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Abstract
In this work, experimental and theoretical approaches are applied to the study of
chemical reaction dynamics. In Chapter 2, two applications of transition state theory
are presented: (1) Application of microcanonical transition state theory to determine
the rate constant of dissociation of the molecule C2 F3 I after π ∗ ← π excitation. It
was found that this reaction has a very fast rate constant (almost

1012
)
s

and thus is a

promising system for testing the statistical assumption of molecular reaction dynamics. (2) A general rate constant expression for the reaction of atoms and molecules at
surfaces was derived within the statistical framework of flexible transition state theory.
In Chapter 4, a computationally efficient time-dependent density-functional-theory
approach was found to produce useful potential energy surface landscapes for application to non-adiabatic predissociative dynamics of the molecule CS2 after excitation
from the ground state to the singlet C-state. In Chapter 5, ultrafast experimental
results of excitation of CS2 to the predissociative neutral singlet C-state is presented.
The bandwidth of the excitation laser was carefully tuned to span a two-component
scattering resonance with each component differently evolving electronically with respect to excited state character during the quasi-bound oscillation. Scalar timeresolved photoelectron spectra (TRPES) and vector time-resolved photoelectron angular distribution (TRPAD) observables were recorded during the predissociation.
i

The TRPES yield of photoelectrons was found to oscillate with a quantum beat pattern for the photoelectrons corresponding to ionization to the vibrationless cation
ground state; this beat pattern was obscured for photoelectron energies corresponding to ionization from the vibrationally excited CS2 cation. The TRPAD data was
recorded for two general molecular ensemble cases: with and without a pre-excitation
alignment laser pulse. It was found that in the case of ensemble alignment (Chapter
6), the “molecular frame” TRPAD (i.e. TRMFPAD) was able to image the purely
valence electronic dynamics of the evolving CS2 C-state. The unaligned ensemble
TRPAD observable suffers from excessive orientational averaging and was unable to
observe the quantum beat.
Engineering efforts were also undertaken to eliminate scattered light background
signal (Chapter 7, Appendix A) and improve laser stability as a function of ambient
pressure (Appendix B) for TRMFPAD experiments.
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Chapter 1
Introduction
1.1

Motivation

Chemical reactions, the rearrangement of the atomic building blocks of matter, are
the essence of chemistry. Frequently, the product(s) of a chemical reaction have
markedly different physical and chemical properties than the reactants. While modern
education and vocation often is concerned with static characteristics of matter such as
the quantitative analysis of pollutants in drinking water or the novel characteristics
of a freshly discovered polymer, the subject of chemical reactions cannot be much
removed from even such seemingly time-invariant problems. For example, knowledge
of the source and ultimate fate of drinking water pollutants or the longevity of a
new polymer exposed to ultraviolet light in the outdoors would require knowledge of
the relevant chemical reactions. And, besides mere material concerns, while it would
be a gross simplification to consider a living cell as a “bag of chemicals”, any study
of life from first principles must by definition begin with the molecular structure of
biological systems and the chemical reactions responsible for metabolism, which along
1
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with organism self-replication, may be the defining characteristic of life itself.
Often, the study of chemical reactions is limited in scope to the study of rates,
i.e. the rate of formation of products or equivalently the rate of disappearance of
reactants. Pragmatically, the reaction rate may be essentially all the information that
is sought for practical problems involving, for example, the degradation of a material
over time. However, reaction rates are highly-integrated scalar quantities which may
only superficially answer questions such as “why?” a certain chemical process occurs
in terms of other scalar quantities such as temperature or energy. Knowledge of
vector information such as changes to molecular state symmetry during reaction can
be imperative to mechanistically understand “how?” chemical processes occur.
A drawback of differential approaches, and one reason for continued application
of integrated reaction rate approaches is a question of, respectively, complexity and
simplicity. As will be elaborated below, reaction rate theories involving seemingly
drastic and yet largely successful approximations for studying chemical reactions are
available and are far more computationally efficient than any differential theoretical
approach (i.e. dynamical simulations of potential energy surfaces) to the study of
chemical reactions. Likewise, an experimental apparatus for studying only reaction
rates will generally be far less complicated and expensive than an apparatus for the
study of more complicated reaction processes. Therefore, it is of interest to compare
simpler efficient theories with more complicated differential chemical reaction data to
benchmark “how they do”.
The work in this thesis may be conceptually separated into three distinct subjects:
1. Chapter 2 is concerned with the scalar and statistical Transition State Theory
(TST) which is a very simple “minimally dynamic” theoretical framework for
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calculating and to some extent interpreting chemical reaction rates, typically
for ground state processes.
2. Two chapters (5 and 6) are concerned with the closely related subjects of the
scalar and dynamical Time-resolved Photoelectron Spectroscopy (TRPES) and
the vector and dynamical Time-resolved Photoelectron Angular Distributions
(TRPADs) which are sophisticated experimental approaches for studying the
complicated non-adiabatic dynamics of excited state processes.
3. Two chapters and an appendix are devoted to the treatment of problems with
the experimental acquisition of TRPES data. Scattered light is a serious background issue in TRPES and the design of a scattered light-trapping baffle system
with a corresponding ultra-black surface for the CIS chamber is the subject of
two chapters (7, Appendix A).
Appendix B discusses the dependence of laser stability on ambient air pressure,
which itself is a function of the weather.
Another recurring topic is the generation of potential energy surfaces (PESs) for further use in either the computation of TST rate constants (Chapter 2) or to present
a PES landscape for understanding excited state dynamical processes studied with
TRPES (Chapter 4). We now take a closer look at transition state theory and will
subsequently introduce time-resolved photoelectron spectroscopy, and, later in Chapter 3, the apparatus we use to study TRPES/TRPADs: (i) the Coincidence Imaging
Spectrometer (CIS) and to a lesser extent, (ii) the Magnetic Bottle (Magbott).
This thesis is a work of investigation into the how and why chemical reactions
occur with two available tools: the seemingly disparate methods of transition state
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theory and time-resolved photoelectron spectroscopy. The scope of additional material on engineering and protocol for TRPES (scattered light background reduction
and laser stability with air pressure) is a tribute to a fundamental truth regarding
the aim of extracting the most detailed and differential data from an experimental
approach: Difficulty is conserved.1

1.2

Transition State Theory

Transition state theory (TST) is a very simple and often effective approach for calculating rate constants of chemical reactions.2–11 The canonical (temperature-resolved)
form of the TST equation is very similar to the familiar and widely-applied experimental and phenomenological Arrhenius rate equation studied in elementary chemistry
courses.

1.2.1

The Arrhenius Equation

The Arrhenius rate constant equation is:

k(T ) = A e

−Ea
RT

(1.1)

where k(T ) is the rate constant of a chemical reaction as a function of absolute
temperature (T ), A is the aptly-named pre-exponential factor, with the exponential
term being a Boltzmann factor with Ea the activation energy of the reaction being
divided by the term RT (gas constant times temperature which can also be expressed
per molecule as kB T where kB is Boltzmann’s constant). In practice, the activation
energy and pre-exponential factors are solved by monitoring experimental reaction
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rates as a function of temperature: for a reaction obeying the Arrhenius equation a
plot of ln(k(T )) versus

1
T

will result in a straight line with the intercept and slope

uniquely defining A and Ea , respectively. Although the Arrhenius equation has met
with practical success and is widely applied, for interpretation of A and Ea we turn
to the transition state equation.

1.2.2

Canonical (temperature-resolved) Transition State Theory

The transition state theory rate constant equation is:

k(T ) =
where the product of terms

−E0
kB T
QT S
e kB T
h Qreactant(s)

QT S
kB T
h
Qreactant(s)

(1.2)

nearly exactly represent the Arrhenius
−E0

pre-exponential factor and the exponential term e kB T is nearly identical to that of the
Arrhenius equation as well but with a different definition for the energy appearing
in the Boltzmann factor. The new terms appearing are the total partition functions
of the transition state (TS) and the reactant(s) (QT S and Qreactant(s) respectively, if
there is more than one reactant the term is a product of the total partition functions
of each reactant), h is Planck’s constant, and E0 is the zero-point energy corrected
energy difference of the transition state with respect to the reactant(s).
If there is a well-defined unique potential energy barrier to the chemical reaction,
then the transition state is conventionally taken as the molecular structure corresponding to this unique point along the reaction coordinate. More generally, the
transition state can be defined as the structure along the reaction pathway minimizing the rate constant as calculated via equation (1.2). Such a transition state may be
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obtained by calculating rate constants for a variety of points along a reaction pathway
with the lowest obtained rate constant variationally optimizing the transition state
location. For reactions without a defined barrier, such as many bond-breaking processes for which there is only a monotonically rising potential which asymptotically
approaches the dissociation energy, this variational approach allows the determination
of an optimal generalized transition state.

The pre-exponential factor
The main feature of interest in the transition state theory pre-exponential factor
QT S
kB T
h
Qreactant(s)

is the ratio of total partition functions of the transition state and the

reactants. The

kB T
h

term originates as the classical harmonic oscillator partition

function contribution to the T S total partition function for the mode of motion
through the transition state along the reaction pathway, where there is no restoring
force. Conceptually, it can be useful to put this term back into the total partition
function with the result that it is clear that the pre-exponential term of the transition
state theory equation is just the ratio of partition functions of the transition state
and the reactant(s):
kB T
QT S
Q∗T S
=
h Qreactant(s)
Qreactant(s)

(1.3)

Because the total molecular partition function is an indication of the average
number of states thermally accessible to a molecule for a given temperature, this
ratio is an indication of how favourably reactants are, statistically, to encounter the
transition state structure. If this ratio is low, the reactants may be thought of as being
less likely to “find” the pathway to the reaction. Therefore, this term may be thought
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of loosely as the entropic contribution to the reaction rate constant. If the Arrhenius
and Transition State equations are considered to both adequately describe k(T ), then
A is approximately equal to

kB T
h

QT S
Qreactant(s)

with the difference being derivable from

consideration of how Ea and E0 differ slightly (see below).
The exponential factor
The interpretation of this term is straightforward as it is just a Boltzmann factor.
This is the thermal energy contribution to the rate constant and indicates there is
an exponential dependence of the rate constant of the reaction as a function of the
transition state energy as indicated by the relevant potential energy surface (and
an inverse dependance on temperature). It is worth noting here that the Arrhenius
activation energy Ea will generally be very similar to the transition state theory barrier to reaction E0 ; Ea is identical to E0 with the exception of two minor thermal
contributions: (1). There is a summation term arising due to difference of thermal
contributions to the energies of the transition state and reactants as determined from
the total molecular partition functions; (2). An RT term is added to Ea for bimolecular addition reactions. These terms have only a minor perturbative effect to the
barrier to reaction.

1.2.3

The computational simplicity of Transition State Theory

Far beyond its use for interpreting the Arrhenius equation, the simplicity of transition
state theory is a key advantage for its use as a computational tool. In fact, it may
seem remarkable that such a simple equation can be used for quantitatively calculating

CHAPTER 1. INTRODUCTION

8

reaction rate constants. Beyond the fact that only static quantities (total partition
functions and energies of reactant(s) and the transition state) are needed to solve the
fundamentally dynamic problem of a chemical reaction rate, it may strike the reader
as unusual that no information is required about the product(s) of the reaction.

1.2.4

Quasi-equilibrium of the transition state and reactants
and the Fundamental Statistical Assumption

The transition state and reactants are assumed to be in a quasi-equilibrium with
each other irrespective of the presence of products. This connection to equilibrium
theory may not be surprising as the form of the transition state equation for k(T ) is
exactly that of an equilibrium constant K times the partition function contribution
from the unbound vibrational mode responsible for passing through the transition
state dividing surface from the reactant side to the product side, i.e.:

K =

Qproducts k−ET0
e B
Qreactants

which is identical to equation (1.2) except for the explicit

(1.4)
kT
h

term which, as has

already been discussed, is not actually an extra term but is an explicit factoring of a
term of QT S for the sake of clarity.
Therefore, it is evident from the canonical formulation of transition state theory
that it is an equilibrium theory, with all thermal energy available to the reactant(s)
and transition state statistically distributed according to Maxwell-Boltzmann Statistics. Likewise, the energy-resolved or microcanonical formulation of transition state
theory, which is considered below, is equally reliant on statistical distribution of all
internal energy among the available modes of the reactants and products.
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Microcanonical (Energy-Resolved) Transition State Theory

The case of isolated molecules at well-quantified energy (instead of a collection of
molecules described by a temperature) may also be treated by transition state theory
as a function of molecular internal energy.
The form of the microcanonical rate constant equation (RRKM12, 13 ) for unimolecular dissociation is given below:

k(E) =

N (E − E0 )
h ρ(E)

(1.5)

where k(E) is the internal-energy-dependent rate constant in Hz, E is the internal
energy of the excited dissociative molecule, E0 is the zero-point-energy (ZPE) corrected “critical energy” for the reaction, N (E − E0 ) is the transition state’s sum of
states in the energy range 0 to E − E0 (unitless), ρ(E) is the density of states at
energy E (per unit energy) for the parent molecule, and h is Planck’s constant.
Although seemingly different, this equation is identical in content to that of canonical TST.8 The sum of states represents the number of ways possible to pass through
the transition state which has total energy E − E0 ; the density of states at energy
E is a term representing the statistical likelihood of the molecule not “finding” the
transition state.

1.2.6

The Computational Approach

Therefore, to calculate the reaction rate constant with TST only sampling of two or
three points of the entire reaction potential energy surface is required (the equilibrium
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structure of one or two reactants and the transition state). Using standard computational chemistry software such as GAMESS,14 the optimized equilibrium structures
of any reactants and their energies can be determined easily. “Chemical intuition”
is used to guess what the relevant reaction pathway(s) are. If a barrier to reaction
exists, the saddle point defining the transition state can be found fairly easily by
calculating several points along the reaction pathway as a scan, or using automatic
routines searching for a saddle point of first order. A possible complication is that
the electronic structure theory used for searching for transition states may need to be
able to handle multiple electronic configurations to describe the TS molecular wavefunction along the reaction path.
Once the structures and energies of reactant(s) and the transition state(s) (as
discussed already, can be a scan of multiple TSs if searching for a generalized TS
with variational optimization of the rate constant for e.g. barrierless processes) are
obtained, the only remaining detail (for canonical TST) is to compute the total molecular partition functions. This may be easily obtained by calculation of the normal
modes of motion of each reactant and transition state within the harmonic oscillator
approximation (Hessian calculation) to obtain the zero point energy and vibrational
contribution to the total partition functions. For microcanonical TST, the sum and
densities of states can, for example, be evaluated by the direct count method.15

1.2.7

Accuracy of Transition State Theory

The enormous computational shortcut offered by transition state theory (as compared
to dynamical trajectory or wavepacket simulations on a potential energy surface) naturally comes at some cost, which will be briefly considered. The main concern, beyond
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the question of whether the statistical assumption is valid, is regarding possible recrossing of the transition state and whether or not the transition state itself is unique.
The transition state, while considered to be a point along the reaction potential
energy surface, defines a transition state dividing surface plane uniquely as containing
the transition state point and oriented orthogonal to the reaction pathway (a vector)
at this point. A fundamental assumption of transition state theory is that if a potentially reactive trajectory were to cross from the “reactant” side to the “product” side
of the dividing surface, then it cannot recross back to the reactant side again; this
is why the product(s) are not explicitly considered with TST, as they are considered
irrelevant. In reality, some trajectories will be expected to recross any dividing surface along the reaction pathway and, from the perspective of recrossing the dividing
surface, transition state theory can be considered as overestimating the true reaction
rate to some degree.
Nevertheless, TST is expected to be close to exactly correct for low temperatures
(canonical) or energies not far above threshold for reaction (microcanonical). At
higher temperatures or energies, factors reducing the accuracy of TST can be expected such as: (1) recrossings of the dividing surface may increase due to fragments
being too “hot” to form products in a bimolecular addition; (2) additional exploration
of the potential energy surface in modes orthogonal to the reaction coordinate can
result in new product channels (and dividing surfaces) opening.
With modern laser technology it has become possible to selectively deposit energy
into specific internal modes of molecules. One active question is, therefore, what is
the timescale required to distribute energy deposited in one or a few specific modes
statistically throughout all the available modes? Rate constant calculations obtained
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from microcanonical transition state theory could be expected to either overestimate
or underestimate the true reaction rates experimentally depending on whether nonstatistically distributed energy was concentrated or deficient, respectively, in modes
contributing to reaction.

1.2.8

Transition State Theory in this Work

The two following chapters of this thesis involve transition state theory:
The first half of Chapter 2 considers via microcanonical TST the dissociation rate
constant of C2 F3 I from a vibrationally hot ground state as might occur experimentally after π ∗ ← π excitation with a laser followed by rapid internal conversion back
to the ground state. It is expected that the only channel energetically available for
dissociation is along the C-I bond. The electronic structure theory of this problem requires use of a multiple-configuration electronic wavefunction to adequately describe
the transition state. For statistical behaviour, the intramolecular vibrational energy
redistribution would need to be complete on the order of a few vibrational periods.
Then, the distribution of recoil velocity of iodine atoms would be time-independent
because the intramolecular energy distribution would be at equilibrium. Measuring the recoil velocity distribution therefore gives information about the timescale to
achieve statisticality. If a time evolution of the recoil velocity distribution of iodine
were observed, the implication would be that the timescale of onset of statisticality for
this reaction is slower than the time-resolution of the experiment. The goal therefore
would be observation of whether the time-scale of onset of statistically is immediate
or delayed via ultrafast time-resolved monitoring of the kinetic energy recoil of iodine
atoms. Because the mode of excitation (π ∗ ← π, this should excite C-C vibration)
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differs from the mode of dissociation (C-I bond) a time-dependence to the kinetic energy recoil of iodine atoms may be expected to be observed on an ultrafast timescale.
The second half of Chapter 2 deals with a special kind of TST called flexible
transition state theory (FTST). FTST differs from conventional TST only in that
the transitional modes, that is, the vibrational modes of motion either created (bimolecular addition) or lost (unimolecular fragmentation) in transition states are not
treated with the simplifying harmonic oscillator framework. Transitional modes are
not actually created or lost but exist as rotations or translations in the reactive or
dissociative fragments. The point is that the harmonic oscillator may be inadequate
to treat vibrational modes for transition states with weak potentials orthogonal to the
reaction pathway (e.g. many barrierless reactions). Instead, the contribution of these
vibrational modes to the partition functions in the transition state rate equation are
solved explicitly as configuration integrals. The canonical general form of the FTST
rate constant equation for atoms, linear molecules, and non-linear molecules adding
to a surface is derived with the simplifying assumption that the surface is immobile.

