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Abstract

An Investigation of Polarized Atomic
Photofragments using the

Ion Imaging Technique

by
Allan Stephen Bracker

Doctor of Philosophy in Chemistry
University of California at Berkeley
Professor Yuan T. Lee, Chair

This thesis describes measurement and analysis of the recoil angle depen-

dence of atomic photofragment polarization (atomic v-J correlation). This property

provides information on the electronic rearrangement which occurs during molecular
photodissociation.

Chapter 1 introduces concepts of photofragment vector correlations and re-
views experimental and theoretical progress in this area. The correlations of interest
include the velocity anisotropy, angular momentum polarization, and the more de-
tailed v-J correlation. Special attention is given to polarization of atomic angular
momentum.

Chapter 2 describes the photofragment ion imaging technique, which we have
used to study the atomic v-J correlation in chlorine and ozone dissociation. With this
technique, a three-dimensional velocity vector distribution of state-selectively ionized
photofragments is mapped into a two-dimensional spatial distribution. Photofrag-
ments are ionized with a resonant multiphoton technique, which also provides sen-
sitivity to angular momentum polarization. This polarization is observed as small
modulations in the ion images, which depend on the probe laser polarization and on

the symmetry of the chosen spectroscopic probe transition.



Chapter 3 outlines a method for isolating and describing the contribution
to the image signal which is due exclusively to angular momentum alignment. This
method is based on recently-developed theoretical tools in combination with well-
known two-photon linestrength expressions. We show that four molecular excitation
processes—parallel and perpendicular incoherent excitation and two types of coher-
ent excitation—each contribute a unique spatial structure to the ion images. These
mechanisms are represented by a set of alignment anisotropy parameters, which are
analogous to the familiar vélocity anisotfopy parameter 8.

Ion imaging results are presented and discussed in Chapter 4. We show that
the alignment contribution to image_é of ground state chlorine atom ph.otofra.gments
results primarily from a perpendicular optical excitation in the parent Cl; molecule.

In. order to.adequately simulate the data, it was necessary to include contributions

from.both incoherent and coherent excitation. We also argue that nonadiabatic tran-

sitions must have occurred in the asymptotlc region of the molecular potential energy

curves. Preliminary measurements of polarized O(*D;) from ozone dissociation show

a strong polarization effect, which depends on the vibrational state of the O, partner -

fragment.

Chapter 5 discusses a different set of experiments on the three-fragment
dissociation of azomethane. We measured appearance times and kinetic energy release
for two vibrational quantum states of the methyl radical photofragments and have
characterized multiphoton processes which would otherwise complicate the analysis
of these data. The results are consistent with a previously proposed mechanism of a

concerted dissociation following randomization of internal energy.
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Chapter 1

Introduction

1.1 Perspective

Scientists are accustomed to describing the potential benefits and broader
implications of their work to funding agencies, friends, and interested citizens. Pre-
sumably this task is straightforward for engineers and applied scientists, whose work
is closely related to immediate practical benefits. For those engaged in basic research,
it can be more difficult. Most Americans respect the search for knowledge and are
largely supportive of basic science, but their support has practical rather than aca-
demic motivations. Indeed, the modern research establishment is founded on the
expectation that basic science will yield useful results. This view was stated by Van-
nevar Bush in ‘Science: The Endless Frontier’, a 1945 report to President Franklin

Roosevelt:

“On the wisdom with which we bring science to bear in the war against
disease, in the creation of new industries, and in the strengthening of our
Armed Forces depends in large measure our future as a nation.” [1]

For some types of basic research, especially in the fundamental physical sciences, it
is often not obvious what practical benefits, if any, will result. But with sufficient
foresight and creativity, scientists in many fields can imagine some range of useful
products, processes or concepts stemming from their work, even if in the distant

future. The field of chemical reaction dynamics, for example, has important practical
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consequences for areas such as atmospheric and combustion chemistry. Researchers
often appeal to the search for more efficient fuels and cleaner air, which the pub'livc
easily appreciates.

But the reality is that many of the benefits of basic research are rather es-
oteric and not readily 'understandable or appealing to policymakers or the public.
For those of us studying chemical reaction dynamics, it may be possible to describe
the combustion or atmospheric relevance of individual researchkprojects, but in many
“instances this no longer accurately reflects our own motivations or the primary rele-
vance of the research. A more appropriate and honest view is that the major purpose
of basic research is not to generate practical applications for immediate use by society,
but instead to provide the intellectual groundwork for further progress in many areas
} of science. According to this view, the unexplained phenomena of the past; which
were formerly objects of sfudy in their own right, eventually join a powerful array
of concepts that serve as the modern intellectual artillery for further research:. This

philosop-hy was not lost on Bush, who was himself a,n.engineerlz

“As long as [the centers for research] are vigorous and healthy and their
scientists are free to pursue the truth wherever it may lead, there will be -
a flow of new scientific knowledge to those who can apply it to practical
problems in Government, in industry, or elsewhere” [1]

Our understanding of the genetic code, which translates RNA sequences into
proteins, is an intellectual triumph of basic research in the 1960s. Today, this critical
intellectual and practical tool must be understood at some level by anyone involved in
fundamental or épplied biological science. In many physical sciences, the wave nature
of matter is a recurring theme with widespread consequences. These well-known
examples are familiar even to non-scientists, but a much larger set of less familiar |
concepts plays a similar role within narrower subdisciplines. These more modest
discoveries are among the major products of basic research which unfortunately are

known only to the specialists.’

-1Bush’s statement should not be interpreted too narrowly. Bush was a believer in the so-called-
‘linear model of innovation’, where basic science leads to technology in a one-way flow of knowledge.
With the benefit of 50 years of hindsight, it has become clear that more complex feedback processes
occur.
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In the field of chemical reaction dynamics, we are concerned with the micro-
scopic forces and motions which are at play during chemical processes—from reactants
to transition state to products. The motions {or quantum states) of interest include
vibration, rotation, translation, electronic orbital and spin states. In a broad sense, we
can speak of two types of measurable quantities—scalar and vector properties. Scalar
properties consist prima,rily of the energies and populations of the various quantum
states, while vector properties are concerned with the directions and a'nisotropies‘
of motion. The study of these anisotropies and asymmetries in chemical reactions is
sometimes referred to as dynamical stereochemistry [2-4]. For more than twenty years,
two such properties have been a crucial part of the standard repertoire of conceptual
tools for both experimentalists and theorists. The more familiar of the two is the
velocity anisotropy, which serves as a useful indicator of excited state symmetries and
lifetimes. The second is angular momentum polarization (orientation and élignment),
which provides information on the torques acting during collision or dissociation.

The v-J correlation is a more detailed vector property which describes the
recoil angle dependence of the angular momentum polarization. Within the last
decade, this property has become experimentally and theoretically accessible to a
wide range of investigators. For the case of diatomic photofragments, the v-J cor-
relation has joined the ranks of commonly-measured quantities which serve as useful
diagnostics for unraveling photodissociation dynamics. This dissertation is concerned
with a less-familiar type of v-J correlation involving the electronic angular momen-
tum of atomic photofragments. In more familiar language, this property corresponds
to the alignment of the electronic orbitals of an atom produced in the dissociation
of a molecule. Measurements of this property provide information on the electronic
rearrangements which occur during photodissociation. The field of atomic photofrag-
ment polarization has been studied by a small group of specialists since the early
1980s, but only in the past few years has it gained the attention of the wider chemical
reaction dynamics community, largely through reports of the atomic v-J correlation.
It is likely that the demonstration phase of this observable will soon be over, andlthatA

it will reach the threshold to become a convenient tool for investigating molecular

photofragmentation dynamics.
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1.2 Vector Correlations in Photodissociation

1.2.1 Overview

The vectors with which we are concerned are summarized in Fig 1.1. The
polarization jvector E of lineaﬂy polarized dissociation light is frequently chosén'as the
laboratory-fixed Z-axis. For circularly polarized or unpolarized light, the propagation
direction k is chosen. When a beam of light interacts with an isotropic gdé sample,
the polarization anisotropy of the light will be transferred to the gas molecuiles via
- their .tra,nsition moments g, with the shape of the excited transition moment dis-

tribution determined by 'the.excitaticv_)n probability |g - E|?> = cos?8,. A portion of
this anisotropy is subsequently reflected in the laboratory-frame distributions of the
photofr-agment recoil yeldcity_vectOrs‘.v and angular momentum vectors J. The v and
-J anisotropies are strongest -when the dissociation occurs rapidly and are _attenuatéd
by pafént rotation, although some portion of each will survive as a consequence of to-
tal angular moment,_ufn conservation. Finally, and of gfeatest relevance for this work,
there usually exists a correlation between v and J. These three vector correlations
. are summarized ‘s‘chematically in Fig 1.2 and are described in greater detail in the

following sections.

1.2.2 Velocity Anisotropy

The photofragment angular distribution or velocity anisotropy (E-v cor-
- relation) is the most frequently measured vector correlation, since it depends in a
straightforward way on properties which are of fundaméntal interest in photodis-
sociation dynamics—the excited state symmetry and lifetime. The first labofatory
observation of this effect was reported in 1967 by Solomon [5], who directly mapped
the angular distribution onto the inner surface of a glass bulb. The first theoretical
description of the velocity anisotropy was provided by Zare in the 1960s [6, 7]. The
widely-used result of this treatment, vv_'hich can .be derived using either classical or

quantum-mechanical methods, is an expression for the photofragment density as a
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Figure 1.1: Vectors in photodissociation dynamics. The photon, described by propa-
gation vector k and polarization E, interacts with the molecule through its transition
moment p. After dissociation into fragments A and B, the distributions of the ve-
locity vector v and angular momentum vector J are generally polarized in space and
with respect to each other.

- function of recoil angle:

P(6,) x 1+ BP,(cosb,), (1.1)

where the angle 6, is measured between the photolysis polarization vector E and the
photofragment recoil vector v.

The anisotropy parameter § is defined as (Py(cos x)), where x is the angle
between the molecular transition moment and the asymptotic fragment recoil velocity
vector, and the ensemble average is over all dissociating parent molecules. Parameter
B ranges from —1 to 2 for linearly polarized light along the Z-axis. For diatomic
molecules excited to a single dissociative continuum, the transition moment is either
perpendicﬁlar or parallel to the recoil direction, yielding 3 values of —1 and 2, respec- -
tively. Intermediate values of 3 result if the parent molecule has time to rotate before
dissociating or if vthe‘ bond which breaks is not strictly parallel or perpendicular to pu,
which is generally true for polyatomic dissociations. The dependence of 8 on excited
state lifetime was first described in detail by Jonah [8] for diatomic molecules and
was derived later by Yang and Bersohn [9] for polyatomics. -

Translational spectroscopy is the most common method for measuring the

photofragment angular distribution. This technique involves waiting for the fragments
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E

P(6,%,6%)

Figure 1.2: Distributions which describe vector correlations. (a) E-v correlation:
‘velocity anisotropy’ or ‘photofragment angular distribution’. (b) E-J correlation:
laboratory frame angular momentum polarization. (c) v-J correlation. Note that
according to these definitions, (a) and (b) are specific cases of (c).

to become separated in space due to differences in recoil speed and direction, and
then detecting them as a function of position, time, and/or angle. The modern
era of translational spectroscopy for the study of photodissociation started in 1969
with studies by Busch et al [10] and by Diesen, Wahr & Adler [11]. They used
electron-impact ionization on a portion of the neutral photofragment cloud that had
been cored by a small aperture to provide angular selectivity. In combination with
a quadrupole mass spectrometer, this technique has the advantage of béing able
to individually detect all reaction products. For this reason, it remains popular
today as a very general method for the study of photodissociation and bimolecular
collisions [12]. More exotic neutral photofragmeﬁt translational spectroscopies have
led to breakthroughs in ni‘che areas. Welge and coworkers developed a technique
which uses field ionization of Rydberg—tagged hydrogen‘ a,to_m_ photoproduc_t‘s to obtain

unsurpassed kinetic energy resolution [13]. Studies of radical photodissociation [14]
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have been aided by neutralized fast ion beams in combination with sophisticated
imaging detectors [15].

Other forms of translational spectroscopy, which use laser-based photofrag-
menf probes, have the advantage that they provide selectivity for individual photofrag-
ment quantum states, including angular momentum polarization. As of the late 1990s,
the most commonly-used optical probe for translational spectroscopy is Resonance-
enhanced Multiphoton Ionization (REMPI). The ion imaging technique described in .
this dissertation is an example of a REMPI-based translational spectroscopy. Other
investigators have successfully used a variety of other coring, slicing and projection
techniques [16-20]. It is also possible to probe the velocity vector distribution di-
rectly by using a narrow-bandwidth laser to measure Doppler profiles of individual
fragment spectral lines, although strictly speaking this is not a translational spec-
troscopy. The use of Doppler lineshapes for the study of photodissociation was first
discussed by Zare and Herschbach in 1963 [6]. Hall and Gordon have recently reviewed
this widely popular method [21]. Fluorescence and ionization spectroscopies are the
most widely-used probes for Doppler measurements, although a recent frequency-
modulated absorption method has permitted measurements of photofragment vector

correlations at an unprecedented level of accuracy [22].

1.2.3 Angular Momentum Polarization

Angular momentum polarization is another often-measured vector property.
" Like the velocity anisotropy, it is governed by excited state symmetries and lifetimes
but provides a clearer window into the dynamics of transition-state nuclear motion.
Early measurements focussed on angular momentum polarization in the laboratory
frame (E-J correlation). Since the 1980s, the techniques to measure and interpret
the more-detailed v-J correlation have also become well-known, and today this is
the observable of choice when studying angular momentum polarization in gas phase
processes. The following overview of concepts and methods is applicable to both.
The field of angular momentum polarization and vector correlations in general has

been extensively reviewed in recent years [23-25)].
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Figure 1.3 Examples of (a) or'i_entied,la,rid (b) aligned ensembles of angular momentum
vectors. ' o :

- The angular momentum distribution gives the probability of the vector J
pointing in a given direétion. In the common terminology, aligninent .'describes that
porfion of the distribution with invérsion symmetry (e.g. J points more up and down v
than left and right), while orientation corresponds to the part which changes sign
under inversion (e.g. J prefers to point up-vs. down). Quantum mechanically, this
corresponds to |Mj|-state selection vs. Mj-state selection, respectively. These dis-
tinctions are emphasized in Fig. 1.3.

* The theoretical machinery for analyzing angular-momentum-polarized en-
sembles was first applied to experiments in atomic and nuclear physics during the
1950s -[26]. It was not until the 1970s that these techniques found their way into the
chemical physics community, largely by way ‘of a review article by Fano and Macek
[27]. Later articles by Case, McClelland and Herschbach [28] and by Greene and
Zare [29, 30] further paved the way to widespread use. The common formalism de-
‘scribes the angular momentum distribution with a multipole expansion of the density

matrix. In the classical limit of high angular momentum, this becomes an expansion
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of spherical harmonics, and the well-known orientation and alignment parameters A§
are proportional to the expansion coeflicients, i.e.

Al o (Y05, 85))7%% — (JF)IM (1.2)

q

where k is odd for orientation and even for alignment, and the classical ensemble
average is over the J distribution, with (8;, ¢;) specifying the direction of J. For the
common case when the distribution is cylindrically symmetric, ¢ is equal to zero. Fur-
thermore, one-photon dissociation limits & to 0,1 or 2, corresponding to photofragment
population, dipolar orientation and quadrupolar alignment. Finally, as indicated in
Eq. (1.2), the ensemble average is the classical limit of a density matrix average of
the angular momentum spherical tensor opérators JZ‘ .

Measurements of orientation and alignment with optical probes rely on the
fact that anisotropy in the angular momentum distribution implies anisotropy in the
ensemble of photofragment probe transition moments. A wide range of physical and
chemical processes have been probed with optical techniques, including photodissoci-
ation, bimolecular collision and reaction, and surface scattering or desorption. Most
early measurements were carried out by monitoring polarized fluorescence from elec-
tronically excited reaction products or Laser-Induced Fluorescence (LIF), and for the
past decade, Resonance-enhanced Multiphoton Ionization (REMPI) schemes have
also been widely used. To date, the large majority of experimental measurements
of angular momentum polarization have focussed on the rotational angular momen-
tum of diatomic reaction products. There has been particular emphasis on reaction
products such as NO, OH, CO, CN and H,, due both to their fundamental chemical

importance and to the availability of convenient spectroscopic probe schemes.

1.2.4 7-j Correlation

The presence of net photofragment polarization in the laboratory frame re-
quires the existence of the more detailed polarization of J about a specific recoil vector
v. (Indeed, the former is just the recoil-angle average of the latter.) This fact was at

least implicit in most discussions of photofragment angular momentum polarization



10 CHAPTER 1. INTRODUCTION

prior to the first explicit measurements of the v-J correlation in 1986 [31-34], and
there was often direct consideration of the processes which lead' to molecular-frame
aﬁgular momentum polarization. For example, Van Brunt and Zare discussed the
polarizatioh of atomic photofragments in terms of conservation of the orbital angu-
lar momentum projection along the bond axis [35]. For the dissociation of triatomic
molecules, it was assumed (due to angular momentum conservation) that the diatomic
fragment spins with its J preferentially aligned perpendicular to the recoil direction.
This assumption permitted straightforward extraction of excited state lifetime and
~ symmetry information from polarized fluorescence measurements (see e.g. Ref. [36]).
| This dissertation adopts a very genéral but somewhat colloquial usage of the
term ‘v-J correlation’. It is taken to be nothing more than the probability distribution
P(wy,w;), or in the language of scattering théory, a doubly differential cross section
» _820/ _8'w1,6wj,'Where‘wE(0, ¢). The common narrower deﬁ_nit’ion takes it to be that
part of P(w,,w;) which dependé only on the angle w,; between v and J. To avoid
confusion, I will refer to this as the ‘pure v-J correlation’. The reason for this usage
is to make a common term avaiiable_t_o describe all vector correlations involving v -
and J. Note that in the colloquial definition, the E-J and E-v correlations would be
a subset of the v-J correlation—they correspond to those basis function components
of P(w,,w;) which are independent of w, or w;, respectively.

. The concept of the v-J correlation allows a discussion of dynamics from
the perspective of the recoil vector, which is more closely réla,ted to the molecular
frame and thus conceptually and theoretically convenient. Given that the E-v and
E-J correlations both occur via an intermediate correlation with the parent transition
moment, it is not surprising that v and J should be correlated to each other. The
pure v-J correlation even survives rotational scrambling of the nascent polarization
of the parent molecules, since it results only from torques which act at the moment |
of dissociation. In prompt dissociations, valuable information may be obtained if the
sh@pe of the angular momentum distribution in the recoil frame is found to vary with
recbil angle. This is an indicator that multfple excited states and possibly coherence
effects contribute to the dissociation process. '

The general goal of a mathematical description of the v-J correlation is to
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derive the recoil angle dependence of the angular momentum polarization, described
by parameters such as a densify matrix or its multipoles. Again, these techniques
arrived in the chemical physics community via spinoff from nuclear physics of decades
earlier [37]. The most popular approach for treating photodissociation comes from
Dixon [38] and appeared shortly after the first explicit measurements in 1986. In this
method, the distribution function P(wy,w;) is expressed as an expansion of bipolar
harmonics, which are a convenient basis set to describe correlations between two vec-
tors. Dixon derived semiclassical multipoles as a function of Doppler shift and then
applied standard techniques for calculating fluorescence signals. This method has
the advantage that all vector correlations, including velocity anisotropy, are treated
systematically in a unified approach. Moreover, each bipolar moment has a straight-
forward geometric interpretation which leads relatively easily to dynamical interpre-
tations.

For low values of the angular momentum quantum number, a fully quantum-
mechanical treatment is necessary. Dixon’s treatment is semiclassical in the sense
that the angular distribution of J is continuous, however it is possible to modify it for
low-J systems. Others have derived fully quantal descriptions of the v-J correlation.
Hall et al. [39] presented an early density matrix treatment, however it lacked a
systematic means for fitting data and contained the unrealistic approximation that
the shape of the angular momentum distribution was independent of recoil angle. A
very recent treatment of fluorescence imaging by Chen et al. [40] gives expressions in
terms of density matrix multipoles. While this treatment has much in common with
the method discussed in this thesis, it provides no description or interpretation of the
recoil angle dependence of the angular momentum polarization. Of more relevance for
our study is a recent quantal treatment by Siebbeles et al. [41], which gives expressions
for angle-depéndent density matrix multip.oles in terms of scattering matrix elements.
The results of this work were central to the analysis contained in this dissertation.

Experiments which combine velocity-resolving techniques with optical probes
are sensitive to the v-J correlation. LIF Doppler profile measurements were most
common throughout the 1980s, although in recent years, REMPI-based techniques

have become at least as popular. Briefly, the general principle which applies to all
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such measurements is as follows. The nascent photofragment ensemble has an angu-
lar shape (in space, following expansion due to recoil), which is determined by the
velocity anisotropy alone. In contrast, the shape of the optically-probed photofrag-
ment ensemble will have additional angular modulations due to the v-J correlation.
This post-probe shape is measured with the chosen position- or velocity-sensitive
techni(iue'. In order to fully characterize the distribution P(w,,w;) and to isolate the
‘small modulations from the much larger total signal, one contrasts data collected
under different probe conditions. For example, one may select different probe polar-
izvations (corresponding to different transition moment projections) or different optical

transitions (corresponding to different transition moments).

1.3 Atomic Angular Momentum Polarization

The angular momentum polarization of atomic photofragments provides in-
formation about the electronic rearrangement which occurs during excitation and dis- |
- sociation. An elementary molecular orbital déséription. of chemical bonding suggests
that anisotropy of the electron density in a photoexcited molecule should éorrelate
to anisotropy in the resulting atom(s) (Fig. 1.4). For example, a broken pi-bond will
lead to half-filled p, or p, orbitals and thus a net polarization of orbital angular mo-
mentum L. Although it captures the essence of the effect, the one-electron molecular
orbital picture is oversimplified, since individual electron orbital angular momenta L
are coupled to each other and to spins to yield total atomic angular momentum J.
Nevertheless, although we ultimately measure the polarization of J, it is quite com-
mon and reasonable to refer to the effect as ‘orbital polarization’, since the mechanism
relies pfedominantly on the electric fields associated with the excifation/ dissociation
process. Spin is not directly influenced by these electric fields but may be involved
through spin-orbit coupling. In the end, the term ‘orbital polariz‘ation’ should not be
discarded for being slightly simplistic, since it is far more meaningful to non-specialists
than ‘total electronic angular momentum polarization’.

