to generate a set of

F¢parameters which are used to simulate image angular distributions. The bipolar
moments are then optimized to achieve best fits to the experimental image angular

distributions.

Direct Inversion Method

The direct inversion method is self-evident. Obtaining analytical expressions of
bipolar moments as functions of image anisotropy parameters B£¢is technically difficult.
Instead, the experimentally derived anisotropy parameters are inserted into the left
hand sides of Equations (3.16)-(3.21) (2+1 REMPI detection equations) and the
equation set is numerically inverted to solve for bipolar moments. Despite the simplicity
of the direct inversion approach, there are some practical difficulties. For 1 photon
dissociation followed by 2+1 REMPI detection, there are 9 relevant bipolar moments:
B5(20), B5(02), B§(22), B3(22), B§(24), B5(42), B5 (44), B3 (44), B§(64). This indicates
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that 9 experimental image 5f¢ parameters are required to form a fully determined set
for analysis. For images with significant background, errors in the derived image
anisotropy parameters can lead to unphysical bipolar moments. Additionally, without
further approximations, direct inversion requires extra measurements since the
commonly reported combinations of images represent an underdetermined set. In the
case of 2+1 REMPI images, an image detected with VV geometry will provide three
image B¢ parameters (8YY, YV, BZY), while the HV geometry provides just two image
FG parameters (B4Y, pHV), and the VH geometry just provide a single parameter gY*.
In order to solve the nine dimensional equation set, three more image B¢ parameters
are needed from one or more additional image measurements. As a result, we do not
recommend the direct inversion method in general, except in special cases when one or
more bipolar moments can be independently determined. For example, in cases of jet-
cooled triatomic molecules photodissociation (like OCS), by conservation of angular
momentum, recoil velocity vectors of photofragments v must be approximately
perpendicular to the rotational angular momentum vector j. In this case, it is often
assumed that 5(22)=-0.5 and 2 (44)=0.375.
There are additional approximations which can also be applied. In the semi-
classical limit the moments B2 (42) and p2(64) can be expressed as linear combinations
of other bipolar moments. Using Equation (7d) from Rakitzis et al.*® and Equation (4)

|9l

from Ritchie et al.”> and assuming the interference terms are negligible, we find

B3(42) = Z p2(02) — = p3(22) (3.22)

B3(64) = = B3 (24) — = B (44) (3.23)
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With these approximations and with as assumed v perpendicular to j correlation,
there are five bipolar moments remaining in the equation set to be solved. In this case,
only five BE¢ parameters from images are needed, which can be obtained from two
different combinations of measurements. The five B¢ parameters can be determined
from a set of images with three different geometries (VH, HV, VV) from a single
rotational transition or one set of VV geometry images using two different rotational
branches (S/O+R/P) for detection. Either combination will provide six S5 parameters
which are sufficient to extract all the remaining bipolar moments.

In practice, however, high quality sliced images with HV detection geometries
are difficult to obtain in the cases of rapid dissociations via a parallel transition. In such
cases, the horizontally polarized dissociation laser will generate product clouds which
have a nodal plane. We find that sliced HV images often show relatively low signal to
noise ratio, which generally results in large uncertainties in the experimental BF¢
parameters. On the other hand, images using the VV geometry produce more
photofragments and ions in the imaging plane. An additional benefit of the VV geometry
is that it is possible to reconstruct a non-sliced image to obtain a sliced image. lon
clouds generated in this geometry will preserve cylindrical symmetry, which fulfill the
requirements of Abel-inversion based reconstruction algorithms.?® ®° Perhaps the most
important advantage of using the VV geometry is that one-color experiments can be

used to extract fragment vector correlations.

Forward Convolution Method
In many cases, direct inversion will not be an ideal method, as will be shown in

the next chapter. In such cases, we suggest using the forward convolution method to
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simulate angular distributions which fit to the experimental data. For the forward
convolution method, a trial set of bipolar moments are used in Equations (3.16)-(3.21)
(2+1 REMPI detection equations) to generate a set of gf¢parameters which are used to
simulate image angular distributions. The bipolar moments are optimized to achieve
best fits to the experimental image angular distributions.

There are multiple ways of searching for the best trial bipolar moments. The
most straight forward way is to manually adjust all nine bipolar moments until a
reasonable fit is achieved. In practice, some lower order bipolar moments B2(20),
B2(02), BJ(22) should be adjusted first to make the simulated angular distributions
gualitatively match the shape of the experimental distribution. Next, the remaining
bipolar moments can be iteratively adjusted to refine the simulated distributions.
However, this method is difficult to apply because the simulated images will be sensitive
to value changes of all 9 bipolar moments. And sometimes higher order bipolar
moments, like 52(44) and B¢(64) can have a dramatic effect on the shapes of the
distributions. In addition, the optimized bipolar moments set from this method can
sometimes provide a less physically reasonable picture of photodissociation dynamics.
For example, a resulting set may include a B2(22) value close to -0.5 indicating a
physical picture of the photofragment ejected from the parent molecule in a cart-
wheeling style, along with a 3 (44) value close to 1 which indicates a physical picture of
the photofragment ejected with a helicopter style movement. In some cases these two
bipolar moments from the same optimized set may be contradictory, and unphysical.

It is beneficial if the bipolar moment sets can be constrained by certain physical
models so that only dynamically reasonable combinations of bipolar moments are

available. It should be noted that the bipolar moment sets from this constrained search
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still covers the whole phase space of all the possible combination of bipolar moment
sets. These constraints also reduce the number of variables for the simulation. The
fitting procedure can be constrained by utilizing the five limiting cases developed by
Dixon. Dixon discussed five possible limiting cases, each with a different extreme
relative orientation (either parallel or perpendicular) of the three vectors (u, v and j). A
schematic diagram of the five limiting cases is shown in Figure 3.1. Case A and B
describe parallel transitions, while cases C-E describe perpendicular transition. The
Case A and D describe “helicoptering” motions of photofragments, while the cases B, C
and E describe “cartwheeling” motions of photofragments. Each of these limiting cases
has a corresponding set of bipolar moments with the values shown in Table 3.2. The
expected vector correlations of a real molecule can be described as a linear
combination of these limiting cases.®* % In this way, the measured bipolar moments can

often be interpreted as terms of specific dynamical pathways.
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Figure 3.1: The vector correlation configurations of limiting cases.
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We have adopted their approach of using a linear combination of limiting cases
to generate full sets of physically meaningful bipolar moments for simulation purposes
(excluding the B2(44) moment, which will be discussed later). With our 2+1 REMPI
Equations the resulting set of bipolar moments can yield image anisotropy parameters
BE¢ and thus image angular distributions to be compared with experimental image

measurements.

Table 3.2: Bipolar moments associated with Limiting Cases A-E. The data in this
table are adapted from Dixon, JCP, 85 (4), 1866 (1986) and Docker, Chem. Phys.
135 (3), 405 (1989).%* ¢

Bipolar moments | Case A | Case B | Case C | Case D | Case E
B2(20) 1 1 -0.5 -0.5 -0.5
B2(02) 1 -0.5 1 -0.5 -0.5
B2(22) 1 -0.5 -0.5 1 -0.5
Bz(22) -1 0.5 0.5 0.5 -1
B&(42) 1 -0.5 0.375 -0.5 0.125
BR(44) 1 0.375 0.375 1 0.375
B2(24) 1 0.375 -0.5 -0.5 0.125
B&(44) -1 -0.375 | -0.375 0.5 0.75
B2(64) 1 0.375 | -0.3125 | -0.5 -0.0625

Based on the values in Table 3.2, the 52 (44) moment generated from linear
combinations of limiting cases will always range from 1.0 to 0.375, and will not span the
full range from -3/7 to 1. As a consequence, the forward convolution simulations with
linear combination of limiting cases generating 9(44) produce noticeably poorer fits
than when treating the B (44) moment as an adjustable parameter for fitting (vide infra).
The limiting cases B, C and E describe the vector correlations of diatomic fragments
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arising from the photodissociation of a triatomic molecule at j=0. The fragments are
constrained by angular momentum conservation to have a delta-function distribution of
v1j correlations with limiting values of 52(22)=-0.5, (lower bound of this moment) and
B(44) = 0.375 (not the lower bound of this value). For a real system with j#0,
depolarization will broaden the v-j correlation distribution, while still peaking at v.L1j. The
depolarization of the v1j correlation can be represented in the A-E parameter space by
mixing in small amounts of cases A and D which correspond to v/ j correlation. This
procedure works because the range of BJ(22) values spans the full range
monotonically. In this scenario, the BJ(22) moment will be a non-limiting value
representing depolarization. However, this fails for g9 (44). Cases A and D contribute a
B2 (44)=1, while the B, C, and E cases contribute a 8 (44)=0.375 which do not describe
the limits of the range of J(44) values. Additionally, the function that describes the
transition from the A and D 9 (44) value of 1 to the B, C, and D BJ(44) value of 0 is not
monotonic. Due to these two issues, depolarization of 5(44)is not well described by
utilizing partial contributions of the A and D cases.® As a consequence, we have
chosen to treat the B2(44) moment as an adjustable parameter while using a linear
combination of limiting cases to generate other bipolar moments, as a practical
approach. The uniqueness of this J(44) moment revealed that this method may be
incomplete and it is still an unsolved question whether the five limiting cases cover the
full phase space of the bipolar moments in a two-photon REMPI process. We are not
certain whether or not there could be another limiting case which describes the two-
photon excitation process and contribute to some high order bipolar moments, including

the B9 (44) moment.
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The simulation with all of the bipolar moments has nine degrees of freedom.
After employing the linear combination of limiting cases, the degrees of freedom are
reduced to five. Based on Equation (2.16) in Chapter Il and relevant discussions, the
angular distribution of an image with VV laser detection geometry can be fully
determined by three image anisotropy parameters (B5Y, YV, BYV ); the angular
distribution with HV laser detection geometry can be fully determined by two image
anisotropy parameters (85V, B{"); and the angular distribution with VH laser detection
geometry can be fully determined by one image anisotropy parameters (BY"). As a
result, a single image could at most provide three image anisotropy parameters and
more parameters are required to make the set of nine bipolar moments fully
determined. The larger the experimental data set, and thus the more image anisotropy
parameters, the greater the number of constraints on the analysis. Ideally a pair of two
images acquired in the VV geometry at two different detection branches (S/O+R/P) or a
set of three images in three geometries (VV, HV and VH) with the same detection
branch should give a number of six image anisotropy parameters, which is sufficient to
determine the full set of bipolar moments. The former approach does require multiple
isolated rotational branch transitions, but is well suited for one-color experiments. The
latter approach does not require multiple isolated rotational branch transitions and we
find that in practice it provides more reliable fits than the former method.