1.3

Time-Resolved Photoelectron Spectroscopy and
Time-Resolved Photoelectron Angular Distributions

Many familiar reactions in chemistry result simply from the introduction of reactive species to contact with each other: reactant molecules rearrange atomic building
blocks and new product molecules result. Examples of this kind of reaction are
acid-base neutralization, rusting of iron, and the precipitation of inorganic salts in
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aqueous solutions. Such reactions typically occur on the ground electronic state at
temperatures familiar to human experience. Dynamics on potential energy surfaces
are thus well-described by motion on specific states and are characterized as adiabatic.
Transition state theory deals with adiabatic processes as defined by potential energy
surfaces which describe the reaction beginning with reactants and then to a transition
state which is followed by products. Ground electronic states can be expected to be
well-separated in energy from other (non-degenerate) states along much, if not all, of
a reaction pathway.
We now turn attention to a more general but challenging subject in chemical reaction dynamics: the non-adiabatic dynamics of excited state processes. We will need
a dynamical approach, both scalar and vector, to detangle such processes. Unlike
ground electronic states, excited electronic states frequently occur in close proximity
and cross in energy as a function of nuclear motion. The inevitable coupling of vibrational (energy) and electronic (charge) degrees of freedom results in ultrafast processes
such as internal conversion and radiationless transitions. Non-adiabatic dynamics are
ubiquitous to excited electronic state processes and occur at high temperatures or after electronic excitation from absorption of light. Relevant photochemical processes in
Nature include photobiological processes such as vision,16 photosynthesis,17 direct18
and indirect19, 20 (phototoxicity) DNA damage from UV irradiation, and even bioluminescence.21 The coupling of charge and energy flow is often described in terms
of the breakdown of the Born-Oppenheimer (BO) approximation, the adiabatic separation of electronic from nuclear motions, with the justification that electrons can
“instantly” readjust to changes in the position of nuclei. This is not such a bad
approximation so long as the electronic state under consideration is well-separated
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(a) The transition state (X) is a saddle point of order
1 (potential rises orthogonal to and decreases along
the reaction coordinate). Here an arbitrary 3D curve
with potential z = x2 − y 2 is used for illustration.

(b) A contour plot (Energy vs (x,y)) of the same
curve. A dividing surface runs through the transition state orthogonal to the reaction coordinate. The
broken and dashed arrow is used to illustrate a recrossing trajectory; a trajectory which crosses from
the reactant to product side of the dividing surface
and later returns. Such trajectories can contribute
to TST overestimation of rate constants.

Figure 1.1: Schematic of the key features of a transition state with a barrier along
the reaction coordinate.
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energetically from other electronic states. However, in the case of near degeneracies, the time-dependent electric field caused by nuclear motion approaches the scale
required to induce electronic transitions, and nonadiabatic coupling of vibrational
and electronic states results. The notion of distinct and observable vibrational and
electronic states becomes obscured in such situations, and treatment of such vibronic
dynamics remains one of the most challenging problems in molecular physics.28
As a reflection of the instability of the involved excited states, non-adiabatic processes tend to occur on ultrafast timescales (10−15 s). Until recently, the experimental
observation of such timescales was not possible. However, with the development of
ultrafast laser pulses since the 1980s, these experiments22–24 are now becoming almost routine and, with the combination of multiple laser pulses, time-resolved measurements can be recorded as a reaction progresses. In its essence, a time-resolved
experiment has three steps:
1. A pump photon exciting a molecule by preparing a wavepacket. This pulse
defines time-zero for the experiment (t0 ).
2. The field-free evolution of the molecular dynamics.
3. A time-delayed probe pulse acts as a “camera” by projecting the wavepacket
onto a set of final states at a well defined time, yielding ∆t. The delay of the
probe pulse and hence ∆t can be varied by computer control of a retroreflecting
mirror mounted on a delay stage. The populations of the final state represent
the detected signal.
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The work considered in this thesis is gas phase TRPES25–29 of neutral polyatomic
molecules: the pump pulse excites a neutral molecule to an initial and evolving excited state which is then observed by ionizing with the probe pulse. The electron
liberated by the probe pulse is collected and its kinetic energy and, possibly, emission
direction are recorded. TRPES is especially well suited to study nonadiabatic dynamics because photoelectron spectroscopy is sensitive to both changes in vibrational
dynamics and electronic states; as ionization is always an allowed process, TRPES
can follow dynamics along an entire reaction coordinate, irrespective of changes to
electronic symmetry. TRPES has the following conceptual strengths:28
1. Ionization is always an allowed process due to the liberated photoelectron symmetry being defined “as required” to allow photoionization.
2. Highly detailed, multiplexed information can be obtained by differentially analyzing the liberated photoelectron spectrum and angular distribution.
3. Charged particle detection is extremely sensitive.
4. Detection of the cation created by photoionization can provide mass-resolved
information to further differentiate the photoelectron spectrum.
5. Undesired higher order multiphoton processes are readily revealed.
6. Coincident detection of the cation and electron created by photoionization allows for vector correlation relationships between them to be revealed.
The Born-Oppenheimer (BO) approximation,30 the separation of electronic and
nuclear motion, aids in interpretation of the complicated non-adiabatic dynamics of
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excited state evolution by allowing the consideration of purely electronic wavefunctions dependent on, and fully described by the nuclear configuration. We have already
implicitly invoked the BO approximation and taken it for granted in the discussion of
potential energy surfaces as applied to transition states. In a TRPES experiment, the
pump pulse can be envisaged as creating, at experiment start time t0 , a wavepacket
on an excited state surface which subsequently evolves and explores some areas of the
PES. Adiabatic dynamics, the exploration of a single PES state, are accounted for
within the BO approximation.
Contrarily, if multiple BO states become coupled by nuclear (vibrational) motion,
then non-adiabatic dynamics can occur. At coordinates with PES crossings conical intersections occur and at such locations some portion of the excited state wavepacket
will be expected to cross from one PES to another. Such non-adiabatic dynamics
represents a breakdown of the BO approximation; yet, the BO approximation still
is useful, in a perturbation theory viewpoint, for defining a zeroth-order treatment
of the problem with non-adiabatic dynamics arising from perturbative terms in the
molecular Hamiltonian not accounted for with electronic and nuclear coordinate separation.
Photoionization can be expected to be a useful probe for observing non-adiabatic
dynamics because it is sensitive to both nuclear (via vibrational structure within an
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ionization band) and electronic (via the electronic band(s) present) evolution. Furthermore, the separation of vibrational and electronic overlap integrals (the FranckCondon principle31 ) allows use of Franck-Condon (FC) factors for vibrational contribution and the electronic state ionization with Koopmans’ correlations. The Koopmans’ picture of ionization is thus that a specific excited electronic state of the neutral molecule is correlated (via removal of a single electron) to a specific cation state.
There are two cases to consider:32
1. Complementary or Type I ionization correlation: Different excited neutral electronic states populate different electronic states of the cation upon photoionization.
2. Corresponding or Type II ionization correlation: Different excited electronic
states populate the same electronic states of the cation upon photoionization.
If non-adiabatic dynamics results in a change to the electronic state character of
the excited neutral state, we may expect to observe a different electronic band in
our photoionization data in the case of complementary correlation. Franck-Condon
factors, which are the square of vibrational overlap integrals, can be expected to help
illustrate changes occurring as a result of non-adiabatic dynamics to the vibrational
manifold of the neutral state. Corresponding ionization, with projection onto the
same final ionic state even after non-adiabatic dynamics, presents a more difficult case
for TRPES; however, because non-adiabatic dynamics will generally result in a change
in symmetry to the neutral excited state, the angular distribution of the outgoing
electron wavefunction (the TRPAD) may be capable of following the evolution.
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Figure 1.2: A schematic of Type I or complementary ionization, an ideal case for TRPES to disentangle electronic and vibrational dynamics of excited state polyatomic
molecules. A femtosecond pump pulse prepares an evolving excited state with electronic character α immediately after excitation. After the passage of time (∆t) some
of the population evolves, via nonadiabatic coupling, to the vibrationally excited state
β. The Koopmans’ correlations of each state is different with the time-delayed probe
pulse producing the different electronic continua, respectively: α → α+ + e− (1 ) and
β → β + + e− (2 ). Just after the pump pulse, before the nonadiabatic transfer of
population to β, only vibrational dynamics corresponding to the photoelectron band
1 (ionization from α) will be observed. At later times (∆t) following nonadiabatic
dynamics, vibrational dynamics corresponding to the vibrationally excited state photoelectron band 2 (ionization from β) will be observed. In our work, we will consider
the experimental photodissociation of CS2 for which after excited state evolution via
nonadiabatic dynamics we continue to only ionize to the same cation state (Type II,
corresponding ionization) for which time-resolved molecular frame photoelectron angular distributions of photoelectrons offer a means of following the reaction progress.
Figure adapted from28
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Photoionization as a means for observation of the evolving excited neutral state

A femtosecond laser pump-probe experiment is the sum of coherent two-photon (pump
and probe) transition amplitudes within the range of bandwidths spanned by each
pulse. The measured photoelectron signal is proportional to the population in the
final cation state(s) following the probe pulse. Because the pump-probe transitions are
coherent, the photoelectron signal consists of interferences between all pump-probe
transitions. The pump laser field amplitudes and phases, along with the transition
amplitude between the ground and excited neutral states determines the amplitudes
and initial phases of the set of initially prepared states in the wavepacket. Following
the pump pulse, the wavepacket evolves under field-free conditions with wavepacket
form:

|Ψi (t)i =

X

An (t) e−i[

En t
+φn ]
~

|ψn i

(1.6)

n

for which the time-dependent initial state has been expanded in terms of a timeindependent basis of states (ψn ) with expansion coefficients An (t) and phase φn .
Within the weak field limit, the ionization transition moment (or photoionization
matrix element) is:

di→f = hΨf (R, r); Ψe (k; R, r) | µ̂ · Eprobe | Ψi (R, r)i

(1.7)

where R and r respectively specify nuclear and electronic coordinate dependence,
i, f , and e specify respectively the initial (i.e. prepared at t0 by the pump pulse),
final, and photoelectron wavefunctions, µ̂ is the dipole operator, and Eprobe is the
probe laser field. di→f is the mathematical expression for projection of Ψi onto the
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ionized continuum “template” of the final cation state Ψf and the liberated photoelectron Ψe with wavevector k. Observables, as could be anticipated, are determined
by the complex conjugate square of di→f .
The initial state prepared by the pump pulse can be represented as a timedependent wavepacket and so the time-dependent photoionization matrix element
can be expressed with now implicit coordinate dependence as:

di→f (t) = hΨf ; Ψe | µ̂ · Eprobe | Ψi (t)i
X
En t
=
An (t) e−i[ ~ +φn ] hΨf ; Ψe | µ̂ · Eprobe | ψn i
n

=

X

An (t) e−i[

En t
+φn ]
~

dn→f

(1.8)

n

The time-dependence of di→f (t) is seen to be a mapping of the time-dependence
of the excited state which may be observed via photoionization probe.
Within the simplifying BO picture, the ionization matrix elements can be expressed with separate electronic and vibrational wavefunctions:

di→f = hΦα+ ψνα+ ; Ψe | µ̂ · Eprobe | Φα ψνα i

(1.9)

where α denotes the electronic state, να is the vibrational state, and + indicates
the final cationic state. Going one step further and applying the Franck-Condon (FC)
approximation to separate vibrational and electronic degrees of freedom yields:

di→f = hψνα+ | ψνα i hΦα+ ; Ψe | µ̂ · Eprobe | Φα i

(1.10)

The FC approximation thus can not account for a nuclear coordinate dependence
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of di→f . Bringing the above concepts all together, the time-dependence of the ionization matrix element can be expressed with zeroth-order BO basis functions as
(substituting α, να for n):

di→f (t) =

X

=

X

Aα,να (t) e−i[

Eα,να t
+φα,να ]
~

Aα,να (t) e−i[

Eα,να t
+φα,να ]
~

hψνα+ |ψνα i × hΦα+ ; Ψe | µ̂ · Eprobe | Φα i

α,να

dα,να →f

(1.11)

α,να

within this approximate but conceptually transparent framework, the vibrational
modulation of the photoelectron spectrum can be accounted for by the complex square
of the Franck-Condon factors, hψνα+ |ψνα i, whereas the electronic part of di→f (t) accounts for the electronic bands observed in the photoelectron spectrum such as Koopmans’ correlations of α and α+. Ψe is central to photoelectron angular distributions
as will be described in the following section.
First we now explicitly consider the case of non-adiabatic excited state dynamics
of the neutral species as prepared by the pump, where after a certain time the excited
state character of the evolving neutral changes from α to β. For the case of complementary ionization where ionization results in differing ionic states α+ and β+ we
expect the emergence of a new band in the spectrum corresponding to the sum of
contributions from both states, i.e. from pure α form as in equation (1.11) to:

di→f (t) =

X

+

X

Aα,να (t) e−i[

Eα,να t
+φα,να ]
~

hψνα+ |ψνα i × hΦα+ ; Ψe | µ̂ · Eprobe | Φα i

α,να
−i[

Aβ,νβ (t) e

Eβ,ν t
β
+φβ,νβ ]
~

hψνβ+ |ψνβ i × hΦβ+ ; Ψe | µ̂ · Eprobe | Φβ i

β,νβ

(1.12)
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Non-adiabatic excited state dynamics observed with
Time-resolved photoelectron angular distributions

We are now prepared to go a step deeper to dynamical and vector TRPAD28, 29, 33–37
measurements, which contain not only photoelectron spectra (i.e. kinetic energy of
release of photoelectrons) but also the direction of electron emission. The angular
form of a TRPAD can be expressed in a spherical harmonics basis as:

I(θ, φ) =

LX
max

L
X

L=0

M =−L

βLM YLM (θ, φ) = d∗i→f di→f

(1.13)

where YLM are the spherical harmonic basis functions in spherical polar coordinates (θ, φ) with coefficients βLM which are called anisotropy parameters, L is the
spherical harmonic quanta with M describing the orientation of particular members
of the set of a given L, where applicable. The range of L (and hence M ) are often
severely constrained by symmetry.
We shall consider TRPADs with respect to two sensible frames of reference:
1. The molecular frame (MF): The TRPAD can be expressed as a function
of molecular orientation. This is the most differential form possible for a TRPAD and thus contains the most information about the outgoing photoelectron
and hence the probed excited state. In practice, it is difficult to perform an
experiment in the molecular frame. Two approaches are worthy of mention
here:
(a) Non-adiabatic alignment, the use of a “fore” laser pulse of IR wavelength arriving tens of picoseconds before the fs-scale pump-probe pulses, to
create rotational wavepackets which for later brief instances of time (a couple of
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picoseconds) rotational revivals occur and allow a TRPES/TRPADs experiment
to occur with transiently aligned ensembles of molecules.38, 39 The molecules
are effectively aligned and “fixed-in-space” for the duration of the pump-probe
experiment. This approach is used in the CS2 TRPES/TRPADs experiment
described in Chapters 5 and 6. Non-adiabatic alignment is applicable to small
and highly symmetric polyatomic molecules such as CS2 .
(b) Coincident photoelectron and cation dissociative fragment axial recoil detection, for which case if the excited state neutral molecule dissociates along a bond axis faithfully representing the orientation of the molecule40
and is then ionized to facilitate detection. Collection of the vector information
of both the photoelectron and the dissociating ionized fragment in coincidence
allows transformation of each data couplet (electron, ion) to the molecular
frame from a randomly oriented sample. Although our coincidence imaging
spectroscopy machine is designed for this type of experiment, no such fully
coincident experiment was required for the work presented in this thesis.
2. Laboratory frame (LF) data is collected oriented to the laboratory (a detector within the laboratory) from an unoriented molecular ensemble sample and
contains less information, due to conformational averaging, than MF data.
For the case of lab frame data, Lmax is double the number of photons contributing
to photoionization. If reflection symmetry is present L must be even and if cylindrical
symmetry is present then there is no φ dependence in I as M = 0. Thus, for a typical
TRPES/TRPADs pump-probe experiment with parallel linear polarized pump and
probe, we have the constraints L = 0, 2, 4 and M = 0 which simplifies the expression
for the TRPADs to:
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LX
max

βL PL (cos θ)

(1.14)

L=0

where PL (cos θ) are the Legendre polynomials. The molecular frame case, as
it contains more detailed information, involves a more complicated form for I(θ, φ)
which is dependent on the molecular symmetry and maximum angular momentum
component of the photoelectron wavefunction. Changes to the symmetry of Ψe should
appear in TRPAD data as changes to the observable I.
For the dipole matrix element to be non-vanishing, the usual spectroscopic requirement applies (with a twist as photoionization to the continuum is seldom forbidden)
because the free electron may take whatever angular momentum required: the direct
product of the symmetries of all components of the process must contain the totally
symmetric representation of the point group,41, 42 i.e.:

Γe ⊗ Γf ⊗ Γµ̂ ⊗ Γi ⊃ Γs

(1.15)

where Γi is the initial (excited neutral) state undergoing dynamics, Γf is the
final cationic state, Γµ̂ is the dipole moment operator, and Γe represents the outgoing photoelectron. Within the Born-Oppenheimer terminology introduced earlier we
therefore have:

Γe ⊗ Γα+ ⊗ Γµ̂ ⊗ Γα ⊃ Γs

(1.16)

with α and α+ representing the neutral and cationic molecular states. Equation
(1.16) implies that for a photoionization process with a change to the symmetry of the
excited neutral state (Γα ), we should expect a change to the symmetry of either the
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photoelectron wavefunction (Γe ) or the cation Γα+ . Thus, in the case of corresponding photoionization for which ionization is to the same cation state even with change
to the excited state neutral, a change to Γe must occur for the photoionization to
remain allowed. Because photoionization is always allowed (i.e. the symmetry of the
“variable” Γe can be expected to change as “needed”), it is expected that a change
to the symmetry of Γe is a signature of changes to the neutral state symmetry for
corresponding photoionization.
Therefore, for a TRPAD experiment which always ionizes to the same cation state
Γα+ we may propose the following relationship between the TRPAD observable and
Γe . If changes occur to the excited state symmetry Γα during the time-resolved experiment (e.g. internal conversion to a different state) but Γα+ and Γµ̂ do not change,
then we may expect the symmetry of Γe , to change. Such a change in symmetry to Γe
will manifest as a change to the angular distribution of the departing photoelectrons
and therefore the shape of the TRPAD should change. The TRPAD therefore can
serve as an indicator of the evolving electronic character of neutral excited states
undergoing non-adiabatic dynamics.
In summary, the work in this thesis considers two statistical scalar transition
state theory problems in Chapter 2. Chapter 3 introduces the Coincidence Imaging
Spectrometer apparatus. Chapters 4, 5, and 6 cover the dynamical scalar TRPES
and dynamical vector TRPAD experimental approaches for unraveling the complex
non-adiabatic dynamics which occur in CS2 after excitation to the C-state. Chapter 4 introduces a theoretical landscape of the relevant excited state surfaces of CS2
as calculated via time-dependent density functional theory; CS2 being the molecule
with which we study non-adiabatic dynamics in this work. Chapter 5 introduces our
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experimental data on non-adiabatic dynamics of CS2 and illustrates that molecular
frame TRPAD (i.e. TRMFPAD) information can be revealed from an ensemble of
molecules via the non-adiabatic alignment technique. Chapter 6 demonstrates that
our TRMFPAD observable images the purely valence electronic non-adiabatic dynamics of the CS2 reaction. Chapter 7 describes an engineering effort to reduce scattered
UV light which introduces background electrons in our spectrometer via the photoelectric effect. Chapter 8 offers concluding remarks including a summary of the work
and potential future directions. Appendix A describes for the first time detailed instructions for how to make extremely black δ-CuO surfaces for use in scattered light
trapping. Appendix B shows how laser stability is affected by ambient air conditions,
with air pressure being the dominant variable.