The first discussion of a mechanism for production of polarized atomic

photofragments appeared in the 1968 paper of Van Brunt and Zare [35], and it was

i
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Figure 1.4: Molecular orbital view of atomic photofragment polarization—e.g. di-
atomic halogen. The ground molecular electronic state leaves ‘holes’ in atomic p,
orbitals only, while states corresponding to the first excited electron configuration
yield both p, and p, or p, holes. Half-filled atomic orbitals result in net angular
momentum polarization.

not until 1980 that the first positive experimental observations were reported [42,
43]. (A pioneering early ‘negative’ result [44] was finally explained by theory only a
few years ago [45]). Progress in this area since then has clarified the role of several
factors which determine the atomic photofragment polarization. A summary of the
contributing factors is shown in Fig. 1.5. In addition to the role of the initial state
symmetry, which is emphasized by the molecular orbital viewpoint, one must also con-
sider the possibility of coherent excitation to multiple electronic states, nonadiabatic
-transitions, and the long-range interactions between the departing photofragments.
When only a single adiabatic potential energy surface is involved in the

dissociation, the atomic polarization is determined by the symmetry of the dissociative
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Figure 1.5: The factors which affect the polarization of atomlc photofragments occur
in different reglons of the molecular potential energy curves: (1) Symmetry of excited

électronic state. (2) Coherent excitation of multiple électronic states. (3) Coulomb in- -

teraction at large internuclear separation and corresponding adiabatic correlations to
molecular region. (4) Nonadiabatic transitions at avoided crossings. (5) Nonadiabatic
transitions at large internuclear separation.

electronic state and the corresponding long-distance interaction between ‘the recoiling
atoms. Van Brunt and Zé,re predicted an anisotrdpic distribution of ﬂﬁorescence from
the photoproducts of diatomic dissociations—a consequence of polarized atoms and
an anisotropic photofragment angular distribution. The atomic polarization results
from the approx1mate conservatlon of the projection of the total angular momentum

on the bond axis during the course of dissociation:
Qap = IMA+MB|- (13)

Thus, according to Van Brunt and Zare, “molecular dissociation can be viewed as a
highly efficient atomic M-state selector.” A more detailed description of adiabatic

dissociation must consider the long-range Coulomb interactions between the depart-

o ——
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ing atoms [45]. Vasyutinskii and Beswick are currently preparing a review of this
topic [46]. Perturbation theory shows that different atomic polarizations will result
from adiabatic states of the same symmetry which are degenerate at large internu-
clear distance. As a consequence, one must consider not only the state symmetry,
but its ordering among other states of the same symmetry.

In general, multiple adiabatic potential energy surfaces will be involved—
in the initial excitation and through nonadiabatic transitions during the course of
dissociation. In the initial photon absorption, coherent excitation of multiple elec-
tronic states will affect the polarization of atomic photofragments. The quantum-
mechanical interference which results from coherent excitation is observable in both
the total polarization and in the polariiation angular distribution, though the latter
will provides more detailed information about the excited states. The importance
of coherence effects became clear in 1981 when Vigué and coworkers [47] reported
polarized photofragment fluorescence for Ca, dissociation, which was far in excess
of the maximum allowed by the Van Brunt and Zare theory. This result could only
be explained as a coherent excitation to the degenerate 2.,==+1 ‘lambda-doublet’
components of a I, state. A second type of coherence effect involves excitation to
two states of different symmetry (Q.,=1 and 0) via simultaneous parallel and perpen-
dicular excitation. This process, first discussed by Vasyutinskii in 1986 [48], requires
two nearby electronic states with comparable absorption cross sections. Beswick and
Glass-Maujean have provided detailed theoretical descriptions of both types of coher-
ence effects [49, 50].

Nonadiabatic transitions between electronic states of the same symmetry
can either increase or decrease the degree of polarization relative to that of an adia-
batic dissociation. In general, we are concerned with nonadiabatic transitions in two
regions. The most familiar type occurs at localized ‘avoided crossings’ within the
range of internuclear distances where exchange interactions are important and the
Born-Oppenheimer approximation is otherwise valid. The second type of transition
occurs at large internuclear distance where the adiabatic states are nearly degener-
ate, and the Born-Oppenheimer approximation is not valid. An extensive theoretical

treatment of this problem was presented by Singer et al. in 1983 [51]. This study de-
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rived expressions for polarized fluorescence and for the angular distribution of atomic
fine-structure (spin-orbit) states in the dissociation of diatomic molecules.
Already in 1968, Van Brunt and Zare hinted at the value of v-J correlation

measurements: -

Combined polarization and Doppler width measurements can provide, of
course, additional information in favorable cases, but with a corresponding
increase in experimental difficulties. [35]

The value of such measurements was exp-licitly laid out in the 1994 theoretical paper
by Siebbeles et al. [41]. As mentioned vpreviously, this work provides expressions for
angle-dependent density matrix multipoles, pi,(8, ), in terms of scattering ampli-
tudes. Parallel and perpendicular optical excitations and coherence effects are each
shown to have a unique influence on the angular distributions of orientation and align-

ment. This paper provides, in principle, the means for experimentalists to extract
| meanihgful dynamical information from v-J correlation measurements.

By the mid-1980s the ‘experimental difficulties’ of v-J correlation measure-
ments mentioned by Van Brunt and Zare had largely been overcome, although it was
nearly a decade more before these techniques were applied to atomic polarization.
In the field of chemical reaction dynamics, the bulk -of éxperimental studies of an-
gular momentum polarization have dealt with the pblariza,tion of rotating diatomic
photofragments. This is not surprising, since this field is concerned largely with the
dynamics of nuclear motion governed by a potential energy surface. Although a small
group of specialists have studied atomic photofragment polarization since the early
1980s, it is only quite recently that detailed interest in this field has diffused to the
broader group. Within the past three years there have been at least six reports (formal
and informal) of atomic photofragment polarization measured as a v-J correlation.
The earliest repbrt outside of the original community of specialists was in 1993 for
polarized O(*D;) produced by ozone dissociation at 205 nm [52]. Since then, there
have been reports of polarized O(*D;) from N,O [53], and S(*D3) from OCS [54]. The
polarized chlorine atom result, first reported by Wang et al. [55], was also observed
in 1995 by two other groups [56, 57]. Given this wider exposure in the last few years,

it is likely that there are more studies underway.
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It is interesting to consider why this topic is only now receiving wider atten-
tion outside of the original group of specialists—15 years after the first observations
of polarized atomic photofragments, and nearly 30 yeafs after the prediction of Van
Brunt and Zare. Perhaps the most important factor is that until the late 1980s,
there were very few measurements on atomic photofragments which used angular-
momentum-sensitive optical techniques. During the first ten years of widespread
use of laser-based methods, most investigators were primarily interested in obtaining
quantum state populations. Diatomic fragments, with their many accessible quan-
tum states, were the most interesting from this perspective. Those who studied
angular momentum polarization used it largely as an alternative means for mea-
suring the velocity anisotropy—an emphasis which even dominates Van Brunt and
Zare’s discussion of atomic polarization. Before the velocity-sensitive Doppler and
REMPI-based time-of-flight techniques became widely available, there simply was
not much of a reason to detect atoms with laser techniques. The ability to directly
measure the velocity anisotropy with these techniques pro(‘rided a new motivation to
probe atomic photoproducts. The appearance of REMPI-based ion imaging in the |
late 1980s was a particularly important innovation, since it allowed velocity-sensitive
measurements without the specialized narrow-band laser systems required for Doppler
measurements.

Now in the mid-1990s, with many investigators using laser-based techniques
to study atoms, it has become quite clear to most that these methods are sensitive
to J as well as to v. Even if investigators are not specifically interested in the atomic
polarization, they must know how to treat it in their data analysis to properly extract
velocity anisotropies and speed distributions. A similar realization occurred for v-J
correlations of diatomic photofragments a decade ago. Hall and coworkers commented
at that time, |

“The presence of the v-J angular correlation can be both a benefit and
an annoyance. Measurement of the angular correlation provides a new
dynamical variable which can help in the understanding of chemical pro-

cesses. On the other hand, neglect of its effect on the Doppler profile can
easily produce misleading results.” {31]



18 _ CHAPTER 1. INTRODUCTION

With these considerations in mind, it is heartening to look back with hindsight at
the evolution of the diatomic v-J correlation. While it might formerly have been
considered an ‘annoyance’, the diatomic v-J correlation has since become a poWerful
observable for disentangling the details of phbtodissociation dynamics. This change
depended on having the ‘annoyance’ sténding in the path of a wider group of inves-
tigators, combined with a core of specialists intent on figuring it out. Similar events
seem ‘tov be occurring for the atomic v-J correlation, and if the past is any indication,

there should be more exciting developments in the next several years.'
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Chapter 2

Experimental Methods and

Principles

2.1 Overview

The experiments discussed in this dissertation involve measurement of the
correlated angular momentum and velocity vector distribution for atomic photofrag-
ments. We probe the former with a quantum-state-selective spectroscopic technique
called Resonance-enhanced Multiphoton Ionization (REMPI). The velocity vector dis-
tribution is measured with the photofragment ion imaging technique. This is a form
of translational spectroscopy which maps the three-dimensional velocity distribution
of REMPI ions into a two-dimensional spatial distribution. The signature of the v-J
correlation is a spatial modulation in the ion image which depends on the REMPI
transition and probe laser polarization. The initial section of this chapter considers
the experimental approach as a whole, including some details not discussed elsewhere.
The REMPI and ion imaging methods are each covered in detail in separate sections.
The final section is a qualitative description of their combined use for v-J correlation
measurements.

The 10n imaging technique was first reported in the literature by Chandler
and Houston [58]. In applying the new technique to the much-studied dissociation

of methyl iodide, they demonstrated the power of measuring the recoil velocity dis-
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tribution for a specific photofragment quantum stéte. Although Doppler profiles
had previously been shown to provide similar information, ion image data are a
two-dimensional rather than one-dimensional projection of the spatial distribution
of photofragment ions, making it more straightforward to reconstruct the origihal
three-dimensional ion distribution, and thus the energy and angular distributions
of the neutral photofragments. For cylindrically symmetric distributions, such data
may be inverted directly with the inverse-Abel transform [59]. Finally, one should
not understate the benefit of an image’s visual appearance, which is more iﬁtuitive].y
meaningful than a one-dimensional projection. In the past decade, ion imaging has
been Widely-used for photodissociation and shows promise for more extensive use in
the study of bimolecular reactions. Three recent articles give an extensive overview
of the ioh imaging t‘echnique and the chemical systems which have been studied with
it [60-62]. | -
“ Fig.,:2.1 shows a schema.‘ticv diagram.,of the key components of our experimen-
tal apparatus. A summary of the technique is provided here, and the various compo-
nents are described in turn in the remainder of this chapter.” A standard -_ion imaging
apparatus consists esséntially of a time-of-flight mass spectrometer (TOFMS) ‘and a
position-sensitive ion detector. In each cycle of the experiment (running at 10 Hz),
‘a pulsed supersonic expansion of the gas molecules of interest is crossed at 90° by
counter-propagating laser beams. The first laser pulse dissociates a small fraction
of t_he miolecules contained in the intersection volume of the laser and the molecular
beam. After a short delay (10-50 ns), a 24+1 REMPI process state-selectively ionizes
the nascent photofragments. The ions resulting from each laser shot are extracted
by an electric field into a grounded flight tube. In order to keep the interior of the
flight tube field free, both ends of the tube are isolated from the high voltage régions
‘with fine nickel mesh (100 lines per inch). During its flight time, the chlorine ion '
packet expands due to the recoil energy remaining after dissociation. At the end
of the flight tube, the expanded packet strikes the surface of a microchannel plate,
which ié gated to detect only the mass of interest. Electrons emerging from the back
of t“he microchannel plate impinge on a phosphor screen to produce images which are

collected with a video camera and signal-averaged.
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Figure 2.1: Schematic of an ion imaging experiment. At right, the basic principle of
the method is shown. See Sec. 2.3.2 for further information. By directly collecting
electrons, TOFMS peak profiles may also be measured, although this is typically
done with a different detector. In general, the ion packet is an ellipsoid (rather than
a sphere) by the time it reaches the detector.
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The experimeﬁtal apparatus as a whole is shown in Fig. 2.2. The interaction
region is located at the center of a vacuum chamber which is pumped with 22000 1/s
turbomolecular pump. The near absence of diffusion pump oil vapor in the main
chamber has three advanté.ges for a REMPI-imaging experiment—it reduces the non-
resonant background ion signal, prevents oil coatings on the extraction optics which
lead to surface charging, and it extends the lifetime of the microchannel piate detector.
The detector region itself is a separatel’y—purhped chamber which may be isolated
with a gate valve from the main chamber in order to maintain vacuum during routine
vents, prolonging the lifetime of the microchannel plate. For use in core-sampling
experiments (see Chapter 5), an xyz manipulator is mbunted on the detector region
in order to pbsition an aperture in the middlé'of the ion cloud flight path.

o The pu_Ised molecular beam is created in a third chamber, which is. pumped
bya la;ge diffusionlpump. Gas samples are‘ infroduced to a pulsed molecular beam
va;lbve"[63],‘ which ‘uses a piezoelectric actuator to ret“fact an oring from a small nozzle
opening, allowing gas to expand into the vacuum for roughly 200 ps. The resulting
free )et expansion is collimated by a coni,cal'skimmer which also serves to deflect the
excess gés away from the rest of the pulse. Typically, experiments are carried out on
 the ‘rising edge’ of the pulse, at a delay of roughly 50 us after the weakest signals are
first detected, although earlier delay times are sometimes used if cluster formation is
evident. The beam ‘temperature’ was not explicitly characterized for the experiments
described in this thesis, although translational and rotational temperatures of several

Kelvin are typical for helium-seeded expansions.

2.2 State-selective Spectroscopic Detection with

REMPI

2.2.1 General Considerations and Applications of REMPI

With the widespread availability of high-power tunable pulsed lasers in the

late 1970s, powerful new detection techniques came into the mainstream. Chief among



2.2. REMPI 23

Video (CCD)
Camera l;' o s
Position-sensitive
/

Detector
Turbo Pump
400 Us
o~—
Piezoelectric XYZ
Pulsed Valve Manipulator

1 \I"‘"

L

~_Flight Tube/
) Ion Optics
L[
Turbo Pump

Diffusion 2000 I/s
Pump :

Figure 2.2: Schematic of experimental apparatus. See text for details.
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these is the use of multiphoton ionization as a quantum state-specific probe. In
N+M Resonance-enhanced Multiphoton Ionization (N+M REMPI), there are two
resonant steps—N photons excite an atom or molecule to an electronically-excited
eigenstate, and M photons ionize it. In 1+1 REMPI, ﬁloderately high power densities
are necessary to drive the ionization step, which is often in competition with decay
processes such as fluorescence and predissociation. As a probe for studying chemical
dynamics, 14+1 REMPI is used less than higher order (N>1) .schemes, since it often
involves the additional challenge of producing vacuum ultraviolet photons. (Nitric
oxide is one major exCeptijo_n). v

Higher power densities are needed if either_ resonant step involves more than
one photon. Multiphot_On absorption-is prédicted by second-order (and higher) time-
| dépendent pért'urbation theor'y,'_’ which shows that .the transition probability vi'nc_reases
with the Nth power of the vlasér' field intensity. Each non-resonant single photon ‘ab-
| éofptidn’ relies on oscillator strength from oneephoton-.-allowed t-rarisifions which may
}vbe thousa,ﬁds of cm™! -diéplaé'ed from the photon énergy. (As discussed in the next
chapter, these ‘v-i_rtﬁal’ states i_nﬁ'uehce the sensitivity of the REMPI scheme to angu-
lar momentum p-Ojl'ariza;tion'.) 2+1 REMPI schemes for a variety of common species
are available in fhé near ultraviolet (above 200 nm). These wavelengths are read-
ily produced from visible dye laser light by using common nonlinear optical mixing
techniques.

The fact that optiéal spectroscopies are sensitive to the direction of the
angular momentum vector is clear from a classical perspective: a specific torque is
needed to change the length or direction of the angular momentum vector in a chosen
manner. In more precise language, the transition dipole lies in a well-defined direction
with respect to the angular momentum vector: a change 6J in arigular momentum
is associated with a dipole rotating in a plane perpendicular to 6J (Fig. 2.3a). For
example, the transitions shown in Figs 2.3(b) and (c) have transition dipoles roughly
parallél and perpendicular to J, respectively. The first transition is more sensitive
to high-|M;| states , while the second is more sensitive to low-| M| states. (M is
defined here as the projection of J on E,,s.)

Given the above considerations, there are two measurable signatures of an-
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Figure 2.3: Relationship of p to J. (a) Change in J is perpendicular to dipole plane
of rotation. (b) Example: Transition dipole parallel to J. (c) Example: Transition
dipole perpendicular to J.

gular momentum polarization. For a fixed choice of spectroscopic transition, one may
look for a change in signal intensity as the probe light polarization is rotated, in effect
measuring different projections of the transition moment ensemble. For total polariza-
tion measurements (independent of recoil direction), this is the most common method.
One also has the option of looking for a change in signal when a different spectro-
scopic transition is chosen (with a correspondingly different anisotropic distribution
of transition moments). However, this approach is inconvenient for measurements of
absolute signal size (e.g. to determine total angular momentum polarization), since
transition linestrength factors will be different and some experimental éonditions are
likely to change when the wavelength is tuned. It is quite convenient for v-J corre-
lation measurements however, since one looks for a change in the shape of a signal
distribution such as a Doppler profile, TOFMS profile or ion image. These ideas are
developed in more detail in Sec. 2.4 and in Chapters 3 and 4.

Two-photon-resonant excitation permits one to obtain a more complete de-
scription of a polarized ensemble. In general, more photons in the probe process
permit sharper resolution of the angular momentum distribution. The optical dipole
nature of the probe limits one to measuring moments of rank 2N or less, where N is

the number of photons in the probe process. Linearly polarized light is capable of de-
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tecting only even rank moments (alignment), while circularly or elliptically polarized
light may detect both even and odd (orientation) moments. Note that for most N+1
REMPI schemes with N>1, the one-photon ionization step is easily saturated and
thus insensitive to angular momentum polarization. For this reason, 2+1 REMPI
can be treated as a two-photon scheme. It is capable of detecting moments up to
rank 4, i.e. contributions as ‘sharp’ as g-orbital shapes. |
However,.there‘are fundamental limits to how sharply a distribution may
be peaked, limiting the usefulness of additional probe photons. Quantum mechan-
ical uncertainty imposes an upper limit of 2J on the rank %k of the distribution.
This is seldom important for measurements on diatomic photofragments, where J
is usually large, but it matters for atoms. For example, the J=3/2 chlorine atom
photofragments discussed in this thesis may show quadrupole alignment (k=2), but
not hexadecapole (k=4) alignment. Other restrictions exist as well. When the en-
“tire photofrégment ensemble is considered, the same 2N limit discﬁssed above for the
probe process also applies for the dissociation process, i.e. single-photon dissociation
can only produce up to rank 2 alignment. In addition, cylindrical symmetry (projec-
tion ¢=0) is required if the light polarization is also cylindrically symmetric (linear or
circular). Thus the J distribution for a single photon dissociation with linear polar-
ization can be completely described by the simple form P(6;) o< 1+ %A((JZ)PZ(cos 6r),
where Agz) is the usual alignment parameter. A |
The situation is much less restrictive for the v-J correlation—we can expect
more sharply peaked angular momentum distributions at a single recoil anglé than for
the photoproduct ensemble as a whole. This agrees with our intuition, for example, of
a dissociating triatomic molecule%the torque on the diatomic photofragment is in the
same plane as the molecule and the velocity vector v, so J for the diatomic fragment
must be strictly perpendicular to v. As shown in the theoretical analysis of Siebbeles
et al. [41], all co.mbinations of the indices k and ¢ (i.e. k=0...2j, g=—k...k) can
be nonzero. Even for linearly polarized dissociation light, it is possiBle to produce
angle-dependent multipoles with odd k (orientation). Given these considerations,
the additional angular resolution provided by multiphoton probes can be beneficial.

It should be added, however, that in many cases the lowest order moments coﬁtain
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the bulk of the desired dynamical information, so the additional advantage is often
small. Given the complications of analyzing two-photon data, it should be plainly
stated that the most important advantage of multiphoton excitation schemes is their

abundance and ease of implementation.

2.2.2 Producing and Using Ultraviolet Laser Light

By the middle of the 1990s, generation of tunable high power coherent ul-
traviolet light has become routine. Frequency mixing of visible pulsed dye laser light
remains the workhorse technique for many, although solid state tunable lasers in the
red and infrared are becoming more widespread. This section provides brief details
on the generation and application of ultraviolet light in a 24+1 REMPI experiment.
A more detailed discussion of UV generation for REMPI experiments can be found
in Ref [64].

The laser performance requirements for a typical photodissociation imaging
experiment are not especially demanding. For ionization-based spectroscopy, velocity
information can be obtained from the spatial separation of the ions, and thus narrow-
bandwidth lasers for Doppler scans can be avoided. In fact, in an imaging experiment,
when the laser bandwidth is comparable to or less than the Doppler width, the laser
frequency must be scanned during data collection to sample all velocities. The limited
bandwidth demands of a non-Doppler experiment represent a significant benefit in
terms of lower cost and technical simplicity of operating and maintaining the laser
system. It should be mentioned, however, that some investigators have used novel
combinations of sub-Doppler REMPI with core-sampling TOF techniques to directly
measure doubly-differential cross sections [17].

The experiments described in this thesis were carried out using pulsed
Nd:YAG-pumped dye lasers. Although some of the measurements were made with a
modern laser (Laser Analytical Systems), a number of measurements were also done
with an older and much simpler Spectra Physics PDL-1. In some ways, the PDL-1
is preferable for imaging experiments because of its broad bandwidth and simple de-

sign. The LAS laser provides narrow bandwidth (~0.04 cm™! in the visible), a cleaner
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'spatial mode, and a more sophisticated user interface, but only the latter is relevant
for an imaging experiment, and ultimately the PDL-1 is a more effective ‘workhorse’
system requiring less attention in the long run. (Of course, very few laboratories
a_re‘, deéigned exclusively around the ion imaging technique, éo the above-mentioned
criteria are far too limiting in general.)

Fig. 2.4 summarizes the REMPI schemes used in this work. In all exper-
iments, dye 1_as¢fs were pumped with an unseeded Nd:YAG laser, which produced
pulses of 8-10 ns at 532 nm. The dye laser oﬁtput was frequency-doubled (or some-
Wtfirrvles rﬁixed with the Nd:YAG fundémental») with a KDP crystal, and the resulting
~ doubled (or mixed) light was mixed again in a BBO crystal to produce the ultraviolet
) REMPI probe'light. Pulse energies were typically 30-100 mJ for the initial visible dye
» laser light and between 50 p#J and 2 mJ for the final ultraviolet light. Conversion effi-
ciencies-for the various nonlinear mixing process were low, due f)rimarily to the poor
spatival mode of the visible laser light, and in part to optical déma,ge in the non-linear
>cirysta1sﬂ,. Nieverthéless, the final UV powers were sufficient for 2+1 REMPL |

Focussing céhditions for both the photolysis and REMPI lasers are usually
chosen so as to avoid saturation of either the parent absorption or the 2-photon atomic
fragment aBsorptions, ‘While still saturating the ionization step of the 24+1 REMPI
process. The dissociation step should not be saturated, since ‘hole-burning’ due to the
p-e absorption probability would create an undesired spatial anisotropy in the parent
ensemble. In our experiments, typical photolysis pulse energies were 0.2-1.0 mJ and
the beam was focussed away from the interaction regibn to give a spot size of at least
200 um. For chlorine dissociation at 355 nm, which has an absorption cross section
of 2x107!° cm?, these conditions result in absorption by less than 10% of the ground
state molecules. |

In the REMPI process, only the unsaturated two-photon ét‘ep should be sen-
sitive to angular momentum polarization. Given a sufficiently large gap between the
two-photon and one-photon (ioﬁization) cross sections, it should be possible to choose
laser pulse energy and focuss-ing conditions such that these saturation requirements -
are met. This can be shown by examining expressions for the excited fraction in each

process, f=1 —exp~"?, where W is the transition rate, and ¢ is the laser pulse dura-
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Figure 2.4: 241 REMPI schemes used in this work to detect chlorine [65] and oxy-
gen [66] atomic photofragments. Note that the two-photon states for oxygen atoms -
may autoionize rather than absorb a third photon.