When using forward convolution simulation to fit the experimental angular
distributions, we have used two general methods to conduct the fitting: manual
adjustment and Monte Carlo sampling. When conducting a manual adjustment, the
fractional contributions of each of the five limiting cases (with an extra constraint that
the sum of the A-E percentage equals 100%) and the 59 (44) moment are adjusted until
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the simulated angular distributions overlap the best with the experimental distributions.
The Monte Carlo sampling, on the other hand, can perform simulation fits automatically

given a chi square minimization constraint.

Monte Carlo Sampling

Monte Carlo sampling can be utilized in generating sets of bipolar moments for
the forward convolution simulation of the image angular distributions. In each loop, nine
random generators will generate a full set of nine bipolar moments, which will be
plugged into the 2+1REMPI Equations to generate image anisotropy parameters £¢ for
the images to be simultaneously fitted, Equation (2.16) in Chapter Il is then utilized to
generate simulated angular distributions, which are then compared to the experimental
angular distributions. A chi-squared criterion is employed to evaluate the fit to each of
the simultaneously fitted image angular distributions, and these chi-squared values are
summed together. If the sum of the chi-squared values is lower than the user
designated threshold, the corresponding set of randomly generated bipolar moments
will be accepted and stored; if the sum of the chi-square values is greater than the
threshold, the bipolar moments will be rejected. The above steps will be repeated in
loops and a data base of suitable bipolar moment sets can be achieved.

The resulting bipolar moment sets that yield acceptable fits are not always
physically reasonable. This issue also presents at manual adjustments with full bipolar
moment sets. In order to eliminate physically unreasonable results, and also to save
CPU time, the range of randomly generated bipolar moments should be limited. For

example, if the image is from photodissociation of triatomic molecules in a jet-cooled
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molecular beam, the recoil velocity should be perpendicular to the rotational angular
momentum. Thus, the 52(22) moment should be limited to negative values.

Similarly, we can also apply Monte Carlo sampling to the linear combination of
limiting cases. Instead of utilizing random number generator to generate bipolar
moment sets, we can randomly generate percentages of the limiting cases A-E. In
practice we treat the 2(44) moment independently from the linear combinations of
limiting cases, and use random generators to generate values for this bipolar moment.
The rest of the procedures are the same as the other Monte Carlo sampling methods
mentioned above. Using this method, the selected fits will correspond to physically

reasonable bipolar moments.
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Figure 3.2: Flow chart of the methods. The left panel shows the direct inversion
method. The right panel shows forward convolution with manual adjustments
(black arrows); Monte Carlo sampling bipolar moments (red arrows); and Monte
Carlo sampling linear combination of limiting cases (blue arrows).

A flow chart comparing the similarities and differences of the different methods
described in this chapter is shown in Figure 3.2. When comparing the manual
adjustments method and the Monte Carlo sampling methods, there are indeed
advantages and disadvantages for both methods. The advantage of manual
adjustments is that it is more forgiving of noise in the experimental angular distributions.
For example, if there are unphysical data points in the experimental angular distribution,
a manual adjustment simulation is likely to ignore these data points. On the other hand,

manual adjustment is much more likely to introduce bias in fittings. The Monte Carlo

sampling will be unbiased and will evenly sample over the phase space of bipolar
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moment sets/ linear combination of limiting cases sets. One major disadvantage of the
Monte Carlo sampling in this work is that when the number of simultaneously fit image
angular distributions increases, the amount of loops necessary for sampling will
increase dramatically (on the magnitude of billions of loops if simultaneously fitting six
images) to obtain only less than one hundred acceptable fits.

This Monte Carlo sampling method discussed here is a relatively efficiency, and
easy programing method because of its lack of optimization algorism. A future
improvement can involve certain stepwise optimization processes. For example, in each
new step, the program should select one variable (bipolar moments or linear
combination of limiting cases) and randomly change the value of it from the last
accepted value, creating a new set of variables that will be used to generate the new
angular distributions. Then the chi-square test should be utilized to determine whether
the new step fits better (accept) or worse (reject). If accepted, the next step optimization
will use variables from this accepted step. If rejected, the next step will try another
random variation of one variable based on the last accepted step. This way, the bipolar
moments from fitting will converge to certain results, instead of sampling freely. This
type of program with Monte Carlo optimization algorithm will be more CPU efficient, but

will have risks of converging to local optimizations instead of global optimizations.
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CHAPTER IV

EVALUATION OF THE NEW METHOD’

Application of the Direct Inversion and Forward Convolution Methods to OCS
Experimental Results

In order to test Equations (3.16)-(3.21), we first re-analyzed our OCS one-color
CO non-sliced ion images (j=58, 62, 72).°° Both the direct inversion and forward
convolution methods, described in Chapter Ill, were utilized in order to compare their
performance. For analysis with the direct inversion method, we used the previously
obtained imaging B¢ parameters. These imaging By’ parameters were calculated by
applying Equation (2.16) to angular distributions of the CO images. Each set of data
consist of 5 B¢V parameters from one pair of S and R-branch images for each j; gyv
and a gV from the S-branch image and gY", YV, B¢V from the R-branch image. The
set of 5 BYY were treated with the Equation (3.16)-(3.21) and the necessary
approximations shown as Equations (3.22)-(3.23). We also adopted the assumptions
that 89(22)=-0.5 and 2 (44)=0.375, which have been discussed earlier. The resulting
bipolar moments are listed in Table 4.1 as “Direct inversion”. Forward convolution
simulations, as described earlier, were also applied to our OCS one-color CO images
using linear combinations of the limiting cases in conjunction with Equation (3.16)-

(3.21). The angular distributions of an S and an R-branch image were simultaneously fit

" Part of this chapter is reprinted from “W. Wei, C. J. Wallace, M. P. Grubb and S. W.
North, The Journal of Chemical Physics 147 (1), 013947 (2017)”, with the permission of
AIP Publishing.
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for each rotational state. The resulting bipolar moments are listed in Table 4.1 as
“Forward convolution”. By comparison, it is clear that the bipolar moments from both
direct inversion and forward convolution methods with Equation (3.16)-(3.21) are
consistent with our previously reported bipolar moments.®® The only result that is slightly
different is the p2(20) value for j=72, by forward convolution method of this work. These
bipolar moments are also consistent with the theoretical calculations reported in our
earlier OCS work.*

Our earlier OCS work used the set of bridging equations given by Denzer et al.**
to convert from Rakitzis alignment parameters to bipolar moments, which is slightly
different from the bridging equations used in this work (Equations (3.13)-(3.15)).

Detailed discussions of the differences of these two versions of the equations will be

given in the later in this chapter.

Table 4.1: Bipolar moments for OCS photodissociation at 214 nm, analyzed with
direct inversion and forward convolution methods. Table reproduced from Wei et

al.**
j B3 (20) B3(02)
Direct inversion 58 0.07+ 0.06 0.14+ 0.12
Forward convolution 58 0.09+ 0.03 -0.01+ 0.13
Direct inversion 62 0.20+ 0.06 -0.22+ 0.12
Forward convolution 62 0.22+ 0.03 -0.29+ 0.13
Direct inversion 72 0.27+ 0.06 -0.38+£ 0.12
Forward convolution 72 0.47+0.03 -0.41+ 0.13
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New non-sliced velocity map ion images were collected arising from the
photodissociation of OCS at 230 nm which has been extensively studied. The spatial
anisotropy and vector correlations of the products have been previously reported.®*¥’
We have utilized 2+1 E-X REMPI (both via S and R-branch) detection for CO (v=0,
j=48) due to the sensitivity to alignment.®® The images were analyzed and angular
distributions of each image were obtained. Forward convolution simulations with linear
combination of the limiting cases and the 2+1 REMPI Equations were used to
simultaneously fit the angular distributions of an S and an R-branch image for j=48.

Two different simulations were performed; one treating the 52 (44) moment as a
freely adjustable parameter and the other where the 2 (44) moment is the result of
linear combinations of limiting cases. The results for both simulations are shown in
Figure 4.1. It is clear that when the 59(44) moment values that are calculated from
linear combinations of limiting cases are used in the simulation, the fits are worse.
Although they match the general shape of the angular distribution, they miss the details.
These poor fits are not isolated issues and are due to the fact that 59 (44) moment
values calculated from linear combinations of limiting cases do not cover the full range
of possible values, as mentioned in the last chapter. As a consequence, we recommend
that 8J(44) moment values not be determined from linear combinations of limiting
cases.