Chapter 2
Statistical Reaction Dynamics:
Transition State Theory
2.1

The Theoretical Rate of Dissociation of C2F3I
after π ∗ ← π Excitation at 200 nm.

2.1.1

Introduction

The fundamental assumption of statistical reaction dynamics theories is ergodicity.
Regardless of mode-specificity of excitation, the rate of mixing of all internal molecular energy (via intramolecular vibrational redistribution or IVR) is assumed to be
very fast compared to the rate of reaction. Therefore, all energetically accessible sampling of phase space is assumed to be complete on a timescale faster than reaction.
However, unlike thermal excitation, the excitation of isolated molecules via ultrafast
lasers is not random with localized states generally being created.
The statistical approximation assumes that mode-specific energy is statistically
29
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redistributed among all available vibrational modes on a timescale fast compared to
chemical reaction. Questions regarding its validity have been of interest for decades.43–59
There is good reason to be interested in the subject of the timescale of onset of statisticality.51 Firstly, it is typically assumed that energy deposited to a specific mode of a
molecule via laser interaction is randomized very quickly on the reaction timescale; the
specific mode excitation is quickly “lost” and evenly distributed statistically among
the available modes of motion via intramolecular vibrational redistribution of the energy. In other words, the statistical assumption tends to be invoked automatically
by default when considering reactive processes. If this is indeed a valid assumption,
then theoretical models relying on such statistical distributions of available energy
(i.e. transition state theory), may describe the relevant reaction kinetics faithfully.
However, it would be useful experimentally and perhaps even industrially to be able
to promote certain reaction outcomes at the expense of others via mode specific excitation; if there is any hope of such reaction control to become reality, then the
assumption of “immediate” statistical redistribution of energy must break down, at
least for such a case as there must be a “memory” of the mode specific excitation.
And while it has been routinely demonstrated that chemical reactions are quite capable of releasing energy in a very specific manner (the basis of the chemical laser) the
opposite process, the absorption of laser photons to induce specific (non-statistical)
chemical reaction is as yet far from routine.54
Photochemical dynamics involving localized excitation (e.g. a π ∗ ← π transition)
and then internal conversion to a hot ground state which will subsequently dissociate
can be modeled statistically, but the validity of this as an assumption must be questioned. Is the rate of IVR much greater than than that of reaction? The timescale for
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the onset of statistical behaviour cannot be instantaneous. Ultrafast laser experiments
may offer a route to test the statistical assumption, that is, IVR is complete well in
advance of reaction. The idea would be to, via ultrafast laser excitation, produce a
hot ground state which then dissociates and eliminates an atom (e.g. R-A dissociates
to R + A where A is the atom and R is the rest of the molecule). Measurement of the
appearance time of products yields a quantity which can be compared to statistical
rate theories such as RRKM transition state theory. Additionally, measurement of
the time resolved kinetic energy distribution of the fragments will also yield insight
into the rate of IVR in the molecule.
Consider a model system of the form R-I, with R being some polyatomic molecule
and I being iodine. This molecule is excited by an ultrafast laser and internally
converts to a hot ground state which then dissociates.

R − I + hν → R − I∗ (excitation)

(2.1)

R − I∗ → R − I (internal conversion to ground state)

(2.2)

R − I → R + I (dissociation)

(2.3)

Upon dissociation, the energy available to be distributed among the R and I fragments (Eavail ) is equal to the energy deposited by the photon minus the dissociation
energy of the R-I bond D0 (R − I):

Eavail

=

hν − D0 (R − I)

= Eint (R) + Etrans (R) + Etrans (I)

(2.4)
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we have listed the internal (Eint ) and translational (Etrans ) modes in which the
energy can be distributed. Iodine, being an atom, cannot carry away internal energy.
By conservation of linear momentum,

Etrans (R) =

mI
× Etrans (I)
mR

(2.5)

where mI and mR are the mass of Iodine and the molecular fragment R. Therefore,
the time-dependence of the internal energy distribution of the molecular fragment R
should be related to the time-dependence of the translational energy distribution of
iodine.

Eint (R, ∆t) = Eavail − (1 +

mI
)Etrans (I, ∆t)
mR

(2.6)

so the measurement of Etrans (I, ∆t) is expected to reveal details regarding Eint (R, ∆t)
which is related to the timescale for the onset of statisticality.
Now consider the specific example of the molecule C2 F3 I after excitation at 200
nm. This excitation is of π ∗ ← π character, with transition to the lowest bright state
in the singlet manifold (the E-state), and is expected to, in analogy to similar excitations for ethylene60 and butadiene,61 internally convert on an ultrafast timescale to
a vibrationally hot ground state. C2 F3 I, being a fully hydrogen-substituted ethylene,
is thus excited above the dissociation energy only for the C-I cleavage channel after
excitation.
As a starting point to investigating the timescale of onset of statisticality via such
a reaction, we present in this chapter the statistical result for the rate constant of
dissociation of the iodine bond for the specific molecule C2 F3 I with 200 nm (6.2 eV) of
internal energy in the ground state. We calculate the rate constant of dissociation with
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RRKM transition state theory after first calculating potential energy surface information for the reaction using a complete-active-space self-consistent-field (CASSCF)
approach, which is required to properly account for two configurations (σ, σ ∗ bonding
character) needed to describe the dissociation. We propose this molecular system as
a good candidate for experimentalists to study the timescale of onset of statisticality.
For example, the observation of the C-I dissociation could be accomplished by monitoring yield and recoil velocity of iodine atoms via a 2+1 resonance-enhanced multiple
photon ionization (REMPI) detection scheme with a narrow-bandwidth picosecond
time-resolved probe laser at 304.5 nm.62 Detection of the yield and kinetic energy
of iodine atoms could be accomplished with any instrument sensitive to recoiling
cationic fragment kinetic energy such as our Coincidence Imaging Spectrometer.

2.1.2

Theoretical Framework and Computational Method

The RRKM transition state theory framework
To determine the rate of reaction we use the RRKM framework,12, 13 which is a standard approach for microcanonical (energy-resolved) unimolecular transition state calculations.6 This method relies on the statistical assumption: all molecular internal
energy is considered to be distributed with maximum entropy, i.e. it is distributed
statistically.
The RRKM rate constant for a unimolecular dissociation is defined as follows:
k(E) =

N (E − E0 )
h ρ(E)

(2.7)
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where k(E) is the internal-energy-dependent rate constant in Hz, E is the internal
energy of the excited dissociative molecule, E0 is the zero-point-energy (ZPE) corrected “critical energy” for the reaction, N (E − E0 ) is the transition state’s sum of
vibrational states in the energy range 0 to E − E0 (unitless), ρ(E) is the density of
vibrational states at energy E (per unit energy) for the parent molecule, and h is
Planck’s constant.
In conventional transition state theory (CTST), E0 is the barrier to reaction.
However, in cases where no unique potential energy barrier exists along the reaction
pathway we may variationally optimize the transition state location along the reaction
coordinate as that which minimizes the rate of reaction. Such a generalized transition
state with minimum reaction flux is taken as “the” transition state.8, 63

Calculation of the required input for RRKM calculation: Potential Energy
Surfaces and Vibrational Frequencies
All molecular calculations were done with the GAMESS-US14 suite of programs.
We partially geometrically optimize C2 F3 I with the C-I bond frozen at 0.1 Å
increments along the reaction coordinate with the single-configuration ground state
Hartree-Fock (HF) method and 3-21+G* set of basis functions. The 3-21+G* basis
set is notable as being one of the few available for use with iodine. The HF method
neglects correlation and thus may be considered semi-quantitative. Some error in
molecular geometry occurs; bond lengths in particular are often a few percent too
short64 with the HF method.
We use the HF/3-21+G* geometries and orbitals as a starting point for CompleteActive-Space Self-Consistent-Field (CASSCF) calculations.65 As is often the case
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when a bond is breaking, a single-configuration method such as HF cannot correctly
describe the wavefunction of the system; instead, a double-configuration CASSCF(2,2)
treatment with the two electrons of the C-I bond in the active space of the σ and σ ∗
molecular orbitals is required.
We include correlation energy treatment by running a further 2nd-order multireference perturbation theory calculation (MRPT2) based on our CASSCF wavefunction. We use these MRPT2 energies for our E0 determination along the C-I bond
coordinate.
We use the single-configuration density functional theory (DFT) method B3LYP/321+G* to obtain our vibrational frequencies because it is far superior to HF/3-21+G*
for this purpose. In spite of the method being in significant error for the molecular
energy as the C-I bond lengthens, we expect the B3LYP/3-21+G* vibrational frequencies to be reasonably accurate because the relevant normal modes are orthogonal
to the reaction coordinate C-I axis; a single-configuration method should be adequate
in these dimensions. It is to be acknowledged, however, that with the 50000 cm−1 of
internal energy our reacting system possesses, our harmonic-oscillator approximation
used for the vibrational modes will result in semi-quantitative results for the number
and density of states for use in the RRKM rate calculation.
The RRKM rate constant was evaluated with freely available code.66, 67

2.1.3

Results

We used time-dependent density functional theory (TDDFT)68, 69 for the determination of excited state vertical excitation of C2 F3 I (Figure 2.1). With TDB3LYP/321+G* the excitation of interest is predicted to occur at 6.23 eV with an oscillator
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strength of 0.138. The C-I bond dissociation potential energy surface (PES) for
B3LYP/3-21+G* and MRPT2(2,2)/3-21+G* is shown in Figure 2.3. The MRPT2
curve, which is based on a CASSCF(2,2) multiple-reference wavefunction, correctly
approaches an asymptote at zero energy, corresponding to infinitely separated dissociation products, as the C-I bond breaks. Conversely, the B3LYP curve exhibits the
classic single-configuration failure (where multiple configurations are required) and
overshoots the zero energy as the C-I bond lengthens. Unsurprisingly, the B3LYP
treatment is seen to become erroneous as the Mulliken populations predicted for the
MRPT2 surfaces, (σ, σ ∗ ), change from (2,0) and approach the dissociated product
populations of (1,1). The MRPT2 method allows the bond to break smoothly (Figure
2.4) as the molecule dissociates.
We obtain an RRKM rate constant of 7.09 × 1011 Hz (approximately 1.4 picoseconds) for the C-I dissociation reaction (Figure 2.5). Thus, the rate constant for this
reaction within the statistical theory framework of RRKM-TST is quite fast and corresponds to a timescale of just over 12 times the vibration frequency of the C-I bond
in ground state C2 F3 I. Therefore, the RRKM rate constant indicates that this will
be a very fast reaction, even with full statistical distribution of the internal energy.
This is encouraging as it suggests that this system (C2 F3 I) is a good candidate for
study of the onset of statisticality.
Returning to the subject of our proposed experiment, we expect the π ∗ ← π transition to excite primarily C-C bond vibrational excitation. Therefore, there may be a
time delay before sufficient vibrational energy transfers to the C-I vibrational mode
which is required for the hot ground state molecule to dissociate. The reaction is
expected to dissociate on the timescale of the rate constant (1.4 ps) in the statistical
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limit; this is an ideal timescale for observation with ultrafast femtosecond laser pulses.
If there is any delay before the onset of statisticality, then we may expect to see a
change in the kinetic energy distribution of iodine, also on an ultrafast timescale. As
discussed earlier, via equation 2.6, the observation of such a change can be considered
a signature of observation of internal energy redistribution of the molecular fragment
R (in this case C2 F3 -I). Conversely, even a lack of observation of change to the kinetic
energy distribution of iodine would be interesting as this would imply that indeed the
rate of onset of statisticality is extremely fast, in this case it would need to be much
faster than the 1.4 ps rate constant predicted for the reaction by the statistical RRKM
TST.
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(b) HOMO, orbital 46

(c) LUMO+1, orbital 48

Figure 2.1: The excitation transition is primarily HOMO (orbital 46) to LUMO+1
(orbital 48), which is a π to π ∗ transition. These results are from TDB3LYP/3-21+G*
calculations.
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(a) HOMO, orbital 46

(b) LUMO, orbital 47

Figure 2.2: Undesired probe laser excitation (304.5 nm = 4.07 eV) of the parent
molecule should be negligible. With TDB3LYP/3-21+G* we determine the A-state
to be accessible at 4.11 eV (transition is HOMO (orbital 46) to LUMO (orbital 47))
but this is a π to σ ∗ transition with a very low oscillator strength of 0.000112.
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Figure 2.3: The intrinsic reaction coordinate potential energy surface slice for C-I
bond dissociation of C2 F3 I. A qualitatively correct PES is obtained from the doubleconfiguration MRPT2 treatment but the single-configuration B3LYP curve fails as
the bond breaks. Mulliken populations for the MRPT2 curve show that at stable
equilibrium geometry, both electrons of the bond are in the σ orbital; as the bond
breaks the Mulliken populations approach that of the fully dissociated product with
one electron in the “σ” orbital and one electron in the “σ ∗ ” orbital.
6
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(a) The C-I bond is just starting to
break at 2.4 Å separation. Mulliken
populations are σ = 1.92, σ ∗ = 0.08
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(b) The C-I bond is mostly broken at
4.1 Å separation. Mulliken populations
are σ = 1.17, σ ∗ = 0.83

Figure 2.4: The double-configuration MRPT2(2,2) method allows the C-I bond to
break smoothly and correctly. Single-configuration electronic structure methods cannot describe this C-I dissociation.
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(a) The RRKM rate constant is variationally optimized to be 7.09 ×
1011 Hz at the C-I bond length of 3.8 Å. The internal energy of the
molecule was set to be 50000 cm−1 .

RRKM rate constant timescale compared to C-I vibration
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(b) The RRKM rate constant expressed on the timescale of a C-I
vibration for ground state C2 F3 I.
The C-I vibrational frequency is approximately 300 cm−1 or 8.99 ×
1012 Hz; here it is set equal to 1.

Figure 2.5: RRKM results for C2 F3 I
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Flexible Transition State Theory at Surfaces:
Derivation of Rate Expressions and Proof of
Concept Calculations

2.2.1

Introduction: Beyond the Harmonic Oscillator

We now move beyond a nearly ubiquitous approximation used in transition state
theory, that of the harmonic oscillator approximation to the potential energy profile
along normal modes of motion. In this picture, each vibrational normal mode of
the molecule is considered to be described by a 1D parabolic potential; the physical
motivation of this model is that it is the application of Hooke’s spring constant to the
chemical bond and so the restoring force along the resultant parabolic potential is
proportional to deviation from equilibrium position of the nuclei. While such a picture
is valid for small displacements along bound potentials, it does not correctly describe
situations with large displacements (e.g. high temperatures or internal energies) or
any situation where the potential is not qualitatively similar to a parabola (e.g. an
unbound potential such as the internal rotation of toluene). A pleasant byproduct of
the application of the often physically correct parabolic potential energy surface of
the harmonic oscillator is that the partition function of the equally spaced ladder of
vibrational states is easily determined via a geometric series.
Flexible transition state theory (FTST) is motivated by the goal of correctly
treating the molecular vibrational density of states for situations where the harmonic
oscillator or simple corrections to it may fail. This goal, which will generally be timeconsuming in comparison to the harmonic oscillator treatment, is accomplished by
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first obtaining realistic potential energy surface profiles of such modes of motion, and
then solving configuration integrals with the molecule exploring the potential energy
as a function of its configuration or orientation. The FTST approach is only applied
to a few of the total molecular modes of motion (one or more of the transitional
modes) with harmonic oscillator potentials being used for the rest of the modes (the
conserved modes) as will be elaborated upon below.

2.2.2

The Canonical Transition State Theory Equation

For the bimolecular reaction with reactants A, B passing through a transition state
(TS) and forming one or more products:

A + B ↔ TS → product(s)

(2.8)

the reaction rate, k(T ), in canonical (temperature-resolved) transition state theory
(TST) can be written as:3, 4

k(T ) =

−UT S
kB T QT S
e kB T
h QA QB

(2.9)

where Q is the (symmetry corrected) total partition function of the species in
question, T is absolute temperature in Kelvin, kB is Boltzmann’s constant, and UT S
is the potential energy of the transition state relative to the infinitely separated reactants. QT S is treated specially with the translational degree of freedom along the
reaction coordinate removed and accounted for by the
classical harmonic oscillator partition function is

kB T
h

prefactor. Note that the

kB T
.
hν

We have not yet specified how to evaluate the partition functions, Q, appearing in
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equation (2.9). Generally, for a system with discrete states j of energy j the partition
function is equal to the sum of Boltzmann factors over the available states:

Q=

−k

X

e

j
BT

(2.10)

j

and for a classical system the partition function for a system with s degrees of
freedom can be represented as the following integral over generalized coordinates, q  ,
and conjugate momenta, p :
1
Q= s
h

Z

Z
···

− k HT

e

B

s
Y

dpj dqj

(2.11)

j=1

where H is the classical Hamiltonian function of the system.