30 CHAPTER 2. EXPERIMENTAL METHODS AND PRINCIPLES

tion. The expressions for W x# in terms of laser pulse energy, wavelength, absorption
cross section, and spot radius are ' |
[E(mJ)]” x [A(nm)]? x [on(em?s)]
[r(pm)}*
o EmI)] x A(nm)] x [o1pn(cm?)]
[r(um))?

where F is a photon flux (i.e. per unit area and time) and I is a photon fluence (i.e.

szht = UzphFZt =~ 1.6X1048

Wlpht_ = UlphI ~ 2.6 X

per unit area). The first expressidn above assumes a laser pulse with 8 ns duration.

Fig. 2.5 shows the excited fraction f for both one- and two-photon steps as a function

»of spot radius, for a REMPI laser pulse energy of 0.05 mJ. Two hypothetical ionization

cross sections are shown. The higher value allows a reasonably wide range over which

the spot size.can change, while still keeping the:one- and two-photon steps saturated .
and not-saturated, respectively: In other words, only -a.small fraction of atoms are

exlcit'edf,'.but nearly*allof those excitedvare'ionized;'“This region is indicé,ted’ by the bar-
in the figure. For the lower ionization cross section, the-desired saturation conditions

cannot. be. met.

In general,. while it should be :possible to choose experimental conditions
where saturation effects are-avoided, the above discussion suggests that one must.use
cautlon in making these choices. If one works in a regime where saturation (or lack
of it in the ionization step) do affect a polarlzatlon measurement, then the degree of
saturation should be carefully characterized and included in the data analysis.

In order to study the v-J correlation, it is necessary to change the relative
polarizations of the dissociation and probe 1a,sérs. In imaging or TOFMS profile
experiments, it is also desirable to change both laser polarizations with respect to
the ion flight axis, in order to obtain two different projections of the same three-
~ dimensional ion distribution. Proper polarizations were confirmed by minimizing
transmission through a UV Glan prism oriented to reject the desired polarization.
For standard Nd:YAG photodissociation wavelengths, the rotations were achieved
with an appropriate half wave plate. For the probe laser light, which was usually
at wavelengths for which half-wave plates were not readily available, a wavelength-

independent double Fresnel rhomb was used. The double Fresnel rhomb has the
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Figure 2.5: Saturation behavior of two-photon and one-photon (ionization) steps in
241 REMPI process for chlorine atoms. The following values were used: A=235 nm,
E=0.1 mJ, 01,,=1x10"7(-1®)cm? and 05,,=10"*cm?*s. The two hypothetical values
for 01,1 span the range of ionization cross sections (from the ground state) of similar
atoms. Cross section oy, Was calculated by dividing a typical result from Refs [67,
68] by a linewidth of 10 GHz. The bar indicates the region of desirable saturation
conditions (for the higher ionization cross section) as discussed in the text.

disadvantage that it is very difficult to align and rotate in such a way that the focussed

probe beam does not translate slightly in the interaction region. Although slight beam

realignments were straightforward, it was impossible to perfectly reproduce the spatial -

overlap, since the beam’s spatial profile was also rotated. Slight image asymmetries
-usually result from imperfect overlap, and if these asymmetries are not consistent
across data sets, they can be mistaken for the effects of vector correlations. Finally,
at wavelengths below 250 nm, the double Fresnel rhomb produces a small fraction of
ellipticity.in the 45° (polarization rotated) position. In the region of the C1 REMPI
transitions around 235 nm, this contribution was roughly 10%. More quantitative
results will require the use of a Pockels cell, photoelastic modulator, or custom wave
plates for this wavelength. For the oxygen atom REMPI at 203-205 nm, the double

Fresnel rhomb was not used, and instead additional turns were added in the beam
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path to effect a polarization rotation.

2.3 Ion Imaging and Time-of-Flight Mass Spec-

trometry

-2.3.1 Operating Principle and General Design Considera-

tions
J

The simplest time-of-flight mass spectrometer (TOFMS) consists of an ac-
celeration (extraction) region, a ﬂight path to allow mass separation, and a charged
particle detector such as a channeltron or microchannel plate. In general, ionization-
based detection methods p‘révide three great advantages over fluorescence techniques.
First, the detection sensitivity is higher because charged particle detectors operate
" with high quantum efficiency and potential signal is not lost to the 41 steraidianéy
~of emission. Second, mass separation permits discrimination of the desired ions from
non—resonéntly-produced background ions. This is especially important when using
a two-photon excitation scheme, since the required high power densities can‘*éa,vsily
fragment and ionize traces of oil Vapgir ih the ex_perimentalvapparatus. The third
advantage is the ability to manipulate the shape of the ion packet, and thus also the
mass or recoil energy resolution, by tuning the lon extraction fields in a two-stage
extraction region. It has also been demonstrated recently that rheshless einzel lens
conditions can reduce lateral spétial blurring in imaging experiments [69, 70].

A very common and versatile design for TOFMS uses two-stage ion extrac-
tion optics, first discussed by Wiley and McClarén [71]. The ions are created in the -
first stage, and the electric‘ field in this region serves to fine-tune the TOF peak shape
for a given mass. The higher electric field in the second stage provides the bulk of
the acceleration and sweeps the ions rapidly into the field-free flight tube. By adjust-
ing the field in thé first (low field) stage, one may ‘focus’ the ion packet in order to
compensate for either spatial or'kinetié energy spreads in the initial ion packet. (Fo-

cussing in this sense refers to modifying the flight-axis component of the ion packet,
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rather than lateral components.)

If there is only a single extraction stage, a wide initial ion packet would
cause blurring of the TOF mass peaks [Fig. 2.6(b)]. The ions furthest back from the
detector have higher potential energy (and final velocity) but a longer flight length,
so that the two effects compensate only for a specific detector length. A second
extraction stage provides an additional adjustable parameter so that the backmost
ions may catch up , and all ions reach the detector [Fig. 2.6(b)] at the same time. This
condition is described as ‘space focussing’. ‘Energy focussing’ compensates for initial
ion velocity (e.g. photoproduct recoil or space-charge effect) which would also blur the
mass resolution. In this operating mode, the first stage remains field free for a short
delay time as the recoil energy is allowed to slightly expand the ion packet. When
the field is finally switched on, those ions which were flying backwards and would
otherwise have appeared at the trailing edge of the TOF peak, are now able to catch
up with the forward-recoiling ions, because they had flown to the region of higher
potential energy during the field-free delay. In experiments where the ion packet has
both a wide spatial extent and significant recoil energy, some compromise of the two
modes will be necessary, since they cannot simultaneously function under maximum-
resolution conditions. For the core-sampling experiments described in Chapter 5,
the energy focussing condition was deliberately detuned to improve resolution of the
photofragment recoil velocities. '

For spectroscopic applications of TOFMS, the specific shape of the ion
packet is unimportant, since only the absolute intensity of the ion signal is mea-
sured. In this case, ion extraction optics can be built with simple electrostatic lenses
(circular apertures) to separate the stages. In contrast, until recently, ion imaging
~ measurements have used fine wire meshes between the extraction stages in order to
maintain parallel field lines which minimize lateral distortions to the ion packet. The
major sources of blurring in this design are the spatial extent of the initial ion packet
(e.g. due to molecular beam width) and field distortions at the mesh. The latter can
be reduced By using a finer mesh at the cost of lower transmission. In our experience,
the most severe distortions occur at the mesh between the first and second stages,

where the size of the ion packet is still comparable to the mesh spacing. To eliminate
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(a) 1kV 500V 0V

(b) 1KV 700V oV

Figure 2.6: Operatmg principle of Wiley-McClaren ‘space focussmg condition. (a)
In general, the spatial extent of the initial ion packet will result in blurring of time-
of-flight peaks. (b) If the electric fields in two extraction stages are independently
adjustable, the full compression of the sphere can be timed to occur when it strlkes
the detector, leading to much sharper mass resolution.

this problem we have forgone the Wiley-McClaren capability by opefating with equal
electric ﬁela-s in both stagés. The resultant lowering of mass resolution is of little
consequence for imaging eXperiments, since there are rarely interfering masses which
cannot be discriminated with a pulsed microchannel plate detector.

The recent rediscovery of einzel lens extraction as so called ‘velocity map-
ping’ represents a profound improvement in the quality of ion imaging spatial resolu-
tion, providing velocity resolution more than an order of niagnitude higher than that
. which is typically obtainable with meshes [69, 70]. As of this writing (only several
months since the technique was first discussed in conferences), numerous research
groups have already adapted their old-extraction optics for this method, since there

no longer seems to be any advantage to using meshes in ion extraction optics. The

technique relies on the well-known lateral focussing behavior of an einzel lens system

to eliminate contributions to image blurring which result from the spatial extent of

the ion packet. Naturally, mesh distortions are also eliminated.



2.3. ION IMAGING AND TOFMS v 35

2.3.2 Extraction Optics and Position-Sensitive Detector

A convenient design for mounting the extraction meshes is shown in Fig. 2.7.
Each mesh is sandwiched between two metal rings, one of which contains a thin o-ring
in a slanted groove. When the rings are pressed together; the o-ring stretches outward
as it settles into the groove, pulling the mesh tight and flat. For the experiments
described in this thesis, nickel mesh with roughly 100 lines per inch was used. The
metal rings were roughly three inches in diameter and spaced 1 cm apart. With these
dimensions, additional empty rings between the main mesh-mounting rings are not
necessary to obtain parallel field lines near the detector centerline axis. New editions
of this design which are adapted for the velocity-mapping technique are much simpler.
No mesh is needed, and simple round plates with 1-2 cm centered holes are sufficient.
However, the design for overall assembly is still recommended for its convenience:
hollow ceramic (or vespel) cylinders are used as spacers between the rings, and the
entire assembly is pulled together with nylon threaded rods which pass through the
vespel spacers and the rings. This three-plate unit is attached as a whole to the flight
tube.

The position-sensitive detectors used in our imaging experiments consist of
chevron double microchannel plates (MCP) in front of a phosphor screen. These items
are usually mounted in a metal flange with a window or fiber-optic bundle to permit
viewing of the phosphor from outside the vacuum. The detector assemblies used in
our group were purchased commercially, although some groups have assembled their
own. Typically the MCP is operated with a large negative voltage (1.5-3 kV) on its
front (where the ions strike) and near-neutral voltage in back. With these settings,
it is necessary to shield the MCP in front with a fine mesh at a distance of a few
millimeters in order to avoid field penetration into the flight tube. Any lateral field
distortion near this mesh is of no consequence since the detector is so close. In the
mass-spectrometer mode, the detector is run with continuous (DC) voltages, but for
mass discrimination, the DC voltage difference acroés the MCP is reduced by several
hundred volts, and a positive pulse (~ 200 ns) is applied to the back of the MCP to

provide additional gain during the arrival time of the desired mass.
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Figure 2.7: Ion extraction optics design: (a) Tapped hole for clamping oring. (b)
Clearance hole for nylon assembly bolts, (c) Tapped holes for mounting to flight tube
(unused in lower electrodes), (d) Countersunk clearance hole for clamping oring, (e)
Minimal clearance hole for support posts, (f) Cross section of oring clamping action,
(g) Flight tube, (h) Insulating support posts (hollow cylinders), (i) Roundhead nylon
bolt, (j) nut. '
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The phosphor screen is positioned roughly 2 mm behind the MCP and biased
at 3-5 kV. Electron showers emitted from each MCP channel are accelerated and
strike the phosphor, yielding spots of roughly 100 um diameter which are easily
visible to the naked eye. The two most common phosphor types are P47 (blue)
and P20 (green). Both have been used in our laboratory. The advantage of blue
phosphors is their short lifetime, which is only tens of nanoseconds. Green phosphors
have near-microsecond lifetimes, which are inconvenient for measuring mass spectra.
Although CCD video cameras are considerably less sensitive to the blue phosphors,
in our experience this has not been a significant limitation.

Image acquisition hardware for a typical imaging experiment consists of a
video camera and a ‘frame-grabber’, which is interfaced to a computer and may have
fast image processing capabilities. A common problem with CCD (charge-coupled
device) video cameras is dark noise. Although individual jon spots are bright, over
long data acquisition periods the continuously-accumulating camera noise becomes
significant. Three approaches to this problem have been tried in our group. Some
camera systems (e.g. Princeton Instruments) are water- or liquid nitrogen-cooled to
reduce such noise. A different option is to use a simpler camera with more sophisti-
cated frame-grabber hardware which can execute a ‘clip’ function at every laser shot
to remove signal below a certain threshold level. Even fancier (and more expensive)

systems can do two-dimensional ion counting at every shot.

2.3.3 Treatment of Raw Image Data

A sample of raw image data from chlorine dissociation is shown on the top
of Fig. 2.8. In the absence of any experimental imperfections, one would expect these
images to be symmetric under reflection through a horizontal or vertical axis. Al-
though it not strongly pronounced in the black-on-white colormap used for this figure,
the raw images are actually not symmetric—there is variation of up to 20% between
opposing points on the image which should otherwise be equal. It is a common prac-
tice in ion imaging to symmetrize the raw data images by averaging together the

original image with its X, Y, and X/Y reflections. This amounts to an average of
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Figure 2.8: Sample raw and symmetrized data images: for: chlorine dissociation at T
355 nm. Symmetrized images are obtained by averaging the orlglnal image with its |
X,Y and X/Y reflections. _ A ' Coe

four independent measurements on different regions of the MCP /phosphor imaging
detector. Because of inhomogeneities across the detector surface, these measurenri-ents,
are all slightly different. We can calculate a standard deviation associated with the g
averaging of thel four measurements. An example of this for Geometry II is shown in S

the form of an XY Z wire mesh plot in Fig. 2.9. The standard deviations are roughly .
10% of the total signal size. This problem of uneven spatial sensitivity is inherent to
1maglng We have considered some techniques to eliminate these spatial problems, f}"{
including calibrations based on a known spatial distribution, or further ¢ averaging ,t
out’ of the inhomogeneity by rotating the detector through a range of angles with A
some sort of moveable flange. - | o

A second feature to note about the images in Fig. 2.8, specifically for the
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Figure 2.9: Symmetrized data image (Geometry II here) and standard deviation
associated with the symmetrization.

Geometry I images, is the difference in signal intensity along the X axis compared
to the Y axis. Since these images were collected with both dissociation and probe
laser polarizations perpendicular to the image plane, we would expect them to be
circularly symmetric. The observed variation is a consequence of the difference in
spatial resolution in the X and Y directions. The resolution in the X direction is
limited by the size of the initial ion packet, which is determined by the width of the
molecular beam (1-2 mm). In the Y dimension, the ion packet is only a,svwide as the
laser beam (<400 pm), and the spatial resolution is governed mostly by the distorted
electric fields at the mesh. Of course, the presence of a v-J correlation will also
produce an intensity modulation around this circle if the probe laser polarization is
not perpendicular to the image plane. In order to separate the two effects, we calculate
‘difference images’, which isolate the effects of angular momentum alignment. This

procedure is discussed in detail in Chapters 3 and 4.

2.4 ©—7 Correlation Measurements

As already discussed, measurement of a v-J correlation demands simultane-

ous determination of the velocity and angular momentum vector distributions. This
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section provides a qualitative-description of the measurement principle and defines
the experimental geometries which are used in a typical ion imaging experiment.
The combined measurement is easily visualized as follows. A collection of
molecules is photodissociated, creating a point source of recoiling photoproducts. At
- some time delay, each recoil energy corresponds to a spherical shell of fragments with
a fixed radius. The neutral photofragments are distributed around these expanding
spheres according to the usual photofragment angular distribution [Eq. (1.1)]. For
standard Doppler, TOFMS, and imaging methods, the neutral fragment ensemble is
probed by REMPI before leaving the initial photolysis volume. If a v-J correlation
exists, the resulting ion spheres will have a fu.rther”angul-a‘r modulation due to the
sen_siﬁ‘vity.of the probe to angular momentum polarization. In ion imaging, one mea-

sures-a 2-dimensional projection of this ion distribution, while Doppler and TOFMS

profiles are 1-dimensional projections. In some ‘-di’fferential"techniQues, only-a subset: .

of recoil angles is probed. This sampling can.be done by the laser on an expanded

neutral spheré [19, 20, 72]_, by a mechanical aperture or slit on the expanded ion

- sphere [16, 57] or with a combination of both [17].

In order-to emphasize and isolate the angular modulations in the ion spheres

that. are. caused: by the v-J- correlat'ion‘, one compares data collected. under different
pr-obe-lasef conditions; One may look for changes in the image upon ro;cation of the
probe polarization (in a two laser eXperiIhent) or upoﬁ choosing a different probe
transition. As mentioned in Section\2.2.1, these actions correspond to measuring
different projections of a t.rz'msiti-On moment ensemble and to choosingva new ensemble
of transition moments, respectively. Fig. 2.10 provides a classical depiction of a v-J
correlation measurement for the limiting case of J strictly para.llel.to v. (The example
is classical in the sense that J is sharply-peaked.)

If we choose a ‘parallel’ probe transition (AJ=0, ||J), we have p||v. Prob-
ing with vertical linearly polarized light, as shown in Fig. 2.10(b), will selectively
ionize those fragments flying out with a velocity component parallel to the probe
polarization. Of course, rotating the probe vpolarizati’on rotates the distribution of
lab-frame ionization probability as well—a characteristic which serves as a common

signature for a v-J correlation. On the other hand, if we choose a fperpendicular’
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Figure 2.10: Schematic of v-J correlation measurement principle, for classical limiting
case v||J. If a v-J correlation exists, the shape or orientation of the resulting ion dis-
tribution will change if the REMPI probe transition or laser polarization is changed,
respectively. (a) Relative orientation of relevant vectors for two types of transitions.
(b) A spherical shell of photofragments (isotropic for simplicity) probed by vertically
polarized laser. The transition moment g is shown for three orthogonal velocity vec-
tors. (c) Angular distribution of ionization probability (= angular distribution of ions
for isotropic distribution of neutrals). Projections of this distribution are measured
with ion imaging (two dimensions) or as TOFMS profiles (one dimension).

"
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Figure 2.11: E'X‘pe‘riment’a,l: geometries used in this work: Geometries I.and II refer to.

‘the dissociation laser polarization along the Z and Y axes, respectively. The probe

laser'polarizaf::ion is also along either the Z or Y axis, though no special label is given.

probe transition (AJ==1, ulJ), we have pLv and we selectively ionize the product.

fragments'uwhich‘ﬂy out with a velocity-component perpendicular.to: the probe po- -

larization. For diatomic photofragments, the two choices of probe transition would
correspond to a Q branch line and P/R branch line, respectively.

In a typical imaging study of v-J correlations, four different relative config-
urations of the dissdciation and probe laser polari‘za.tioné' and the dét__eétor axis are
_used. These configurations are shown in Fig. 2.11. In practice, the modulations in

lonization probability which concern us for atoms are not as pronounced as those
depicted 1n Fig. 2.10(c), éince the uncertainty principle prohibits sharply peak‘ed an-
gular momenta when J is small. As described in more detail in Chapter 3, it is useful
‘to isolate the contribution to the signal which is due solely to the v-J correlation
by combining images collected with different probe laser conditions. In a conven-
tional experiment with linearly polarized light, one collects data for two positions
of the probe laser polarization, corresponding to Z and Y with our axis definitions

[Fig. 2.1].
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In an imaging experiment, it is also desirable to collect data for two perpen-
dicular dissociation laser polarizations, also along Z and Y. Throughout the remain-
der of this work, these two dissociation geometries are referred to as Geometry I and
Geometry II, respectively. Measurements in these geometries provide two different
projections of the three-dimensional distribution of ions. For systems with a single
recoil velocity (e.g. chlorine dissociation), the results from one dissociation geometry
contain all the desired information, however, data from a second Geometry will im-
prove measurement statistics and may permit one to isolate measurement artifacts
from meaningful structure in the data. For polyatomic systems with a wide velocity
distribution and a v-J correlation which may depend on velocity, multiple dissocia-
tion geometries increase the possibility of obtaining a unique fit to the data. Also,
as discussed in relation to Eq. (3.17), Geometry I has some advantages for isolating
the signal modulations from v-J correlations. This is in contrast to many imaging
measurements, in which Geometry II is preferred since it permits one to apply the

inverse-Abel transform [see Sec. 3.5] to pixel rows of ion image data.
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Chapter 3

Data Analysis Method .

3.1 Overview

This chapter describes a general method for extraction and interpretation
of angular momentum polarization information from ion image data. The end goal
of such an analysis is to obtain a set of polarization anisotropy parameters which
provide insight into the dissociation mechanism. These parameters are analogous
to the familiar parameter 8 for the velocity anisotropy, except that they describe
the angular distribution of angular momentum polarization instead of photofragment
density. They are closely related to scattering amplitudes and thus provide a conve-
nient meeting point between experiment and theory. The method described here will
be used in the next chapter to interpret the experimental measurements on chlorine
dissociation.

A simulation of ion image data consists of a linear combination of ‘image ba-
sis functions’, with the polarization anisotropy parameters (or simple combinations)
as coefficients. Derivation of these basis functions consists of three steps. The start-
ing point is a general expression for recoil-angle-dependent state multipoles, prq (¢, 6).
Specific instances of this expression must be evaluated for the desired experimental
geometries, ¢.e. the dissociation laser polarization and the ion flight axis of the de-
tector. Next, these state multipoles are integrated over the flight axis dimension

in order to convert from spherical polar recoil coordinates to two-dimensional polar
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image coordinates. Finally, they are inserted into expressions for the two-photon
probe transition probability. The transition probabilities are evaluated for different
polarizatiohs of the probe laser and then combined in such a way as to isolate the
modulations in the signal that are due exclusively to angular momentum polarization.
A number of theoretical results are prese"nted‘ in this chapter. While the
emphasis of this dissertation is on the analysis and interpretation of experimental
results, it is impossible to tell a complete story without discussing specific theoretical
expressions. Many of them have been printed elsewhere in the literature, and several
expressions which relate to REMPI-imaging experiments are the direct output of
our recent collaboration with Professor Oleg Vasyutinskii from the Ioffe Physico-
technical Institute in St. Petersburg. All of the expressions included here are central
to an analysis of atomic photofragment polarization and should be understood by
experimentalists in the field. They were either used directly in our own analysis of
‘the data, or they provide valuable conceptual insight into the relevant physics. The
apprbach of this chapter will be to discuss general conceptual in'sights as the formulas
‘are presented, so that their specific application to the ekperimental data will require

only a few additional comments to aid in understanding.