The resulting bipolar moments from the approach of treating the g (44) moment
as a freely adjustable parameter are $2(20)=0.11+0.08 (p-v), f2(02)=0.24 +0.22 (u-j)
and B9(22)=-0.39+0.11 (v-j).® Previous measurements by Janssen et al. yielded
B2(20)=0.12+0.01,%® similar to our derived value. The £Z(02) (4-j) moment is small but

positive at j=48, consistent with CO products arising from dissociation via both the A
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state and B state of parent OCS.*® The A state will yield product CO with p
perpendicular to j correlation (82 (02)=-0.5), while B state will yield CO with p parallel to
j correlation (positive 52(02)). Our analysis also yields the 9(22) (v-j) moment close to
-0.5 (perpendicular), as expected. Deviations of 0(22) values from the limiting value

are consequence of non-negligible parent rotational motions.
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Figure 4.1: Experimental angular distributions from the photodissociation of OCS
at 230 nm, probing CO(j=48) near 214 nm fit with the forward convolution method.
The dissociation and probe laser polarization of both images are vertical. The top
panel corresponds to the S-branch and the bottom panel is R-branch. The
simulation with 3(44) moment treated as a freely adjustable parameter is shown
in blue, while the simulation with 38(44) moment treated as a linear combination
of limiting cases is shown in red. Figure reproduced from Wei et al. JCP, 147,
013947 (2017). **
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A Second Test Case: 2+1 REMPI Q-Branch System

As an additional test of our method on Q-branch data, we also analyzed NO Q-
branch 2+1 C-X REMPI non-sliced ion images from NO, photodissociation at 355 nm
using three laser polarization geometries: VV, HV, and VH, from earlier publication of

Mo et al.®®

One challenge in experiments involving Q-branch detection is that the
detection sensitivity factor s, for Q-branch is often not known a priori and must be
determined independently for each REMPI system. These factors need to be
determined with the knowledge of the ratio between parallel and perpendicular
component of transitions to the intermediate virtual state for Q-branch transition. As
discussed in the last chapter, the Q-branch s, and s, factors can be determined using
Equation (3.3). Mo et al. ® ®° has previously determined the ratio between the parallel
and perpendicular transitions and reported the Py values to be Py:P,:P,=1: 0.94: 0.18 at
j=30.5. With these values, the Q-branch s, and s, factors are determined to be s,=1.051
and s,=0.542.

We have analyzed three NO (X “My,, v=0, j=30.5, f) Q-branch images of
different laser geometries (VV, VH and HV) from earlier publication of Mo et al.?® The

images were four-fold symmetrized prior to analysis. Angular distributions of the images

are obtained and the best fits are shown in Figure 4.2.
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Figure 4.2: Experimental angular distributions of NO (X *My,, v=0, j=30.5, f) 2+1
REMPI Q-branch images from NO, 355 nm photodissociation fit with the forward
convolution method. Three detection geometries (VV, HV and VH top to bottom
panels) are shown. The raw data, adapted from Mo et al. ® *°, is shown as closed
circles and our simulations as the solid lines. Figure reproduced from Wei et al.

JCP, 147, 013947 (2017). *
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We find that reasonable fits can be achieved using the calculated s, and s,
factors reported by Suzuki and coworkers. Although these are some differences
between our fits and the VH image angular distribution, which should only exhibit a
cos?(B) dependence, we suggest that the asymmetry in the experimental data and
subsequent symmetrization is a likely source of the error.

The obtained bipolar moments, B2(02) (u-j), B3(22) (v-j), and BZ(20) (u-v),
shown in Table 4.2, are all consistent with conclusions given by the original paper by
Mo et al. ® The values of B2(02) and 89(22) indicate p perpendicular to j and v
perpendicular to j correlations respectively. Modest deviation of 9(22) values from the
limiting case values are the result of depolarization caused by parent rotation. In the
original paper, the authors reported an angle between p and v to be in the range of 38-
44 degrees, corresponding to BZ(20) =0.28-0.43, in good agreement with our

simulations.

Table 4.2: Comparison of bipolar moment values from this work to Mo et al. The
results from this work are obtained by forward convolution simulation fitting of
angular distributions from their NO images. The literature values were calculated
from the geometric model given in Figure 3 from Mo et al. ®® Table reproduced
from Wei et al. JCP, 147, 013947 (2017).**

B (02) Bo(22) B (20)
This work -0.43+0.18 | -0.43£0.06 | 0.35+0.08
Mo et al. -0.5 -0.5 0.28-0.43

An Issue with the Earlier Version of the 2+1 REMPI Equations
In the last chapter it was noted that when deriving the working 2+1 REMPI

Equations (3.16)-(3.21) we derived our own equations as the bridging equations
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between Rakitzis’s molecular frame polarization parameter agk)(p) and Dixon’s bipolar

moments. The reason for choosing to derive our own bridging equations instead of

1 is that in certain

using the similar equations published by Ritchie and coworkers
cases utilizing their bridging equations, failed to produce reasonable results.

The test case used was the simulation of the angular distributions resulting from
an image of a hypothetical case where there were no correlations between the parent
molecule transition dipole moment and the other vectors. It was assumed that in this
special scenario the only correlated vectors are the photo-fragment recoil velocity vector
and the rotational angular momentum vector of the photofragments, and they are
perpendicular to each other (vlj). With these assumptions, we set 5J(22)=-0.5,

B2(44)=0.375 and set all other 7 bipolar moments to zero. The simulated angular

distributions of VH detection geometry images are shown in Figure 4.3.
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Figure 4.3: The simulation of angular distribution of the hypothetical case, with
different two versions of the 2+1 REMPI Equations. The distributions in dashed
blue line (S-Branch) and dashed red lines (R-Branch) are simulated by the earlier
version of our 2+1 REMPI Equations with bridging equations from Ritchie and
coworkers, while the distribution in solid green line is by the Equation (3.16)-
(3.21) with our own bridging equations.

It can be clearly seen that the angular distributions with bridging equations of
Richie and coworkers are anisotropic and they show the opposite anisotropy pattern
from S branch to R branch. Meanwhile, the angular distributions with our own bridging
equations are isotropic, regardless of probe branch. We believe that isotropic

distribution should be the true result for this hypothetical case. Since there are no
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correlations between the parent molecule transition dipole moment and photo-fragment
recoil velocity vectors, the photofragments will form an isotropic distribution in the
product cloud. Meanwhile, since there are no triple vector correlations, the horizontally
polarized probe laser will have same detection efficiency for all of the photofragments
on the image plane, both for the S/O branches and for the R/P branches. We can see
that the earlier version of 2+1 REMPI Equations failed to predict such isotropic

distribution.

Discussion of Applications of 1+1 REMPI Equations to 2+1 REMPI Detected
Images

In this section, we use the angular distributions resulting from images of the
hypothetical case we demonstrated earlier, to discuss the possible applications of the
1+1 REMPI Equations on images detected by 2+1 REMPI. The hypothetical case has
no vector correlations other than v perpendicular to j. With these assumptions, we set
B3(22)=-0.5, B9 (44)=0.375 and set all other 7 bipolar moments to zero. Our 2+1 REMPI
Equations were used to simulate S/O and R/P-branches angular distributions with VV,

and HV detection geometries.
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Figure 4.4: Simulated angular distributions of the hypothetical case with no
spatial anisotropy and with v.1j correlation. The top panel shows simulated
angular distribution detected by 2+1 REMPI S-branch with g5¥=0.714 and
B4V=0.161. In the bottom panel simulated angular distributions detected by R-
branch 2+1 REMPI (solid line) and 1+1 REMPI (dashed line) are shown with g%V=-
0.357 and B%V=-0.643 for 2+1 and B%V=0.5 for 1+1. Figure reproduced from Wei et
al. JCP, 147, 013947 (2017). *

The simulated angular distributions of images taken with HV and VV geometries
in the same branch are identical. This is also consistent with the loss of spatial
anisotropy in the laboratory frame. Figure 4.4 shows the angular distributions arising
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from VV geometries for this hypothetical case. The simulated 2+1 REMPI ion images for
S/O-branches exhibit modest cos*(®) contributions. The simulated 2+1 R/P-branch
REMPI ion images, however, are more interesting since they exhibit clear four-fold
symmetry and have a very pronounced cos*®) dependence. The cos*(8) angular
dependence is a consequence of the two-photon process for 2+1 REMPI. We are
currently pursuing experimental measurements which will verify these predictions. As a
comparison, we have simulated the angular distributions of image from 1+1 REMPI R-
branch detection using the 1+1 REMPI Equations reported by Grubb et al.®? % for the
same set of bipolar moments (lower panel of Figure 4.4). It is clear that based on these
simulations that R-branch 1+1 REMPI and 2+1 REMPI detection will result in
significantly different anisotropies and analysis of 2+1 REMPI data using 1+1 REMPI
Equations will lead to erroneous results.

Previously, Bafares and coworkers utilized the 1+1 REMPI Equations of Grubb
et al. to analyze images acquired with 2+1 REMPI detection.®*® The authors
demonstrated that in cases where the image anisotropy parameter g¢ from VV laser
polarization geometry and gV of HV geometry were negligible the images were only
sensitive to k=2 terms of bipolar moments (82(02), 3(22), p3(20), B2(22) and p5(42)).
In such cases, it would appear that the 1+1 REMPI Equations could be used to treat
images from 2+1 REMPI detection.?” While we agree that the 1+1 REMPI Equations
can be used in such cases, we note that this is not a general result. For example, the
image of O, (a'A,) from ozone photodissociation at 248 nm probed by 4-0 band R/P
rotational branch using 2+1 REMPI with HV geometry exhibited clear four-fold
symmetry which indicates strong cos”(8) angular dependence.'® Thus it is not possible
to achieve a reasonable fit of this distribution with only second order Legendre
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polynomials. This is particularly true for many images detected by 2+1 REMPI R/P-
branches. Therefore, one must be cautious when applying 1+1 REMPI Equations on
images detected with 2+1 REMPI.

In certain cases, it is possible to apply the 1+1 Equations on images detected
with 2+1 REMPI. For images detected with 2+1 S/O-branch REMPI, if they show no
significant cos*(®) angular dependence with HV laser polarization geometry or no
significant cos®(®) angular dependence with VV laser polarization geometry, it is
techincally possible to apply the 1+1 Equations because a two-photon S/O branch
process can be viewed like two consecutive one-photon R/P branch processes. The
angular distributions resulting from a 2+1 S/O branch REMPI will have a similar shape,
as the angular distributions from a 1+1 R/P branch process, but with sharper
distributions. Such similarity can be clearly seen from Figure 4.5. However, a slight
difference in the distributions can be clearly seen, since more photons are involved in

the alignment of angular momentum in a 2+1 REMPI image.
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Figure 4.5: Angular distributions of images from the hypothetical case detected

by 2+1 S/O branch REMPI (blue) and by 1+1 R/P branch REMPI (red), both
assuming the probe lasers are vertically polarized.