2.2.3

Conventional Treatment of Partition Functions for Molecular Systems

For molecules it is typically assumed that Q is separable into contributions arising
from translation, rotation, electronic, and vibrational states:

Q = qt qr qe qv

(2.12)

The translational (per unit volume) and rotational partition functions are generally treated classically with the well-known expressions:70

qt =
√

π
qr =
σ



8πIα kB T
h2

2πmkB T
h2

 12 

 32

8πIβ kB T
h2

(2.13)

 12 

8πIγ kB T
h2

 12
(2.14)
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where σ is the rotational symmetry number and I is the moment of inertia components for a non-linear molecule with three principal rotation axes α, β, and γ.
Due to large energy level spacing of electronic energy levels in atoms and molecules
only the ground state is thermally accessible at room temperature generally.31 So,
for singlets qe = 1, for doublets qe = 2, and so on.
Vibrations are usually assumed to be independent harmonic oscillators along the
normal modes of motion of the molecule.71 Thus, for a nonlinear molecule with N
atoms:70

qv =

3N
−6
Y

1
hνj
BT

(2.15)

−k

1−e
It is worthwhile to note that the potential energy surface for a 1-D harmonic
j=1

oscillator is a parabola defined by the force constant of the vibration; this parabolic
curve is generally only valid near the equilibrium position for the normal mode. While
a harmonic oscillator is often an appropriate surface for small-amplitude low-energy
motions it will not be a good model for large-amplitude high-energy motions.
Canonical Flexible Transition State Theory Treatment of Partition Functions

Flexible transition state theory (FTST)72–76 originated as an approach to deal with
transition states for which some of the vibrations cannot accurately be treated as
parabolic harmonic oscillator potentials. This is the case generally for transition states
with weak potential forces orthogonal to the reaction coordinate; such transition
states frequently occur for barrierless reactions and are referred to as being loose.
FTST differs from conventional TST only in how the qv component of QT S is treated.
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FTST differentiates between conserved and transitional vibrational modes in the
TS and factors QT S accordingly. The transitional modes are new to the TS and
form from what was rotation and translation in the reactant molecules; conversely,
the conserved modes resemble vibrational modes that were already present in the
reactant molecules and are often mostly unchanged in the TS.

QT S = qt,T S qr,T S qv,T S qe,T S = qt,T S qr,T S qv,conserved,T S qv,transitional,T S qe,T S (2.16)
For the case of two non-linear molecules reacting there will be 6 transitional modes
(arising from translations and rotations of fragments A and B relative to each other
that become vibrations or internal rotations in the TS) and 3(NA +NB )−12 = 3N −
12 conserved modes (which are vibrations originating with the separated reactants).
One of the transitional modes is the motion along the reaction coordinate and is
already accounted for by the TST rate equation; this results in the familiar total of
3N − 7 vibrational modes for a non-linear transition state. The transitional mode
vibrations and internal rotations which cannot be treated accurately as independent
quantum harmonic oscillators are thus solved classically (equation (2.11)) with FTST.

2.2.4

Flexible Transition State Theory at Surfaces: the form
of the Rate Equation

We now move on to the derivation of general rate constant expressions for molecular
(atom or molecule) addition to surfaces. Such processes are of interest to technologies
involving the deposition of atoms and molecules to clean surfaces such as atomic layer
deposition and chemical vapour deposition. The transition states for such processes
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are frequently loose and thus may require FTST treatment of transitional modes
for quantitative rate constant accuracy. We were motivated to derive general rate
constant expressions after considering a simple rate expression for a specific surfaceatom potential energy landscape.77
This section considers three classes of flexible transition state theory at surface
interfaces:
1. atom + surface ↔ TS → product
2. linear molecule + surface ↔ TS → product
3. nonlinear molecule + surface ↔ TS → product
The reaction rate of a “bimolecular” reaction between a molecule (or atom) and
a surface can be represented as in equation (2.9):

k(T ) =

−UT S
QT S
kB T
e kB T
h Qmolecule Qsurf ace

(2.17)

We make the assumption that our surface is completely immobile in the laboratory
frame and so it experiences no translation or rotation. Therefore, its translational
and rotational partition functions are equal to 1. Also, QT S is similarly simplified by
the fact that the TS itself cannot experience any translation or rotation and so its
translational and rotational partition functions are also equal to 1.
Therefore, for reactions between surfaces and fragments (atoms or molecules) all of
the transitional modes of motion (including the reaction coordinate) are accounted
for by the translations and rotations of the isolated (ideal gas) fragment. Thus, not
including the reaction coordinate, there will be two transitional modes for atom +
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surface reactions, four for linear molecule + surface reactions and five for nonlinear
molecule + surface reactions. By assuming the surface to be immobile in our frame
of reference, we greatly simplify the solution of the momenta integrals of equation
(2.11). The rate expression is then obtained in a straightforward manner as will be
shown below.

2.2.5

The Flexible Transition State Theory Rate Equation
for Atom + Surface Reactions

Partition Function Expressions
This is the simplest case of FTST at surfaces due to atoms not having vibrations and
rotations. From equation (2.9) our rate equation is:

k(T ) =

−UT S
QT S
kB T
e kB T
h Qatom Qsurf ace

(2.18)

We obtain the following expressions for the partition functions:

Qatom = qt,atom qe,atom

(2.19)

Qsurf ace = qv,surf ace qe,surf ace

(2.20)

QT S = qv,T S qe,T S = qv,conserved,T S qv,transitional,T S qe,T S

(2.21)

Now we consider the explicit form of these factored partition functions:
For Qatom the term qe,atom will be the electronic degeneracy of the ground state and
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we will have for the translational partition function per unit volume the standard
expression:

qt,atom =

2πmatom kB T
h2

 32
(2.22)

For Qsurf ace the term qe,surf ace is the electronic degeneracy of the ground state and
qv,surf ace will remain unspecified.
Now we consider the expression for QT S . qe,T S is, again, just the electronic degeneracy of the ground state of the TS. qv,conserved,T S ∼
= qv,surf ace since the atom
reactant has no vibrational degrees of freedom and the vibrational frequencies of the
surface will be negligibly affected by the presence of an atom in the TS structure.
qv,transitional,T S is represented by the degrees of freedom of the atom with respect to the
surface excluding the motion along the reaction coordinate; there are two transitional
degrees of freedom for atom + surface reactions.

Derivation of the Rate Equation
In Cartesian coordinates, the classical Hamiltonian of a gaseous atom experiencing a
potential U is:

H =T +U =


1
px2 + py2 + pz2 + Uxyz
2 matom

(2.23)

We choose our reaction coordinate to be the z-axis. Referring to equation (2.11),
we have:

qv,transitional,T S

1
= 2
h

Z Z Z Z

qy qx

py px





1
1
2
2
exp −
p + py + Uxyz
dpx dpy dqx dqy
kB T
2 matom x
(2.24)
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Solving the momenta integrals gives:


qv,transitional,T S =

2πmatom kB T
h2

2

Z Z

3
= qt,atom

Z Z

−

e

e




U
− kxyz
T
B

qy qx


Uxyz
kB T

dqx dqy

(2.25)

2

3
dqx dqy = qt,atom
Zxy

qy qx

where Zxy is the classical configurational integral70 to be solved in the xy-plane.
Our flexible transition state theory rate constant for atom + surface reactions can
be expressed as follows:

k(T ) =

−UT S
TS
QT S
kB T qv,conserved,T S qv,transitional,T S qe,T S −U
kB T
e kB T =
e kB T
h Qatom Qsurf ace
h qt,atom qe,atom qv,surf ace qe,surf ace
(2.26)

We define ge =

qe,T S
qe,atom qe,surf ace

and simplify equation (2.26) to obtain our rate expres-

sion for a given point along the reaction coordinate for atom + surface reactions with
flexible transition state theory:

2
3
U
Zxy − Uk T TS
kB T − 13
kB T qt,atom
− TS
e B = ge
qt,atom e kB T Zxy = ge
k(T ) = ge
h
qt,atom
h

r

U
kB T
− TS
e kB T Zxy
2πmatom
(2.27)
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The Flexible Transition State Theory Rate Equation
for Linear Molecule + Surface Reactions

The transitional modes of motion in the TS of a linear molecule + surface system
are the two translational modes of the molecule in the plane of the surface (having
excluded the motion orthogonal to the surface as being the reaction coordinate mode)
and two rotational modes of motion of the linear molecule (since the surface is fixed in
space). We will solve the two translational transitional mode kinetic energy integrals
in entirely the same fashion as in the case of atom + surface systems and solve the
two rotational transitional mode kinetic energy integrals along the two equivalent
principal axes of rotation for the linear molecule. We will assume that the geometry
of the linear molecule is unperturbed in the presence of the surface potential in the
transition state complex.
The rate equation is:

k(T ) =

−UT S
QT S
kB T
e kB T
h Qlinear Qsurf ace

(2.28)

We obtain the following expressions for the partition functions:

Qlinear = qt,linear qr,linear qv,linear qe,linear

(2.29)

Qsurf ace = qv,surf ace qe,surf ace

(2.30)

QT S = qv,T S qe,T S = qv,conserved,T S qv,transitional,T S qe,T S

(2.31)

Now we consider the explicit form of the partition functions:
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For Qlinear the term qe,linear will be the electronic degeneracy of the ground state
and we will have for the translational partition function the standard expression:

qt,linear =

2πmlinear kB T
h2

 32
(2.32)

A linear molecule has equivalent principal moments of inertia, I, perpendicular to
its axis. The rotational partition function is:

qr,linear

1
1
1
4π
= 2 (2πIkB T ) 2 (2πIkB T ) 2 =
hσ
σ



8π 2 IkB T
h2


(2.33)

Note in solving qr,linear classically that each rotational kinetic energy integral
1

solved contributes a factor of (2πIkB T ) 2 and that the configurational integration
over all possible orientations of the axis contributes a factor of 4π.
The vibrational partition function of the linear molecule, qv,linear will remain unspecified.
For Qsurf ace the term qe,surf ace will be the electronic degeneracy of the ground
state and qv,surf ace will remain unspecified.
For QT S , we will assume that the conserved vibrational partition functions are
unchanged from their contribution to the reactants. Our treatment of qv,transitional,T S
will consider two translational transitional modes (as was the case in atom + surface
reactions) and two rotational transitional modes.
The Hamiltonian is:

H = Ht + Hr = Tt + Tr + Utr = Tt + Tr + Uxyzθφ

(2.34)

where θ and φ are the spherical polar coordinate angles relative to the z − axis
and xz − plane respectively.
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Integrating over the momentum coordinates results in the following expression:



2πIkB T
2πmlinear kB T
=
h2
σh2


Z Z Z Z
Uxyzθφ
×
exp −
dqx dqy dqθ dqφ
kB T
2
qr,linear
3
= qt,linear
Zxyθφ
4π


qv,transitional,T S

(2.35)

Using this expression we solve for the rate expression:

−UT S
kB T
QT S
e kB T
(2.36)
h Qlinear Qsurf ace
−UT S
kB T
qv,conserved,T S qv,transitional,T S qe,T S
=
e kB T
h qt,linear qv,linear qr,linear qe,linear qv,surf ace qe,surf ace

k(T ) =

This equation reduces to:
2
3
−UT S
qr,linear
ge
kB T qt,linear
e kB T Zxyθφ =
k(T ) = ge
h qt,linear qr,linear 4π
4π

2.2.7

r

U
kB T
− TS
e kB T Zxyθφ (2.37)
2πmlinear

The Flexible Transition State Theory Rate Equation
for Nonlinear Molecule + Surface Reactions

This case is very similar to the case of linear molecule + surface reactions except
additionally we also need to consider rotation about a principal molecular axis. There
are 5 transitional modes for consideration.
Solving the momenta integrals yields:
!

1
1
1
2πmnonlinear kB T
(2πIα kB T ) 2 (2πIβ kB T ) 2 (2πIγ kB T ) 2
=
(2.38)
h2
σh3


Z Z Z Z Z
1
×
exp −
(Uxyzθφψ ) dqx dqy dqθ dqφ dqψ
kB T


qv,transitional,T S
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where there are generally three principal moments of inertia for the molecule α,
β, and γ and the angle ψ denotes molecular rotation about one of its three principal
axes and θ and φ denote the orientation of this axis in space as was done for the
linear molecule case.
Our expression for the transitional partition function is:

2
3
qv,transitional,T S = qt,nonlinear

qr,nonlinear
Zxyθφψ
8π 2

(2.39)

Using this expression we solve for the rate expression:

2
3
−UT S
qr,nonlinear
kB T qt,nonlinear
kB T
e
k(T ) = ge
Zxyθφψ
h qt,nonlinear qr,nonlinear 8π 2
r
U S
ge
kB T
− kTT
B
e
=
Zxyθφψ
8π 2 2πmnonlinear

(2.40)

We have obtained simple general expressions for the rate constant of reaction
between surfaces and incipient atoms or molecules via a couple of assumptions which
will frequently be physically reasonable. It is worth noting that the rate constant
equations (2.27), (2.37), and (2.40) are virtually identical in form. Our requirement for
calculating the rate constant for these surface reactions has been reduced to obtaining
the potential energy surface of the intrinsic reaction coordinate of the reaction; then
we need only solve the configuration integrals along this reaction path.
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Comparison of the FTST Rate Expression for Atom +
Surface Reactions with a published model

We test our results by comparing to a rate expression from the literature (Pitt et al.
J. Phys. Chem., 98, 13001-13010, (1994))77 for an atom + surface reaction derived
for a specific potential energy surface along the reaction coordinate. The surface itself
is modelled as a simplified (100) geometry of step functions (see Figure 1 in the key
reference77 ) and the rate constant expression for addition of an atom to the surface
was derived as the following equation (see equation 4877 in the key reference and note
that a factor of

1
k(T ) =
4

r

√1
kT

is missing from the prefactor due to a typographical error):

kT
2π matom




o −V (z)−V (z)
o −2V (z)−V (z)
∆Ho
∆Ho
o
o
∆Hoo − V (z)
kT
kT
1+
+ 2e
+ e
kT
(2.41)

where the potential is defined as follows (z-axis is again normal to the surface):
∆Hoo = 10

kcal
,
mol

Vo = 3

kcal
,
mol

2

V (z) = ∆Hoo (1 − e−βz )2 , Vo (z) = Vo e−αz , β = 1.0 Å−1 ,

and α = 0.04 Å−2 . This surface model is barrierless to atom addition at some periodic
“active” sites on the surface with other areas of the surface periodically exhibiting
barriers of either Vo (z) or 2Vo (z).
Rate constant data in the key reference (see Figure 377 ) are given as so-called
“sticking coefficients” (S) and this is how we report our results:

S =
where ν =
surface.

q

kT
2πmatom

k(T )
ν

(2.42)

is the average velocity of the gas phase atom normal to the
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We plot the results of our FTST model and that of Pitt et al.77 in Figure 2.6;
good agreement is seen for the minimum along each curve which defines the variational
transition state location8 and reaction rate for each temperature. Some systematic
divergence of the models occurs toward the surface side of the variational transition
states due to the FTST model relying on numerical integration whereas the literature
results are from an analytic expression. This could be reduced by adopting a finer
grid for integration.
We note also that our data in Figure 2.6 closely match that of Figure 3 in our
key literature reference.77 We summarize the results for the comparison of the two
models in Tables 2.1 and 2.2, where good agreement is observed.

Table 2.1: Rate Constant data from the non-general literature reference model.77
Temperature (K) zT S (variational) (Å)
1
11.9
100
6.4
300
5.0
500
4.5
1000
4.1
1000000
3.6

2.3

k(T ) ( ms )
9.7833
117.44
258.87
396.98
719.11
36219

S
0.26995
0.32406
0.41240
0.48987
0.62747
0.99937

Summary

The novelty of our flexible transition state theory model for the kinetics of molecular
reactions at surfaces is that it is completely general; given a potential energy surface
we may obtain the rate constant of addition by solving the configuration integrals for
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Table 2.2: Rate Constant data from our general atom + surface reaction FTST model.
Temperature (K) zT S (variational) (Å)
1
12.0
100
6.4
300
5.1
500
4.6
1000
4.1
1000000
3.6

k(T ) ( ms )
9.8046
118.78
262.95
402.06
723.26
36219

S
0.27054
0.32755
0.41890
0.49614
0.63108
0.99937

motion orthogonal to the reaction coordinate. Our rate equations are rather simple
due to the assumption that our surface is immobile and that ratios of approximately
equal partition functions for the transition state and reactants cancel. This conveniently separates the momenta integrals for our classical partition functions (equation
(2.11)) whereby simple and elegant expressions are obtained.
Our model should allow quantitative evaluation of rate expressions of atoms or
molecules adding to surfaces for even the difficult case of loose transition states, for
which FTST is designed to handle. We therefore believe our general FTST model will
be of interest for research areas involving reactions of incipient atoms and molecules
at clean surfaces with Chemical Vapour Deposition (CVD)78 and Atomic Layer Deposition79 (ALD) being two examples of such subjects where our model may be of
benefit. Our model should aid prediction of the outcome of competitive processes occurring on surfaces which are of relevance to self-directed growth processes at surfaces
and are of interest to the nanotechnology community.80
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Figure 2.6: Comparison of our FTST model with the model of Pitt et al.77 The
two models are seen to closely match for the location of the variational transition
state minimum for each temperature curve. Numerical integration grid artifact error
may creep in for the FTST results as z decreases: this is absent from the analytic
equations of the Pitt et al. model. Here this numerical error has been retained as it
helps illustrate that two curves are indeed present for each temperature.
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Chapter 3
Experimental Apparatus
3.1

The Femtosecond Laser Source

The experiments described in this work made use of femtosecond-scale duration laser
pulses. The starting point used for all laser beams was the output of a regeneratively amplified Titanium-Sapphire (Ti:Sa) system producing approximately 2.5 mJ
per pulse of NIR (center wavelength approximately 800 nm) with a repetition rate
of 1 kHz. Pulse duration is on the order of 80 fs/pulse full-width at half-maximum
(FWHM) intensity.
The pump laser source used for the CS2 experiment is the 4th-harmonic of the
fundamental which resulted in roughly 200 nm light with FWHM close to 100 fs.
Due to a very significant scattered light background, the intensity was kept on the
order of only 1 nJ/pulse, even though roughly three orders of magnitude more power
was available. Note that the new light-trapping baffle system arms (Chapter 7) were
designed and installed after the experimental data was acquired; attached at the time
of the experiments were the original baffle arms, which are also shown in Chapter 7
60
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(Figures 7.2-7.4).
The time-resolved probe laser source used for the CS2 experiment is the 3rdharmonic of the fundamental which resulted in roughly 267 nm light with FWHM
close to 100 fs. Cross-correlation of the pump and probe laser beams was estimated
to be approximately 125 fs FWHM during the CS2 experimental work by monitoring
pump-probe signal with butadiene. The scattered light background from the probe
laser was significant but not nearly as intense as that with the pump laser, due to, in
a simple work function picture, the lower energy available per photon (approximately
4.65 eV). Therefore, intensities on the order of 1 µJ/pulse could be tolerated.
The non-adiabatic alignment laser source for CS2 (see Chapter 5), arriving approximately 74 ps before the pump pulse, was the fundamental “800 nm” line at
approximately 100 fs FWHM.
All laser beams were loosely focused to keep photon flux low enough to prevent the
absorption of more than one pump or probe pulse per molecule. The UV spot sizes
were on the order of 3 mm on the concave protected-aluminum broadband mirror
of focal length 75 cm, which was the final mirror before the collimated laser pulses
entered the chamber.