3.2 Recoil-angle-dependent State Multipoles

Angular momentum polarization can be conveniently described in terms of
irreducible density matrix components (state multipoles), pxq [73, 74]. The state mul-
tipoles are related to the more familiar alignment parameters (Ag,) by a J-dependent
proportionality constant. In order to develop a convenient intuition about their mean-
ing, it is useful to consider the state multipoles in the high-J limit, where they corre-
spond to the coefficients of a spherical harmonic expansion of the distribution P(wj).
State multipoles with nonzero even values of the rank k describe alignment, while
those with odd k correspond to orientation. The state multipole pgo 1s proportional
to population and serves as a normalization factor. The corresponding basis functions
in the classical expansion aré the s,d,g... and p, f, h... orbital shapes, respectively.

The projection ¢ distinguishes, for example, p;, p, and p,, although the pi,’s are usu-
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ally expressed in a spherical rather than Cartesian basis and thus have both a real
and a complex part.

As discussed in Chapter 1, when we measure the v-J correlation, we are
concerned with the distribution P(w,,w;), so the state multipoles must be a function
of recoil angle, i.e. prg = pre(wy) = prqe(8, 4). In the field of molecular dissociation
dynamics, Dixon provided the first such description [38] in terms of bipolar moments.
This semiclassical approach has been useful for a variety of vector correlation studies
involving diatomic photofragments, since it directly provides the geometric relation-
ships between the vectors v, J and g. This sort of information is readily interpreted
in terms of nuclear dynamics on a potential energy surface (see e.g. [38, 75, 76]). In
principle, the same method can be adapted for atomic angular momenta, although
it is not as convenient. The atomic angular momenta produced in dissociations are
usually quite low, and quantum effects are important. The limiting-case correlations
(e.g. v1J and v||J), which are a useful intuitive aid for understanding nuclear dy-
namics, are unrealistic for low J due to the uncertainty principle. More importantly,
simply knowing the geometric correlations for atomic angular momentum does not
lead easily to a dynamical interpretation as it does for diatomic fragments.

The approach of Siebbeles et al. [41] is well-suited for atomic photofrag-
ments. It is a fully quantum-mechanical method which provides a direct relation-
ship between angular momentum polarization and écattering amplitudes, allowing for
more straightforward comparison of measurements with theory. This method allows
an immediate mechanistic interpretation of angular momentum polarization, via the
‘dynamical functions’, fi(q,q’), in terms of excited state symmetries and coherence
effects. The central result of Ref. [41] is a genefal expression for the angle dependence 7

of the state multipoles and is the starting point for the data analysis described in this

thesis:
2312, '
pre(0,0) = S (-1)V2P +1V2V +1
¢ q¢’ PV
y ( 1 1 P ) ( P V k )
9 —q q—q qgd—-q 0 q-¢
X [YV@EP]ICQ fk(qaql)’ (31)
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where the (:::) are Wigner 3-j symbols. The indices P, V and k are the tensor ranks
which correspond to the dissociation photon, recoil velocity and angular momentum,
respectively.! The corresponding tensor projections are p, v and ¢. The angular

~ dependence of Eq. (3.1) is contained in the tensor product,

‘ y . .

[V ® Epli, =21+ ”*q\/% FIx ( ) Y0u(0,6) Epp,  (3.2)
v p —q

~ where Yy,(0, #) is a spherical harmonic. Ep, is the tensor form of the densify matrix

for the photodissociation light. It is defined as follows, in terms of the compoﬁents

e¢ (in the spherical basis) of the light polarization vector e:

V2P + 1) (—1)%ece (1 bF ) : - (3.3) |

e¢’ £ ¢ ~p

~ Note that P can be as high as two, even though the light'vpolarization'corresponds to -

a‘rank 1 tensor (i.e. vector), since these expressions originate from the square of the
transition dipole matrix element for excitation of the parent molectle. The spherical
basis components of e in terms of Cartesian components are ex; = :Fvlg(ex :i:viey) é,ﬁd
- ep = e,. _
 Allinformation in Eq. (3.1) that relates to dissociation dynamics is contained
within the dynamical functions fi(q,q’). The indices q and q’ describe the spherical
basis projections of the transition moment with respect to the internuclear axis and
have‘ the values 0 and =1 for parallel and perpendicular transitions, respectively.?
Functions fk(q, q') with q=q’ correspond to incoherent excitations, while those with
q#q’ represent coherent excifafcion. Because of the way that they appear in the 3-j5
symbols of Eq. (3.1), each>possible combination of q and q’ in fi(q,q’) will lead to

a unique angular dependence for pi,(0,¢) (see footnote®). This fact demonstrates

1The same indices appear in the bipolar moments method in a different notation. The corre-
spondence is (P, V, k) — (K k1, k) and (p, v, ¢) — (@, q1, g2), where the symbol for a bipolar
moment is usually written bQ (k1k2).

2Indlces q and q’ are distinct from italic ¢, which is the projection index for the sta.te multipoles
Prqe(6, ¢>) When context is considered, this usage is not as confusing as it may first appear. This
and several other notational compromises were made to include expressions from different sources.

3Not all fi(q, q’) are mdependent however, since they must obey the symmetry relations fi(q, q’)

= (=1)* fi(=q,~q") = (-1)99 £ (¢, q)
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mathematically why it is advantageous to study v-J correlations instead of the angle-
integrated polarization. Further qualitative insights that are apparent from Eq. (3.1)
are discussed in the following section, while Sec. 4.4 addresses the detailed form of

the dynamical functions.

3.3 Polarization Anisotropy Parameters and Spe-
cific Expressions for p;,(0, ¢)

The first step in making use of Eq. (3.1) is to evaluate it for the specific
geometries employed in the experiment. In a REMPI-imaging experiment, we are
concerned with the relative orientation of the dissociation laser polarization, the de-
tector flight axis and the probe laser polarization. In this section we consider only
the first two, leaving the probe laser geometry for the next section. Since our exper-
imental data consist of pixels in the X-Y plane of the detector, it is most natural to
express the state multipoles (and later the REMPI intensity) in a frame specified by
the detector axis, Z=Zg:. As discussed earlier, two dissociation laser geometries were
used: Geometry I has ey s||Z while Geometry II has ey;,]|'Y. The tensor nature of
Eq. (3.1) makes it very easy to evaluate for these experimental geometries, by using

the polarization tensor components

Geometry I: Fgo = 1/\/§ Fy = —2/\/6_5
Geometry II: Eoo = 1/\/§ E20 = 1/\/6 Egig = 1/2 (34)

These values were obtained from Eq. (3.3) by using e=e,Z and e=e,Y for Geometries
I and II, respectively. Evaluation of Eq. (3.1) for these geometries yields the necessary
expressions for pi,(8, ¢) in terms of dynamical functions.

' At this stage, it is desirable to rewrite the expressions for px, (6, ¢) in terms of
‘polarization anisotropy parameters’ [77], which are convenient normalized combina-
tions of the dynamical functions. Since the absolute size of the dynamical functions
is not readily apparent, we divide by the total cross section in order to normalize

them. The total cross section is proportional to the sum over all three transition mo-
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ment projections of the k=0 dynamical functions, i.e. fo(0,0)+fo(1,1)+fo(—1,—1)
or equivalently, fo(0,0)+2f0(1,1). Also, the expressions become simpler when dy-
namical functions which multiply the same (8, ¢)-dependence are grouped together.
The resulting anisotropy parameters that are relevant for alignment are:
-1 f2(07 0) + 2f2(1’ 1)

fO(O’O) + 2f0(71’ 1)
-1 f2(1a ]-) — f2(07 O)

£0(0,0) + 2fo(1,1)

| _ e Re [f2(130)]

v = 2/3V(j) £0(0,0) + 2fo(1,1)
_ f(1,-1)
7o(0,0) +2fo(1, 1)’

where V(5)=5{5(; + 1)/[(2] +3)(2j —1)]}*/2. These parameters each represent a con-

s2 = V{(j)

a; = V(j)

n = VBV (i)™ - (3.5)

“tribution to the total alignment parameter A from different excitation mechanisms.
(Byvin-tegra,"cing p30(8, ) over recoil angles, it can be sho_wn‘tha‘t Ay & azt+y2412.)
Parameters 432'and a, describe alignment due to incoherent excitation (q=q’), via
both parallel and perpendicular transitions. Parameter 7, corresponds to simulta-
neous parallel (q=0) and perpéndicular {q'==1) excitation. This parameter will be
importén‘t when two electronic states with electronic projections § equal to =1 and 0
have comparable excitation probabilities. Parameter 7, describes coherent perpendic-
ular transitions. This may occur for two states slightly separated in energy as in the
parallel/perpendicular case. A more common possibility is simultaneous excitation

~ of the degenerate Q==£1 ‘lambda doublet’ components of an |Q|=1 state, since both
states automatically have equal excitation probabilities.

For the chlorine study, we need expressions only for the state multipoles
poo(8, &), p20(8, #), and for the real portion of ps2(8,#). The 7=3/2 atoms can only
have k < 2, while the probe geometries that we have chosen restrict which alignment
projections ¢ are needed. The latter restrictions are discussed briefly in Section 3.4.
Using the above definitions of the alignment anisotropy parameters yields the follow-

ing expressions for the state multipoles:
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Geometry I (3.6)

poo(9, ¢) = o[l + ﬁcl)P2(C°S 0)]
p20(8,¢) = Uo{Pz(COS 6)[s2 — 202 P2(cos )] — 3, sin® § cos? 6 — 2‘772 sin? 0}

. 1
p22(0,6) = V504 sin? 062’¢{[32 — 2ayPy(cos 8)] + 2, cos® 6 — 57}2(1 + cos? 0)} _

! Geometry I1 , (3.7)
i poo(0,8) = ooll + fo(l — 3sin® Osin® )
p20(0,9) = ao{Pg(cos 6) [32 + az[Pa(cos 8)(1 — cos 2¢) + cos 2¢]]

+g'yz sin? 0 cos? §(1 — cos 2¢)
: +%772 sin® §[sin” 6 + (1 + cos? 6) cos 2¢]}

) p22(0,9) = aoezid’{ sin® 9[32 + as[Ps(cos 8)(1 — cos 2¢) + cos 2¢]]
. +72 sin? f[cos?® (1 — cos 2¢) + i sin 2¢]
f —%—2- (1 + cos®8) sin? 8 + (1 + cos? 6)% cos? ¢ — 4i cos® § sin® ¢]}
| The parameters (3, and By [41, 77] are the usual velocity anisotropy parameter 8 for
Z- and Y-polarized light, respectively.

Although it is apparent from Eqgs (3.6) and (3.7) that each of the alignment
anisotropy parameters is associated with a unique contribution to the angular depen-
dence, the physical basis for these dependencies is more transparent when alignment
in the molecular recoil frame is considered. A general expression for the molecular
frame state multipoles appears in the paper of Siebbeles et al. [41] but will not be
shown here. The specific expressions for the k=0,2 multipoles for linearly polarized

light along the Z-axis are

poo(8, ¢) = o[l + By Ps(cos )]
{ p20(8,8) = V500[s; — 203 Py(cos 0))]
p21(6, $) = ooy, sin 8 cos fe'?
p22(0, ) = oon, sin? fe?, (3.8)
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where 6 and ¢ are still defined with respect to the laboratory Z-axis. Statevmultipole
poo(f, ¢) is the same in any reference frame, since it describes the isotropic portion
of the angular momentum distribution. Multipole p20(0-,__q5) describes the portion of
the distribution which is cylindricalfy syrnmetr.ic in the recoil frame. It is associated
exclusively with incoherent excitation and suggests an angular momentum vector
which precesses uniformly around the molecular axis. Since the term containing s,
is angle-independent, s, does not contribute to the total laboratory-frame alignment
pé,ram’eter Aqg. Parameter oy, on the other hand, is associé,ted with an a,ngulal“ ‘_
- dependence and represents the total contribution to Ay from incoherent excitatio'n.‘i
The expressions for p2o(f,4) in terms of dynamical functions are propor-

“tional to f2(00)[1 + QPg(cbs )] and fg(l-i)[l — P3(cos 9)] for parallel and perpendicular
transitions, réspeétively. Since these are proportional to pgo(é, 4). for the respective
limiting values of G,, the de.gree.of ba,ligx__lment [o<-pa0(6;8)/ poo(e; ¢)] due to incoherent
- excitation of a singlé state does not depend on recoil direction. The physical reason
for this is clear: Through the interaction p-e, d_nly a projéctioh of e is specified (a ‘
scalar), so the molecular-frame vector properties_ cannot depend on the angle between
e and g (or v). Only the transition probability will depend on this angle. In other
words, the overall size but not the shape of the‘_angulavr momentum distribution can
change with recoil angle. Also for incoherent excitation, the expected reflection sym-
metry in the plane of e and g is usually reduced to cylindrical symmetry due to
precession of J about the molecular axis [Fig: 3.1(a)).

In contrast, coherent excitation can produce both a recoil angle dependence
and non-cylindrical symmetry of the recoil-frame alignment. These facts are imme-
diately appérent from the latter two expressions in Eqs (3.8): the state multipoles
with ¢##0 imply non-cylindrical symmetry, and they clearly have unique angular de-
pendencies. In light of the preceding discussion, we can qualitatively rationalize the
angular dependence by viewing a coherent excitation as the interaction of a light
vector e with two transition moments. This amounts to the molecule ‘knowing’ two

projections of e and thus having vector properties which depend on the recoil angle

#The laboratory-frame expressions [Eqs 3.6 and 3.7] would be used for actual angular integration
to give Asg, but 1t is not obvious by inspection which terms would disappear. '
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Figure 3.1: Examples of a classical angular momentum distribution P(J) about the
recoil vector for (a) incoherent excitation [(q,q')=(0,0)], (b) coherent excitation of
parallel and perpendicular transitions [(q,q')=(1,0)], and (c) coherent excitation of
two perpendicular transitions [(q,q9")=(1,-1)].

6. A qualitative rationale for the non-cylindrical symmetry comes from viewing the
angular momentum vector produced in a coherent excitation as the superposition of
the vectors which we would expect for the individual excitations. Even though the
individual vectors would precess uniformly, when they are added with a well-defined
phase, the resultant may no longer precess uniformly, corresponding to non-cylindrical
symmetry. For a (1,—1)-type of coherence, both transition moments will still be in
the plane perpendicular to the molecular axis, and we would expect the angular mo-
mentum distribution to show reflection symmetry through this plane [Fig. 3.1(c)].
Indeed this is true for the ¢g==2 multipoles, which correspond in the classical limit
to d;y and dy2_,2 spherical harmonic shapes (Cartesian basis). For the (1,0)-type of
coherence, the superposition of angular momentum vectors from parallel and perpen-
dicular transitions will lie between 0° and 90° to the recoil direction, consistent with
a ¢g==1 alignment multipole (d,, and d,, shapes) with maxima at 45° to the recoil

vector [Fig. 3.1(b)}.
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3.4 Two-photon Transition Probabilities

Kummel and coworkers have described a method for exfractiﬂg orientation
and alignment information from measurements which use 2-phofon excitation as a
- probe [78, 79]. This pair of papers (KSZ1 and KSZ2) provides detailed derivations of
the final expressions, but i‘s. ultimately iﬁtended as é user’s guide for‘experiimentalists.
‘We have used their approach with some small modiﬁéati'o_ns. 'The major results of
their 'WOI‘_k are sui’nmarized by the expressions in Table I of KSZ2. We présenf the
main result here in generic form (slightly different from the original) for comparison

to our modified version:

1= CL R,

= CZ{ZSk kd[Eka@)Ekd] }p{;_ | o (3.9)

kg kakg

The indices k, and kg are the same as in KSZ, a‘nd co_rrespond to the tensor ranks
for the first and second.photons, respectively.® The factor S,fak ,» which is not written
as a single factor in -KSZ-,, is a lin'estrengthsfactOr, that depends. on all vth>e quantum
numbers of the initial, intermediate and final states involved in the 2-photon procéSs,
but not on the projections of any vectors. All pro;ectlon information is contamed in
the: state multipoles and the term [Eka ® Ex d] which is the combined polarization
tensor for both probe photons. The total 1nten81ty expression of KSZ2 is the scalar
(dot) product of the combiﬁed polarization tensor and the state multipole.

The version of the KSZ expression which we use was derived from scratch |
by Professor Vasyutinskii, but ultimately represents an algebraic rearrangement of

the KSZ expression:

I=C E Skka[ Pk @ Eka‘)kd : Ekd]‘ (3'10)

kkaky

This modified version has two advantages—one practical and one conceptual. The

practical convenience lies in the complete separation between the sCa,léur.linestrength

Sthe subscripts @ and d presumably originate from 141 laser-induced fluorescence (LIF) notation,
where the first photon is absorbed and the second (fluorescence) photon is detected.
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factor S ,’:;ja and the tensor quantities in the photon-atom dot product. In this form,
the qualitative dependence of the signal on laser polarization can be studied without
reference to linestrengths. Of course, the novelty of this form should not be over-
emphasized, since in principle, the original KSZ expressions can be rewritten in this
way: Nevertheless, this viewpoint is not explicitly considered in KSZ, since the light
polarization is absorbed into the factor Pq" .

The conceptual advantage of Eq. (3.10) relates to the order in which the
tensor products are taken. In KSZ, a single tensor product is constructed for both
photons, then a dot product is taken between the total polarization tensor and the
state tensor of the atomic (or molecular) system. In contrast, the multiplication order
in our expression corresponds to the order of photon absorption and provides insight
into the way that this absorption modifies the angular momentum polarization of
the ensemble. The polarization properties of the first photon are described by the
tensor Ek,,,. The tensor product (®) with the photofragment ensemble described by
Pkq yields an excited state ensemble of rank k;. The fact that a full tensor product -
appears here indicates that the total process is sensitive to the polarization properties
of the intermediate (‘virtual’) state. However, this is not true for the resonant state
reached by the second photon, since we assume that the subsequent ionization step
is saturated. For this reason, the interaction of the excited intermediate state with
the second photon (tensor Ey,,) is represented by a scalar dot product. In other
words, the ionization step probés the population, but not the polarization of the
2-photon-excited state.

At first glance, the combined polarization tensor [Eka ® FEk d]: from KSZ
is appealing because of its apparent symmetry with respect to the first and second
photons. But this is misleading for the reasons discussed above, and in fact the true
asymmetry between k, and kg is also apparent in the way that these indices appear in
the 6-j and 9-j symbols of Eq. (3.12) below. This expression is essentially the same in
KSZ. One could argue that the KSZ form is more convenient from the perspective of
clean bookkeeping, since all light polarization information is grouped into one term.

While this does allow specific instances of the polarization expression to be tabulated
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for common experimental geometries (as in KSZ2), in the end these issues are more
a matter of appearance than conveniénce, since the same terms will result from the
dot product no matter which form is used. The tensor product in Eq. (3.10) is easily

calculated according to

o » 7 v _ ko k, k .
[(Pk@Eka)kd'Ekd] = Z (_l)k—ka [2ks + 1 ( v d ) EkGQGquEkd_‘Id‘ (3.11)

kkakq 9 Ga —4qd
One need only determine the values for the single photon polarization tensors FEj,,
using the same definition as in Eq. (3.3). These are also tabulated for some often-used
probe geometries in Table IIT of KSZ2. ‘
The linestrength factors Sf,‘ja in our version are slightly different from those
of KSZ (S x, in Eq. 3.9). This is a consequence of choosing a different convention
for the polarizafion tensor ‘definitions and of carrying out the angular momentum

recoupling algebra in a different order. Our linestrength factor is

S Jowi Jpr) = (<) ok £ 1) 2k, + 1)
SRR O A
x S (=D e g1 g { ° e ""}
J,,T'yeJé'y,’3 ok kd 1 1 Jf
XS (Jirvis JeVes JeVes J5778)- (3.12)

The indices i, e and f designate initial, ezcited (intermediate or ‘virtual’) and final
states. The presence of both e and €' is a result of coherent sums over different
intermediate excited states. The factor S(Jivi, JeYe, J27v%, J5vs) contains reduced ma-
trix elements (i.e. Mj-state dependence already extracted) and the familiar energy
denominaf;or of second order time-dependent perturbation theory. After further re-
duction of the matrix elements using Eq. 5.72 of Ref. [73], the factor S of Eq. (3.12)

becomes

S(Jiviy JeVes Jever J5vs) = (2i + 1)(2J. + 1)(2J; + 1)(2J; + 1)

XL.esJewLeSJ;'L;SJ; IS J
Jy 1 Ly J; 1 L, Ji 1 L; Jr. 1 Ly
| (LslldN L) (Lol AILL)* (Ll L) (Ll Al La)*

(Be — ho +i0)2)(Ees — hv 1 iT72) 1)
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In order to obtain quantitative linestrength factors, it will be necessary to calculate
the reduced matrix elements in Eq. (3.13). Omidvar has reported values of these
radial integrals for some states of Cl, O and N atoms, calculated with the ‘frozen core’
approximation [67,‘ 68]. However, this calculation has not been done for the specific
REMPI transitions used in this work. Also, it is likely that modern computational
-methods are more accurate. Although the calculation of these integrals is not likely
to be terribly challenging (or interesting), in the future we will seek the assistance
of atomic structure experts, who are much better equipped than we are to efficiently
carry out this task. ‘

At present, there still exist deficiencies in the treatment of transition proba-
bilities represented by Eqs (3.10)—(3.13), which are probably a consequence of implicit
approximations in the derivation. There are two problems, which appear to be of a dif-
ferent nature. The first is that the above expressions predict a probability of exactly
zero for the two photon transition Cl(4p 2S5 ,)+«Cl(3p?P3,,). While the signals
that we observed for the ?S], line were at least a factor of five smaller than for the
’Dg /2 line, they were clearly not zero. The second failure of the above expressions is
that for the 2D§ /2 line, they predict no effect on the signal due to the alignment—a
fact which is also contradicted by our measurements. If electron spin is completely
eliminated in the derivation, a nonzero alignment contribution for the ?D§ /2 line is
obtained, even though this would seem to be a coarser approximation than the forms
above. This approximation did not affect the other problem, however—the total cal-
culated signal for the ?S7/, line remained zero. This suggests that the two observed
problems in the above treatment have different origins. These problems will obvi-
ously need to be solved in order to obtain quantitative values (including the sign)
of the alignment anisotropy parameters, however it will become apparent from the
discussion of Eq. (3.17) below that a great deal can be learned from knowing their
relative size. _

We caﬁ now write expressions for the 2+1 REMPI signal for three experimen-

tal geometries, corresponding to the probe laser polarization along all three Cartesian
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axes. Using Eqs (3.10) and (3.11) with polarization tensor components

Eoo = 7~ =_T2f6 (for e=ez) and
Foo = —\}—?_’; Eao = 7 -—% (for e=ex,er), (3.14)
we get'
Ir = 1R polf, ¢)‘—¢5R2 p20(0, 9)
I = 5 [Ro mol6,8) + —5{Re pn(6.8) % VB Relpn(®,0)]}],  (319)
where |

i"30='530+2532' and R, =952+ (3.16)

\/_522 \/_522

| The state multlpoles here are written as a function of recoil angles, but. the expressions
~ are general and pg, may be a ‘function of any convenient experimentally- measurable -
coordinates. - The — and + of ¥ in Eq. 3.15 correspond tQ the X and _»Y .probe
geometries, respectively. The fact that ps1 (6, ¢) does not appear in these expressions
is simp'ly.v 'a consequence of the experimental geometry. 'Greatest sensitivity to this
state multipole is obtained with the probe laser polarization at 45° to the Z axis. :
. At 0° or 90°, there is no sensitivity. Similarly, thevimaginary part of p2(6, ¢) could
- only be measured with the laser propagating at some angle between the X and Y
- axes. 'The fact that these two state multipoles do not contribute to the signal has no
relation to whether they exist in the molecular frame. Indeed, any one of the above
three expressions contains contributions from all possible molecular-frame multipoles
and all possible alignment anisotropy parameters. Measuring more than one geometry
is simply an opportunity to reduce the overall uncertainty in the parameters obtained
with such an analysis.