The applications of utilizing 1+1 REMPI Equations to treat 2+1 REMPI detected
images are only a possible approach and the resulting bipolar moments from these
empirical methods has not been quantitatively tested. We still recommend using our

2+1 REMPI Equations.

Application of Monte Carlo Methods for Analysis
The Monte Carlo approach of analysis has been described in the last chapter.

There are two major types of applications of the Monte Carlo sampling in this work:
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sampling for linear combinations of limiting cases, which can generate a set of bipolar
moments with extra constraints, or directly sampling for sets of bipolar moments. We
will discuss both approaches and conclude that the former approach is more
appropriate.

The images of the 2+1 E-X REMPI probed (both via S and R-branch) CO (v=0,
j=48) from photodissociation of OCS at 230 nm were used to test the two applications of
the Monte Carlo sampling method. Forward convolution simulations were conducted to
fit the experimental angular distributions. In the simulations, linear combinations of the
limiting cases A-E were chosen by Monte Carlo sampling. The BJ(44) moments, as
discussed before, are not generated from limiting cases, instead they were directly from
the Monte Carlo sampling. The optimized fit is shown in Figure 4.6. Ten million loops
are run for this fitting process and around 400 sets of linear combinations of limiting
cases are obtained, all of which can generate reasonable fits to the experimental
angular distributions. Their values for the limiting case ratios are averaged to give an
optimized set of linear combinations of limiting cases A-E, which can be used to
generate the bipolar moments. The results are shown in Table 4.3. The bipolar
moments from the Monte Carlo sampling of linear combinations of limiting cases agree

95-97

well with both previous publications and with fits by manual adjustments forward

convolution simulations.**
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Figure 4.6: Experimental angular distributions from the photodissociation of OCS
at 230 nm, probing CO(j=48) near 214 nm fit with the forward convolution method
including Monte Carlo searching of suitable linear combination of limiting cases.
The dissociation and probe laser polarization of both images are vertical. The left
panel corresponds to the S-branch and the right panel is R-branch. In both
panels, the experimental angular distributions are shown as solid black circles
and the simulated angular distributions are shown as red lines.

85



Table 4.3: Comparison of bipolar moment values resulting from manual
adjustments and Monte Carlo fits. The results from this work are obtained by
forward convolution simulation fitting of angular distributions from the
photodissociation of OCS at 230 nm, probing CO(j=48) near 214 nm. The manual
adjustments results have been previously reported by Wei et al. JCP, 147, 013947

(2017). *
B§(20) B§(02) B3 (22)
Monte Carlo 0.06+0.1 0.31+0.3 -0.37+0.1
manual adjustments 0.11+0.08 0.24+0.22 -0.39+0.11

The optimized fractional contributions of the limiting cases are: Case A 0.06,
Case B 0.31, Case C 0.48, Case D 0.03 and Case E 0.12. The OCS molecules
dissociated via the A excited state have transition dipole moments p in the OCS plane
slightly deviated from the C-S bond and perpendicular to the rotational angular
momentums j of the CO molecules, which can be described by a combination of
Limiting Case B and E. Meanwhile, the OCS molecules dissociated via the B excited
state have transition dipole moments g perpendicular to the OCS plane and parallel to
the rotational angular momentums j of the CO molecules, which can be described by

the Limiting Case C. For j=48, previous literature %%’

suggests approximately equal
possibilities of dissociation via the A and B excited states, which is consistent with our
results here (B+E: 0.43, C: 0.48). There is a small amount of combination from Case A
and Case D, which can be rationalized by v-j correlations deviating from their ideal
condition. Such deviation in this particular experiment is usually caused by non-
negligible parent rotation from a (j#0) finite temperature molecular beam.

After the Monte Carlo sampling, a data base of sets of linear combination of

limiting cases is created, each of which can generate an unbiased, acceptable fit to the

same experimental image angular distributions. Distributions of the contribution from
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each limiting case are given in Figure 4.7. It is clear that Cases A and D have sharp
distributions while the Cases B, C and E have relatively wide distributions. Among all of
the possible combinations of the limiting cases, the contributions of Case B, C, and E
are correlated and the sum of these three cases is relatively constant. The distributions
of each of the bipolar moments generated by the suitable sets of limiting cases are
given in Figure 4.8. All of the bipolar moments in this scenario have relatively narrow
distribution of values, which is probably the result of constraints imposed by the limiting

cases. The p2(02) moment seems to have a wider range, which will be discussed later.
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Figure 4.7: Distributions of the limiting cases resulting from the Monte Carlo
search forward convolution fit of the OCS 230 nm dissociation experimental
angular distributions.
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The Monte Carlo method is also directly used to search for sets of bipolar
moments that can generate forward convolution simulations of angular distributions that
fit the experimental results, as described in the last chapter. The same experimental
OCS 230 nm dissociation data are used to test this method and the optimized
simulation results fits the experimental angular distribution as well as all of the other
forward convolution treatments. Although several of the low order bipolar
moments, 53(20) and 52(22), are well determined by this approach, i.e. the subset of
acceptable fits have narrow ranges of values for these bipolar moments, we have
noticed that this approach often yields a broad distribution for the remaining bipolar
moments. The optimized values of the $2(02) moment even span over the full range of
possible values. A practical modification of this Monte Carlo search on bipolar moment
method is to confine the range of certain bipolar moments based on the physical picture
of the system. For example, for angular distributions from products of jet-cooled
triatomic molecule photodissociation, 5 (22) should be negative.

In order to further evaluate the sensitivity of the forward convolution simulations
on the bipolar moments and to explore the possible correlations between these bipolar
moments, the method of utilizing Monte Carlo to directly search for optimized bipolar
moment sets for forward convolution simulation is tested with the hypothetical case we
discussed earlier, i.e. a system with no vector correlations other than v perpendicular to
j correlation. A pair of simulated angular distributions of images probed by 2+1 REMPI
(one S branch and the other R branch) with VV geometries is generated. The Monte
Carlo sampling method is utilized to directly find bipolar moment sets that can generate

forward convolution simulations to simultaneously fit these distributions.
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The distributions of bipolar moment values with acceptable fits are given in
Figure 4.9. The B2(20), p3(22) and p2(64) moments had relatively sharp distribution of
values and they were closed to the true values of 0, -0.5 and O, respectively. The
BI(44) and B2(42) moments had wider bell-shape distributions, but the averaged
values were still near the true values 0.375 and 0. The rest of the bipolar moments

demonstrated relatively wide and poorly defined distributions.
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In order to obtain fits with sharper bipolar moments values distributions, several
attempts are made to “lock” some of the bipolar moments values to the true values
while randomly generating the others for fitting. We noticed that as we increased the
number of bipolar moments that are simultaneously “locked” during the Monte Carlo
fitting, the bipolar moment distributions became sharper. An example is shown in Figure
4.10. In this case, the p2(20), f3(22) and p2(64) values are locked to be 0, -0.5 and 0,

respectively, during the Monte Carlo search.
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Figure 4.10: Distributions of bipolar moment values obtained directly from the
Monte Carlo based forward convolution fit of the hypothetical case angular
distributions. During this fit, the 3(20), 3(22) and B%(64) bipolar moments are
constrained to their true values.

The reason for the wide distribution of bipolar moment values is that the full set

of nine bipolar moments will form an underdetermined system. In the fittings we
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demonstrated in this chapter, we usually simultaneously fit angular distributions from
either two images (with VV detection geometries , one with S/O branch REMPI and the
other with R/P REMPI) or three images (single rotational branch, each image with a
different detection geometries VV, VH and HV). In both scenarios, all the fitted angular
distributions can be fully determined by a set of six image anisotropy parameters S£¢.
This means that the set of nine unknown bipolar moments is underdetermined by the
six experimental image anisotropy parameters 5f¢. Thus by constraining the values of
three or more of the bipolar moments while floating others, the system becomes fully-
determined and the distributions of bipolar moment values are sharper. Considering the
fact that in real applications, constraining the bipolar moments is not always an
acceptable approach, we suggest using the Monte Carlo method to search for linear
combinations of limiting cases, instead of directly searching for all nine bipolar
moments, because the limiting cases can lower the degrees of freedom of the bipolar
moments.

The bipolar moment value distributions from the Monte Carlo method test on the
hypothetical case also provide information about the sensitivity of the simulation on
each of the nine bipolar moments. As discussed before, the p3(20), 3(22) and B3 (64)
values all had relatively sharp distributions of values. This means that the simulated
angular distributions are generally more sensitive to these bipolar moments than the
others. We also noticed that the 52(02) moment had a significantly wide distribution of
values. In fact, the values span over almost the entire domain. This means that the
simulated angular distributions are generally quite insensitive to the g2(02) moment.
This can be rationalized by the fact that in the 2+1 REMPI Equations, the coefficients for

the p2(02) moment are relatively small compared to those for the other bipolar
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moments, especially those of the high order bipolar moments. This is not too surprising
because for a two-photon REMPI process, the high order bipolar moments can play a
significant role in the angular dependence of the probed signals.

As discussed above, the simulated angular distributions are generally less
sensitive to the bipolar moments p2(22), p2(24), Bé(44), B3(44). These bipolar
moments resulting from the forward convolution methods generally have larger error
bars when compared to low order moments like g2(20) and BJ(22). Besides, p2(22),
B2(24), B2(44) moments are not as physically intuitive, and thus do not lead
themselves to easy a priori prediction for particular systems. Due to the lack of available
experimental results for these moments, we are unable to evaluate the precision of
these bipolar moments from our method. We have, therefore, not performed extensive
analysis of the results for the higher order bipolar moments derived from our new
method and we suggest caution should be used when interpreting the high order bipolar
moments from our bipolar moments extraction methods.