3.2

The Even-Lavie synchronized pulsed gas source

The gas source used in the CS2 experiment originated from a 1 kHz repetition rate
laser-synchronized pulsed Even-Lavie nozzle.81 This nozzle creates extremely cold
pulsed molecular beams and therefore helps prepare molecules in a suitable rotationally cold state prior to the arrival of the pump laser pulse. As the nozzle only
fires gases in roughly 10 µs bursts, very little gas is consumed which helps keep the
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base pressure in the vacuum chamber low. This reduces background signal along the
laser axis originating from laser interaction with target molecules not prepared by the
laser-synchronized pulsed valve. Due to CS2 having a high absorption cross section
for the pump pulse at 200 nm, low concentrations of CS2 (≤ 0.05% in He carrier
gas) were used which was fortunate as cluster formation of CS2 molecules could be
avoided. The lack of clusters was confirmed by checking ion TOF data from the ion
half of the CIS spectrometer.

3.3

The Experimental Apparatus for CS2 TRPES
and TRPADs

Due to the bandwidths inherent to ultrafast laser pulses, the energy resolution requirement for TRPES instruments is relatively modest: the convolution of two 100
fs pulses results in a bandwidth of approximately 25 meV which limits the energy
resolution required for measurement.
A point worthy of emphasis is that the laser intensity must be kept low enough
to avoid multiphoton excitation and ionization. To partially offset this requirement,
the concentration of target gas molecules can possibly be increased for a higher signal
rate, although the formation of clusters is another potentially limiting factor. The
low count rates typical of TRPES experiments can result in experiment run times of
many hours to days to obtain adequate statistics, particularly to obtain TRPADs as
the data is 3D angle resolved.
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The Coincidence Imaging Spectrometer

The Vacuum Chambers
The Coincidence Imaging Spectrometer83 (Figure 3.1) is designed for obtaining TRPADs and as such can measure not only photoelectron kinetic energies but also the
emission direction (3D vector information) of the photoelectron; additionally, this
machine is also capable of obtaining 3D vector information, in coincidence, from the
recoiling fragment ion although this capability was not used for data presented in
this thesis. The coincidence imaging spectrometer is pumped by four 400 L/s turbomolecular pumps: one at each end of the spectrometer, one on the main chamber,
and one located at the molecular beam dump exit. The base pressure of the chamber
is approximately 1 × 10−9 Torr.
The Coincidence Imaging Spectrometer is physically connected to a gas source
(“Source”) chamber which is pumped by four diffusion pumps running with highquality Santovac-5 oil for a total pumping speed of 8000 L/s and ultimate base pressure of ≤ 10−7 Torr. Separation of the two chambers is controlled by a low-profile
gate valve.84 Located on the Source chamber opposite to the Coincidence Imaging
Spectroscopy Chamber is the Magnetic Bottle Chamber “TRPES only” instrument
(Figure 3.2) which can be isolated or opened by another low-profile gate valve and
with which the CIS Chamber shares an Even-Lavie pulsed valve.

The Laser Propagation Axis
In our coincidence imaging spectrometer the alignment (if present), pump, and probe
laser pulses enter the chamber from the final curved focusing mirror through a thin
(approximately 3 mm) UV-quality calcium fluoride window at normal incidence and
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Figure 3.1: A schematic of the Coincidence Imaging Spectrometer. The inset image
is a schematic of an ionized CS2 molecule with the electron (green arrow, initial velocity Velectron ) extracted down toward the electron detector and the ionized fragment
(red arrow, initial velocity Vion ) extracted up toward the ion detector. Electrostatic
grid mounts (supporting the grids used to extract the charged particles toward the
detectors) are shown as orange crescents in the inset cutaway view.
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Figure 3.2: The Coincidence Imaging Spectrometer, Source Chamber, and Magnetic
Bottle.
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propagate along the laser axis input baffle arm (Figure 3.1, laser axis (blue)) to the
focus at the molecular beam interaction region inside the spectrometer, and then
through the output baffle arm to a 45◦ -oriented fused silica exit window which transmits most of the laser pulse flux outside the chamber to a stacked razor blade dump;
the remaining reflected portion of the beams is directed to a Wood’s horn coated with
Aerodag-G (graphite) for trapping.

The Molecular Beam Propagation Axis
The laser pulses interact with the laser-synchronized (Even-Lavie pulsed valve originating) orthogonally-oriented axially propagating molecular beam (Figure 3.1, molecular beam (chrome yellow)). The profile of this beam is sharpened by a Beam Dynamics, Inc. molecular beam skimmer mounted on the Source chamber side of the gate
valve located at the Source chamber/CIS chamber boundary with rejected molecules
dumped within the Source chamber. The molecular beam profile may be further
sharpened in the laser axis dimension by varying (via piezoelectric control) the gap
between a pair of razor blades mounted inside the CIS chamber along the molecular
beam axis behind the molecular beam skimmer. The intent of this is to reduce the
molecular beam thickness along the laser axis Rayleigh range, thereby minimizing the
length of the laser-molecule interaction region along the laser axis and in principle
generating data with better resolution as the “point” of origin of ionization events
will be better defined in space. A drawback of cutting into the molecular beam with
the piezoelectric controlled razor blades is that the rejected molecules scatter within
the CIS chamber and may contribute to increased background gas load. To combat
the general problem of background gas, a cryogenic shield (“Cryoshield”, Figure 3.1)
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has been designed, built and put into the CIS chamber; however, excessive vibrations
when in operation, originating from the Gifford-McMahon type head, have prevented
its use to date. The molecular beam exits the CIS chamber through a small hole to
an elbow containing a small volume which is differentially pumped by one of the four
400 L/s turbomolecular pumps on the CIS chamber.

The Spectrometer Axis
Mutually orthogonal to both the laser propagation axis and molecular beam axis is
the coincidence imaging spectrometer, which is shielded from the Earth’s magnetic
field by a µ-metal sleeve. A brief description of the spectrometer is given below,
with emphasis on the electron detection scheme as the cation detection capabilities
of the machine were not used in this work. Interested readers are referred to the very
detailed description of the Coincidence Imaging Spectrometer in the Ph.D. thesis of
AMD Lee.83

3.4
3.4.1

The NRC Coincidence Imaging Spectrometer
Extraction of Photoelectrons to Detector

Photoelectrons and corresponding cations are created in the laser-molecule interaction
region (Figure 3.1, inset); the goal of the electron detector of the spectrometer is to
collect the 3D vector information corresponding to photoelectron emission velocity
as a unique transform of the time-of-flight (TOF) and position of impact (x,y) on a
detector following extraction of the electron from the laser-molecule interaction region
by finely-wired charged grids (Figure 3.3). Both grids of the electron drift tube are
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charged by the same electrode, typically at a voltage close to +10 V to spread the
electron distribution adequately on the 2D-sensitive detector.
Figure 3.3: Simulated trajectories (SIMION) for the CIS chamber electron spectrometer viewed as a cross-section through the cylindrically symmetric spectrometer. The
simulated electrons were released from angles of 0◦ (directed toward the detector)
to 180◦ with kinetic energy of 2 eV. The red lines are equipotentials (not equally
spaced). The distance from the interaction region of the spectrometer (the origin of
the trajectories) and the electron detector face is 32.7 mm. Adapted from AMD Lee
thesis.83

3.4.2

The 3D Electron Detector

The 3D (TOF, 2D position) electron detector is depicted in Figure 3.4. The 3D detector consists of a triple stack of microchannel plates (MCPs) from which a capacitive
pickoff pulse from the backside of the MCP determines the electron time-of-flight and
a pair of orthogonal crossed-delay-line85, 86 (XDL) anodes which acquire an amplified
and spread out charge cloud from the backside of the MCP for pulse generation on
both sets of charge collection fingers. The spreading of the charge cloud by the MCP
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amplification results in several, typically three,83 charge collection fingers of both
XDLs being activated, with pulses then propagating toward bifurcating serpentine
delay lines. The bifurcated pulses then travel along impedanced-matched serpentine
delay lines in opposite directions away from the charge fingers responsible for acquiring the original unsplit pulse from the MCP avalanche cloud. The measured time
difference of the bifurcated pulses specifies the position of impact of the photoelectron
at the detector in one dimension; because two such XDLs are stacked orthogonally
and insulated from each other, the two-dimensional position of impact on the detector can be determined. It is possible, via interpolation, to measure 1D position on
such detectors to within 25 µm.83, 86 However, it turns out that our electron detection
resolution is approximately only 80 µm in 1D partly because to amplify the electron
signal, the MCP backside and consequently the XDL anode must be biased at high
voltage (which is relatively noisy) instead of a true ground. The presence of decoupling capacitors reduces but does not eliminate noise on the high voltage line.
For scale, the diameter of the MCP face is approximately 46 mm and the active
area of the XDL detectors is a circle of approximately 40.5 mm diameter.

3.4.3

Timing Requirements for Pulses

The choice of electrically charged transmissive grids for the charged particle extraction
requires that the timing of all signal pulses can be evaluated very accurately by the
measurement electronics as fairly strong electric fields must be used to capture the
charged particles. The detector time-of-flight and position of impact measurements
require the accurate transformation of analog pulses from the MCP and XDL into
digital signals which preserve the timing information of the pulse. The pulse height

CHAPTER 3. EXPERIMENTAL APPARATUS

70

(a) Side cross-sectional view of the 3D electron detector. The
photoelectron to be detected first strikes the triple-stack MCP.
The resulting amplified charge cloud exits the MCP and impinges
on several of the orthogonal (x,y) charge collection fingers, leading
to bifurcation of the pulses along the crossed-delay anode lines.

(b) Top-down schematic view of the 3D electron detector. The orthogonal sets of charge collection fingers (blue, pink) are separated by insulators and a
ground plate. The charge cloud exiting from the
triple-stack MCP strikes several neighboring charge
collection fingers which creates pulses which propagate to the serpentine delay line where bifurcation
occurs. The bifurcated pulses ultimately travel to
the exits of the delay lines where the measurement of
the time differences of arrival for the pulses uniquely
defines the (x,y) hit position on the detector.

Figure 3.4: (a) A side view and (b) top-down view of the 3D MCP (TOF) and XDL
(x,y) electron detector of the CIS machine. Photoelectron time-of-flight is acquired
as the MCP pickoff pulse and position information is obtained from timing differences of the outputs of each of the two orthogonal (x,y) XDL. Figures are adapted
((a),83, 86 (b)83 )
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distribution (PHD) of amplitudes unfortunately are quite variable due to variability
in the MCP amplification. The use of a standard level triggering discriminator would
therefore be inadvisable as the variation in pulse heights would introduce timing jitter.
We therefore use a more sophisticated, yet still standard, type of discriminator: the
constant fraction discriminator (CFD). A CFD reduces timing jitter by splitting the
analog pulse into two slightly offset in time (still overlapping) pulses with a delay
cable; the second pulse is inverted. Both pulses are fed into a comparator which
registers the pulse time of arrival as being when the amplitude of both overlapping
pulses “flips” and crosses zero; thereby determining timing mostly independently of
individual pulse amplitude variation.

3.4.4

Time-of-Flight Electron Detection

The spectrometer was designed to have the so-called Wiley-McLaren geometry87 containing two charged grids as shown in Figure 3.3. The purpose of this design is to
minimize time-of-flight blurring caused by events created at different points along
the spectrometer axis by choosing the grid positions appropriately to achieve “spacefocussing”.
The MCP pick-off pulses are positive because they arise from electrons leaving the
back of the MCP. The pulses are led to an inverting high frequency amplifier (Sensor
Sciences LLC TLA-101), a typical MCP pick-off pulse from the electron following
amplification is shown in Figure 3.5.
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Figure 3.5: A typical MCP pickoff pulse from the electron detector following amplification. A pulse reflection from the amplifier input is seen at 58 ns. The voltage
supplied to the detector is 4.8 kV. Adapted from AMD Lee thesis.83

3.4.5

2D position Electron Detection from the XDL detectors

The choice of voltage to achieve good spatial resolution from the XDL detectors is
not arbitrary; as already alluded to, it is desirable that the electron cloud departing
the back of the MCP spread along a few of the charge collection fingers to allow for
interpolation, via temporal merging of the individual pulses, of the spatial resolution
for each dimension in 2D. Figure 3.6 shows a typical anode delay line pulse from the
electron detector following amplification.

3.4.6

Measured Quantities

The measured quantities at the electron detector include the quantities of primary
importance to our photoelectron observable which are electron time-of-flight and the
electron position of impact. A counter keeps track of recorded events chronologically.
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Figure 3.6: A typical anode delay line pulse from the electron detector, following
amplification. A dip in the pulse at 40 ns is attributed to a reflection of the pulse
travelling in the other direction along the delay line when it exits the anode. The
voltage supplied to the detector is 4.8 kV. Adapted from AMD Lee thesis.83

Additionally, we measure the charge deposited on the detector to determine whether
multiple electrons have impacted during the open time-gate of detection.

3.4.7

Summary of Approach to Measurement

We use Computer Automated Measurement and Control (CAMAC) data acquisition
units, all contained in a single 24 slot crate.

Time to Digital Conversion
For the electron position (x,y) timing acquisition we used the OEM (Sensor Sciences
LLC) supplied Double Sampled Time to Digital Converters (DSTDC), which were
designed for collection of data from the XDL detectors. These DSTDCs combined
both Time to Digital (TDC) and Constant Fraction Discriminator (CFD) capabilities
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in one CAMAC module. For each of the two dimensions of the XDL position measurment, the pulse arriving from the extra-cable delayed side of the line acts as the
stop, the signal from the non-delayed side is the start. For the electron time-of-flight
timing acquisition, a combination of two separate units was used: a Phillips 7187
TDC and a Tennelec 454 CFD module. Signal from the laser on a photodiode acts
as the timing start and the electron MCP signal is the stop.

Detector Charge Measurement
The XDL preamplifier has an AC amplifier which integrates the charge deposited on
the anode, with the output a pulse having amplitude proportional to charge. The
charge pulses are input into a LeCroy 2249A Analog to Digital Conversion (ADC)
module with time gating provided by a Phillips 7194 gate generator module.

Laser Counter Measurement
A home-built counter which interfaces to CAMAC keeps track of the laser shot
chronology.

Electronics Schematic
For reference we include a schematic of the electronics involved for data acquisition
from the CIS machine (Figure 3.7).
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Figure 3.7: The CIS Data Acquisition Schematic. Adapted from AMD Lee thesis83
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Electron Signal Timing Event Chronology

1. A laser pulse strikes a photodiode which creates a Start for the electron timeof-flight measurement.
2. A photoelectron is liberated in the spectrometer interaction region following
fs-pulse pump and time-delayed probe.
3. The photoelectron is extracted towards the electron detector MCP and strikes it,
creating an amplified electron avalanche which exits the MCP backside toward
the XDL.
4. Electron 2D position pulses travel along the crossed delay lines of the XDL
detector. One output of each delay line is delayed by a long cable such that the
other pulse always arrives first.
5. The electron MCP pickoff pulse enters the TDC to measure the electron timeof-flight and the gate closes.
6. The electron position enters the front end of the DSTDC and the gate promptly
closes.
7. The electron charge pulses arrive at the ADC.
8. The data acquisition computer program is triggered to read the CAMAC modules.
9. The computer completes the data acquisition.
10. The CAMAC crate is cleared in preparation for the next event.

Chapter 4
UV Photodissociation Dynamics of
CS2: ab initio Modeling via TDDFT
4.1

Overview of CS2 Photodissociation Dynamics

4.1.1

General Discussion and Indirect Measurement of Excited State Lifetimes

The subject of this and the next two chapters is the nonadiabatic photodissociation
reaction:

CS2 (X) + hν → CS∗2 (C) → CS(X) + S(1 D2 ,3 PJ )

(4.1)

In our experiment on this system (next two chapters), ν is 4th-harmonic of the
Ti:Sa fundamental (200 nm, 6.2 eV). CS2 is a notable small molecule, because all three
general features of polyatomic photodissociation dynamics occur upon excitation:
vibrational mode coupling, internal conversion, and intersystem crossing.
77
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There has long been much interest in understanding the nonadiabatic dynamics
involved in the photodissociation of CS2 following excitation in the 185-230 nm region
of the near UV spectrum. This strong transition has been assigned to a parallel transition from the linear (D∞h ) electronic ground state X(1 Σ+
g ) to the C singlet excited
1
state (1 Σ+
u ) which correlates with B2 symmetry as the molecule bends to C2v symme-

try. This transition is of n → π ∗ character with the excitation of a 2πg non-bonding
electron localized on sulfur to 3πu∗ .88–90 Loss of the double bond character results in
the molecule changing geometry from linear with C-S bonds approximately 1.55 Å to
bent (153◦ ) with elongated C-S bonds of 1.66 Å.91
Near the vertical excitation geometry, the initially populated 1 Σ+
u state is crossed
by singlet (and the corresponding triplet) dissociative electronic states (1 Πg , 3 Πg ).
When a linear triatomic molecule such as CS2 is bent, doubly degenerate states such
as (1 Πg ) split, due to the Renner effect,92 into two non-degenerate components because the axis of twofold symmetry perpendicular to the molecular axis is lost. The
1

Πg state therefore splits into 1 A2 + 1 B2 components with bending in C2v symmetry

1
(Renner splitting). Upon bending, the 1 Σ+
u state also acquires B2 symmetry. The

result is an avoided crossing between the 1 B2 component of the 1 Πg state with the
initially prepared state in our pump transition, which results in a repulsive potential,
enabling CS2 to predissociate into CS(X1 Σ+ ) and S(1 D2 ) products. Furthermore,
immediately following excitation, the excited state character is expected to be of 1 Σ+
u
character; however with bending and stretching in the region of the avoided crossing,
mixing of electronic character due to the 1 Πg state is expected to occur. This mixing
of electronic character will have primary significance to our following computational
and experimental results. Besides the singlet state dynamics, a significant yield of
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triplet sulfur product has long been known to occur93 and is believed to originate from
population transfer to the dissociative 3 Πg (3 A2 + 3 B2 ) state via spin-orbit coupling.
Discrete vibrational bands are observed in the CS2 absorption spectrum and are
assigned as being excitation of combinations of stretch and bend.91, 94–97, 99–102 Unambiguous assignment of this absorption band has remained elusive, but some progress
has been made. In an attempt to understand unassigned high resolution gas cell
spectra,91 Vaida and coworkers96, 97 studied absorption to the 1 B2 (1 Σ+
u ) state in the
47750-53200 cm−1 region and assigned (symmetric98 ) stretch ν10 = 392 cm−1 and bend
ν20 = 426 cm−1 modes based on a series of regular progressions containing contributions from both elements in the region near the Franck-Condon maximum (4900051000 cm−1 ). It was not possible to assign vibrational quantum numbers and the
progression is assigned to pairs of quanta differing in degree of stretch and bend, i.e.
pairs such as (ν10 + 1, ν20 ) and (ν10 , ν20 +1).
By investigating changes to the rotational constant in the bent 1 B2 (1 Σ+
u ) state as
a function of increasing excitation energy, a barrier to linearity in the C-state was
assigned to exist at 49000 cm−1 ;96, 97 this has since been nudged upward to the range
49312-49662 cm−1 .100
Later work99 with room-temperature CS2 in (1+1) and (2+2) resonance-enhanced
multiphoton ionization (REMPI) experiments in the 45500-48100 cm−1 energy region
confirmed the findings of Vaida, observing that below the barrier to linearity, the bend
was excited more easily than the stretch: this slightly revises the stretch and bend frequencies to symmetric stretch ν10 = 400 cm−1 and bend ν20 = 429 cm−1 . Furthermore,
a peak at 1567 cm−1 was somewhat hesitatingly assigned to be the fundamental of
the asymmetric stretching mode. Additionally, the electronic origin was assigned to
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46247 cm−1 (216 nm). Due to the complexity of this system, the possibility of using
a standard normal mode description of the complicated 1 B2 (1 Σ+
u ) state vibrational
dynamics is considered optimistic.91, 99, 101 Attempts at determining the lifetimes of
the absorption lines have been made based on observed linewidths with values ranging
from 1 to a few ps, generally decreasing with increasing excitation energy.