Usually, the spatial modulations in an ion image, Doppler profile or TOFMS
profile which result from photofragment alignment are a relatively small fraction of the
total signal For this reason, it is useful to isolate the alignment contribution by taking
linear combinations of the signal from different geometries, in such a way that the

populatlon term poo(9, ¢) cancels. Furthermore, by combining measurements along



3.5. ALIGNMENT IMAGE BASIS FUNCTIONS 59

all three Cartesian axes, the alignment terms can be eliminated. These expressions

are
Ixy—1I —QR{ (6, 6) \/ER 0,6)1} 3.17
b 8% Z—-\/i 21P20\%,¢) + 3 e[p2(0,9)] ¢, (3. a)
Iy - IX = 2——\/CY§R2RG [P22(6, ¢)], (3171))
IX + Iy -+ IZ = CRopoo(o, ¢) (317C)

In practice, physical restrictions in the experimental apparatus may prevent mea-
surements at certain geometries. For example, measuring both Ix and Iy requires
propagating the probe laser beam in two orthogonal directions, which may be impos-
sible in some experimental apparatuses. This problem can be circumvented when the
dissociation laser polarization lies parallel to the Z-axis (Geometry I), since the Ix
image is effectively obtained by a simple 90° rotation of Iy. In other words, we can
rotate the image instead of the apparatus.

As described in the next section, Eqs (3.17) can be converted from (6, ¢)-
space to two-dimensional image space. It is apparent from Eqgs (3.17) that the overall
shape of the resulting difference images (or ‘alignment images’) is independent of
the quantitative values of the coefficients S,]j,‘ja, since all rank £ state multipoles are
multiplied by the same linestrength coefficient R;. For this reason, a great deal of
information can be obtained without knowing quantitative values (or even the sign) of
the linestrength coefficients. More specifically, the symmetry of the excited states and
whether coherent excitation occurred is apparent from the shapes of the difference
images. This corresponds to knowing relative values of the polarization anisotropy
parameters. In contrast, determinations of asymptotic state branching rations, which
provide information about nonadiabatic transition probabilities and initial excitation

probabilities, require quantitative values of the alignment anisotropy parameters.

3.5 Alignment Image Basis Functions

The state multipole expressions presented in the previous sections are func-

tions of recoil angles 6 and ¢. In general, they are also a function of the recoil speed,
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‘however at present we consider only é-function speed distributions. The most common

~ types of experimental data, on the other hand, represent an integration over one or two

Cartesian dimensions. Doppler and TOFMS proﬁlés are projections onto the probe .

laser propagation axis [[f1(6,4)dY dZ] and detector flight axis [ff ] (6,¢)dX dY],
respectively. Ion images are projections onto the detector plane [[ I(, ¢) dZ].

In most ion imaging studies to date, investigators ‘soughtv to obtain recoil
energy and angular distributions, uéing the inverse-Abel transform to directly invert
‘their images to obtain the original three-dimensional ion spatial distribution [59].
- The forward-Abel transform is actually intended to project a circularly symﬁletric

two-dimensional pattern, f(r) into a one-dimensional function I(X ). It has the form

I(X) P X°° \’/C—(—_;)?’”_——g(% (3.18)

Since this expressxon is of one less dlmensmn than what is generally needed for imag-
ing, it can only be used if the image is a prOJectlon of a cyhndncally symmetric
' dlstnbutlon, where the symmetry axis lies horizontally on the two-dimensional sur-
face. Then the inverse Abel-transform can be applled 1ndependently to successive
plxel rOws whlch are perpendlcular to the symmetry axis.

Cyhndncally symmetric ion distributions result when linearly or circularly
polarized dissociation light and an isotropic gas sample are used, and the detection
“sensitivity is independént of the probe laser polarization. The latter condition is not
met when a v-J correlation exists, so the inverse-Abel transform cannot be used.

Instead, we use the expression

> f(arcsin(p/r), $)g(r) .. ’
I(p,$) =2 T dr, (3.19)

where I(p, ¢) is the image, (p, $) are polar coordinates (¢ is the same -as in three

dimensions), and r is the length of the photofragment radius vector. Thévse variables
are labeled clearly in Fig 3.2; The function f(arcsin(p/r), ) = f(0, $) describes the
angular dependence of the intensity distribution and can be substituted with one of
the REMPI intensity differences in Egs (3.17). Eq. (3.19) assumes reflection symmetfy
of the function f in the X-Y plane. The function g(r) describes the radial dependence

B v .
) .
—— »
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e
o

Figure 3.2: Clarification of variables in 3D to 2D transformation (Eq. 3.19).

of the three-dimensional distribution.® Unlike the Abel transform, Eq. (3.19.) is not
a true integral transform and cannot be inverted. Nevertheless, it may still be used
for so-called ‘forward-convolution’ fitting of image data.

For monoenergetic chlorine atoms, g(r) = 8(r — 7o), where ro = voT, v is
the photofragment velocity, and 7 is the flight time of the ions. For this special case,
we can evaluate the integral in Eq. (3.19) analytically. For dissociation polarization
geometries I and II, using the Iz— Iy expression from Eq. (3..17a) for f, we get

ya(t,d) o \/1_2_7{[52—2a2+3a2t2][1—t2(1+sin2 )]

— 27t (1 — t2)(1 + sin? @)
- 7—13t2[t2 + (2 - t?) cos(2¢)]}, (3.20a)

and

Ulyz(t, ¢) o \/Iz_—tz{[sg + aa(1 — 3t?sin® @)][1 — t3(1 + sin? ¢)]

+ 27t%sin® §[2 — t3(1 + sin? ¢)]

+ %[t2(2—t2)cos(2¢)+1—t2+t4(1--5i—nzii@)]}. (3.20b)

The variable ¢ is the radial coordinate normalized to the maximum possible radius,

i.e. t = p/ro.

6Most analyses of v-J correlation data (including this one) assume the separability
h(r,8,¢)=£(8,#)g(r). However in general, vector properties will depend on recoil velocity, so this
separation will not be valid.
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Egs (3.20) provide a powerful means for interpreting the alignment contri-

-bution to photofragment ion image data, since each of the four alignment mechanisms

discusséd in Sec. 3.3 is associated with a uniqué radial and angular dependence in

the images. The basis images shown in Fig. 3.3 are the ﬁnal. result of the theoretical

approach discussed in this and the preceding sections. Each basis image corresponds
to a maximum limiting value for each k=2 dynamical funétion.

- The calculated images of Fig. 3.3(a) show the contribution of a pure perpen-

dicular optical transition (|2 — Qo] =1, where y and € are projections of the total

angular momentum onto the internuclear axis for ground and excited states, respec- -

tively), while Fig. 3.3(b) corfésponds to a pure parallel transition (2 — Q=0). Since
the anisotropy parameters are defined according to angular dependence, whereas we
are most interested here in mechanistic assignrhents, Figs 3.3(a) and 3.3(b) corre-
spond to both s, and a,; having nonzero- values. It is clear from the deﬁhitions -of

the aniso_trbp’y parameters that the parallel contribution is 6btained with s5=2c, and

the perpendicular contribution from s;=—a;. The other two .pa,ra,'rnefer's are set to

Zero. The coherent contributions are shown in the third and fourth rows of thé ﬁgure.

Parameter 72 corresponds to coherent perpendicular excitation (Q=:i:l) [Fig. 3f3(c)],

while v, corresponds to coherent excitation via both parallel and perpendicular tran-

sitions [Fig. 3.3(d)].

Linear combinations of the shapes in Fig. 3.3 can be used to simulate the -

alignment contribution to photofragment ion image data from dissociations with lin-
early polarized light which produce fragments with a single recoil velocity. For chlorine
dissociation, which can produce only rank 2 alignment, no other shapes are neces-
sary. In the next chapter, chlorine images are simulated using these basis images.
For higher angular momenta, which may be. more sharply peaked, additional basis
images may be needed, although the rank 2 alignment is likely to be the most im-
portant. Real image data will of course also have finite spatial resolution, unlike the
calculated images which may become infinite at the edges. (The shapes in Fig. 3.3
were truncated.) Prior to fitting, one could convolute the calculated images with
a two-dimensional function which approximates the experimental svpatial resolution.

Another option would be to use Monte Carlo methods.

i
/S
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Figure 3.3: (color) Alignment image basis functions: plots of Iyz(¢,¢) [Eq. (3.20)]
for dissociation polarization Geometries I and II. Cases (a)—(d) correspond to the
following mechanistic limits: (a) incoherent perpendicular excitation, (b) incoher-
ent parallel excitation, (c) coherent perpendicular excitation, (d) coherent parallel
and perpendicular excitation. The corresponding values of the alignment anisotropy
parameters are discussed in the text. Blue, red, and white correspond to positive,
negative, and zero values, respectively.
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Chapter 4

Results and Discussion

4.1 Overview

In this chapter, ion imaging results are presented for the dissociation of chlo-
rine at 355 nm and for ozone at 266 nm. Both systems show clear evidence of angular
momentum polarization. The discussion emphasizes the interpretation for chlorine,
since a relatively complete theoretical description is possible for diatomic molecules.
Although our interpretation for chlorine remains qualitative at present, the exist-
ing theory permits, in principle, a quantitative determination of relative excitation
probabilities and nonadiabatic transition probabilities. Even the qualitative results
presented in this chapter point clearly to a mechanism which involves incoherent and
coherent perpendicular excitation of the parent molecule and nonadiabatic transitions
in the asymptotic region of the potential energy curves. The ozone results presented in
this chapter are particularly intriguing, since they exhibit resolved vibrational levels
of the oxygen molecular partner. A preliminary analysis indicates that the angular
~ momentum polarization depends on the partner vibrational level. The theoretical
tools for interpreting atomic photofragment polarization in polyatomic systems are
in the early stages of development, and it appears that ozone dissociation at 266 nm

will be a very promising system with which to test these new theories.
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4.2 Introduction & Background: Chlorine Pho-

todissociation

As discussed at the outset, the primary rationale for studying atomic photo-

fragment polarization at this stage is to gain a deeper understanding of the physical
process in general. Therefore, we choose simple model systems with a minimum of
variables which influence the polarization. We hope that in the future this property
can be used as a tool for better understanding the electronic structure and dissoda’cioh
dynamics of molecules which are important in specific technological or environmental
processes. Of course, we should consider that the model systems themselVes may havé
some practical relevance, and 1ndeed this is true for the chlorine molecule.

Free chlorine atoms are known to play a role in the destruction of strato-
spherlc ozone. Some chloroﬂuorocarbons and chlorohydrocarbons, which were widely
.used in the past as solvents for ma,klng aerosols, and as refrlgerants are known to be
the primary anthropogemc source of chlorine atoms, through photolys1s by ultraviolet
'sunhght In the past decade, worldwide production and use of these compounds has
been curbed as nations have become aware of their danger, and many 1nvest1gators
‘have turned their attention to other atmosphéric processes, such as chemical réactions
on the surface of ice clusters in polar stratospheric clouds. One such process is the
surface—cataiyzed production of chlorine molecules through the reaction of adsorbed
hydrochloric acid with gas phase chlorine nitrate. The resulting gas phase chlorine
may then photolyze in sunlight. From this perspective, the low-lying electronic states
- and dissociation dynamics of this molecule are of very practical interest. On a more
detailed level, it is known that the polarization of an atom affecﬁs its reactivity with
other molecules (see e.g. Refs [80, 81]), although it is less clear that a substantial
effect would remain after detailed cross sections are averaged to obtain thermal rate
constants. | | |

The dominant feature of ‘the ultraviolet . absorption spectrum -of chlorine
[Fig. 4.1] is a wide continuum with its maximum around 330 nm. This feature re-

sults from excitation to the dissociative C ,, state of chlorine. A nominally spin-
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c + a*

+ Cl

Figure 4.1: Absorption spectrum and potential energy curves (qualitative) for the
chlorine molecule. '
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forbidden transition at longer Wavelehgths results in a weak shoulder with resolved
structure above 476 nm This feature is assigned to the state B 31’103. Recently, Maric
et al. [82] have published quantitative measurements of the chlorine uv absorption
spectrum at room temperature and fit t};e measured spectrum with a simple semi-
empirical form. Their spectral resolution was 0.2 nm for the continuum region and
0.04 nm for the struétured region above 476 nm. They discuss the quality of their
measurement and discrepancies between theirs and the original measurements of the
1920s and ’30s.! |
The lowest few excited electronic states of the chlorine molecule, which are
of interest for this study, result from single-electron promotion from a 7, antibond-
ing orbital to a o} antibonding orbital (see Fig. 1.4). A state correlation diagram
 based on the general rules of Mulliken [83, 84] is shown in Fig. 4.2. (This diagram
..a,lso appears explicitly in Refs [85, 86].) The lines connecting the molecular and
atomic states are adiabatic correlations, corresponding to the electronic energy levels
for fixed nuclei (i.e. in the Born-Oppenheimer approximation). The state C My, cor-
relates adiabatically to two ground state (*Py),) chlorine atoms (Do=57.1 kcal/mol),
while the nearby B 3H0¢ state, which is responsible for the weak red shoulder in the
absorption spectrum, correlates to one ground state and one spin-orbit excited state
(*Py),) atom. (The spin-orbit splitting for chlorine atoms is 881 cm™.) Potential
energy curves for the ground electronic state and the first three excited states are
shown in Fig. 4.1. |
* Chlorine dissociation has been the sub ject of investigations since the younger
days of the chemical reaction dynamics field. The original repofts of translational
spectroscopy measurements by Busch et al. [10] and Diesen et al. [11] were both for
the chlorine molecule.? By monitoring signal both pai‘a'llel and perpendicular to the
laser polarization, both studies showed that a perpendicular transition dominates the
absorption. Although both apparatuses were only roughly calibrated, Busch et al.

were able to correctly identify the ground state atomic products from their kinetic

1Ref. 23 of Maric et al. [82] provides a quaint example of getting by on a shoestring before the
days of big science: a car headlight lamp was used as a light source.
2The competitive spirit in scientific research is evident in the footnotes of both of these papers.
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Figure 4.2: State correlation diagram for the chlorine molecule. Molecular orbital
configurations are at the far left. Hund’s case @ and ¢ molecular states are in the next

two columns, and atomic states are at the far right.
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energy release.

Almost twenty years later, the ultraviolet dissociation of chlorine began to
receive renewed attention—probably this time because of the availability of quantum
state-selective detection methods. Li et al. [86] measured a 3+1 REMPI spectrum
of chlorine atoms from 323-331 nm. Based on the absence of signal from CI*(2P},)
lines known to exist in this region, they concluded, in agreement with the earlier
stud_ies, that the dissociation occurred adiabatically along the C 1,, state. Matsumi
et al. [85, 87] used 2+1 REMPI to measure Doppler profiles for an extensive study
of chlorine dissociation at 19 wavelengths between 266 nm and 485 nm. For the first
' time, they directly observed signal from Cl*(sz/z). They were able to extract 3
“anisotropy parameters; and with careful calibration, the spin-orbit branching ratios

[C1¥]/[Cl], over the rangevvof dissociation wavelengths. At 355 nm the ground state Cl
‘atoms showed a limiting value of 8=—1 (from adiabatic C-state dissociation), while
the C1* atoms had a nonlimiting value of #=1.8 (mostly adiabatic B-state dissociation
with a small portion via a nonadiabatic transition from the C"—state).

Two recent measurements have contradicted the conclusion that a parallel
transition makcs a negligible contribution to overall absorption and 1;0 ground state
Cl production. Samartzis et al. recently réported non-limiting values for 8 obtained
from an ion imaging experiment [88]. These results were confirmed by Rakitzis et
al., who used the core extraction time-of-flight method [57]. The former also report a
spin-orbit branching ratio five times larger than thoseof Ref. [85]. These observations
suggest stronger absorption by the B-state than was first believed.

Eventually, ‘quan‘titative measurements of atomic polarization, particularly
Cl* orientation, may help to resolve the above-mentioned disagreements on the B- and
C-state roles in C1 and CI* production, respectively. In studying atomic polarization
at'this stage, howe’ver, we are more concerned with the dominant process—namely, Cl
produéed by the C~'—sta,te.lv The most significant report in this area is that of Wang et
al., who were the first to report the v-J correlation in chlorine dissociation [55]. They
measured TOFMS profiles of Cl photofragments detected with 2+1 REMPL As in our
own study, the difference between data collected with different probe polarizations

provided evidence of a v-J correlation. They correctly interpreted their results as a
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~ preference for |[M;|==%1/2 in the recoil frame, based on a simplified fitting procedure
involving ‘effective’ 8 pa,rameter.s. However, despite a detailed theoretical exposition
based on the work of Band et al. [89, 90], they provided no rigorous connection to the
measured polarization effect and no discussion of coherence effects. Thus when we
received a preprint of their report in 1995, we nevertheless decided to proceed with
our own study of Cl photofragment polarization.

Chlorine dissociation has recently received attention from Rakitzis, Zare
and coworkers, who have studied bimolecular reactions between chlorine atoms and
hydrocarbons, where the atoms are produced by molecular chlorine photolysis (see
e.g. Ref. [91]). A natural question in such studies is whether the atomic polarization
affects the bimolecular reaction cross section, and in addressing this question, Rakitzis
and Zare have begun a more detailed study of the chlorine dissociation itself [57].
Their current REMPI-TOFMS studies of chlorine dissociation at 320 nm show both
cylindrically symmetric (Az0) and asymmetric (A;;) alignment components in the
 recoil frame, consistent with our observation (discussed below) of incoherent and
coherent alignment mechanisms.

Even though it was first studied almost thirty years ago, the chlorine molecule
continues to hold the attention of modern researchers. Because of its simplicity,
it has served as a model system for many types of studies, including the develop-
ment of photofragment translational spectroscopy, early applications of REMPI-based
Doppler and TOFMS methods and most recently for the study of orbital alignment.
From an experimental perspective, it is a relatively straightforward molecule to study
and often serves as a ‘practice’ system for those testing a new apparatus or new
" technique—indeed this was true in our laboratory as well. However, the flip side of
studying simple systems is that one quickly sees through the usual predictable char-
acteristics to face their more complex and subtle features. Ongoing interest in the

hydrogen atom and hydrogen molecule is the strongest evidence of this fact.



72 CHAPTER 4. RESULTS AND DISCUSSION

4.3 Experimental Results on Chlorine Dissocia-

tion at 355 nm

4.3.1 Chlorine Ion Image Data

As discussed in Sec. 2.4, it is useful in studies of v-J correlations to measure
images for four different expenmental geometries. These correspond to orienting the
dissociation and probe laser polarizations each parallel and perpendicular to the Z-
axis, which is defined by the ion flight axis. As before, the Z and Y polarizations
of the dissociation laser are identified as Geometries I and II, respectively. For all
measurements, the dissociation and probe lasers were counterpropagating along the
X axis. Ton image data for chlorine dissociation in these four geometries are shown

“in Flgs 4.3 and 4.4. These data have been ‘symmetrized’ as described in Sec. 2.3.3.

At the bottom of Flgs 4. 3 and 4.4 are the difference images, or ‘alignment
images’, which represent the alignment contribution to the signal (see Sections 3.4
and .3.5). These were obtained from a properly weighted subtraction of data images
collected in the Z and Y probe geometries. Sec. 4.3.2 discusses normalization of
the data images for subtraction, through measurements of total laboratory-ffame
alignment Ago. Sec. 4.3.3 discusses qualitative simulations of the alignment images

and fbhe quantitative quality of the data images.

4.3.2 Total Alignment Measurement

Calculating the difference between the data images Iz(p, ¢) and Iy (p, ¢) to
obtain an alignment image is not trivial, since their relative integrated intensities
are not immediately known. In an ideal experiment, where no intensity-altering
conditions change between the Z and Y measurements, it would be possible to directly
subtract the measured images. In practice this is nearly impossible, unless one carries
out a shot-to-shot rotation of the probe laser polerization (without laser beam walk)
and collects two separate images in parallel, which would average _ouf, slow drifts in

experimental conditions. Such a measurement requires a Pockels cell or photoelastic



4.3. RESULTS ON CHLORINE DISSOCIATION 73

modulator and a special frame grabber. While the latter may exist commercially, it
was not available to us for the experiments considered here.

As an alternative to simultaneous direct subtraction of the images, we mea-
sured total signal intensities (not images) for each relative laser polarization and used
these intensities to normalize images which had been collected previously. We used
a 355 nm half-wave plate to rotate the polarization of the dissociation laser, while
keeping the probe laser fixed. Data collection consisted of toggling the half-wave plate
position every 10-20 seconds, with the laser blocked for 5-10 seconds during changes
in order to measure the baseline. Signals were recorded by placing a photomultiplier
behind the phosphor screen of the imaging detector and using a boxcar integrator to
select the chlorine peak from the resulting mass spectrum. A typical signal trace is
shown in Fig. 4.5.

Because of drifts in experimental conditions, including the pulsed molecular
beam and laser intensities, we averaged around 100 such ‘toggles’ to improve the
measurement statistics. Unfortunately, some of the experimental drifts were on the
timescale of our toggle frequency, while some were even slower, so the final standard
deviations are still rather large. Nevertheless, we did not stretch our patience to
improve this measurement, since it was sufficient for the current qualitative analysis.
In the future, a shot-to-shot polarization rotation with a Pockels cell should rapidly
average out the slow drifts as well as improve the shot statistics.