We also examined the possible correlations among the bipolar moments,
especially those involving the p2(44) moment, using the resulting sets of bipolar
moments obtained by the Monte Carlo method when fitting the hypothetical case. No
consistent evidence of correlations can be found between BJ(44) and any other
moment. However, we did realize that the gZ(42) moment is consistently correlated to
the 52(02) and 2(22) moments. We know that one high-j approximation for the 2 (42)

moment is given as:

B3(42) = = p3(02) — = 3 (22) (4.3)
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by calculating the 7/12 p2(02) — 5/12 p2(22) value for each set of bipolar moments and
plotting them against the pZ(42) values, we obtained the linear relations shown in

Figure 4.11. The linear relation indicates that
5
—B3(42) = Zp3(02) — = BE(22) (4.4)
which is reasonable because based on Equation (4.3), the non-zero sum of $2(02) and

£3(22) moments combination will be compensated by the gZ(42) moment values and

the overall result is the true value 0.

7/12 B3(02) — 5/12 B3(22)
0.8 -

. Bi(42)

Figure 4.11: The correlation between the B3(42), f3(02) and B%(22) moments.

We also noticed that the 52 (64) moment is consistently correlated to the 52 (24)

and BZ(44) moments. The high-j approximation for the gZ(64) moment is given as:
96



B3(64) = -, p3(24) — = B2(44) (4.5)
However, by calculating the 11/14 p3(24) — 3/14 p2(44) value for each set of bipolar
moment and plotting them against the 2 (64) values, we did not find the similar result

like Figure 4.11. The reason is still unclear.
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CHAPTER V

PHOTODISSOCIATION DYNAMICS OF OCS NEAR 214 NM’

Carbonyl sulfide (OCS), the most abundant sulfur containing compound in the

atmosphere,*®

is emitted into the troposphere by both biogenic and anthropogenic
sources. The burning of biomass and natural gas and the oxidation of dimethyl sulfide
and carbon disulfide account for the majority of OCS production.'? 1% OCS is relatively
inert with a global lifetime of 3.7 years in the troposphere, resulting in partial transport to

the stratosphere where the lifetime is 63+15 years,*** *%

with photolysis as the major
loss pathway. The UV absorption spectrum of OCS shows a broad Gaussian-like peak
near 223 nm with weak vibrational structure.'®*° An absorption spectrum is shown in
Figure 5.1. The lowest energy levels in linear OCS are the ground 'Z* state and the
excited 'Y and 'A states. Transitions from the ground state to '>” and 'A states are
forbidden by symmetry for linear OCS. Upon bending, the 'X* state becomes 1'A’
(called X by Schmidt et al,*** whose naming we will follow). The 'S state becomes 1'A”
(B) on bending, and the 'A state splits into a Renner-Teller pair 2'A’ (A) and 2'A" (C).
The A and B states have shallow wells at bent geometries, and dissociate directly. The
C state and the very similar 2°A" (c) state have deep wells at linear or nearly linear
geometries and are quasibound. Transitions in bent OCS from the ground state to the A

and B states contribute the smooth main part of its first absorption band, and Schmidt et

al. concluded that transitions to C and c produce the superimposed vibrational

: Reprinted from “W. Wei, C. J. Wallace, G. C. McBane and S. W. North, The Journal of
Chemical Physics 145 (2), 024310 (2016) ”, with the permission of AIP Publishing.
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structure.™! The recent experimental study of OCS photodissociation at 210 nm
showed that the triplet ¢ (2°A") state can significantly contribute to the dissociation

dynamics.**?

Wavelength (nm)
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Figure 5.1: Absorption cross section (in logarithmic scale) as a function of
wavelength for OCS at 225 K. Data adapted from Sander et al. **3

There are two sulfur product channels in OCS photodissociation,
OCS(*z") = CO(*Z", v, j) + S(*Dy) (5.1)

> CO(*z', v, j) + SCPy) (5.2)
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with the singlet channel (1) dominant at all wavelengths studied. At 222 nm,
approximately 94% proceeds to the singlet channel.*** We examine the singlet pathway
in the present work.

The CO bond length is only 3% shorter in CO than in OCS, and the dissociation
produces a cold CO vibrational state distribution. Sivakumar et al. observed no
vibrationally excited CO following photolysis at any of 222, 235, and 248 nm and gave
upper limits of 2% v=1 at 222 nm and 6% at 235 nm.***> Sato et al. also detected no v>0
CO."® Rijjs et al. did detect a small amount of v=1 CO at 230 nm, but did not give a
quantitative estimate of the branching ratio.'*” Lee et al. saw hints of vibrationally
excited, possibly including v=4, CO following 193 nm dissociation.**®

Strong bending forces on the A and B state surfaces during the dissociation
result in rotationally excited CO fragments. Sivakumar et al. were the first to observe the
highly excited and bimodal rotational state distribution at 222 nm, with a main peak at
j=56 and a subsidiary maximum at j=67."*> Subsequent work by other groups showed
that the bimodal character persists for photolysis wavelengths between 248 and 193
nm.%?> M>19 As the excitation energy increases, the higher-j peak becomes more
pronounced, both components of the rotational distribution shift to higher j, and the
spacing between the two components diminishes. By 217 nm the two rotational
distributions partially coalesce,**® and at 193 nm the high-J peak is the largest.'® At
288 nm in the far red wing of the absorption band, little excess energy remains for
rotational excitation.**°

Product angular distributions 1(8) have been reported at several dissociation
wavelengths.%> 114116118123 Thage are characterized by the spatial anisotropy parameter

B according to I(8) «< 1 + SP,(cos 8) where P, is the second Legendre polynomial and 6
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is the angle between the outgoing fragment velocity and the polarization vector of the
photodissociating light.**#* For dissociation of bent but rotationless OCS, absorption to
an A" state will necessarily produce g = —1, while absorption to an A’ state may
produce any value of § between 2 and -1 depending on the orientation of the transition
dipole in the molecular plane and the extent of non-axial recoil. Most experiments
indicate that 8 generally increases with CO rotational state, from relatively small positive
values at the lowest populated j state to near the limiting value of 2 in the upper part of
the rotational distribution. At 288 nm the slightly lower-energy B state dominates the
absorption and 8=-0.7.*%°

Sivakumar et al. also measured the CO rotational alignment, the distribution of
CO angular momentum vectors j with respect to the polarization vector p of the
photolysis light.*> The p-j correlation is the experimental observable best suited to
distinguish between products formed via A’ or A" state excitation. Conservation of
angular momentum constrains v to be perpendicular to j for photodissociation of a j=0
triatomic molecule. Since p lies in the OCS plane for the A’ state excitation, p and j
must be perpendicular, while for the A" state excitation u and j must be parallel.
Therefore, determination of the p-j correlation can provide quantitative information
regarding the relative contributions of the two product channels. Sivakumar et al. made
the only previous measurements of this quantity for OCS, at 222 nm, and used them to
estimate the fractional contributions of different electronic states as a function of product
rotational state.™™ In this work we report new measurements of CO rotational alignment
for dissociation near 214 nm.

The current understanding of OCS photodissociation dynamics in the first

absorption band indicates that absorption to the A and B states play roughly
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comparable roles in the lower part of the rotational distribution,®: *** %9

while the upper
part is contributed by absorption to the A state followed by non-adiabatic transitions to
the ground state. Non-axial recoil is important for both A and B state dissociations. The
transition moment for the A-state absorption, which must lie in the triatomic plane, is
displaced from the OCS axis by 30-40 degrees, compensating for non-axial recoil and
yielding B parameters near 2 despite its presence.’® '? Absorption to the B state
necessarily produces B=-1 for nonrotating OCS. The variation in 8 across the lower part
of the rotational distribution reflects the relative contributions of the A and B states and
their slightly different rotational distributions. The crucial transition dipole functions are
relatively difficult to calculate accurately with electronic structure methods,*** and the
relative contribution of A and B states has therefore been the slowest part of the
dynamical picture to come to consensus.

In this work we report experimental product state distributions, angular
distributions, and rotational alignments for OCS photodissociation dynamics near 214
nm, extending previous similar measurements to shorter wavelength. The rotational
distributions of the CO product for both v=0 and v=1 measured using 2+1 REMPI are
bimodal but only partially resolved, reflecting the merging of the two rotational
components that are resolved at longer wavelength. S(*D,) images were collected to
confirm the CO rotational distributions. The spatial anisotropy distribution obtained from
the S(*D,) image indicates that 8 increases in value from low j to high j, consistent with
results at longer wavelength. CO fragment vector correlations including rotational
alignments confirm that both 2'A’ and 1'A" absorptions contribute to the low |

component while the 2'A’ state is the main contributor to the high j component. Most of
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the experimental results agree satisfactorily with corresponding surface-hopping

calculations.

Product Internal State Distributions
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Figure 5.2: 2 + 1 REMPI scan of the CO S-branch from the one color
photodissociation of OCS. The experimental data (upper trace) shows the clearly
resolved v=0 and v=1 components. Simulated spectra for the v=0 (black) and v=1

(red) contributions are shown below. Figure reproduced from Wei et al. JCP, 145,
024310 (2016).