4.1.2

Reaction Products

Many studies on the products of the CS2 photodissociation have been undertaken
at the experimentally convenient 193.3 nm Argon Fluoride exciplex laser wavelength.
Energy partitioning has been quantified for the singlet channel S(1 D2 ) with rotational
excitations of ν = 0-4 (νmax = 3) and for the triplet channel S(3 PJ ) ν = 0-12 (νmax
= 7-10).93, 103–109 The relative contribution of triplet and singlet channels to reaction
has been established105 as S(3 PJ )/S(1 D2 ) = 2.8 ± 0.3 at 193.3 nm, but in the 198214 nm region was found110 to vary from greater than 12 to unity, depending on the
exact energy of the transition. Also noted110 was a broad and weak continuum of
dissociation products, interpreted as corresponding to direct dissociation, spanning
the range of the resonant lines of the 1 B2 (1 Σ+
u ) state absorption.

4.1.3

Direct Measurement of Lifetimes and Quantum Beat

The first direct measurement of the predissociation lifetime of the excited state111 via
femtosecond pump-probe ion yield measurement yielded 600 ± 100 fs following excitation at 205 nm and was in good agreement with the prior linewidth estimates.110
Another study112 in the 194-207 nm region observed lifetimes of 620 to 180 fs (blue
and red limits); interestingly, the relatively large bandwidth used of approximately
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120 cm−1 FWHM of the 130 fs pulses was able to simultaneously excite pairs of the
closely spaced vibrational levels already discussed [(ν10 + 1, ν20 ) and (ν10 , ν20 +1)].
Such cases resulted in the observation of modulation of the exponentially decaying
CS+
2 yield, which was attributed to quantum beating between the coherently prepared
vibrational bands.
A subsequent TRPES (Magnetic Bottle instrument) study from our group113
found, in contradiction to previous studies, that the predissociation decay dynamics
cannot be well described by a single exponential function. Biexponential modeling
revealed a rapid decay on the order of 50 fs (direct dissociation) and a longer lived
decay corresponding to quasi-bound motion of 350-650 fs, depending on pump and
probe pulse relative angle of linear polarization. The previously reported quantum
beat phenomena was also confirmed by this study.
The TRMFPAD experiment presented in this thesis114, 115 then followed chronologically and is described, along with its findings, in the following two chapters.
Two significant studies have been published even more recently.116, 117 One article116 presented lab-frame time-resolved photoelectron imaging results on the ultrafast
dynamics of the 1 B2 (1 Σ+
u ) predissociation of CS2 with a very high time resolution of
22 fs. Observation of quantum beats was reported with decay of signal lifetime of
roughly 400 fs; this decay was preceded by a lag of roughly 30 fs which was assigned
to correspond to the time for the vibrational wavepacket to propagate away from
the Franck-Condon region to a predissociation region. The TRPAD was observed to
remain constant as a function of pump-probe delay.
The other recent article117 investigated the 1 B2 (1 Σ+
u ) predissociation of CS2 using energy-resolved velocity-map ion imaging of the S(1 D2 ) atomic photofragments
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following excitation with 193 nm and at longer wavelengths toward the dissociation
threshold of onset, therefore both above and below the excited state barrier to linearity. Angular momentum (K)-resolved product state distributions suggest that dissociation below the barrier to linearity occurs primarily on a surface with a significant
potential energy surface well and without an exit channel barrier; this interpretation
is consistent with the potential energy surface calculations presented later in this
chapter.

4.2

Calculation of Potential Energy Surfaces relevant to CS2 Photodissociation Dynamics

Our transition state theory calculations in earlier chapters have a heavy reliance on
the generation of potential energy surfaces (PES). Likewise, the interpretation of
time-resolved photoelectron spectroscopy (TRPES) and time-resolved photoelectron
angular distribution (TRPAD) data also can significantly benefit from having relevant PES available.
Therefore, for our TRPES and TRPAD experiments on carbon disulfide (CS2 ),
we searched for a method to quickly generate useful PES data to help interpret our
experimental results. Density functional theory (DFT)118, 119 methods were natural
to test first, as such calculations are efficient computationally, include electronic correlation, and should be a valid theoretical framework so long as our systems can
be described as having single electronic configuration ground states with not more
than single electron excitations to describe the excited states.120, 121 Time-dependent
density functional theory (TDDFT),68, 69, 122 which is a simple extension of DFT for
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finding excited electronic states, should thus be generally applicable to vertical excitations and to describing the excited state manifold PES for molecules such as CS2
provided that molecular structures not too different than that of the ground state
equilibrium geometries; TDDFT will be less applicable for geometries with bonds
breaking where more computationally expensive multiple-configuration methods will
often be required as was seen in Chapter 2. Bearing in mind the strengths and potential weaknesses of TDDFT methods for the CS2 excited state manifold we began
testing it on a few small molecules with the hope of it performing well. The focus was
to generate only PES data to use as a roadmap for understanding the experimental
results of our time-resolved pump-probe experiments on CS2 . While it would have
been interesting to go further and calculate emergent properties based on the PES
data (e.g. wavepacket dynamics simulations, spin-orbit couplings, etc.) this was not
attempted.

4.2.1

Benchmarking of TDDFT

It is standard practice to benchmark computational chemistry methods for performance regarding not only one molecular system but for families of molecules,123 with
confidence in results increasing if it is shown that the method appropriately describes
multiple chemical species. We therefore tested TDDFT for performance on three
molecules: Carbonyl Sulfide (OCS), Sulfur Dioxide (SO2 ), and Carbon Disulfide
(CS2 ). These three species are natural choices for testing due to the similarity of
being sulfur-containing triatomic molecules with only three total elements shared between them.
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The specific density functional theory method B3LYP with the aug-cc-pVDZ basis set was settled on via preliminary testing on CS2 and comparing to both experimental quantities and to results from the computationally-expensive ab initio
approach Equation-of-Motion Coupled-Cluster theory with single and double excitations (EOMCCSD).124 It was found that the commonly-used workhorse DFT method
B3LYP combined with the medium-sized aug-cc-pVDZ basis set offered a good compromise of computational effort and quality of results. As our intention is to use the
TDDFT PES as a guide for understanding our experimental data we shall be satisfied
if our results are in reasonable agreement with data available from the literature.

4.2.2

Method of Calculation

All computational chemistry calculation was done with the GAMESS-US14 suite of
programs. Ground state species were fully geometry optimized with the DFT method
B3LYP/aug-cc-pVDZ with vertical excitation energies calculated based on these geometries with the TDDFT equivalent method TDB3LYP/aug-cc-pVDZ. When referring to results obtained from a combination of DFT and TDDFT application, we
shall denote the method (TD)DFT (i.e. (TD)B3LYP).
Vibrational frequencies were determined for geometrically optimized ground and
excited state structures with the standard normal mode harmonic oscillator approximation.71 For the sake of simplicity, we did not use the molecular zero-point energies70
obtained from these vibrational frequency calculations to correct for our molecular
excitation and reaction energies as such corrections are small (on the order of 0.1 eV
absolute magnitude) and will tend to cancel when evaluating relative energies.
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We calculated PES for ground and excited states by calculating with (TD)B3LYP/augcc-pVDZ at frozen geometric structures. Because TDDFT methods are efficient computationally and the presence of higher-energy excited electronic states can affect the
solutions obtained for lower-energy excited states, we always calculated fairly high
into the excited state manifolds: the lowest 20 excited electronic states were determined for each spin requirement (e.g. 20 singlet excited states and 20 triplet excited
states from the singlet ground state of CS2 ). Each TDB3LYP/aug-cc-pVDZ calculation for the lowest 20 excited electronic states took on the order of 5 minutes to run
on ordinary PCs.

4.2.3

Performance of (TD)B3LYP/aug-cc-pVDZ on our three
test systems OCS, SO2 , and CS2

Carbonyl Sulfide, OCS
Our (TD)B3LYP/aug-cc-pVDZ results are shown in Table 4.1. We don’t report our
bond angles of 180° as both the ground states for OCS and OCS+ are linear and
computational methods will generally obtain exact agreement for such trivial and
simple group theory situations; bent molecules that are not strictly tetrahedral (such
as SO2 ) will provide our test for angular accuracy.
We see very good agreement for our (TD)B3LYP/aug-cc-pVDZ method in comparison to literature quantities for OCS, from geometric equilibrium structures and
vibration frequencies, to reaction and excitation energies.
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Table 4.1: Comparison of (TD)B3LYP/aug-cc-pVDZ results for OCS with literature.
OCS(X) Bond Lengths (C=O, C=S) (Å)
OCS+ (X) Bond Lengths (C-O, C-S) (Å)
OCS(X) vibration frequencies (cm−1 )
OCS(X) Ionization Potential (eV)
Dissociation Energy (eV) COS(X) → CO(1) + S(3)
Dissociation Energy (eV) COS(X) → CO(1) + S(1)
Dissociation Energy (eV) COS(X) → CO(3) + S(3)
Excitation Energy A←X (eV)

(TD)B3LYP/aug-cc-pVDZ
1.163, 1.572
1.138, 1.631
524.68, 870.55, 2098.75
11.44
3.29
4.97
9.49
5.47

Herzberg92
1.16, 1.56

Suzuki125

Hirst126
1.130, 1.649

520.41, 858.95, 2062.22
11.24
≤ 3.71

11.2
3.12
4.26
9.15

4.86-6.20

Sulfur Dioxide, SO2
Here we have more vertical excitation energy data for comparison, with our approach
performing well. As was the case for OCS, we again see very good agreement for all
compared quantities between our (TD)B3LYP/aug-cc-pVDZ results and literature
for SO2 .
Table 4.2: Comparison of (TD)B3LYP/aug-cc-pVDZ results for SO2 with literature.
SO2 (X) Bond Length (Å)
SO2 (X) Bond Angle (°)
SO2 (X) vibration frequencies (cm−1 )
SO2 (X) Ionization Potential (eV)
Dissociation Energy (eV) SO2 (X) → SO(3) + O(3)
Dissociation Energy (eV) SO2 (X) → SO+ + O(3)
Excitation Energy A(1 B1 )←X (eV)
Excitation Energy B(1 A2 )←X (eV)
Excitation Energy C(1 B2 )←X (eV)
Excitation Energy D(1 B1 )←X (eV)
Excitation Energy E(1 A1 )←X (eV)
Excitation Energy F(1 A2 )←X (eV)
Excitation Energy a(3 B1 )←X (eV)
Excitation Energy b(3 B2 )←X (eV)
Excitation Energy c(3 A2 )←X (eV)
Excitation Energy d(3 A1 )←X (eV)
Excitation Energy e(3 B1 )←X (eV)

(TD)B3LYP/aug-cc-pVDZ
1.456
119.2
496.05, 1126.41, 1316.80
12.18
4.95
15.85
3.98
4.32
6.16
8.04
8.14
8.26
2.86
3.42
3.77
6.59
7.21

Herzberg92
1.4321
119.5
517.69, 1151.38, 1361.76
12.34

3.65-4.77

Palmer127
1.431
119.33
12.35
5.629
15.96
3.87
4.17
5.82
7.66
7.69
7.70
2.94
3.64
3.80
6.65
7.11
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Carbon Disulfide, CS2
For this most important chemical species, we again have excellent agreement for our
computational method and available literature data. As was the case for OCS, CS2 (X)
and CS+
2 (X) are both linear and so the computation obtains the correct molecular
angle of 180° trivially by group theory. The CS2 (C) vibrational results are significant
and discussed later.
Table 4.3: Comparison of (TD)B3LYP/aug-cc-pVDZ results for CS2 with literature.
(TD)B3LYP/aug-cc-pVDZ
CS2 (X) Bond Lengths (Å)
1.564
CS+
1.563
2 (X) Bond Lengths (Å)
CS2 (C) Bond Lengths (Å)
1.649
CS2 (C) Bond Angle (°)
151.24
CS2 (X) vibration frequencies (cm−1 )
393.88, 680.19, 1557.73
CS2 (C) vibration frequencies (cm−1 )
266.88, 327.19, 593.14
CS2 (X) Ionization Potential (eV)
10.00
Excitation Energy B(1 ∆u ) ←X (eV)
4.132
Excitation Energy C(1 Σ+
)
←X
(eV)
6.505
u
Excitation Energy b(3 ∆u ) ←X (eV)
3.412

4.2.4

Herzberg92
1.5545
1.5641
1.66
153
396.7, 657.98, 1532.5
(400), (400), ?
10.079

Brown128

Hemley96

392, 426, ?
3.93

5.64-6.89
3.58

Computation of CS2 excitation to the C-state

We conclude from our benchmarking on OCS, SO2 , and CS2 that our TDDFT
method (TD)B3LYP/aug-cc-pVDZ generates useful potential energy surfaces. With
our TDDFT method, we calculated the vertical excitation of CS2 from the X(1 Σ+
g)
to C(1 Σ+
u ) state to approximately 6.54 eV which is close to the expected energy.
The character of this transition matches what we expect from experiment as well:
the transition is primarily a HOMO to LUMO transition of a non-bonding electron
localized on the sulfur atoms to an antibonding π ∗ orbital (Figure 4.1).
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1 +
Figure 4.1: The strongly allowed X(1 Σ+
g ) → C( Σu ) transition is correctly predicted
by our TDDFT method to be primarily of HOMO(Sulfur nonbonding) → LUMO(π ∗
antibonding) character. The transition is computed to require 6.54 eV (190 nm)
which is in reasonable agreement with the experimental range of 185-230 nm.

Due to the significant scattered light background problem associated with the
use of the 200 nm pump pulse in our CIS chamber, it is fortunate that CS2 has
1 +
an enormous absorption cross section for the C(1 Σ+
u ) ← X( Σg ) transition at this

wavelength. Our TDDFT method correctly predicts the transition to be very strong;
the oscillator strength estimate of the CS2 excitation transition from our TDDFT
calculations is = 1.015 which is roughly the maximum value of a fully spin- and
orbital-allowed transition.
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TDDFT PES Excited State Manifolds for CS2

We present the first ab initio manifold of potential energy surfaces applicable to the
1

128
B2 (1 Σ+
had
u ) CS2 photodissociation. A previous study by the group of Schaefer

only considered electronic excitation below the C-state. We believe that excited state
properties generated by the TDDFT approach adopted here will be useful to create
excited-state PES landscapes for a range of molecular systems. As evidence for the
need of such surfaces, the key landscape results for CS2 presented in this chapter
have already been adapted by another group as an aid to explain their experimental
results.117 Because the TDB3LYP/aug-cc-pVDZ calculations require little computer
time (about 5 minutes per point), memory, or disk space we can generate data for
different geometries very quickly. Thus we can build potential energy surfaces for our
reaction quickly as well, on the order of a few days. Data processing tends to be more
time-consuming, however. Nevertheless, efficiency in computation is a great strength
of DFT methods. Post-Hartree-Fock ab initio electronic structure methods tend to
take much more computational effort65 and it is fortunate that we can utilize DFT
methods instead.
We generated potential energy surfaces for CS2 as a function of bond length and
angle. We considered two geometric cases:
1. Asymmetric C-S stretching: In this case we allowed one C-S bond to explore
the PES as a function of distance and angle; the other bond length was frozen
at 1.55 Å. This PES loosely approximates that which might be explored during
dissociation to CS and S fragments. The frozen bond length is arbitrary yet
sensible as by our calculation the ground state CS2 bond lengths are 1.564 Å
and the ground state CS product bond length is 1.544 Å.
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2. Symmetric C-S stretching: In this case both C-S bonds, though varying in
length and angle, are always of equal length. This case does not investigate
relevant dissociation as high-energy atomization is the result of increasing bond
lengths.
From our CS2 ground state (X, 1 Σ+
g ) we explored both the singlet and the triplet
excited state manifolds. Some representative data from these calculations are shown
in Figures 4.2 to 4.4. In the following chapter this data will be referred to as an aid
in the analysis of our CS2 experiment TRPES and TRPAD data.