From these measurements, we have determined the following ratios of in-
tensities for parallel and perpendicular relative orientations of the dissociation and

probe laser polarizations:

2D§/2 state: 1))/ = 0.91 £0.03
287,y state:  Iy/I. =1.04 +0.04

In weighting the images for subtraction. it should be noted that I; corresponds to /|
in Geometry I but to I, in Geometry II.
A total alignment measurement of the general type described above is what

would conventionally be used to obtain values of the alignment parameter Ay for the
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II

Figure 4.3: (color) Photofragment ion images of C1(*P5,) atoms from the dissociation
of chlorine molecules (D3, probe state). Geometries I and II correspond to the dis-
sociation laser parallel and perpendicular to the detector flight axis (Z), respectively.
The probe laser was polarized along either the Y or Z axis. Colored difference images
are proportional to the signal contribution from photofragment alignment. Blue, red,
and white correspond to positive, negative, and zero values respectively.
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Probe

Figure 4.4: (color) Photofragment ion images from the dissociation of chlorine
molecules. Cl(ZPe‘)’/z) atoms were probed with 24+1 REMPI via 25{’/2 state at 235 nm.
See Fig. 4.3 caption for further information.
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Figure 4.5: Total alignment measurement. Shown is a segment of raw data for mea-
surement of the relative intensities when dissociation and probe laser polarizations
are parallel and perpendicular. This ratio is used for normalization of images Iz (p, ¢)
and Iy (p, ¢) prior to subtraction. See text for details.

vy

total photofragment ensemble. The well-known relationship

(Iz) = (Ir)
<IZZ> + 2(;1/) (1)

results from the ratio of Eqs (3.17a) and (3.17¢) when the multipole moments are

AQQ X

integrated over angles for a cylindrically symmetric distribution. The values of the
above ratio from our calibration were 0.03240.012 and —0.01340.013 using the D and
S states, respectively. Of course, to calculate the alignment parameter one also needs
the proportionality constant, which depends on the values of the linestrength factors
Ry and Ry. The total alignment parameter for atomic photofragments provides infor-
mation on the dissociation mechanism, as shown by Kuprianov and Vasyutinskii [45].
However, Ay provides only the sum of alignment anisotropy parameters as+vy2+12,
rather than the value of each parameter independently. In this sense, it is not possible
to explicitly isolate the effect of coherent excitation in a total alignment measurement
as one can when the angular distribution of the alignment is measured.

One aspect of angular momentum polarization which has not been men-

tioned so far is the role of nuclear spin in reducing the polarization of an ensemble
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Figure 4.6: Simulated time-dependence of alignment due to interaction with nuclear
spin (I=3/2). G*(t) is the factor by which rank 2 alignment changes with time. For
the relatively long (8 ns) excitation source used in these experiments, the oscillations
average to a constant depolarization of 27%.

(see e.g. [73]). Nuclear spin I is weakly coupled to the electronic angular momentum
J. According to the vector model of angular momentum coupling, this corresponds
to a slow precession of J around the total angular momentum vector F=I+J. This
has the practical consequence that a polarized ensemble of J’s becomes ‘washed out’.

The precession times are determined by the splittings between the hyperfine
levels. If the laser pulse used to initiate the polarization is short compared to the

precession times, then the polarization of J will oscillate according to

(2F' + 1)(2F + 1)
2l +1

{ FF -]; } COS[27Z‘(EF/ —Ep)t/h] (42)

F0=2 JJ

FF’

This behavior is shown in Fig. 4.6 for ground state 3°Cl. This atom has hyperfine lev-
els F'=0-3. Four frequencies contribute to the oscillation—the fastest with a 0.85 ns
period and the slowest with 2.8 ns. If the excitation time is long, as it is for our
8 ns Nd:YAG pulses, then the different frequencies rapidly dephase and a constant
depolarization is reached. This value equals the sum of the constant terms of Eq. 4.2,

which is 0.27 for ground state chlorine. The practical implication of this for our ex-
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periments is that the measured polarization, either as total alignment or as images,
will be only about one fourth as strong as the nascent polarization. Since the de-
polarization process itself is not of interest in most reaction dynamics studies, this

* correction factor is usually absorbed into the REMPI linestrength factors.

4.3.3 Alignment Images

The difference images shown at the bottom of Figs 4.3 and 4.4 were obtained
by an appropriately weighted subtraction of the data images with Z and‘ Y probe
polarizations. The qualitative appearance of these differences are roughly the same
for the 2D3 /2 and 289 /2 state measurements. This must be true; since the choice of
REMPI transition affects only the relative sensitivity to rank =2 alignment, but
not sensitivity to :the‘ specific components (speciﬁed by q) of a given rank. Thus we |
see a sign change between 2Dj,, and 259 /9> but the general shape remains the same.
Likewise, the integrated intensity of these difference images (cxAzo) was shown earlier
to be different. _

In order to get a better idea of the data quality, it is preferable to view XY Z
contour plots of the difference images. These plots are shown in Figs 4.7 and 4.8, with
the 2D3 /o-state plot inverted in order to make it easier to compare with the 282 2"
state plot. It is clear that the data from ’Dj3,, and %55, state measurements, while
similar in shape, are not identical. There are two likely reasons for this. The first is
the substantial uncertainty in the total alignment calibration discussed earlier. While
those uncertainties were only a few percent of the total image intensities (since the
total polarization is relatively small), this translates into a substantial uncertainty in
the resulting difference images. A comparable source of uncertainty results from im-
perfections in the detector and is emphasized by the standard deviations on the right
side of Figs 4.7 and 4.8. These standard deviations are associated with the fourfold
symmetrization discussed in Sec. 2.3.3. Although the experiniental uncertainties are
substantial, they are one half or less of the measured difference signal. This is more
than sufficient for the qualitative anaiysis discussed in this section and in Sec. 4.4.

As discussed in Sec. 3.5, an observed alignment image can be simulated as a
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Figure 4.7: Contour plots for Geometry I, emphasizing standard deviation, 2D /2 and
257/, REMPI states. Difference signals (alignment images) are the same as those
shown in the left columns of Figs 4.3 and 4.4. Standard deviations correspond to the
averaging of four quadrants by ‘symmetrization’ of the raw data. 2
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is inverted for comparison to 2S¢ /o-state signal.
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Figure 4.8: Contour plots for Geometry II emphasizing standard deviation, 2Ds /2

and 251 o REMPI states. Difference signals (alignment 1mages) are the same as those
shown in the right columns of Figs 4.3 and 4.4. Standard deviations correspond to the
averaging of four quadrants by ‘symmetrization’ of the raw data. 2D§ /o-state signal

is inverted for comparison to 257 /o-state signal.
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I

Figure 4.9: (color) Simulation of alignment images for Dissociation Geometries I and
IT (compare to Figs 4.3 and 4.4). These simulations were obtained by setting so=2a,
(corresponding to a perpendicular transition) and ay/n,=—1.5. It was possible to de-
termine these relative values without knowledge of the 2-photon linestrength factors.

linear combination of four basis images, each of which correspond to a specific align-
ment mechanism. We have done this for the chlorine alignment images presented
above. Due to the quantitative shortcomings of the present data, we have not at-
tempted a quantitative fit but try instead to reproduce only the coarse features of
the measured images. The simulated alignment images shown in Fig. 4.9 include sub-
stantial contributions from basis images (a) and (c) of Fig. 3.3, which correspond to
incoherent and coherent perpendicular excitation, respectively. This simulation was
obtained by adding basis images (a) and (c) in relative amounts corresponding to a
ratio of alignment anisotropy parameters az/nm, = —1.5. [As discussed in Sec. 3.5,
the relative values of s, and «; were already fixed in constructing basis functions (a)
and (b).] The fact that we only determine the ratio of ay to 7, is a consequence of
not knowing the two-photon linestrengths. When the linestrength factors are known,
this method can be used to obtain a quantitative value for each alignment anisotropy
parameter.

The observed contribution from incoherent perpendicular excitation is con-
sistent with previous investigations of chlorine dissociation [10, 11, 85, 88], although

in all previous studies, the symmetry of the excitation was deduced from the velocity
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anisotropy rather than from the alignment angular distribution. The above analysis
is also the first identification of a coherent contribution in the atomic alignment angu-
lar distribution. Although coherence effects have been seen before in total alignment
measurements ( e.g. for the calcium dimer) [47, 92], such measurements are not capable
of fully separating coherent and incoherent contributions to the alignment. Instead,
the sum ay + 92 + 1 is determined. In contrast, v-j correlation measurements such as
ours make it possible to determine each alignment anisotropy parameter individually.

At first glance, the existence of a coherent contribution to the photofragment
alignment does not seem surprising and the incoherent contribution even less so. The
C-state of chlorine, which is believed to be the primary absorber, is a degenerate
pair of |{2|=1 states. One might be tempted to conclude therefore, that coherent and
incoherent excitation of the C-state, followed by adiabatic dissociation, is all that is
required to explain the observed alignment. As it turns out, the situation is not so
sirriple: in fact, neither alignment contribution can be explained if the dissociation is
strictly adiabatic. There is no contradiction howevér, since the treatment of alignment
so far has only addressed the angular distribution but had nothing to say about how
strong the effect is. These quantitative issues can be better understood by inspecting

the detailed form of the dynamical functions, fi(q,q’).

4.4 A Closer Look at the Dynamical Functions:
Implications for Chlorine Dissociation

So far, the discussion of atomic polarization has centered on the role of ini-
tial state symmetries and coherence effects. We have seen that unique recoil angle
dependencies exist for atomic alignment caused by parallel and perpendicular transi-
tions, as well as by two types of coherent excitation. These qualitative features can be
identified in ion image data even when the REMPI linestrength factors are unknown.
At present, we are able to determine the relative sizes of the anisotropy parameters
s2 and ay with respect to 7,, however we do not know their individual absolute value

or their sign.
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A quantitative determination of the anisotropy parameters allows one, in
principle, to deduce the relative contribution of each degenerate asymptotic state to
the reaction products. Each potential energy curve correlates to a unique wavefunc-
tion in the atomic basis, which is determined by the Coulomb interaction at large
interatomic separation [45, 46]. These correlations are well-understood, and depend
only on the generic quantum numbers (J, Q, Ja, Ji5, 24, ) of the system. The
present task is to describe the nature of the asymptotic states and the physical basis
for their relative contribution to the final polarization, which is governed by initial
absorption probabilities and nonadiabatic dynamics during the course of dissociation.

All the molecule-specific details of the dissociation dynamics are contained
within the dynamical functions, fi(q,q’). Although a great deal of theoretical work
precedes it (see e.g. [51, 93, 94]), the first detailed discussion of the functions fi(q,q’)
appeared in a 1993 paper by Kuprianov and Vasyutinskii [45]. This work used a
half-collision approach to derive expressions for total polarization cross sections. The

expression for fi(q,q’), which will be discussed below, is

fila,d) = [(2J. +1)(2k +1)]7V/2

'n,Q nQ’ * Ja.Qa.
X > > T 0. Tren 30, Coior ke
nQ,n'Y JpSp Q04 _
10y neQ,n.Q’
X D 0(Q = e ne Q) Nogis) ba-g,q S0r-0pq,  (4:3)

Qg nenl

with quantum numbers defined as follows:

), — ground state angular momentum projection
0,0 — excited state vangular momentum projection
n,n’ — excited state, other quantum numbers
ne,n, — excited state, other quantum numbers, F-C region
Jo, Q0,2 — angular momentum and its projection for atom A
Jp,Q — angular momentum and its projection for atom B.

Primed quantum numbers allow for coherence effects and do not appear for the un-

observed atom B. The quantum numbers n.,n, describe the molecular system in the
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- Franck-Condon region prior to nonadiabatic interactions, and the analogous Q., 2.
are not needed if we neglect {}-changing nonadiabatic transitions induced by Coriolis
interactions. The two é-functions connect transition moment projections to angular
momentum projectior.ls,’ thus specifying the excited state symmetry(s). Ce o k('q_q)
is a Clebsch-Gordan' coefficient [73, 95].

The remaining factol‘s in Eq. (4.3) contain the expected dynamics. o(£2, —
n;Q,nQQ’ ) is an absorption cross section, including the primed state to allow for
coherent excitation. The ultimate targets of a quantitative polarization measurement
are values for these cross sections and for the nonadiabatic transition probabilities

arneS,nlQ’
NnQ,n’é' *

-dé_térm'ined from a given measured polarization, Eq. (4.3) brings us much furfher

While there is no guarantee that a unique set of these quantities can be

-down the road to disentangling the dissociation dynamics of simple molecules
Finally, the expansion coeflicients 7% T descr1be the molecular system
at large internuclear distance in terms of atomic bas1s functions:

In, Q = Z J a J,,Q,,IJaQa> |J682), | (4.4)

Jafla
Tp2p

where A indicates that the wavefunction is antisymmetrized. As the separation be-
tween the recoiling atoms increases, the exchange interaction rapidly approaches zero
so that only the Coulomb interaction remains, and the asymptotically degenerate
states are described by Eq. (4.4). The coefficients T7%, ;. o, are obtained from a
degenerate perturbation theory calculation [45]. Mathematically, the effect of long-
range interactions on atomic polarization is simply a consequence of the symmetry
of the asymptotic states. Physically, one may imagine the different asymptotic states
corresponding to pairé of charge distributions with different relative orientations.
Vasyutinskii’s 1981 theoretical paper on atomic photofragment orientation
[94] first addressed the role of the coefficients T75%, 5., in atomic polarization, though
a more Corrlplete discussion of the underlying physics appears in Refs {45, 46]. A very
recent manuscript [46] provides further details for all possible combinations of two
recoiling atoms with J = £1/2 and +3/2. When at least one of the two atoms has

J=1/2, then only dipole-dipole interactions are important. Molecular states from

-
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Table 4.1: Molecular wavefunctions and relative energies for quadrupole-quadrupole
interatomic interaction. Reproduced from Ref. [45]

Relative Molecular State Expansion of wavefunctions |2, )
energy |, z) in atomic basis |3/2Q,;3/2Q)

T |2, %03/2,3/2; 3/2,1/2) + |3/2,1/2;3/2,3/2))
1
£ 9 —5(13/2,8/2:8/2,-1/2) — 13/2,-1/23/2,3/2)
2 1
2 ]07,b) > (%03%;’2903/2% = 505020, 13/2, 063 3/2, )
aséh
2 |1, —\}—503/2,3/2; 3/2,-1/2) + [3/2, ~1/2;3/2,3/2))
0 Jo%,h) S C%una0,l3/2, s 3/2, %)
Qallp
-1 2.a) —1\/—503/2, 3/2:3/2,1/2) — 13/2,1/2:3/2,3/2))
-3 3) 13/2,3/2;3/2,3/2)
—6 ‘0+7a) Z 03?2903/201,'3/279@;3/27Qb>
Qa2p -
1 2
-8 ]0',@) QXYE (%Cg?zoas/mb + % 3?20a3/29b)|3/2’ Q4;3/2, %)
avéh

atoms of like parity are distinguished only by second order perturbation theory (van
der Waals interaction), while tho‘se from atoms of unlike parity appear already in first
order. When both atoms have J=3/2, quadrupole-quadrupole interactions dominate.
For the purpose of discussing chlorine dissociation, Table I of Ref. [45] is reproduced
here as Table 4.1. This table provides the correlations between molecular and atomic
states when two J=3/2 atoms are involved.

A quantitative measurement of atomic alignment should make it possible to
determine the relative contribution of each asymptotic state, however, we may begin
to predict the range of possibilities by considering a simplified case. Since chlorine
dissociation at 355 nm occurs primarily through a perpendicular transition to produce
two ground state aﬁoms, it is reasonable as a starting point to consider only the states
|£1,a), |£1,b) and |£1,¢) of Table 4.1. We would like to know which of these will to

contribute to atomic alignment through either a coherent or incoherent mechanism. It
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is instructive to write the molecular-frame density matrix for J=3/2 atoms produced

by dissociation along Q2==+1 states. Consider a general pure state of the form

[9) = AIFIH) + BB + CF D5 + DD + BFDIY) + FIHIY),
(4.5)
where |[Q.)|%) = [Jo80) |6 s)- For’ adiabatic dissociation, the coefficients A-F'
are simple products of coefficients T, 7,0, Put are more complex sums of such
products when multiple excitations or nonadiabat‘ic transitions are involved. The
density matrix for the space |{,) can be calculated from the expression pg,o,=
Egb(ﬂb|(ﬂa|/§lﬂg)|ﬂb) from Ref. [74], where the operator p=|)(1p|. The resulting

matrix is

A? . BE*

Pa.0, = D . e (4.6)
e | BrE - E+C? ’ '
F*A . B?
where the columns (€,) and rows (€1,) correspond from the top left to —3/2, —1/ 2,

1/2 and 3/2. ,

We can now draw conclusions about the alignment contribution of the states
in Table 4.1 by looking at where their coefficients appear in the above density matrix.
Either pair of states |+1,b) or |+1,¢) (Which contain coefficients A-D) contribute
equally to each of the diagonal elements, corresponding to equal population of all
states ), and no alignment. Furthermore, although both degenerate components
Q=:!:1 of these two states are excited with equal probability, the absence of A-D
(squared) in the off-diagonal matrix elements indicates that adiabatic dissociation
on |£1,8) or |£1,c) does not contribute to observable coherence effects. On the
- other hand, excitation of the states |+1,a) (coefficients E,F) leads to population
in Q,==+1/2, corresponding to cylindrically symmetric alignment. Finally, the only
coherent (off-diagonal) contribution Comes from asymptotic dissociation along the
states |£1,b) or |+1,¢) and the states |1, a).

Although chlorine is widely believed to dissociate adiabatically, the above
analysis suggests that this is unlikely. Comparison of the energy ordering in Ta-

ble 4.1 with that of the known Q=1 states in Cl, shows that the Clz(é 1H1u)-state
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Figure 4.10: (a) Despite coherent excitation of the states |+1,b), there will be no
observable alignment (coherent or incoherent) without nonadiabatic transitions. (b) A
nonadiabatic transition to states |£1, a) is required to observe either type of alignment
effect. An observable coherence effect requires substantial asymptotic ‘population’ in
both |£1,a) and |£1,b) (or |£1,a) and |£1,c)).

corresponds to |+ 1,b). Thus, if dissociation occurred exclusively on the C-state,
we would see neither coherent nor incoherent contributions to alignment. One may
also reasonably eliminate the possibility that the alignment is caused by a second
absorber. While the B *II,#-state is known to contribute at least a few percent to the
absorption probability [82, 85, 88], it has the wrong symmetry (2=0) to explain the
observed coherence effect. The only state of the proper symmetry is A 3Il;,, which
corresponds to |1, a). While this state would be expected to cause alignment, and
- the Franck-Condon region is believed to be close to that of the C-state, its absorp-
tion cross section is at least 100 times less [96]—too small to explain the observed
alignment effect.

Unless there is a serious (and unlikely) misunderstanding of the electronic
structure of the chlorine molecule, nonadiabatic transitions are the only reasonable
explanation for the observed alignment effect. Although there are no known avoided
crossings in the regions of inte;*est, transitions between asymptotically degenerate
states are quite possible (Fig. 4.10). Since the C-state (]£1,8)) is almost certainly
the primary absorber, an asymptotic transition |£1,5) — |&1, a) is necessary to give
both the coherent and incoherent alignment contributions. A nonadiabatic transition

to |£1,¢) may also contribute to both sources of alignment, but this is not required.
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4.5 Polarized O('D;) from the Dissociation of
Ozone at 266 nm.

The theoretical problem of describing atomic photofragment polarization
has been largely solved for dissociations of diatomic molecules. The next major the-
oretical challenge will be to treat poly@tomic molecules. One would expect that the
general description of atomic polarization will remain quité similar. It will still be true
that state symmetries, coherence effects, nonadiabatic effects and long-range interac-
tions will govern the polarization. Of these, a propef description of the long-range
interactiohs appears to be the most immediate challenge—the effects of a vibrating
~and rotating di\aﬁ’omivc p.a,rtner are likely to be much more compléx than for an atomic
partner. It also seems plausible that internal motion of the partner will: have an im-
portaht role at short range, and that the phase of this motion with respect to the
position of the depafting atom might also be significant.

Experimentalists Who are aware of the state of the art in the theory of atomic
photofragfnent polarization (or doing theory themselves) have typically studied di-
atomic dissociations, for the likely reason that they hoped to be able to interpret
their measurements. In contrast, there have been several recent observations of the
atomic v-J correlation by REMPIl-equipped investigators who practically stumbled
upon the effect while studyihg more conventional aspects of polyatomic dissociations.
Although so far it has not been possible to provide a rigorous analysis of the results,
these studies have made the field visible to a wider audience and provided stimulus
for thebretical work on polyatomic systems. At the time of this writing, Suzuki and
Vasyutinskii are collaborating on the analysis of polarizéd S(*D;) produced by the
dissociation of OCS [54], and on the polyatomic problem in general. Those of us
who aré newcomers to this field hope that theoretical progress in the next few years
will make it possible to use atomic polarization as a diagnosti,c tool for determin-
ing excited state symmetries and nonadiabatic transition probabilities in polyatomic
dissociations.

The earliest report of the atomic v-J correlation in any molecular dissoci-
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ation was for O(*D;) produced in the 205 nm dissociation of ozone [52]. In that
single-color ion imaging experiment, the atomic oxygen images showed a characteris-
tic ‘hole’ at the poles of an otherwise positive-§ angular distribution, demonstrating
the existence of a v-J correlation. That work was the stimulus for our further study
of ozone at 266 nm. While this wavelength is of no greater interest from the per-
spective of ozone reaction dynamics, the absorption cross section is much larger, and
the ability to independently rotate the REMPI probe laser polarization in a two-laser
experiment makes it more straightforward to study the v-J correlation. Most impor-
tant for our purposes, the coarse features of the dissociation dynamics are reasonably
well-known, allowing new studies to concentrate on polarization effects.

The near ultraviolet absorption spectrum and relevant potential energy
curves for ozone are shown in Fig. 4.11. The Hartley band is a strongly absorbing
continuum which peaks in the mid-200 nm region. The primary absorber is thought
to be the D'A’ state (*B; in C,, symmetry), which correlates adiabatically to sin-
glet products. At 266 nm, roughly 10% of the products are in the triplet channel,
which is reached by a nonadiabatic transition at the avoided crossing between the
D and C states. At wavelengths below 200 nm, absorption to the R'A’ state (1B,
in C,,) begins to dominate. The structure to the long-wavelength side (known as
the Huggins band) is due to bound or quasi-bound portions of the D-state and to
a lesser extent from the weakly-absorbing C 1A’ state (*A; in Cs,), which correlates
to ground state products. These assignments have been deduced from measurements
of recoil kinetic energy [97-99], quantum-state-specific detection of both singlet and
triplet products [100-102], and theoretical work [103, 104]. These interpretations are
also consistent with the extensive recent ab initio electronic structure calculations of
Banichevich et al. [105, 106].

There remains little mystery about the coarse features of ozone dissocia-
tion dynamics at 266 nm—absorption is dominated by one electronic state of known
symmetry, which correlates adiabatically (at least until the asymptotic region) to
the singlet products which we detect. For this reason, it is a desirable system for
testing new theories on atomic photofragment polarization. It remains to be seen

whether the detailed motions in the bonding region of the potential energy surface



90 | ~ CHAPTER 4. RESULTS AND DISCUSSION

O(p) +0,0%)

2.5

r(A) |

Figure 4.11: Ozone near ultraviolet absorption spectrum (a) and relevant potential
energy surfaces (b). The curves in (b) are for the removal of one oxygen atom with
the other atoms fixed in the geometry shown.
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have an influence on atomic polarization—especially whether such detailed effects will
be observable in the recoil kinetic energy dependence of the atomic polarization.

Most of the experimental details for these ozone experiments have been dis-
cussed in previous sections. Briefly, the fourth harmonic of a Nd:YAG laser (266 nm,
0.5 mJ) dissociated a fraction of the ozone molecules in a skimmed supersonic ex-
pansion (20% in helium). After a 20 ns delay, the O(*D;) photofragments were
detected using 24+1 REMPI through either of two autoionizing resonances [203.6 nm
or 205.4 nm (see Fig. 2.4)]. Ion image data were collected in an apparatus very similar
to that described in Sec. 2.3. As usual, images were collected with the probe laser
polarized along both the Y and Z axes, but only Geometry II (eg;ss||'Y) was used for
dissociation.