A representative experimental 2+1 E-X REMPI scan of the CO fragment arising
from OCS photodissociation near 213.5 nm is shown in Figure 5.2. Two-color imaging

experiments probing the S(*D,) fragment indicated that the small change in dissociation
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wavelength, over a region similar in range to that of Figure 5.2, did not yield measurably
different CO rotational populations. We therefore believe that the one-color
measurements can be used to determine the CO rotational distribution over the narrow
range of wavelengths employed. In the CO REMPI spectrum there are two clear sets of
peaks corresponding to transitions associated with the (0,0) and (1,1) bands. The
simulated (0,0) and (1,1) bands are shown as black and red respectively in the lower
panel of Figure 5.2. The observed rotational states range from j=48-76 for the (0,0)
band and j=50-69 for the (1,1) band. Quantitative comparison of the simulated REMPI
spectrum with the experimental data required optimization of spectroscopic constants in
order to obtain reasonable fits for both transitions. The spectroscopic constants were
determined by fitting the peak positions to

Epy = [Ty + B'j'G'+ 1) = D'yj"2(G" + D? ] = [B"j"("+ 1) — D",j"G" + 1)*] (5.3)

The initial B,", D,", B,’, D,’, Toofor v=0 and v=1 were taken from Baker et. al.*** T,; was

I 124 [ 125

calculated by taking the difference of T, from Baker et a and vy from Plyler et a
Using these values as a starting point, all of the parameters were optimized resulting in
effective spectral constants for the X and E states. The final values used in the spectral

simulations are shown in Table 5.1.
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Table 5.1: The spectroscopic constants used to both fit the CO 2+1 REMPI
spectra and simulate the sulfur speed distribution. All values reported are in cm™.

BV" DV" BV, DV' TVV

=0 1.8889 5.477x10°® 1.9312 | 5.908 x10° | 92929.95'%*

v=1 1.8924 | 6.1244x10° | 1.9261 | 7.1526x10° 92939.7*

*T,, was calculated by taking the difference between Ty (95081.9 cm™) from Baker et

al.** and v, (2143.2 cm™) from Plyler et al.'®

Simulations of the REMPI of the (0,0) and (1,1) bands are shown with solid
black and red lines, respectively. Several of the peaks associated with the individual
vibronic bands overlap in the spectrum, making a determination of relative intensities
difficult. In order to determine the relative populations of the overlapping peaks, we
collected CO ion images at wavelengths corresponding to the overlapping states: at
213.458 nm (j=64 v=0 and j=68 v=1), 213.478 nm (j=63 v=0 and j=67 v=1), 213.615 nm
(j=58 v=0 and j=61 v=1) and 213.641 nm (j=57 v=0 and j=60 v=1). The relative intensity
from each overlapped feature is obtained by integrating the intensity of each
contribution. The non-overlapped v=0 and v=1 transition peaks were fit directly. The
overall v=1 population is estimated based on the peak area of all the peaks from v=1

transitions over the sum of the peak areas from both the v=1 and v=0 transitions,

Yj=0p=110)
Yj=0v=0 1)+ Xj=op=110J)

Pv=1) = (5.4)

The simulated spectrum is in good agreement with the experimental REMPI spectrum.

The consistent trend of transitions rules out possibilities of isolated perturbations. The
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Franck-Condon factors of (0,0) and (1,1) bands, computed using Morse potentials for
the E and X states,*® differ by less than 4%. However, a smooth competition between
predissociation and ionization can still not be eliminated. A difference in ionization
probability between v=0 and v=1 CO could affect the fraction of v=1 determined via

Equation (5.4). No attempts are made to correct for these issues.
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Figure 5.3: S branch CO ion images with their corresponding speed distributions
and simulations at 213.478 nm on the left and 213.615 nm on the right. The inner
rings originate from v=1 CO while the outer rings originate from v=0 CO. The top
panel corresponds to j=63 for the outer ring and j=67 for the inner ring and the
bottom panel corresponds to j=58 for the outer ring and j=61 for the inner ring.
Filled circles are for the experimental speed distribution, while the solid lines
show the simulated speed distribution. Minor contributions of CO products
originating from vibrationally excited parent OCS are also shown and their
locations are marked by arrows. Figure reproduced from Wei et al. JCP, 145,
024310 (2016).%°
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Figure 5.3 shows two images of one color dissociation at wavelengths
corresponding to the overlapping states. Features corresponding to CO (v=0, j) (outer
ring) and CO (v=1, j) (inner ring) products are clearly resolved. The ion images shown
have been symmetrized and their corresponding speed distributions (filled circles) from
reconstructed images are also shown in Figure 5.3. The relative contributions of v=0
and v=1 to each overlapped peak can be determined by integration of the
corresponding features. In addition, the comparison of the speeds associated with the
CO v=0 and v=1 components can be used to provide confirmation of the rotational state
assignments. Gaussian peaks were used to simulate the speed distributions in Figure
5.3, using speeds derived from energy conservation. Based on this analysis we are
confident of the final state assignments employed in the spectral simulations. In Figure
5.3, very weak features are observed near 1550 m/s and 1700 m/s consistent with
vibrationally excited OCS parent (v,=1) producing CO (v=0, ) fragments. Minor features
corresponding to vibrationally excited parent are also present for the v=1 CO product
channel. The simulated v=1 CO product originating from vibrationally excited parent
OCS appears at 950 m/s and 1250 m/s for the upper and lower images respectively.
Previous studies® 2% 123 12712 haye observed contributions from the photodissociation
of vibrationally excited OCS, which are most pronounced at the highest CO rotational
states, suggesting that initial parent bending leads to greater final CO rotation. Our
observations are consistent with these reports. Based on the intensities of the rotational
lines, we find a v=1 contribution of approximately 21% which is larger than the
theoretical prediction of 13.2%.% The values reported here are from trajectories
including surface hopping, while those reported in McBane et al.*® are from quantum

calculations without coupling to the ground state.
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Figure 5.4: CO Rotational distributions associated with v=0 (upper panel) and v=1
(lower panel). In both panels, the experimental data are shown with filled circles
and compared to the results of classical trajectory calculations (solid lines). The
computed contributions from the A/X and B pathways are shown with blue and
green lines respectively for both v=0 and v=1 CO products. The rotational
populations have been normalized and scaled. Figure reproduced from Wei et al.
JCP, 145, 024310 (2016).%°
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Figure 5.4 shows the CO rotational distributions from photodissociation near 214
nm. The experimental population for each CO rovibrational state was obtained from the
fited 2+1 REMPI spectrum shown in Figure 5.2. The experimental rotational
populations have been normalized and are compared to classical trajectory/surface
hopping calculations. The computed population contributions to each CO vibrational
state from the A/X and B pathways are also shown. The A/X component includes any
product that originated in the 2'A’ state, while the B pathway is for products from the
1'A" state. Previous studies at longer wavelengths reported a clear bimodal distribution.
At wavelengths near 214 nm, however, the two components have almost coalesced,
although there are clearly two features present. For v=0 products, the lowest rotational
state observed is j=48. The results from the trajectory calculations match the maximum
in the experimental population distribution, although there are some differences at the
highest states. The calculations overestimate populations near j=65 and underestimate
those for j>70. The experimental CO v=1 rotational distribution is qualitatively in
agreement with calculated results and the shift of the distributions to lower j is well
reproduced. The rotational population starts at higher j and ends at lower j than the v=0
rotational distribution. If we lower the 1'A” (B) state rotational population contribution, or
even remove the 1'A” (B) state contribution, the adjusted computational rotational
distribution can fit the experimental results much better. This fit is also supported by
preliminary experimental measurements of vector correlations of v=1 CO fragments

from the North group.**®
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S ('Dy,)

Figure 5.5: A DC sliced S(*D,) ion image arising from OCS photodissociation at
214.2 nm with a VH geometry. Figure reproduced from Wei et al. JCP, 145, 024310
(2016).%

In order to confirm the rotational distribution derived from the CO REMPI, we
collected ion images of the S(*D,) fragment. Both DC sliced and crushed images were
obtained and analyzed. Figure 5.5 shows a typical DC sliced S(*D.) image arising from
OCS photodissociation at 214.2 nm with a vertically polarized pump laser beam and a
horizontally polarized probe laser beam. The clear ring-pattern structure in the image
corresponds to specific rotational states of the coincident CO fragment due to energy
conservation, given by

Eavail =hv - D00 + Eint(OCS) = Eint(co) + Eint(s) + Etrans (5-5)
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where E,,.j IS the available energy of photochemical products; hv is the dissociation
photon energy; Dy, is the dissociation energy of OCS; E;,:(0CS), E;,:(CO), E;,:(S) are
internal energy of OCS, CO, and S respectively; and E.,,s iS the translational energy of
two fragments. We employed a value of Dy, of 34641 cm™ based on the work of
Komissarov et al.? The S(’D,) speed distribution derived from Figure 5.5 is shown in

Figure 5.6.
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Figure 5.6: The speed distribution derived from the DC sliced S(*D,) image shown
in Figure 5.5. The simulation consists of two components based on the rotational
distributions from the REMPI spectrum, v=0 in green and v=1in red. The v=1
population of 21% is shown which was obtained from the REMPI spectrum.
Figure reproduced from Wei et al. JCP, 145, 024310 (2016).%
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The CO vibrational distribution can also be extracted from the sulfur images.
Forward convolution simulations (solid black) using the optimized CO rotational state
distributions for both the v=0 (green) and the v=1 (red) components derived from the
CO REMPI spectra are shown in Figure 5.6. The ratio between the v=0 and v=1 states
was adjusted in order to find the best fit to the sulfur speed distribution. The best fit,
shown in Figure 5.6, resulted in a v=1 contribution of 21+8%, in excellent agreement
with the result obtained from the REMPI spectrum.

The trajectory calculations predict that the v=1 population should be small but
increase as the wavelength becomes shorter. The calculated populations in v=1 from
McBane et al. are 2.3%, 2.7%, 4.7, 13.5%, and 13.2% at 248, 235, 230, 222, and 214.5
nm respectively.”® The values reported here are from trajectories including surface
hopping, while those reported in McBane et al.* are from quantum calculations without
coupling to the ground state. The calculations therefore underestimate the 214.5 nm
vibrational population modestly.