4.2.6

TDDFT Results Discussion

In Figure 4.2(a) we show the relevant singlet states below 7 eV vertical excitation
energy computed for asymmetric stretching at linear geometry. Our method finds
1
all of the expected states, such as the C(1 Σ+
u ) and D( Πg ) states; these states do

not interact in linear geometry and cross at a conical intersection. The Πg state is
repulsive as expected and asymptotically leads to the singlet dissociation products
of lowest energy with S(1 D). Closer to 4 eV above the ground state are the A(1 Σ−
u)
and B(1 ∆u ) states which lead to a second conical intersection crossing of the Πg state
and, together with the 1 Σ+
u state, lead to the higher energy singlet dissociation limit
with S(1 S) atom product.
In Figure 4.2(b) is shown the same singlet states for asymmetric stretching motion
at slightly bent, 175◦ geometry. Bending has reduced the level of symmetry and now
avoided crossings are shown to occur near the sites of conical intersections in the linear
cases shown in Figure 4.2(a). The avoided crossing between the 1 B2 components
1
of the 1 Σ+
u and Πg is labeled. For the Cs symmetry shown in the figure these
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(a) Linear Geometry CS2 (D∞h symmetry labels)

(b) Bent (175 °) Geometry CS2 (Cs symmetry labels)

Figure 4.2: CS2 (TD)B3LYP/aug-cc-pVDZ Singlet Potential Energy Curves for (a)
linear and (b) bent (175°) geometries. States of vertical excitation energy (from X
(1 Σ+
g )) under approximately 7 eV are shown.
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components are of A0 symmetry. It can be seen that for this slightly bent geometry,
the initially excited state (pink) is forced to lower energies (compare to Figure 4.2(a))
by the avoided crossing and this favours CS2 predissociation. Near the labeled avoided
crossing, a bound A00 state is shown for completeness. This state is also present in the
linear case but is not shown in Figure 4.2(a) to avoid confusion with the more relevant
1
C(1 Σ+
u ) and D( Πg ) states as, due to it being strongly bound and just dipping into the

energetically accessible region, it is not expected to be significant to the dynamics.
Figure 4.3(a) shows the triplet states for asymmetric stretching at linear geometry
predicted by our TDDFT method to occur within energetic reach of our experimental
pump pulse. As expected, the triplet states are similar in general to the analogous
singlet states except for being at slightly lower energies. The two singlet states involved in the pump excitation are also shown. The repulsive 3 Πg state responsible
for dissociation to triplet products is of the main interest here; it can be seen that
it is nearly degenerate to the bright C(1 Σ+
u ) state in the vertical excitation region
which may help convert singlet population to triplet via intersystem crossing. The
TDDFT method cannot follow the 3 Πg state for energies near or below in energy to
the reference 1 Σ+
g state and so its curve cuts off abruptly at approximately 2.3 Å,
even though in reality this state will cross the ground singlet 1 Σ+
g state and lead to
the lower energy triplet dissociation products.
Figure 4.3(b) shows the triplet states for asymmetric stretching at slightly bent
(175◦ ) geometry. As was observed for the singlet states, an avoided crossing appears
near what was the conical intersection at bond length just greater than 2.0 Å. The
C-singlet state (pink) which is responsible for the transition is once again shown
with the triplet states and is seen to be nearly degenerate to the dissociative triplet
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(a) Linear Geometry CS2 (D∞h symmetry labels)

(b) [Bent (175°) Geometry CS2 (Cs symmetry labels)

Figure 4.3: CS2 (TD)B3LYP/aug-cc-pVDZ Triplet Potential Energy Curves for (a)
linear and (b) bent (175°) geometries. States of vertical excitation (from X (1 Σ+
g ))
under 7 eV are included. The dissociative 3 Πg state cannot be resolved close to or
below (in energy) the X state and so we cannot follow it beyond around 2.3 Å. The
1 +
bright singlet state of experimental interest (C(1 Σ+
u ) ← X( Σg )) is also shown (pink
curve).
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state near the vertical excitation region (1.55 Å) and also crosses two triplet states
between 1.8 and 2.0 Å before asymptotically merging with a triplet band at bond
lengths greater than 2.2 Å. Therefore, plenty of opportunity for transfer of singlet to
triplet population via intersystem crossing is expected which may help account for
the fact that, experimentally, the majority of the dissociation product is to the triplet
channel.
In Figure 4.4(a), 3D singlet potential energy surface data is shown for the asymmetric stretching motion for bending angles of 140◦ and 220◦ for energies up to the
PES sheets including the C and D states. Due to the Renner splitting between the
1
initially pumped 1 Σ+
u C-state and the Πg state, a barrier to linearity in the vertical

excitation region (above letter “C”) is seen, as is expected. A shallow PES minimum
corresponding to the C-State bent and stretched equilibrium geometry was found. We
note that the TDDFT method therefore predicts strong vibronic coupling between
1
the bent 1 B2 (1 Σ+
u ) state and the B2 (Πg ) states along the bending coordinate be-

cause the presence of a shallow minimum with bending in the case of Renner splitting
is considered diagnostic to strong vibronic coupling.92 The degree of this electronic
coupling will be a function of nuclear bending and stretching. The conical intersection leading to dissociation along the repulsive Πg state can be seen at longer bond
lengths.
In Figure 4.4(b), 3D singlet potential energy surface data for symmetric stretching motion is presented. The general features of these potential energy surfaces are
similar to the asymmetric stretching case with the exception being that as symmetric
stretching leads to high energy atomization dissociation, these PESs are bound with
respect to the energy limit inherent to pumping to the C-state. As the symmetric
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(a) asymmetric stretching motion

(b) symmetric stretching motion

Figure 4.4: CS2 (TD)B3LYP/aug-cc-pVDZ Singlet Potential Energy Surfaces for (a)
asymmetric stretching motion (one C-S bond frozen at 1.55 Å) and (b) symmetric
stretching motion.
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stretching motion on the C-state is much more strongly bound than the asymmetric
motion, it might expected intuitively that the vibrational frequency corresponding to
asymmetric stretching motion to be lower than that of the symmetric stretch.

Key Characteristics of the Excited State
1
Our calculations confirmed that both the 1 Σ+
u (B2 ) and Πg (A2 + B2 ) states are of

singly excited character. According to our EOM-CCSD calculations, the excited state
has very little doubly excited character, but several singly excited configurations nevertheless contributed strongly to the excited state. The TDDFT calculations, on the
other hand, resulted in an excited state described almost purely by a single, degenerate excitation. The discrepancy regarding the number of singly excited configurations
is most likely due to the fact that the Hartree-Fock orbitals, being optimized without
consideration of electronic correlation, and used as a basis for the EOM-CCSD calculations are not as well suited for the problem (electronic correlation is not neglected
by DFT methods). Admittedly, the EOM-CCSD calculations are not suited to reveal
much multi-reference character of the excited state, but consideration of the state
with MCSCF methods is a very computationally expensive proposition left for future
studies.
So, at the TDDFT level the singly excited configurations were strongly dominated
by n → π ∗ and n → σ ∗ excitations; the optically bright state is, at the geometry of
the neutral ground state, almost solely of n → π ∗ (1 Σ+
u ) character. However, with
increasing bending (and stretching) the TDDFT results reveal it adiabatically correlates increasingly with a state of nearly pure n → σ ∗ (1 Πg ) character. We summarize
these results in Table 4.4 below:
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Table 4.4: Increasing contribution of n → σ ∗ (1 Πg ) character in the asymmetrically
stretching excited CS2 C-state with stretch and bend as predicted by TDDFT. There
are two (1 Σ+
u ) excitation contributions reported in the tables (MOs 19 → 20; 18 → 21)
(see Figure 4.1) which lose degeneracy with bending. The n → σ ∗ (1 Πg ) character
arises due to transition from MO 19 → 22 as predicted by TDDFT, with MO 22
shown below in Figure 4.5.
Geometry
n → π ∗ (1 Σ+
u ) character (transition coefficient)
Linear, bond = 1.56 Å
0.512767, 0.512767
Bent 175◦ , bond = 1.56 Å
0.491686, 0.483527
Bent 170◦ , bond = 1.56 Å
-0.499103, 0.465113
Bent 170◦ , bond = 1.66 Å
-0.498314, -0.458991

n → σ ∗ (1 Πg ) character (transition coefficient)
0
-0.337954
0.399270
-0.430063

Figure 4.5: This σ ∗ orbital (MO 22) is responsible for the mixing of electronic character with the initially pure, at linear geometry, π ∗ state. The geometry is bent to
170◦ , C-S bond = 1.56 Å

We expect that the core electrons in the neutral excited state remain largely
unchanged upon ionization, as the electronic structure of the cation ground state
corresponds to that of the neutral but with one electron removed from a non-bonding
orbital localized on the sulfur atoms. Experimentally it has been found that the
doubly degenerate ground state of the cation has a bond distance equal to that of
the neutral and remains linear; this is verified by the TDDFT calculations. We used
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the same TDDFT method as above to calculate the electronic structure of the cation
ground state at its equilibrium geometry. From these calculations we found that the
relative energies of the orbitals in the neutral and the cation are nearly identical,
which indicates that the electronic structure is largely unaffected by the removal of
the non-bonding electron upon ionization.

Estimation of the Experimental Pump-Probe Observation Window
The combined energy of our pump and probe photons is approximately 10.8 eV. The
ionization energy of CS2 is approximately 10 eV, so there is a maximum excess energy available of less than 1 eV to distribute among the photoelectron and cation.
However, the ionization energy of CS2 is a function of geometry and, because CS2
and CS+
2 have nearly degenerate equilibrium geometries, will tend to increase away
from the Franck-Condon region.
A repercussion of having only a limited amount of energy available for the experiment is that the probe photon will not have sufficient energy to ionize some portion
of the excited state population and therefore such excited states will remain undetected by the experiment. As there are possible implications of this to interpretation
of the observed kinetics of the excited state (e.g. “decay” could be as much a result
of leaving the energetically allowed ionization region of the C-state as from transfer
to other excited states leading to dissociation), it would be ideal to have an idea of
what portion of the excited state PES is energetically capable of being ionized and
therefore observable by the experiment. Our TDDFT surfaces allow the generation
of such surfaces; as shown in Figures 4.6 to 4.8, much of the excited state PES is
outside the experimental observation window.
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(a) Some relevant CS2 singlet states and CS+
2 states along the linear asymmetric
stretching coordinate showing energy requirements for ionization. The probe
arrow in the schematic is “optimistically” shown to be capable to reach between
11-12 eV when in reality the energy cutoff of the pump and probe is roughly
10.8 eV.

(b) The CS2 (C) excited state surface and corresponding CS+
2 (X) surface to be populated after ionization. The CS+
2 (X) surface is strongly
bound and quickly increases in energy with increasing bond length, even
for the asymmetric stretching (as opposed to even steeper symmetric)
coordinate.

Figure 4.6: Excited States relevant to CS2 photoionization.
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In Figure 4.6(a), singlet states most relevant to the the pump-probe experiment
of CS2 are illustrated for the linear geometry asymmetric stretch coordinate. Because
the CS+
2 (X) state has lost a non-bonding electron, it is strongly bound and very similar
in profile to the CS2 (X) state except for being 10 eV higher in energy. It is seen that
there is significant separation between CS+
2 (X) and the first cationic excited state
+
CS+
2 (A); in fact, energetically the CS2 (A) state will be out of reach to the pump-probe

experiment and therefore ionization will by necessity occur exclusively to the CS+
2 (X)
state; this will simplify TRMFPAD analysis in the next two chapters. Portrayed in
Figure 4.6(b) is a 3D plot (asymmetric stretch, with bending from 140-220◦ ) of the
+
1
coupled 1 Σ+
u and Πg C-state, along with the bound CS2 (X) cation. The C-state,

though not flat, does not change dramatically with stretching and bending and it may
be expected that a wavepacket on the surface would be energetically able to explore
a wide range of conformations. The CS+
2 (X) state has a well-defined minimum at
linear geometry, with the potential energy increasing along the bend coordinate and
rapidly along the asymmetric stretch coordinate.
In Figure 4.7 the situation presented in Figure 4.6(b) is portrayed more explicitly.
In the left panel is a plot of the CS2 excited C-state (lower surface) and cation X-state
(upper surface) as calculated by our TDDFT method for asymmetric stretching and
bending. The right panel shows a plot of the vertical ionization energy from the Cstate as determined by the relation CS+
2 (X) minus CS2 (C). As the experimental probe
ionization photon only has an energy of 4.6 eV, it is explicitly shown that along the
asymmetric stretch coordinate ionization quickly becomes energetically impossible.
Presented in Figure 4.8 is a plot of the mixed C-state (asymmetric stretch, bend)
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Figure 4.7: Left Panel: The CS2 excited C-state (lower surface) and cation X-state
(upper surface) as calculated by our TDDFT method for asymmetric stretching and
bending; the same data as presented in Figure 4.6(b). Right Panel: The resulting
vertical IP map from the C-state (CS+
2 (X) minus CS2 (C)) illustrates that the probe
photon in our experiment (4.6 eV) will not be of sufficient energy to probe all regions
of the CS2 excited C-state, particularly along the stretching coordinate.

where wavepacket exploration is expected to occur following pumping in the experiment of the following two chapters. The restricted area where ionization is energetically permitted from the C-state is shown as an “observation window”. It is clear
that the observation window extends further along the bending coordinate than the
asymmetrically stretching coordinate.
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Figure 4.8: A plot of the CS2 (C) surface for asymmetric stretching motion with the
ionization observation window highlighted. The window extends far into the bend
coordinate but ends rapidly with stretch.

Vibrational Results of the CS2 Excited C-State
We close this chapter with a surprise discovery which emerged from the vibrational
analysis of the CS2 excited C-state (Figures 4.9 and 4.10). Figure 4.9 shows that
our calculated results for vibrational frequencies of CS2 (X) are 393.88 cm−1 (bend,
doubly degenerate), 680.19 cm−1 (symmetric stretch), and 1557.73 cm−1 (asymmetric stretch). As is the case for typical triatomic ground state molecules (which are
strongly bound for both symmetric and asymmetric stretching motions), the lowest
frequency motion is a bend and the highest frequency is an asymmetric stretching
mode. For CS2 (X) the asymmetric stretching mode is indeed significantly higher in
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frequency than the symmetric stretching mode as is generally the case where the central atom (C) is light compared to the outer atoms (S).129
For the dissociative CS2 (C) state the situation is considerably different by our calculation (Figure 4.10): 266.88 cm−1 (asymmetric stretch), 327.19 cm−1 (bend), and
593.14 cm−1 (symmetric stretch). The main difference as compared to the ground
state is that the asymmetric stretch is severely weakened and is now the lowest frequency vibration. The bend and and symmetric stretches are only slightly weakened.
This is a reasonable reordering given that the CS2 (C) state is only weakly bound for
asymmetric motion.
However, the ordering of the vibrational states is at odds with the orthodox interpretation in the literature96 where the two low fundamental frequencies of CS2 (C)
(392 cm−1 , 426 cm−1 ) are assigned to be a stretch and bend respectively. So far
this is consistent with the computational results. However, the low stretch frequency
is assigned (apparently as a best guess) to be of symmetric stretching character in
contradiction with our results.
We believe that our computation correctly assigns the ordering of the vibrational
frequencies in the C-state. The results are perhaps semi-quantitative as both the lowfrequency stretch and bend are on the order of 100 cm−1 wavenumbers lower than
the experimental results. Regardless, we believe that the literature assignment of the
low-frequency stretch to be of symmetric vibration character to be erroneous.
This finding is of significance to our time-resolved pump-probe CS2 experiment. As
explained in greater detail in the next chapter, our experiment prepared a wavepacket
with differing amounts of vibrational excitation to the C-state’s “low-frequency”
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stretching and bending modes. As we performed the experiment before calculating and assigning the vibrational frequencies we had assumed from consulting the
literature that we primarily excited differing amounts of symmetric stretch and bending vibrational motions instead of (as it seems now) asymmetric stretch and bending
vibrational motion. As the pre-dissociative molecule can directly dissociate with
asymmetric stretching excitation but cannot via symmetric stretching excitation the
nature of the C-state vibrational excitation has implications for the dissociation dynamics of CS2 ; asymmetric stretching motion, which allows dissociation to CS and S
products, is expected to be excited by the transition to the C-state.

(a) Bend (393.88 cm−1 ) Doubly degenerate.

(b)
Symmetric
(680.19 cm−1 )

stretch

(c)
Asymmetric
(1557.73 cm−1 )

stretch

Figure 4.9: Vibrations of the CS2 ground state, B3LYP/aug-cc-pVDZ

(a)
Asymmetric
(266.88 cm−1 )

stretch

(b) Bend (327.19 cm−1 )

(c) Symmetric stretch (593.14
cm−1 )

Figure 4.10: Vibrations of the CS2 C-state, TDB3LYP/aug-cc-pVDZ

Chapter 5
Ultrafast Photodissociation
Dynamics in the Molecular Frame

Polarization is nice to deal with in theory but a very difficult tool to use in practice.
Generally molecules can only be held fixed in the solid state.31

5.1

Motivation

Molecules in the gas phase are relentlessly translating and rotating freely throughout
space. A collection or ensemble of these molecules will therefore be characterized
by random orientation in the laboratory frame (LF) of reference, as defined by the
orientation of laboratory measuring devices. Measurements of ordinary ensembles of
molecules will therefore be degraded by averaging molecular frame information from
each molecule across the random orientations.

105

CHAPTER 5. ULTRAFAST DYNAMICS IN THE MOLECULAR FRAME

106

It is therefore a significant goal of experimental chemical reaction dynamics to obtain data from the molecular frame (MF) of reference, ideally without perturbing or
risking change of desired observables for the molecules under study. In the solid state,
single crystal X-ray diffraction allows molecular frame information to be obtained via
having the molecule of interest rigidly fixed by the crystal lattice; however, the close
proximity of neighbouring units in the crystal perturbs the molecule as compared to
its native gas phase form. Nevertheless, compared to the LF equivalent of powder
X-ray diffraction, single crystal X-ray diffraction offers observation of MF information
by virtue of having the nuclei rigidly fixed in space and oriented. Molecules in the
gas phase are by definition not rigidly fixed in space or oriented, and so any attempt
to obtain molecular frame information will require not a literal but an effective fixing
of the LF to the MF.
Closer to the topic of this thesis, for decades it has been recognized that photoelectron angular distribution experiments would benefit greatly if the target molecules
could be oriented.34 For a couple of favourable cases, this was achieved for timeindependent PADs by the 1980s.130, 131
In a more modern context, emerging ultrafast techniques for following nuclear
and electronic evolution during chemical reactions such as time-resolved X-ray132
and electron diffraction,133, 134 tomographic orbital imaging,135 time-resolved photoelectron spectroscopy (TRPES),25, 136 laser-induced electron diffraction,137 and high
harmonic generation (HHG)138 would all benefit from the ability to determine observables in the molecular, instead of highly averaged laboratory frame.
Electromagnetic fields are one route to obtaining oriented molecules: multipole
traps139 and strong non-resonant continuous laser fields141 are two such possibilities.
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However, a drawback to such approaches are that they are not “field-free” at measurement time and the presence of the aligning fields may perturb the molecular
structure, and ultimate observable, being studied.62
Alternatively, it is possible to align molecules and perform an experiment under
field-free conditions with short laser pulses to achieve non-adiabatic alignment142, 143
(NAA). Rotational revivals result from NAA and effectively fixing in space rotational wavepackets of the molecular ensemble is possible on the timescale of a few
picoseconds.