Fig. 4.12 shows symmetrized image data for both probe geometries and both
2+1 REMPI states. The effect of angular momentum alignment is seen very clearly in
these images as the modulation which depends on probe laser polarization or REMPI
transition. The effect is more pronounced than for chlorine, largely because oxygen
atoms have no nuclear spin which can depolarize the alignment. We have not yet
been able to subtract images for the two probe polarizations, since no total alignment
measurement has been done to calibrate the relative integrated intensities of each
image. (At the time these image data were collected, we were not yet aware of the
need for a total alignment measurement.)

The rings in these images correspond to the vibrational states (v=0-3) of the
02(*A,) partner fragment. The energy of the dissociation photon is only 5490 cm™?
above the threshold for singlet products. The vibrational level spacings of O,(*A,)

(we=1509 cm™!) are easily resolved, since they are a substantial fraction of this excess

-energy. Fig. 4.13(b) shows the radial distribution of REMPI ion signal. This distribu-

tion was obtained by integrating the inverse-Abel-transformed images [Fig. 4.13(a)]
over the angle ¢. The fact that the shape of this distribution depends on the REMPI
probe transition suggests that the degree of total alignment depends on the O, part-
ner vibrational state. In order to obtain a true velocity distribution, one would need
to correct for these effects.

The observation of an O(* D,) alignment effect is already interesting from the



02 CHAPTER 4. RESULTS AND DISCUSSION

v

F igﬁre 4.12::Tmage data (s’yrhmetrized) for ozone dissbciatibn,‘(-Ge’ométry II: e4iss||Y)
at 266 nm. Two REMPI transitions (see Fig. 2.4) and both' probe geometries were
used. ' : : . . ,
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Figure 4.13: Radial distribution of ozone ion signal (b) for both REMPI transitions,
obtained from inverse-Abel-transform of the data images with the probe polarization =
along Y (a). (Distributions in (b) have been smoothed to highlight coarse features.)
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perspective of testing new theories on atomic polarization. The even .more intriguing
possibility, suggested by the radial distributions, is that the polarization depends on
the vibrational state of the O, fragment. We investigated this possibility further by
radially integrating the inverse-Abel-transformed images to obtain an ion angular dis-
tribut‘ioﬁ. Fig. 4.14 shows that these angular distributions do depend on vibrational
state, suggesting an energy-dependent v-J correlation. There is reason for caution in
this‘interpretation, however, as this dependence may be explained in two other ways.
The most likely alternative is that the limited spatial resolution of the images causes
proportionally larger distortions to the smaller rings of the images, changing the ap-
parent anisotropy for smaller recoil energies. Future measurements with the new
velocity-map imaging technique [69, 70] should help to verify or eliminate this possi-
bility. The second alternative is that the neutral photofragment angular distribution
depends on the O, vibrational state. Of course, this would also be very interest-
ing from the perspective of studying dissociation dynamics. Testing this possibility
again‘requires a total alignment calibration to separate population and alignment

contrlbutlons to the signal.

In conclusion, the ozone photodissociation results presented in this section -

show a pronounced atomic ahgnment effect. The resolution of several vibrational
states of the O, partner in the atomic images suggests the exciting possibility of
analyzing a partner%tate-fesolved v-J correlation. Angular and radial distributions
of ion signal do indeed suggest that the alignrﬁent depends on recoil energy. We
stress .that these results are preliminary because of the limited spatial resolution and
absence (so far) of a total alignment calibration. Despite these shortcomings, the data
are quite striking and should provide stimulus for more experimental and theoretical

work in the near future.

@
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Figure 4.14: Angular distribution of ozone ion image signal for both REMPI transi-
tions. (Smoothed to highlight coarse features.)
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Chapter 5

Photochemistry of Azomethane

Following Absorption of One or

More Photons

5.1 Abstract

We have used a form of state-selective translational spectroscopy to mea-
sure the kinetic energy release of methyl radical photofragments, which were produced
in the ultraviolet dissociation of azomethane. Translational energy distributions for
methyl fragments with zero and one quantum of umbrella vibration are indistinguish-
able within our experimental uncertainty. Compared to earlier non-state-selective
measurements, these distributions show a strong preference for higher kinetic energies.
Despite this difference, our observations are consistent with the previously-proposed
mechanism of a concerted dissociation following randomization of internal energy. In
the framework of this model, tile states which we have studied are likely to be a mi-
nority product species. We have also determined that the appearance times for both
methyl vibrational states are fast compared to the experimental time resolution, con-
tradicting an earlier report. Finally, we have characterized nonresonant multiphoton

processes which complicate analysis of the single-photon dissociation.
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5.2 Introduction and Background

Azomethane photodissociation in‘the near ultraviolet has recently received
well-deserved attention because of the richness of the resulting three-body dissociation

dynamics. The process
CH3N20H3 — 2CH3 + N2 (51)

is thought to occur on the gréund electronic state following internal conversion from
the first excited singlet state. The central dynamical questions focus on the timing of
bond breakage and the partitioning of energy between the fragments’ internal modes
and translation. The former question has persisted si_hce very early studies of uni-
molecular dissociations [107, 108]. From a technical perspective, studying azomethane
in this wavelength region is particularly challenging because of its low absorption cross

section (1.9%107%° cm? at 355 nm). This study has two goals—first, to study the de-

tailed partifioning of energy between methyl translation and umbrella vibration, and

second, to characterize the multiphoton processes for azomethane, which are difficult
to avoid and may complicate data analysis when standard experimental techniques
are used.

Fig. 5.1 shows schematic potential energy surfaces and the ultraviolet ab-
sorption spectrum for azomethane. The qualitative shapes of the curves are adapted
from the recent ab initio study by Liu et al. [109]. Photon absorption in the mid-
300 nm region excites ground state molecules (14, or ‘S;’) to the first excited singlet
state (1B, or ‘Sy’). In this transition, a nitrogen non-bonding electron is promoted
to an N-N pi-antibonding orbital (n — 7*). The major features of the ultraviolet ab-
sorption spectrum were assigned in spectroscopic investigations during the 1960s and
70s [110-112]. Of the first four excited states (two singlet, two triplet), only the sec-
ond triplet state correlates to reaction products in their ground. electronic state, thus
nonadiabatic processes must play a role in the production of ground state reaction
products produced by dissociation around 350 nm.

Weisman et al..[113, 114] initiated the present round of investigations into
azomethane dissociation dynamics with their Coherent Anti-Stokes Raman (CARS)

study of the methyl and nitrogen fragment appearance times and quantum state
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Figure 5.1: Azomethane absorption spectrum and relevant potential energy curves for
symmetric stretching of both C-N bonds (unless indicated). Around 350 nm, the 5;
state is the primary absorber, while dissociation is believed to occur on the Sy state
following internal conversion. The absorption spectrum come from Refs [110-112]
and the potential energy curves were adapted from Ref. [109].
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populations. Their initial report [113] showed appearance times of <1 ns and 5.6+1 ns
~for methyl radicals with one and zero quanta of vibration in the v, umbrella mode,
respectively. The nitrogen fragment had an appearance time similar to the non-
vibrating methyl. From these results they concluded that the excited azomethane

molecule dissociates in a stepwise manner,

CHsN,CHZ <% CHsN, + CH;
CHsN; 2% CHs+ N, (5.2)

with the first dissociaﬁion, step producihg mostly umbrella-excited methyl. In their
later study, they measured rotational and vibrational state distributions for the nitro-
gen and methyl produc‘ts. Based on the umbrella-state-dependent appearance times
~of the earlier study, they decomposed this distribution into contributions from the
first and second steps of their proposed dissociation mechanism. Their interpretation
of the di_s_sociatibn dynamics relied heavily on this separation. The excited ufnb.rella
vibrations of the “first’ step were seen as an indicator of rapid impulsive dissociation
of excited azomethane, while the methyl rotations in v,=0 (‘second’ step) and the
nitrogen vibrations favored a statistical mechanism, i.e. there is sufficient time for
- randomization of internal energy before the methyldiazenyl radical (CH3N,) dissoci-
ates. »

A different interpretation emerged from the work of North et al. [115], who
used photofragment translational spectroscopy to measure recoil energy and angli-
lar distributions of methyl and nitrogen prodﬁcts. Three key experimental results
supported this new interpretation, with the first two contradicting the interpretation
(and some of the results) of Weisman et al. First, the overall velocity anisotropy was
found to be zero, within experimental uncertainty. While this could be explained
by a recoil vector near the ‘magic angle’ (54.7°) with respect to the transition mo-
ment, it is also consistent with a long-lived azomethane excited state. Second, the
angular distribution for methyl radicals from the methyldiazenyl dissociation (in the
‘rnethyldia,zenyl éenter-of—maés frame) was peaked in the backward direction. This
strdng correlation between first and second step recoil velocity vectors indicates rapid

secondary dissociation. The key conclusion from this observation is that the process
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of losing two methyl radicals cannot be stepwise, since the methyldiazenyl radical
survives for less than a rotational period (~ 1 ps). When considered together, the
angular distributions support the assignment of statistical and rapid dissociations to
the first and second steps, respectively, which is the reverse of the assignment by
Weisman et al.

The third important observation of this work was of a bimodal translational
energy distribution for the methyl fragment. While it was possible to fit the data
by assuming that either component corresponds to the primary dissociation event,
only one possibility provides a clear dynamical interpretation, namely, the low en-
ergy component goes with the first step. The following mechanism is consistent with
all of these observations: Following the optical excitation S; — Sj, rapid internal
conversion places the molecule in a highly vibrationally excited state of the Sy po-
tential energy surface. After a time longer than the azomethane rotational period,
enough energy flows into one CN bond for the first methyl to surmount a large barrier
(~50 kcal/mol) with little or no exit barrier. The remaining methyldiazeny] radical,
bound by less than 2 kcal/mol, rapidly dissociates and the second methyl and nitro-
gen molecule are repelled by a large exit barrier (25-30 kcal/mol). In this type of
process, which is described as ‘concerted’, the transition states for the loss of both
methyls lie close together on the potential energy surface. In contrast, for a stepwise
process, the primary fragments are separated by many molecular diameters before
the secondary dissociation occurs. A concerted process lies between this and the op-
posite extreme of a ‘synchronous’ dissociation with a symmetric transition state. A
two-dimensional potential energy contour map in Fig. 5.2 makes these distinctions
clear. Operationally, synchronous and concerted are distinguished from stepwise by
comparing the lifetime of the intermediate to its rotational period.

Neither of the above experiments permit a direct determination of which
electronic state the dissociation proceeds from. While the S, state is accessed by
optical excitation, it correlates to electronically excited fragments which are not en-
ergetically accessible at 355 nm. Two possibilities remain—internal conversion to the
ground state potential surface (already discussed), or some involvement of the lowest

triplet state 2B, (‘T1’). Liu et al. recently reported an ab initio electronic structure
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Figure 5.2: Synchronous, concerted, and stepwise trajectories on a potential energy i
contour map. (1) Synchronous/symmetric. (2) Concerted. (3) Stepwise (dissociates
at large B—C separation, if at all. '
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Figure 5.3: Dissociation mechanism proposed by Liu et al. [109] and by North et al.
[115] and consistent with measurements of North. Azomethane is optically excited to
the S, electronic state. Torsion and CNN bend bring S; and Sy surfaces close together
in energy, permitting efficient internal conversion. Following statistical randomization
of internal energy, molecule dissociates with an asymmetric transition state.

study to address these and other questions related to the dissociation dynamics. Their
proposed dissociation mechanism is indicated schematically in Fig. 5.3. They found
that a combination of increasing CNN angle and CNNC torsion brings the Sy and
Sy surfaces within only a few kcal/mol of each other. Since the internal conversion
rate depends roughly on the inverse of the energy gap, this is a likely candidate for
the nonadiabatic process which allows dissociation to proceed. In contrast, access-
ing the triplet state requires either a low-probability intersystem crossing from S; or
spin-forbidden optical transition.

The detailed features of the Sy surface calculated by Liu et al. go a long
way in explaining the subsequent dynamics. On the region of S; where internal
conversion occurs, the minimum energy path is in the torsional coordinate. Since
this is orthogonal to the dissociation coordinate, motion along this minimum initiates
scrambling of the vibrational energy and is thus consistent with a long dissociation
lifetime. Surprisingly at first, the synchronous (symmetric) dissociative pathway was
found to be 7 kcal/mol lower than the concerted path, but since the synchronous path
is such a small region of configuration space, the concerted mechaniém is favored
when free energy is considered. Finally, the calculated barrier to methyldiazenyl
dissociation was found to be only 0.2 kcal/mol.

While the ab initio results clearly favor the interpretation of North et al., the
disagreement with Weisman has not been resolved. In order to solidify the present

interpretation, a logical next step is to measure correlated translational-internal en-
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ergy distributions. For example, it would be interesting to study the partitioning of
internal states between components of the bimodal translational energy distribution.
A recent REMPI-TOFMS study by Fairbrother et al. [116] has made some progress
in this direction. Their results suggest that vibrationless methyl radicals are present
only in the fast component of the translational energy distribution. This surprising
result suggests that either the translational-vibrational partitioning is highly state
specific, or that the low-energy component measured by North et al. may be an ar-
tifact. Although no results were shown, they reported that umbrella-excited methyls
showed similar TOFMS profiles. | |

A great deal has already been learned about the azomethane system, but as
a prototype for three-body dissociation of symmetric molecules, the picture remains
naggingly incomplete. In particular, the disagreement between the results of Weis-
man. et al.. and. North. et al. has not been resolved. The correlated measurements of
Fairbrother et al. are intriguing and should be pursued further. Furthermore, the
high laser power densities which one is tempted to use for a low-signal experiment
present special complications, which may have affected both of the state-resolved ex-
periments mentioned so far. In undertaking a new state-resolved measurement, we
have characterized these complications and accounted for them in our data analysis,

while clarifying promising approaches for additional investigations in the future.

53 Experimental Methods

A pulsed supersonic molecular beam of 10% azomethane in helium was ex-
panded into a differentially pumped source chamber and skimmed prior to entering
the interaction region of the experiment. Although no explicit additional measures
were taken to eliminate clustering, the experiment was carried out under conditions
which were characterized in a previous study to have negligible cluster contributions.
We confirmed a clear onset of cluster contributions in the mass spectrum and TOFMS
peak profile shapes at least 50 microseconds later in the gas pulse than our standard
operating conditions. The molecular beam was crossed within a set of ion extraction

optics by one or more lasers. In the two-laser experiment, the photolysis laser was
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the 8 ns pulse of the third harmonic of a Nd:YAG laser (355 nm), and the probe
pulse at around 330 nm was the doubled output of an Nd:YAG-pumped dye laser.
Typical laser pulse energies were 8 mJ and 3 mJ for dissociation and probe lasers,
respectively. In a second set of measurements, a single laser was used to study the
dissociation process at the wavelength of the probe laser.

The focussing conditions for the dissociation and probe lasers were chosen
with consideration of the low azomethane absorption cross section (1.9x107%° c¢m?)
and the relative ease of multiphoton absorpfion. While multiphoton processes are less
important at low power densities, we were unable to operate at such low powers that
these effects were eliminated, while still producing practical signal count rates. In par-
ticular, azomethane, methyldiazenyl and methyl ions appeared in the mass spectrum
as a consequence of absorbing three or more photons from either the dissociation or
probe lasers. In order to maximize the desired signal while keeping the non-resonant
ions at a workable level, we used a laser spot size of 0.5 mm? at the crossing with
the molecular beam. This relatively large spot kept the power density reasonably
low, while increasing the interaction volume and thus the number of molecules in the
sample. ,

For detection of methyl radicals, we used the well-known 2+1 REMPI scheme
through the 3p 24, Rydberg state [117]. The transition between vibrationless methyl
states lies at 333.4 nm (designated 03) while that between states with a single quan-
tum of umbrella vibration (v,=1) lies at 329.4 nm (designated 2]). These states have
a high predissociation rate, so individual rotational lines are not resolved. Also, the
dissociation rate increases with vibrational state, so that higher vibrational levels are
too weak to observe. In detecting methyl radicals using this scheme, we positioned
the laser frequency at the maximum of the REMPI peaks, which corresponds to the
narrow cluster of broadened Q-branch lines. Because of the broad laser bandwidth
(0.1 cm™') and the predissociation broadening, most of the rotational states should
have been detected. Although a slight detuning of the probe frequency did not af-
fect the shape of the TOFMS profiles, a more detailed study would be needed to
fully characterize the degree (if any) of methyl rotational-state selection in our mea-

surements. Indeed it will be desirable in the future to study in detail the rotational
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state dependence of the kinetic energy release, however a different methyl detection
scheme will be required. The new frequency-modulated absorption method would be
a promising possibility {22], but only if a sufficiently fast infrared detector can be
developed.

We chose the core-sampling time-of-flight mass spectrometry technique for
measuring the recoil kinetic energy in azomethane dissociation. The principle of this
technique has been described in detail by Syage [16] and by Simpson et al. [118]. In
this method, only those photofragments with recoil velocity directed (nearly) parallel
to the ion flight axis are detected, providing a near one-to-one correspondence between
recoil velocity and ion flight time. In principle, the same information can be extracted
from a non-core-sampled TOFMS peak or an ion image, but we preferred the core-
sampling method because it allows immediate qualitative characterization of the raw
data. This was particularly important for characterizing multiphoton processes.

The basic principle of the method is depicted in Fig. 5.4. It consists standard
Wiley-McClaren extraction optics, a flight tube, and a charged particle detector such
as a microchannel plate, with a 2.5 mm aperture in front to core the photofragment
sphere. It is desirable to operate the extraction optics in the delayed-pulse-extrac-
tion mode, with the ‘energy-focussing’ condition [71] detuned so that the flight axis
dimension of the photofragment sphere is spread out in space (and thus arrival time).
In this mode, the first extraction region remains field-free for roughly 500 ns while
the 1onized 'phdtofragrnent cloud expands to a diameter of several millimeters. When
the field is switched on, the initially backward-flying ions are at a higher potential
energy, so they pass the forward flying ions during flight and arrive earlier at the
detector. The energy resolution in these experiments is limited primarily by the large
laser spot size. A core-sampled REMPI-TOFMS profile of methyl radicals (with a
single recoil energy) produced by methyl iodide dissociation show a time resolution of
20 ns under typical ion extraction conditions. This is roughly 10% of the azomethane
TOFMS profile widths, which is sufficient resolution for the type of structure that we
are interested in observing.

Because of the molecular beam velocity, ions travelling down the flight tube

have a small velocity component in the plane perpendicular to the detector flight axis.
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Figure 5.4: Principle of core-sampling TOFMS technique, using delayed-pulse extrac-
tion. An aperture in the flight tube extracts a core from the product cloud, discarding
large v, and v, components and improving velocity resolution. In standard Wiley-
McClaren operation (a), extraction fields are constant, and ion cloud may remain
compressed at detector. In (b), ion cloud expands while extraction region remains
field free. Products are spread over a wider range of potential energy when the field
turns on, resulting in an expanded cloud at the detector.



108 CHAPTER 5. AZOMETHANE PHOTOCHEMISTRY

Under typical extraction conditions for mass 15, this results in an offset of several
millimeters from the detector center. Since it is important that the aperture core
the center of the photofragment cloud, we mounted it on an xyz manipulator which
could be adjusted from outside of the vacuum chamber. In order to optimize the
centering, we maximized the methyl REMPI signal from multiphoton dissociation of
methyl iodide, which is peaked strongly near zero kinetic energy, or similarly, the
non-resonant multiphoton methy! signal from azomethane dissociative ionization (see
Sec. 5.4.1). Despite the broader maximum at zero velocity, it was preferable to use
azomethane for this alignment, since the molecular beam velocity was certain to be

the same one used for the dissociation experiments.

5.4 Results and Discussion |

5.4.1 Multiphoton Processes

At the laser power densities used in our experiments, both the dissociation

and probe lasers produce ions of azomethane, methyl and methyldiazenyl. There are

several reasons for seeking a clearer: understanding. of the processes which produce
these ions. First, since the nonresonantly-produced CH} ions interfere with our de-
sired REMPIYiohs, we would like to know the origin of these ions and how they may
be reduced or eliminated. Second, the presence of the methyldiazenyl ion CH;N3
raises the question of whether it is produced by dissociative ionization or by direct
ionization of the neutral methyldiazenyl radical. Finally, the dynamics of azomethane
dissociative ionization may itself be of fundamental interest as a further window into
three-body dissociations.

Time-of-flight mass spectra provide the first clues to help assign the impor-
tant multiphoton processes.' Mass spectra were recorded for ions produced at both
the dissociation and probe wavelengths, under the soft focussing conditions described
in the previous section. These data suggest that the methyldiazenyl ion is produced

through the dissociative ionization process:

CH3N,CH; 22% CH; + CHN; (5.3)

o
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As shown in Fig. 5.5, the relative amounts of azomethane and methyldiazenyl ions
change considerably with wavelength. Both mass spectra were recorded over a range
of pulse energies between 3 mJ and 12 mJ, with little variation in the azometh-
ane/methyldiazenyl ion ratio at a given wavelength, confirming that the effect is due
to the wavelength change rather than laser power density variations. The reduction in
parént ion at shorter wavelength could result from a different weighting of two separate
dissociation channels (i.e. ionization vs. dissociative ionization) or from a reduction in
the dissociation lifetime of an activated parent ion. Mass spectra recorded under faster
extraction conditions favor the dissocie.Ltion lifetime explanation. The change in width
of the methyldiazenyl peak is also consistent with a dissociation mechanism, where
the extra energy available at the shorter wavelength imparts greater recoil energy to
the fragments. Furthermore, if the methyldiazenyl ions resulted from ionization of
the neutral radical, we also would not expect a change in their kinetic energy with
wavelength. |

The energy level diagram in Fig. 5.6 clarifies which processes may contribute
to the mass spectrum. The ionization potential of azomethane is around 9 eV [109],
so three photons of either UV wavelength should be sufficient to ionize it. Without
knowing the methyldiazenyl ionization potential, we cannot calculate the energy for
Process 5.3. However, from the mass spectra, we can conclude that this energy must
lie below that of three 355 nm photons, and may even lie below the azomethane

ionization potential. The energy of the process
‘CHsN,CH; 2% CHZ + CH; + N, (5.4)

can be calculated relative to azomethane by adding the dissociation energy of azo-
methane (~ 22 kcal/mol or 0.95 eV) to the ionization potential of the methyl radical
(9.85 eV), however the former is not known to within an accuracy better than 0.2 eV.
Given this uncertainty, it is possible that Process 5.4 lies at a higher energy than three
photons of either 330 nm or 355 nm and thus requires a fourth photon to produce
methyl radicals. This would be consistent with the much smaller quantity of methyl
ions in both mass spectra of Fig. 5.5. While Process 5.4 could be 3-photon-accessible

but simply occur with low probability, this explanation would be more convincing if
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Figure 5.5: Comparison of mass spectra at 330 nm and 355 nm: dissociation of the
azomethane ion is more efficient at shorter wavelength. The methyldiazenyl ion peak
~widths (inset) show that klnetlc energy release is greater at 330 nm.
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there were a larger difference in the relative quantity of methyl ions produced at the
two wavelengths.