The 21% v=1 population found here is more surprising because of its
discordance with experimental results at other wavelengths. Several groups**® ™" have
detected CO following 230 nm dissociation using 2+1 REMPI through the B state; it is
not too surprising that most of those experiments did not observe highly rotationally
excited CO, since the B state is predissociated in v=1 above j=17, and more strongly
predissociated above j=37."*! Rijs et al., using the same technique with photoelectron
detection, did see a very weak spectrum corresponding to the Q branch of the (1-1)

d.'” The absence of rotational resolution in that spectrum, while the

ban
spectroscopically similar (0-0) band nearby was fully resolved, further indicates that

predissociation at high j limits the sensitivity of the B-X REMPI probe. The 217 nm
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experiment of Sato et al. used CO REMPI through the C state on a Q branch.*® In that
spectrum the (1-1) band can be expected to be hidden under the (0-0) band, except for
the j<50 tail of the v=1 rotational distribution. In fact there is a small tail extending to
lower j in their published spectrum between 217.45 and 217.5 nm that may well be the
(1-1) band. However, the 222 nm experiment of Sivakumar et al, using one-photon laser
induced fluorescence through the A state, should have been sensitive to v=1 CO, and
that group found no v=1 during “extensive searches”.'*®

Several other groups®® 9 123 129 132 haye depended on REMPI of the sulfur
atom, and extracted CO internal state distributions from the sulfur speed distributions. In
those experiments it is hard to identify v=1 unless the sulfur speed distribution is fully
rotationally resolved, as is evident in Figure 5.6; the slower atoms correlated with v=1
tend to merge with similarly slow atoms coincident with higher rotational levels in v=0.

In our experiment, predissociation or dissociative ionization of the E state during
REMPI detection are also possibilities; these effects have been reported at j<31.%7 %12
The C" yield from CO" is j-state dependent and is not negligible near j=20. However, the
influence of predissociation or dissociative ionization at j>50 has not been reported.
Attempts were made to search for C* but no signal was detected, so we conclude that
the yield of C* is unlikely to be significant. The v=1 level in the E state is more likely
than v=0 to suffer these effects so they would probably cause an underestimate, rather
than an overestimate, of the v=1 population.

We conclude that the branching ratio into v=1 changes substantially between
222 and 214 nm. Our trajectory calculations, and the quantum calculations reported in

McBane et al.*®, do suggest a fairly steep rise (a factor of about 3) in the v=1 population

between 230 and 222 nm. One possibility is that the steep rise does occur, but at
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somewhat shorter wavelengths, so that the small v=1 population at 222 nm was below
the detection limit of the LIF experiment but the v=1 yield rises to more than 14% by 214
nm.

Evidence against this hypothesis is that preliminary, unpublished two-color
experiments have detected substantial v=1 product from 230 nm photolysis using the
214 nm E-state probe technique. Figure 5.7 shows a representative image from the two
color experiments. By calculating the speed from energy conservation, the four rings
shown in this image can be interpreted. The outer two rings came from 213.804 nm
photodissociation, probed by the same wavelength. The inner two rings came from
230.2 nm photodissociation, probed by the 213.804 nm laser. The v=0 and v=1
component of the CO E-X S branch REMPI overlap at this probe wavelength. Thus the
outer most ring came from ground vibrational CO (j=51) and the one inner to it came
from vibrationally excited CO (j=53). Similarly, the second to the most inner ring came
from ground vibrational CO (j=51) and inner most ring came from vibrationally excited
CO (j=53). This clear signal of the inner most ring demonstrated that vibrationally
excited CO fragments from 230 nm photodissociation exist and the vibrationally excited

CO branching ratio at 230 nm is probably higher than previously believed.
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Figure 5.7: A crushed CO ion image probe by S branch E-X REMPI, arising from
both OCS photodissociation at 214 nm and at 230 nm with a VV geometry.

Given the surprising inconsistencies among the different observations we must
regard the wavelength dependence of the product vibrational distribution as an open
guestion warranting further investigation. Our experiments clearly indicate that 214 nm

dissociation produces a non-negligible amount of v=1 CO.

Computed Rotational Distributions and Interpretation
The computational chemistry calculations are conducted by Dr. George C.

McBane.
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The classical calculations were carried out as described in references by
McBane et al.®® ***  using the empirically modified adiabatic surfaces for the A and B
states described earlier®. Schmidt and Olsen recently found, using a two-dimensional
study with accurate electron correlation methods, that the empirical modification to
those surfaces was at least qualitatively reasonable.® As in McBane et al.®®, the total
energy was reduced by 0.1 eV in order to compensate for unphysical distribution of the
CO zero point energy into product rotation. To model photodissociation at 214.5 nm
from the ground state of OCS whose zero point energy is 0.245 eV, initial conditions
were therefore selected to have total energies within 0.01 eV of 5.925 eV. Composite
properties arising from trajectories on both A/X and B states were computed as

described in Section V.A of McBane et al.®®

, using a cross section ratio a,/05=2.0 for
214.5 nm.**
Non-adiabatic coupling between the A and X surfaces was modeled with the

trajectory surface hopping method of Tully,** **’

using only the y component of the
nonadiabatic coupling vector. Total energy was conserved at hops by distributing the
change in potential energy “democratically” among the three Jacobi momenta, because
this approach was found to be preferable for computation of angular distributions.**
When the rotational distribution is compared to those at longer wavelengths, a
consistent trend appears: with decreasing photolysis wavelength the two channels
merge together, the high j component increases in intensity, and the rotational
distribution moves to higher j. Our rotational distribution shows a higher contribution
from the 2'A’ channel than Sato et al. found at 217 nm.**® The higher j product channel

(from pure 2'A’ state) at 217 nm is still relatively low in intensity compared to the lower |

channel (from a mixed contribution of both 2'A’ and 1'A" states). In the present work at
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214 nm the higher j component shows comparable intensity to lower j components.
Dissociation at 217 nm yields a rotational distribution that peaks at j=58 and j=65, while
this work shows peaks at j=60 and 70. Trajectory calculations suggest that both of these
differences are due to the shape of excited state potential energy surface. The
rotationally excited products are the result of simultaneous bond breaking and bending.
The molecule starts on the excited state surface in a nearly linear configuration, with y
of just a few degrees, while the A and B states have minima near y=48° and 38°
respectively. During the dissociation the bending potential applies a torque that
increases y (and its time derivative j) until the minimum is reached; after that, the
potential serves to slow the rotation. The differences in dissociation wavelength result in
different starting points for the trajectories on the excited state surface, which eventually
result in different deceleration forces on the OCS bending. As the wavelength of
excitation decreases, excited state molecules start in regions with higher bending forces
and the deceleration effect becomes less pronounced, resulting in products with more
rotational excitation. The non-adiabatic crossing from the 2'A’ (A state) to the 1A’ (X
state) takes place just after the bending of OCS reaches the “deceleration region”, so
that molecules making that transition retain the high rotational angular momentum they
acquired in the initial stages of the dissociation.

The left panels in Figure 5.8 show “phase space plots”, j(t) vs. y(t), for 15
randomly selected trajectories beginning on the A state at 230 and 214 nm. The first
hop from A to X is marked with a dot; segments of each trajectory on the X state are
plotted in red. The surface hops fall into “early” and “late” groups because of the

1

coordinate dependence of the nonadiabatic coupling.'™ At both wavelengths,

trajectories that make early hops and remain on the X state are decelerated less than
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those that complete most of the trajectory on the A state. The early-hop groups
therefore finish with higher j on average. At 230 nm, the early-hop trajectories are
clearly segregated from the others that hop late or not at all, while at 214 nm the
separation is not as clear because the A-state-only trajectories are not as strongly
affected by the angular decelerating force. The right panels give the rotational
distributions from the complete trajectory sets, separated into sets that do make an
early hop and those that do not. The merging of the pure-A component and the non-
adiabatic A-X components of the rotational distribution with decreasing wavelength is
clear. Some trajectories make an early hop to X but hop quickly back to A; those still
feel the decelerating force and are the source of the “tail” that extends to lower j in the

early-hop rotational distribution.
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Figure 5.8: Computational chemistry calculation results. Left panels: Individual
trajectories begun on the A state and propagated with the possibility of surface
hopping to X, plotted in (y,j) coordinates. Portions of each trajectory on the A
state are in black and on the X state are in red, with the first hop from A to X
indicated with ared dot. Right panels: rotational distributions from the entire
trajectory set (50,000 trajectories at each wavelength), divided into two groups
that did or did not hop from A to X while y<1.7. Figure reproduced from Wei et al.
JCP, 145, 024310 (2016).%

Vector Correlations and Contributions of 2'A’ and 1'A” States

We collected a series of CO images to determine the j-dependent relative
contribution from the 2'A’ and 1'A" states. Figure 5.9 shows three CO images acquired
using R-branch transitions that display distinct anisotropy. On the leftmost image, the

outer ring corresponds to j=57, v=0 and shows weak four-fold symmetry, with extra
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intensity at the 90 degree image angle. In contrast, the image from j=71, v=0 shows
more pronounced four-fold symmetry, with very low signal intensities at 90 degrees.
The image from j=62, v=0 shows intermediate anisotropy. Image anisotropies result
from linear laser polarization and fragment vector correlations. The linear polarization
provides laboratory frame alignment with the transition dipole moment and preferential
detection of rotational angular momentum vectors. Changes in the image anisotropies

from low j to high j CO images quantitatively reveal changes in vector correlation.

60 . 65 70 75
J

Figure 5.9: R branch CO (v=0) images from different rotational states. The insets

show the corresponding image anisotropy parameters. From left to right images

are taken at 214.291 nm, 214.18 nm, and 214.027 nm. Figure reproduced from Wei
et al. JCP, 145, 024310 (2016).%°
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Angular distributions were extracted from each image by integrating the intensity
over a narrow radial range (5-8 pixels) around the outer edge of each crushed image.
Image anisotropy parameters ¢ are extracted from the measured images and the
results are also shown in Figure 5.9.

j dependent bipolar moments can be calculated from these image anisotropy
parameters.*® 8 8 \We have applied the 2+1 REMPI Equations to conduct direct
inversion and extract full sets of bipolar moments from S and R branch image pairs at
j=58, 62 and 71 (v=0) to study the j-dependence of the vector correlations. The results

are given in Table 5.2.