In order to confirm these assignments, we measured ion yield as a function
of energy for single-photon absorption of vacuum ultraviolet light around the azo-
methane ionization potential. These measurements were carried out at Endstation
9.01 of the Advanced Light Source at Lawrence Berkeley National Laboratory. A
molecular beam of azomethane was directed through a pinhole aperture and then
crossed with a VUV beam from the synchrotron before entering a quadrupole mass
spectrometer. Following mass selection, the ions were detected with a Daly-type ion
counter. Fig. 5.7 shows the results of this measurement. Methyldiazenyl ions begin
to appear around 9 eV, although because of the large bandwidth of the ALS light
(~0.5 eV), the true onset is probably somewhat higher. Based on this measure-
ment, dissociative ionization remains a good candidate to explain the methyldiazenyl
ions, although ion pair formation from a potential energy surface for the azomethane
neutral ‘cannot be ruled out. Methyl ions appear around 11.5 eV, consistent with
the scarcity of these ions following multiphoton excitation at both UV wavelengths.
This onset is also close to the predicted ionization potential to form 24, azomethane
ion [109], which may then correlate to methy! ion products. We observed only a
negligible amount of azomethane parent ion following VUV absorption. This does
not contradict the UV mass spectra, however, since the parent ions have much more
time to dissociate during the 45 us flight time to the detector, than during the 500 ns
field-free delay period of the TOFMS technique. (In the latter technique, parent ions

which dissociate during extraction will be smeared over a range of flight times.)

5.4.2 Ultraviolet Dissociation
Methyl dppearance times and TOFMS profiles

The major dynamical questions addressed in this work are the timing of the
primary and secondary methyl loss and the partitioning of energy between translation
and umbrella vibration. As discussed in the introduction, there are conflicting reports

in the literature on both of these issues. We have measured product appearance times
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“Figure 5.6: Energy level diagram showing relevant ionization and dissociation chan-
" nels. The energies for CH3N2CH§' (®A,) and CH3+Ny+4+CHI come from ab initio
calculations, while that for CH3N7 +CHj; is unknown. '
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Figure 5.7: Ion yield from VUV dissociative ionization of azomethane. Apparent
onsets are broadened by 0.5 eV bandwidth of the synchrotron light source. Negligible
azomethane ion yield suggests low cross section and/or high dissociation probability
near threshold

and core-sampled TOFMS profiles to help provide a clearer picture.

In a straightforward experiment, we have carried out the analogue of Weis-
man’s two-laser time delay measurement, now using REMPI rather than CARS as
the probe method. Total methyl signal was collected (no core) and averaged with a
boxcar integrator at 11 different time delays between the dissociation laser and the
REMPI probe laser. The results of this measurement are shown in Fig. 5.8 for the
03 and 2} REMPI transitions. Both data sets are fit reasonably well with a rise time
corresponding to the integrated convolution of two Gaussian profiles, which approxi- .
mate the laser time profile. Our result is clearly different from Weisman's result [113],
which showed a risetime nearly twice as long for the vibrationless methyls. Without
knowing further details of their method, we can not easily propose an alternative
explanation for their result. However, interpretation of their gas cell measurement

(which involved partial collisional relaxation of the products) is likely to be more
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complex than for the collisionless conditions in a molecular beam experiment. If our
measurement is correct, then there no lohger exists a conflict in assignment of the
dissociation mechanism with regard to the timing of bond breakage. While our mea-
surement cannot eliminate the possibility of a sequential mechanism, the results of
North et al. point strongly toward concerted bond breakage. A concerted dissoci-
ation is fully consistent with several recent ab initio calculations (including one by
Andrews and Weisman [119]) which predict a barrier to methyldiazenyl dissociation
of less than 2 kcal/mol.

In studying energy partitioning here, we are interested primarily in the cor-
relation between two types of motion. For example, we would like to know whether
the fast-moving methyl photofragments are vibrating more or less than those which
recoil slowly. Such correlations can provide detailed information about the shape of
the potential energy surface. The goal of the experiments described in the remainder
- of this section is to obtain translational energy distributions for methyl fragments
with zero and ohe quantum of umbrella-mode vibrational energy. We measﬁred core-
sampled REMPI-TOFMS profiles for dissociation at 355 nm and at 330 nm. The
measurements at the fbrmer wavelength allow a more direct comparison with the re-
sults of North et al. and Weisman et al. The single-laser experiment at the latter
wavelength allows comparison with the results of Fairbrother et al. Furthermore, in
the two-laser experiment, a significant fraction (20—30%) of the signal results from
dissociation by the probe laser, and one would like to be able to subtra;ét out this
contribution if necessary.

Since a significant number of methyl ions are produced by non-resonant pro-
cesses, it is necessary to subtract this background signal from the desired dissociation
signal. Every time a TOFMS profile was collected with the REMPI laser tuned to a
methyl resonance, we subsequently collected a background profile with the REMPI
laser tuned between the 03 and 2! REMPI transitions, so that only the non-resonant
ions were produced, while all other experimental conditions were kept the same. Typ-
ical signal, background, and difference profiles for both REMPI transitions are shown
in Fig. 5.9. | |
The background-corrected TOFMS profiles appear in Figs 5.10 and 5.11
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Figure 5.8: Dependence of CH; REMPI signal on laser time delay. Equivalent ap-
pearance times for methyl radicals in both vibrational states are limited by the laser
pulsewidth. The REMPI signal is offset from zero due to dissociation by the REMPI
laser and to a lesser extent (<20%) from nonresonant multiphoton processes (See

Section 5.4.1).



116 , CHAPTER 5. AZOMETHANE PHOTOCHEMISTRY

Total - Background Difference

S\

100 ns
P

Figure 5.9: Subtraction of non-resonant signal from REMPI-TOFMS signal profiles.
Non-resonant profiles were obtained with the probe laser tuned between the 03 and
- 21 REMPI transitions. The background is relatively much larger for the weaker 2}
transition.

for 355 nm and 330 nm, respectively. In practice, background subtraction was
not straightforward. Because of slow drifts in experimental conditions, background-
corrected profile data which were collected several hours apart were not reproducible
to our satisfaction. The situation improved somewhat by alternating data collection
on- and off- resonancé every 10K-20K laser shots, however, some drifts even occurred
on this shorter time scale. Any faster alternation was impractical and probably sub-
‘ject to a new set of faster experimental drifts. In the end, we chose to normalize
the intensity of a given profile based on the integrated ion signal for all ion masses
other than 15 (methyl ion). Performing the background subtraction on these nor-
maliéed profiles provided the most reproducible difference profiles. The error bars in
the TOFMS profiles of Figs 5.10 and 5.11 are standard deviations associated with
summing multiple data sets. Although still large, they are superior to those obtained
with only a raw background subtraction. The sources of variation between measure-
ments may be due to such effects as changes in the laser spatial profile (and thus local

power density) or slight laser beam walk during wavelength changes. These effects
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Figure 5.10: Methyl REMPI-TOFMS profiles for 355 nm dissociation of azomethane.
Error bars are standard deviations associated with summation of different data sets.
Upper and lower limiting fits were obtained by forward convolution of translational
energy distributions in Fig. 5.14.
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Figure 5.11: Methyl REMPI-TOFMS profiles for 330 nm dissociation of azomethane.

A single laser pulse was used for dissociation and probe. Error bars. are standard

7 deviations associated with summation of different data sets. Upper and lower limiting
fits were obtained by forward convolution of translational energy distributions in
Fig. 5.15. '
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may distort ion signals in either a positive or negative manner, which is consistent
with the observation that the normalization factors for the off-resonance mass spectra
could be both greater or less than those of the on-resonance spectra.

The scatter in the points reflects primarily the shot statistics and is conse-
quently less for the 03 state, which had a background signal much less than the total
signal. The scatter for the 2] state is especially large near the peak center, due to
the large background signal at those flight times. Especially in the 03 profiles, there
appears to be structure which is more pronounced than the scatter. In fitting the
profiles, however, we chose to roughly bracket the error bars near their maxima and
minima with two nearly-structureless fits. There are two reasons for this. First, the
error bars are considerably wider than  the point scatter and comparable in size to
the apparent structure in the profiles. Second, the structure is asymmetric in a way
which cannot be explained by the well-understood distortion of the product cloud
during extraction. Since it is possible that the structure is real but distorted due
to shortcomings of the background subtraction, we have also attempted to fit this
structure. This fit is show in Fig. 5.16 for comparison with the bimodal translational

energy distribution of North et al. [115]

Obtaining Translational Energy Distributions

The data fitting method involves forward convolution of a manually-adjusted
translational energy distribution, P(E) = dN/dE, where N is a number of molecules.
For purposes of fitting, a continuous translational energy distribution is treated as
a discrete array of closely spaced delta functions weighted by the envelope of the
distribution. The derivative chain rule converts P(E) to a speed distribution: P(v) =
P(E)dE/dV « P(E)VE. A single delta function in energy corresponds to a spherical
shell in v-space, which is projected onto the z-axis (detector axis) in deriving a
TOFMS profile. A spherical shell in velocity space yields a box-shaped profile in
v, space, as shown in Fig. 5.12. Applying Newton’s second law for the extraction

optics and rearranging the kinematic equations yields an expression for flight time
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Figure 5.12: Simulating core-sampled TOFMS profiles. (a) Spherical shell in velocity
space produces box shape in v, space.. (b) Transform to time-of-flight and multiply
P(v) by dv,/dr. (c) remove all portions of profile where v + v is greater than core
radius. (d) Sum profiles for all energies, appropriately weighted according to P(E).
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T =1, + ty + t3 as a function of v,:

Tt = tga+ (Chxi + szf)l/z - VX1

t2 = [2Lyx2+ (v + ’ffvl)xg]l/z — (V2 + f‘n”/l)l/ZX2
ts = Ls[vl+ 2(V; + V)]"V2, (5.5)

with the following definitions. (The dimensions and voltages are also indicated in

Fig. 5.13.):

tiee — time delay between laser fire and repeller voltage on
L, — distance from interaction region to first mesh
Iy, — distance of particle from first mesh after time delay =L, — v,t4
L.., — length of first extraction stage (repeller to mesh)
L,,L3; — length of second extraction stage and flight tube, resp.

Vi — voltage at l1: Vi = (Viep — V2)l1/Lrep

Viep, Vo — voltages at repeller and mesh, resp.
X1 — %‘Lrep/(v;ep - VZ)
X2 — %Lz/ Va

In practice, it is difficult to measure all of the above quantities precisely,
particular the repeller pulse voltage, the time delay between the laser firing and the
extraction pulse, and the position of the laser in the interaction region. For this
reason, some sort of indirect calibration is necessary to determine the relationship
between velocity and flighttime. The most reliable way is to dissociate a molecule with
a known, sharp kinetic energy release. We used methyl iodide for this purpose. Since
our REMPI scheme selects a narrow range of internal states and the atomic iodine
energy levels are spaced far apart, we can easily resolve peaks which correspond to a
(nearly) single kinetic energy. By repeating this calibration over a range of extraction
voltages and time delays, one could in principle solve a set of simultanéous equations
to determine the true values of the various experimental parameters. This is useful
if the parameters are expected to change between measurements. In practice, it is

easier to simply repeat a single ‘relative’ calibration when conditions change.
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Figure 5.13: Notation'for“voltages and dimensions of mass spectrometer.

, Because of the extraction fields, the sphere in velocity space is distorted in
| posmon space (along z) and likewise in flight time [Fig. 5.12(b)], so the box shape
distribution P(v,) should be multiplied by dv,/dr = (dt1/dv; + dt2/dv, + dt3/dv.)™"

The necessary derivatives are:

dti/dv. = (2hxi + 02X (taaxs + v X3) —
dtz/dv. = [2Lax2 + (v + 2Vi)x3] (v, + 1Vl)

=x2(v2 + V)2 (v, + ZV) |
dts/dv, = —La[v2+2(V; + V)] (v, + LW}), | (5.6)

where V; is a derivative with respect to v,. Core sampling skims off all points in
P(v) where vg + v2 is greater than the core radius. This results in 'remova,ll of the
central section of P(7), as shown in Fig. 5.12(c). Finally, profiles for ofher energies
are summed, with appropriate weightings, and the resulting profile is convoluted with
a 20 ns Gaussian, which approximates the experimental timé-of-ﬁight resolution.
The translational energy distributions in Figs 5.14 and 5.15 were obtained
. by fitting the TOFMS profiles. Each distribution is depiqtedv as a range, with limits
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corresponding to the fits through both extremes of the error bars on the TOFMS
profiles. A distribution of any shape which fits within the shaded region would be

consistent with the measured data. Naturally, these distributions are not normalized.

Discussion

At least within their uncertainty ranges, the shapes of the translational
energy distributions do not show any strong dependence on methyl quantum state.
The 330 nm distributions are qualitatively similar to those for 355 nm, except that
they are shifted to slightly higher energy. The falling edges appear to be shifted by
~4 kcal/mol, which is a surprisingly large fraction of the additional available energy
of 6 kcal/mol. This type of behavior is generally not consistent with a system in which
energy is randomized throughout the molecule prior to dissociation, as azomethane
is believed to be. Instead one expects most of the additional energy to remain in
internal modes, leaving little extra above the ‘barrier to dissociation and available
for translation. For example, assuming a purely statistical ‘prior’ distribution and a
dissociation energy of 50 kcal/mol (loss of a single methyl), a calculation shows that
only 12% of the extra energy should end up in translation. Therefore, if this effect is
real, it may demand a reevaluation of the current mechanistic assignment. However,
there are also two possible sources of experimental error which may account for this
difference. The first is a slight miscalibration of the energy-to-flighttime conversion,
due to unexpected changes in the extraction conditions or laser alignment. The
second possibility is a fitting artifact in the wings of the TOFMS profile, where a
small change in fit intensity (e.g. caused by an attempt to fit the noise) corresponds
to much more dramatic changes in the translational energy distribution.

Our translational energy distributions should be compared to the results of
North et al. [115] and Fairbrother et al. [116]. North’s distribution shows two distinct
features, peaking at 14 kcal/mol and 5 kcal/mol. It is reproduced in Fig. 5.16(b),
superimposed on our 355 nm distribution for the 03 REMPI transition. We have used
a bimodal distribution (dotted line) as an attempt to fit the apparent structure in the

03 TOFMS profile [Fig. 5.16(a)]. The energies of the two components are very similar
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Figure 5.14: Translational energy distributions for 355 nm dissociation of azomethane.

Limits of shaded region correspond to upper and lower fits of Fig. 5.10.
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‘Figure 5.16: Comparison of translational energy distribution of North et al. [115]
with ours. (a) Fit to our data for 355 nm dissociation (03 band) assuming that
the structure: (4 peaks) is real. (b) Corresponding translational energy distribution

o (dotted). superimposed on the distribution:of North. Shaded region corresponds to .

~ our-more conservative fit (same as the top.of Fig. 5.14).

'to those of North et al., although the relative weightings are much different and the
components are broader. OQur distributions also extend to higher energy. This has
been confirmed by ion imaging measurements, where the conversion to energy is quite
straightforward, thus the discrepancy cannot be. attributed to. a calibration error in.
fitting the profiles. It is possible that the high energy tail of North’s distribution is
unrealistically low, since this part is very sensitive to their fit at short flight times.
North’s distribution also does not fit within the uncertainty range of our more con-
servative fit. At least in the lower energy region, these differences do not necessarily
suggest that the measurements disagree, since we have measured only a subset of the
methyl quantum states, and dynamical factors may explain the discrepancies. Indeed
the purpose of this work is to investigate such differences.

Our results agree qualitatively with those of Fairbrother et al., although
our quantitative conclusions are less extreme. They reported an exclusive preference
for North’s high energy component in their measurements of total TOFMS profiles
(i.e. not core-sampled) for the same methyl quantum states. In their analysis, they
did not attempt to fit their TOFMS profiles, but were able to extract an average

translational energy of 15.8-17.4 kcal/mol. Average energies for our translational
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energy distributions are comparable. A thorough appraisal of their conclusions is
not possible without knowing more details of their unspéciﬁed analysis, but their
conclusion of high selectivity seems overly strong and does not agree quantitatively
with our observations.

The indirect conclusions reached by Weisman et al. on energy partitioning
in the umbrella mode are much different than our direct observations. They proposed
that the first methyl departs impulsively, while the second is lost in a statistical man-
ner. Yet they assign vibrationless methyls to the second step, directly contradicting
our observation that the fast methyls dominate. Although these are serious discrepan-
cies, they are not surprising given thé likelihood that their time-delay measurements
were in error.

Two coarse features of our results require discussion—the noﬂ-dependen_ce
on vibrational state and the favoring of faster energies in comparison to the results
of North et dl. At this stage we provide qualitative arguments, but in the future,
classical trajectory simulations on the new ab initio potential energy surfaces [109]
would be extremely valuable in verifying or disproving these propositions. In prin-
ciple, extensive experimental measurements of correlated energy distributions should
permit one to confirm or reject the present interpretation of a statistical dissociation
with an exit barrier. However, since we have observed only a limited fraction of the
fragment quantum states, we must avoid drawing sweeping conclusions about the
global dynamics based on our results alone.

A calculation by North and Gezelter [120, 121] suggests that such caution is
reasonable, and also points to an explanation for the similar translational energy dis-
tributions of both methyl vibrational states. The objective of their general approach
is to describe statistical dissociations with an exit barrier. They assume that energy
in excess of the dissociation barrier is partitioned statistically, while the remaining
fraction is released impulsively by the exit barrier. Furthermore, for azomethane, the
first methyl is lost with no exit barrier and only the second departs impulsively. Using
this model, the average vibrational energy appearing in the first and second methyls
was calculated to be 8.2 kcal/mol and 9.9 kcal/mol, respectively, with both values

dominated by the initial statistical partitioning. Most of the methyl radicals would
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therefore be found in vibrational states other than the two which we have measured
(one quantum of v, is only 606 cm™" or 1.73 kcal/ mbl), and it would not be surprising
for this limited subset to have translational energy distributions much different from
the average measured by North et al. Furthermore, whether a methyl has zero or
one quantum of umbrella vibration may matter less than the fact that both types
are near the same extreme with respect to average vibrational energy. On the other
hand, if a propbsed mechanism predicted low average vibrational energies, then our
distributions should be more representative of the average, and thus more difficult to
reconcile with that of North.

In fact, the basic arguments above do not depend on the details of North and
Gezelter’s model—in general, statiética.l partitioning of a large excess energy will leave
substantial vibrational energy in most of the methyl fragments. In contrast, methyls
which depart prior to energy randomization would contain far less vibrational energy
-on average. Even an impulsive dissociation ovér an exit barrier is not expected to
impart significant methyl vibrational energy.  Amatatsu et al. havé explained the
latter point very clearly in relation to their classicalv trajectory simulations for methyl
iodide dissociation [122]. They show that efficient umbrella excitation occurs when
the methyl umbrella potential evolves rapidly compared to the sepafation of the
fragments. For the ground state channel, there is a sharp discontinuity in the shape
of the umbrella poteﬁﬁal at a curve crossing, which leads to an inverted vibrational
distribution. In contrast, the I* channel experiences only the smooth opening of
the umbrella potential, on a timescale comparable to the vibrational frequency. The
correspond'ihg vibrational distribution is peaked at v,=0.

Based on these general trends we can suggest three possibilities for the origin
of the low-vibfating methyls which we have detected. Even in a largely statistical dis-
sociation, some fraction of the molecules may dissociate prior to randomization, and
the resulting fragments will contain less vibrational energy than average. Moreover,
these fragments can surmount the dissociation barrier with much of the balance of
energy in the dissociation coordinate, leading to a large fraction released into trans-
lation. Thus even the primary methyl in azomethane, which is not repelled by aﬁ

exit barrier and would otherwise come off slowly, would also have substantial kinetic
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energy. While these characteristics describe our observations quite well, molecules
which dissociate under these conditions are likely to represent only a small subset of
the total excited population. Longer-surviving parent molecules would also populate
the low methyl vibrations, possibly swamping the former effect. For such a mech-
anism to apply, there would have to be an efficient non-statistical detour near the
internal conversion geometry, which would allow a significant fraction of trajectories
to escape before energy scrambling. |

A less exotic possibility is that the dissociation is truly prompt, and most of
the parent molecules dissociate rapidly. Although Weisman et al. speculated that the
‘small slopes’ of the methyldiazenyl exit barrier could produce a statistical-like trans-
lational energy release in that step, such behavior would be unprecedented. Instead,
we would expect both methyl photofra.gments to be fast and confain little vibrational
energy, as seen in our measurements. However, a mechanism which produces two fast
methyls is not consistent with the total translational energy distribution of North et
al., nor with the theoretical predictions of Liu et al. In order to more confidently ex-
clude this mechanism from consideration, we should determine whether the apparent
shift with wavelength in the high-energy tail of our translational energy distributions
is real or an experimental artifact.

If we assume only that statistical randomization occurs to a large extent, the
shape of the translational energy distributions éuggests localized enérgy conservation
for the methyl radical—i.e. the low energy wing of the vibrational energy distribution
correlates to the high energy wing of the translational energy distribution. Of course,
this explanation begs the question of why such a correlation should exist and de-
mands verification from a detailed simulation of statistical .energy partitioning. One
possibility is that minimal vibrational energy in the still-bound secondary methyl
leaves more energy available to surmount the barrier to loss of the primary (slower)
methyl. In any case, a purely statistical picture is likely to be an oversimplification,
and one should also consider the role of dynamical effects caused by the exit barrier.
According to the prevailing interpretation of a concerted dissociation, only the second
methyl is exposed to the exit barrier, corresponding to the high translational energy

component in our measurements. The exit barrier may deexcite a fraction of the
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otherwise-excited secondary methyls, thus increasing the correlation between the low
vibrational states and faster translation. That such effects are stronger for the steep
" repulsive potentiia,l of the secondary methyl__ is generally ‘consistent with the classical
trajectory calculations of Amatatsu et al. [122], although even then, the effect would

probably be very weak.

5.5 Conclusion

- The ultraviolet dissociation of azomethane has not yet been fully tapped
as a rich source of insight into three-fragment dissociation dyhamics. The vibration-
correlated translational energy distributions for methyl photofragr_nents reported here
have opened a small but revealing window ihto the finer details of azomethane disso-
ciatio_xi-. The invariance of the distributions with vibrational state and the. preference
for faster fragments are both consistent with the previously-proposed mechanism of
-energy scrambling foliqwed by concerted dissociation. However, one canhbt_ rule out
‘alternatives such as rapid impulsive dissociation based on these data alone. Classical
_trajeCtory simulations should permit a more concrete assignment of the detaikled pro-
cesses reéponsible for producing this small subset of fragmeﬁt quantum states. The
inherent complexity of the three-body process is further complicated by the experi-
mental challenge of a low absorption cross section at long wavelengths and relatively
efficient multiphoton absorption. Given these difficulties, it will not be a small task to
measure a wider range of fragment quantum states ﬁsing conventional experimental

techniques, however the results should be very rewarding.
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