Table 5.2: Bipolar moments obtained from CO images. Table reproduced from
Wei et al. JCP, 145, 024310 (2016).°°

i 58 62 72
£2(02) 0.03+0.13 -0.33+0.13 | -0.49:0.13
B2(20) 0.14+0.07 0.26+0.07 0.32+0.07

The alignment (p-j) bipolar moment g2 (02) results, shown in Figure 5.10 along
with the calculated prediction, are particularly important. For the dynamics of OCS
photodissociation, the transition dipole moment for 2'A’ (A) state is in the OCS plane
but not alone the C-S bond, while the one for 1'A" (B) state is perpendicular to the
plane. It is difficult to distinguish the g2(20) moment values between the 2'A’ (A) state
and the 1'A" (B) state. The p-j correlation can serve as a clearer indicator of the two

states. The BZ(02) bipolar moment gives limiting values ranging from -0.5 if the
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fragments are from 2'A’ state OCS, to 1 if the fragments are from 1'A" state OCS. We
find values close to the negative limiting case of $3(02) at high j which is consistent with
pure 2'A’ state (u perpendicular to j). At low j 83(02) is close to 0, reflecting a mixture of
the 2'A’ and 1'A” channels. A value of £%(02) near O indicates that the 2'A’ state
contribution is greater than 50% since an equal contribution of the 2'A’ and 1'A” states
should yield a value of 0.25 for f3(02). The calculations predict the trend in 83(02)
values accurately, but give too large an A" contribution at lower j. The error could come
either from inaccuracy in the computed transition moments or in the rotational
distributions predicted for the A and B states. Both problems may be present but the
second is likely to be the main cause of the discrepancy. The potential energy surfaces
used were empirically modified to give good rotational distributions at 235 nm, and we
may expect errors in their predictions that grow as the dissociation wavelength moves

farther from that “anchor” point.
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Figure 5.10: The B%(02) bipolar moment for different rotational states. The
experimental values are represented by the filled circles at j=58, 62, and 72. The
calculation is represented by the black line. Figure reproduced from Wei et al.
JCP, 145, 024310 (2016).%

j-dependent image anisotropy parameters were also derived from a crushed
S(*D,) image. Due to orbital alignment of the S atom, the ,BVVZ parameter is not a direct
indicator of the p-v correlation.**" *#* *# 13 However, the ¥, values derived from the
S(*D,) image show a general trend from near 0 at low j to near 1 at high j which is
consistent with our derived $3(20) values from the CO images.

The inner ring of the CO image on the left in Figure 5.9 corresponds to v=1, j=60
CO products. This inner ring shows more significant four-fold symmetry than the outer
ring (lower j). Anisotropic inner rings are observed in several other CO S branch and R
branch images. The vector correlations of vibrationally excited CO photofragment will

be an interesting future project.
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Although the measured bipolar moments can be affected by depolarization due
to initial parent rotation, no attempt was made to correct the values to account for
depolarization. We anticipate that following supersonic expansion, the OCS parent has

low rotational temperature.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK’

In this dissertation, a new method for analyzing sliced or reconstructed non-
sliced velocity map ion images detected with 2+1 REMPI, as an extension to the
previously published 1+1 REMPI Equations by Grubb et al.** ®, was presented. These
equations can be used to extract vector correlations arising from photodissociation
reactions from the anisotropy of experimental ion images. We have shown that the 2+1
REMPI Equations can either be used to numerically solve for bipolar moments in some
special systems using direct inversion or to generate simulated angular distributions by
forward convolution. The forward convolution simulation can either be used to fit the
experimental results manually, or with Monte Carlo sampling. This method utilizes
images from three laser polarization geometries (VV, VH, HV) or two VV single
geometry from two different REMPI branches (S/O and R/P). Experimental 2+1 REMPI
images from OCS and NO, photodissociation analyzed with our method resulted in
bipolar moments consistent with previous experiments and theoretical calculations. We
also demonstrated that the 2+1 Equations can be applied in Q-branch 2+1 REMPI with
specific detection sensitivity factors sy. Lastly, we simulated a hypothetical case with no
spatial anisotropy and with v-j correlations. In this case, we demonstrated that although
in certain conditions it is acceptable to apply the 1+1 REMPI Equations to images

detected with 2+1 REMPI, such application cannot be universally applied.

Part of this chapter is reprinted from “W. Wei, C. J. Wallace, G. C. McBane and S. W.
North, The Journal of Chemical Physics 145 (2), 024310 (2016) ”, with the permission of
AIP Publishing.
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Simulated data was also used to evaluate the sensitivity of the forward
convolution simulations on the bipolar moments. We find that the analysis is sensitive to
subset of bipolar moments: some bipolar moments 2(20), B3(22) and p2(64) are more
sensitive than the others. The 52(02) moment is much less sensitive to experimental
measurements. The distributions of all of the bipolar moment values become narrower
when simultaneous fits to more experimental angular distributions are performed, as the
system’s degrees of freedom decreased. Thus the approach of using linear
combinations of limiting cases to constrain the fitting was a more stable method for the
forward convolution simulations.

Velocity map ion imaging experiments are utlized to study OCS
photodissociation in the 214 nm region. Product distributions were measured by probing
both CO and S(*D.,) fragments. One color laser photodissociation and 2+1 REMPI
probing the E-X transition were conducted to obtain a rotational distribution of CO
products for both v=0 and v=1. Two color S(*D,) images show a rovibrational product
distribution consistent with the one from the CO REMPI. The rotational distributions for
both v=0 and v=1 CO show two components that are shifted toward higher j compared
to longer dissociation wavelengths and nearly coalesced. The v=1 CO rotational
distribution generally has the same shape, but is shifted to lower j by 2-3 quanta.

Dr. George McBane conducted classical trajectory calculations including surface
hopping, which reproduce the measured CO rotational distributions and their
dependence on wavelength well, though the v=1 population is underestimated. The
calculations indicate that the highest j peak in the rotational distribution arises from
molecules that begin on the 2'A’ state but make non-adiabatic transitions to the 1'A’ (X)

ground state and consequently avoid the rotational deceleration caused by the inner
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wall of the bending potential of A-state OCS. The medium-high j peak arises from
dissociation on the 2*A’ state. The lower j peak arises from incoherent excitation to 2'A’
or the 1'A” states followed by direct photodissociation on those surfaces, as found in
previous work.

As an application of the newly developed method, vector correlation information
in the form of bipolar moments was extracted from signal images using a new
procedure suitable for 2+1 REMPI measurements in a single polarization geometry on
multiple spectral branches. The resulting moments, in particular the rotational
alignment of product CO, are consistent with the scalar property measurements and
computational results, which indicate a substantial contribution of 1'A" absorption to the
lower-j part of the rotational distribution.

There are some possible improvements for the application of the new method
discussed in this work. The current method of forward convolution simulation involves
linear combinations of limiting cases generating bipolar moments. It has been discussed
in Chapter Ill and Chapter 1V that 59(44) moment generated from limiting cases will not
span over the full range of physically meaningful values. The reason for the
incompleteness of these five limiting cases is unknown. It is worth investigating whether
there are any extra limiting cases which represent the two photon transition process of
the 2+1 REMPI detection.

Another issue with the forward convolution simulation approach is that currently
it is conducted by either manual adjustment of parameters or with Monte Carlo sampling
of the parameters. The Monte Carlo sampling presented here does not include any type
of optimization. When sampling for simultaneous fitting of multiple images, it takes a

considerable amount to time to obtain a single acceptable fit. Since the parameter
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space is large, significant computing time is wasted on parameter combinations far from
the optimized ones. Possible improvements can include optimization: each iteration of
Monte Carlo sampling only sample some parameters (not all) at a time. The computer
then evaluates the fitting after each search, then accepts or rejects the fit based on
whether the chi square residual is reduced from the last iteration, instead of a pre-
determined chi square residual. Certain established algorithms, like the Nelder—Mead
method (Amoeba method) or evolutionary algorithm can be utilized to improve efficiency
and avoid overfitting or local minima.

Another potential aspect of improvement is to increase the sensitivity of the
image anisotropies to W-j and v-j correlations. The anisotropy of an image is the
combined result of y-v, g-j and v-j correlations. In certain cases (like OCS), one is more
interested in the W-j correlations instead of resolving all of the vector correlations. In
such cases, it is better to be able to reduce the effects of py-v correlations and make the
experimental observation more sensitive to g-j correlations. Such methods have been
developed when using Doppler profile to study vector correlations, like magic angle
detection, or adding two perpendicularly and one parallelly detected Doppler profiles

together to eliminate the contribution from p-v correlations,®

or adding two R/P
branch and one Q branch profile of the same detection geometry to experimentally
eliminate influence of v-j correlations in certain conditions.

One issue with the current OCS photodissociation is the vibrational branching
ratio of CO fragments. This work reported a v=1 branching ratio of 21% which is
significantly higher than previous results. It will be interesting to review the previous

observations of vibrationally excited CO at different wavelengths. Does the vibrational

excitation product channel open over a narrow range of wavelengths, or is it a gradual
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transition? Previously, Rijs et al.'*’ has reported trace amount of v=1 CO fragments
although a branching ratio is not determined. Similar results have been repeated in the
North group. Further investigation is needed to determine the vibrational branching ratio
at 230 nm.

The origin of vibrationally excited CO fragments is still not clear. The
calculations from Dr. McBane indicate that the v=1 CO products go through dynamics
similar to v=0 products, i.e. both 2'A’ (A) or the 1'A” (B) states are involved in formation
of low j products, while high j products arise from molecules from the 2'A’ (A) or the 1'A’
(X) state. As mentioned in Chapter V, the computational rotational distribution for
vibrationally excited CO does not match quantitatively well with experimental results.
However, an adjusted computational rotational distribution with no 1'A” (B) state
involvement can fit the experimental results much better. This fit is also supported by
preliminary experimental measurements of vector correlations of v=1 CO fragments
from the North group.™® Further experimental and theoretical investigation is still

needed.
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