On the molecular time scale, this is not such a small period and

some TRPES/TRPAD ultrafast experiments are able to be performed within the
ps-scale time window afforded by the relatively long-lived and slowly rotating rotational wavepacket, including the CS2 photodissociation from excitation to the C-state
with decay on the order of one picosecond:
CS2 (X) + hν → CS∗2 (C) → CS(X) + S(1 D2 ,3 PJ ).
In our experiment, ν is 4th-harmonic of the Ti:Sa fundamental. Carbon disulfide
undergoes remarkably complicated photodissociation dynamics which are not completely understood,113 as was summarized in the preceding chapter. Non-adiabatic
dynamics of this reaction were studied in the molecular frame by first impulsively
aligning143 CS2 molecular ensembles, then performing an ultrafast pump-probe TRPES/TRPAD experiment83, 136 with our coincidence imaging spectrometer while the
CS2 ensemble was effectively aligned and fixed in space during a rotational revival
(the half-revival), utilizing quantum beat spectroscopy146 to reveal unprecedented details of the scattering resonances in the molecular frame. The MF data is compared
to LF data generated without the pre-impulsive alignment step.
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Summary of the Experimental Method

The source of CS2 was Fisher Scientific Spectrophotometric grade (≥ 99 %) liquid
reagent. Using a vacuum manifold with Baratron pressure gauge, CS2 of a known partial pressure was introduced into an evacuated gas cylinder. The CS2 was then serial
diluted and fully mixed with high purity Helium carrier gas to a gas cylinder pressure
of approximately 50 atmospheres. The freshly mixed gas sample was heated via resistive tape overnight to ensure even solution of CS2 in He. Due to the large absorption
cross-section of CS2 , the ultimate gas mixture concentration was only approximately
≤ 0.05% CS2 in helium carrier gas. The gas was pulsed into our magnetic bottle (for
preliminary TRPES runs)82 and coincidence imaging spectroscopy (for TRPADs and
TRPES data)83, 136 ultra-high vacuum chambers with a 1 kHz repetition rate pulsed
Even-Lavie81 gas valve which was synchronized to our femtosecond laser system. The
backing pressure of the CS2 /He gas was approximately 25 atmospheres which resulted
in rotationally cold CS2 (rotational temperature was estimated to be approximately
2 Kelvin, as will be shown later) at the laser interaction regions of each reaction
chamber. In the time-resolved molecular frame TRPAD (TRMFPAD) experiments,
CS2 was non-adiabatically aligned with an intense 805 nm Ti:Sa fundamental pulse
(FWHM 100 fs, focused intensity 4 × 1012

W
)
cm2

approximately 74 picoseconds (at the

rotational half-revival) prior to the pump pulse initiating the TRPAD experiment.
However, in the TRPES and a control set of TRPAD experiments this non-adiabatic
alignment pulse was absent. For the TRMFPAD experiments, the CS2 ensemble
was effectively fixed-in-space due to the relatively long timescale of the rotational
wavepacket evolution as compared to the entire time-resolved experiment.
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4th-

harmonic of the 805 nm fundamental) at time t0 via excitation to the C(1 Σ+
u )-state of
CS2 . This energy corresponded approximately to the region of the barrier to linearity
of the excited state and furthermore within the pump bandwidth of approximately
200 cm−1 , led to the preparation of two quasi-bound vibrational states of the Cstate.96 The neighbouring pairs of quasi-bound vibrational states are of the form
(m1 ν1 + m2 ν2 ) and ([m1 − 1]ν1 + [m2 + 1]ν2 ) where ν1 and ν2 are stretch140 and
bend vibrational modes and m1 and m2 are unassigned quanta in each mode. The two
quasi-bound vibrational levels populated by the pump pulse are separated in energy
by only roughly 33 cm−1 .
After a variable time delay, ∆t, determined by computer control of a retroreflector
on a stepper motor delay stage, a femtosecond probe pulse (268.3 nm, 500

nJ
;
pulse

3rd-

harmonic of the 805 nm fundamental) ionized the target gas and thereby created the
photoelectron observable. The pump-probe FWHM cross-correlation was 125 fs. All
laser pulses, including the 805 nm non-adiabatic alignment pulse where applicable,
were horizontally linearly polarized with parallel polarization vectors; alignment and
pump-probe measurements were all conducted in the same frame of reference. All
lasers were mildly focussed at the molecular beam interaction regions of each chamf
for magnetic
ber from the final, protected-aluminum spherical reflective mirrors ( 100

bottle,

f
150

for coincidence imaging spectrometer).
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CS2 Photodynamics
Experimental Quantities

The ultraviolet-triggered photodynamics of CS2 in the C-state of the neutral involves complicated non-adiabatic and spin-orbit mixing, ultimately leading to multiple product states. The parallel-transition excitation of ground state linear CS2 from
a nonbonding S atom orbital to an antibonding π ∗ molecular orbital results in bond
lengthening of approximately 0.1Å as the bond orders are reduced from 2 and the
D∞h symmetry of the linear molecule is lost as the molecule bends and acquires C2v
point group symmetry (Figure 5.1).
Figure 5.1: A schematic depiction of our pump-probe experiment. CS2 (X), which
is linear, has a non-bonding electron localized on Sulfur pumped (200 nm) to a π ∗
molecular orbital corresponding to the CS2 (C) excited state, resulting in a change
to the equilibrium structure and corresponding bending and stretching vibrational
excitation. After a time delay ∆t the molecule is interrogated and ionized by the
probe pulse (267 nm) to the ground state CS+
2 (X) cation, resulting in the liberation
of a photoelectron for which is observed the kinetic energy (TRPES) and, possibly,
3D recoil direction (TRPADs)
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This change in equilibrium structure via excitation results in an absorption spectrum featuring progressions of combined vibrational excitations of stretching and
bending modes. The weakened excited state asymmetric stretch is nearly degenerate
with the much less weakened bend frequency which results in peaks spaced by 400
cm−1 , each of which is further split by approximately 30 cm−1 due to the near degeneracy. The barrier to linearity from the ground state to the C-state is 49600 cm−1
(201.6 nm) which is just above the pump pulse central wavelength (201.2 nm). Therefore, excitation to the C-state is expected to be energetically restricted to slightly bent
geometries as favoured by Franck-Condon factors. Because excitation to the C-state
ultimately results in photodissociation, the spectral peaks may be interpreted as being
photodissociation scattering resonances with lifetimes exceeding several vibrational
periods. The specific branching channels (i.e. dissociation of CS2 to CS and S(3 PJ )
or S(1 D2 ) atomic fragments) have been found to have a branching ratio dependent on
the pump wavelength110 with broad translational energy distributions.147 The resonance lifetimes have been estimated to be ≤ 1 ps via peak widths in the absorption
and the sulfur atom action spectra.110 This subpicosecond lifetime has been further
confirmed by time-resolved ion yield111, 112 and photoelectron113 studies. In addition
to the sharp resonances in the 6 eV excitation region is a broad underlying continuum110 which has been interpreted as representing immediate (direct) dissociation
upon excitation.102
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Experimental Concept

A conceptual picture of the TRPES/TRPAD CS2 experiment is shown in Figure
5.2. After possible transient non-adiabatic alignment of the CS2 ensemble, the fsscale UV pump pulse excited a coherent superposition of scattering resonances at
nearly linear nuclear geometry, which led to quasi-bound predissociation vibrational
motion before ultimate dissociation to fragmented products of either singlet or triplet
states. The evolving coherent superposition was probed by the time-delayed probe
pulse which ionized the molecules. The resulting photoelectrons were observed as a
function of recoil energy, angle and probe delay. For experiments incorporating the
pre-pump-probe non-adiabatic alignment pulse, the molecular ensemble distribution
was sharpened, with the hope of obtaining more information from TRPAD observables
than was possible from the randomized unaligned ensemble.
The inset of Figure 5.2 shows the expected mixing of Πg electronic character into
the (initially Σ+
u ) wavepacket upon bending and stretching.

5.3.3

Quantum Beat Spectroscopy

The tuning of the central wavelength of the pump pulse to 201.2 nm allowed the
use of quantum beat spectroscopy146 to aid the observation of the evolving excited
state ensemble. By preparing a superposition of two scattering resonances differing
only by one vibrational quanta of stretch and bend character, we could expect to
observe interferences between the two scattering resonances in the MF photoelectron
data which should aid observation of details of nonadiabatic dynamics, as had already
been reported for ion yield studies of CS2 112 and IBr.148 At integer periods of the beat,
the signal should represent the coherent sum of contributions from each scattering
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Figure 5.2: Schematic of the femtosecond time-resolved 3D imaging measurement of
the predissociation dynamics of CS2 . Due to the geometry change upon excitation, the
inital nuclear motion (blue trajectory) proceeds upon stretch and bend coordinates;
dissociation occurs along the asymmetric stretching motion to singlet and triplet
products. The inset illustrates that with bending and stretching (q), the excited
Σ+
u state develops Πg electronic character. The quasi-bound dynamics are probed at
time delay (∆t) by measurement of the energy () and 3D emission direction (θ, φ)
of photoelectrons released with ionization to the bound cation ground state CS+
2
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resonance; at half-integer periods the signal should represent the coherent difference
in contributions. Because the degree of mixing of Πg electronic character into the
(initially Σ+
u ) wavepacket is a function of the amount bending and stretching, we
expect that the change to electronic character for each of the two components of the
beat to be different.

5.3.4

Non-Adiabatic Alignment of Carbon Disulfide

We consider a classical ensemble of linear molecules which are isotropically distributed
and assumed to be rigid rotors with little angular velocity as may be expected near the
rotational ground state. This ensemble is exposed to a short (e.g. approximately 100
fs), nonresonant (e.g. near IR) linearly polarized laser pulse. The potential energy
experienced through polarizability interaction is:149

V̂ = −


E02
(αk − α⊥ ) cos2 θ0 + α⊥
4

(5.1)

where θ0 is the angle between the laser polarization and the molecular axis, E0 is
the laser field intensity, αk is the polarizability parallel to the molecular axis and α⊥
the polarizability perpendicular to it. The torque applied by the laser (−~r × ∇V )
may be used to solve for the angular momentum transferred149 and resulting angular
velocity θ̇ of each molecule is found to be proportional to the angle between the laser
polarization and molecular axes:

θ̇ = −P sin(2θ0 )

(5.2)

where P is the interaction strength between the laser and the molecules. Later,
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alignment is expected. Due to the fact that sin(2θ0 ) is an ap-

proximately linear function for angles up to a considerable deviation from θ0 = 0, a
large proportion of the ensemble will be expected to align along the polarization axis
for a short duration at later times under field-free conditions. For molecules starting
at angles closer to perpendicular to the laser axis, the approximation that the sine
function is linear becomes invalid and such molecules will come into alignment too
late. Nevertheless, a large fraction of the molecular ensemble can be aligned via a
short (on the rotational timescale) non-resonant pulse.
Expectation Value of cos2 θ as a measure of alignment
The time of laser interaction with the molecule and subsequent field-free evolution
must both be considered to model field-free alignment. To describe the laser interaction with the molecule, numerical solution of the time-dependent Schrödinger
equation is required:

i~∂t |ψ(t)i = Ĥ|ψ(t)i

(5.3)

where the potential energy term of the Hamiltonian is shown in equation (5.1)
and the kinetic energy term is the standard expression for a prolate symmetric top:
T̂ = B Jˆ + (A − B)Jˆz2 .
The time-evolution of the ensemble after interaction with the laser pulse can be
shown to be for each component of the rotational wavepacket:149

|ψi (t)i =

X
J0

CJi 0 (t0 )|J 0 KM ieiEJ 0 K (t−t0 )/~

(5.4)
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where i = (Ji , Ki , Mi ) is an index denoting the initial state. K and M , being conserved quantum numbers, have been omitted in the labels of the expansion coefficients
CJi 0 (t). t0 is the time at which the molecules become field-free. Using this result, our
metric of degree of alignment at later times will be taken as the expectation value of
cos2 θ which can be calculated as:

hcos2 θii (t) =

X

CJi∗0 (t)CJi (t)hJ 0 KM | cos2 θ|JKM i

(5.5)

J,J 0

In Figure 5.3 is illustrated, with exaggerated success, the basic goal of alignment of
CS2 with a non-adiabatic pre-pump-probe pulse; molecules which are in effect aligned
and fixed in space on the experimental time scale.
Figure 5.3: Schematic depiction of nonadiabatic alignment. Tens of picoseconds before the pump-probe experiment, the ensemble of CS2 is induced to a rotational
wavepacket via interaction with a linearly polarized laser field (an intense 805 nm
W
Ti:Sa fundamental pulse, with FWHM 100 fs and focused intensity 4 × 1012 cm
2 ).
The parallel linearly polarized pump-probe experiment occurs under alignment-laserfield-free conditions during one of the rotational revivals. During the several picoseconds FWHM of the rotational revival, the molecules are effectively aligned and fixed
in space; it is during this time window that the pump-probe experiment (duration 1
ps) occurs.
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The CS2 Time-Resolved Photoelectron Spectrum

The TRPES spectrum, which is a 3D plot of the photoelectron yield as a function
of electron kinetic energy (eKE) and probe pulse delay, of unaligned CS2 is shown
in Figure 5.4. Near t0 is a peak at 0.7 eV due to ionization into the vibrationless
cation ground state, which has no vibrational quanta (0,0,0) in bending, symmetric
stretching and asymmetric stretching motion. This peak is the high energy limit
of the spectrum as the departing electron takes the available excess energy with it.
The peak is broadened due to an unresolved spin-orbit splitting of approximately
55 meV. Towards the lower energy side of the spectrum, the electron departs with
less and less of the available energy, with ionization corresponding to more highly
excited vibrational states of the cation. By eye, the higher energy electrons (0.7 eV)
appear to decay more quickly, and with a distinct modulation as compared to the
lower energy electrons which appear to decay more slowly without visible modulation.
These features are treated quantitatively below.

5.4.1

Decay-Associated Photoelectron Spectra

Quantitative fitting indeed reveals that the TRPES is characterized by three features:
(1) a fast initial decay, especially toward the higher kinetic energy electrons side of
the spectrum, (2) a slow decay across the entire spectrum, especially toward the lower
kinetic energy electrons side of the spectrum -and- (3) a slow, periodic modulation
of the higher energy electrons. Two-dimensional global methods were used to fit the
time evolution of the entire spectrum. Two exponential decay terms were required
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Figure 5.4: The experimental time-resolved photoelectron spectrum of unaligned CS2
after excitation from the ground state to the 1 Σ+
u C-state via being pumped at 201.2
nm.

with the longer lived component harmonically modulated.

Time Constant Modeling Details: Kinetic model for the time-resolved
photoelectron spectrum
In order to quantitatively assess the time-evolution of the photoelectron spectrum we
used a Levenberg-Marquardt global algorithm to simultaneously fit the spectrum at
all energies and all delays with the following model:
− τt

S(i , t) = A1,i e

1

− τt

+ A2,i e

2

· (1 + A3,i cos(

2πt
Tharmonic + φ

))

(5.6)
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where i are the kinetic energy bins. In the fit only the amplitudes Aj,k are allowed
to vary across the spectrum and the time-evolution was convolved with a Gaussian
cross-correlation of 125 fs.
The result of the fit is the following (Figure 5.5(a)):
1. Fast time constant τ1 = 70 ± 20 femtoseconds
2. “Slow” time constant τ2 = 830 ± 40 femtoseconds
3. Harmonic modulation period Tharmonic = 1010 ± 20 femtoseconds
These measurements agree well with data available from the literature. The slow
τ2 lifetime matches well with an estimate obtained from analysis of rotational band
contours in the action spectrum.110 We interpret the long-lived τ2 component as representing higher vibrational energy states which explore the excited state landscape.
Unsurprisingly, the decay time constant is slower for states with higher vibrational
energies which either does not favour escape from the initially excited C-state toward dissociation products via the conical intersection at linear geometry (c.f. Figure
4.2(a) of Chapter 4) or at least allows the vibrationally excited system to return to
energetically accessible regions of ionization observation window (c.f. Figure 4.8 of
Chapter 4).
The fast time constant τ1 is more representative of the high energy photoelectrons,
corresponding to ionization to the CS+
2 vibrationless ground state. Ionization to the
vibrationless ground state would be favoured by molecules with little vibrational energy in the C-state. Such molecules might be expected to “slide” quickly down the
barrier to linearity potential toward the dissociative conical intersection and thus
favour direct dissociation, which would explain the fast time constant.
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The 1010 fs harmonic oscillation is what we expect from the 34 cm−1 energy difference of pump-prepared vibrational states of the neutral. We therefore assign with
confidence the periodic modulation to the quantum beat interference between the
two quasi-bound scattering resonances, with our experiment confirming reports from
the literature regarding the quantum beat112 and the double-component exponential
decay.113
First we describe the results depicted in Figure 5.5(a) and (b). In Figure 5.5(a)
it can be seen that indeed the slow decay time constant is most heavily weighted toward low energy electrons and the fast component is predominant toward the higher
energy portion of the spectrum. Also depicted is the quantum beat modulation (×
100) which to some extent follows the shape of the fast component of the decay. The
modulation is broadened somewhat, in comparison to the fast decay component of
spectrum, by virtue of its association with the slow decay component which is of
vibrationally excited character with broadened vibrational energies associated with
the excited C-state. It is from this broadened vibrational landscape that the photoelectrons contribution to the quantum beat departs toward the vibrationless cation.
In Figure 5.5(b), the photoelectron signal as a function of probe delay is shown for
the high-energy 0.7 eV photoelectrons which correlate to ionization to the vibrationless (0,0,0) cation ground state; in this slice of the data the quantum beat modulation
is clearly observed. The photoelectron signal rises and decays sharply in about 500
fs due to excitation then fast decay of the vibrationally unexcited component which
presumably directly dissociates. At delay times greater than a couple hundred femtoseconds, the remaining signal associated with the slow component is left, with the
quantum beat oscillation clearly visible even toward 3 ps.
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This kinetic model of CS2 excited state dynamics is limited in how much is revealed about this type-II photodissociation, where both components of the scattering
resonance contribute via Koopmans’ correlations to the same CS+
2 (X) cation state.
To facilitate deeper understanding, we shall move on from TRPES data, which is
sensitive primarily to population decay and vibrational dynamics to TRPAD data,
which should be more sensitive to the evolving excited state electronic character of
the two-component quantum beat associated with excitation to the C-state at 201.2
nm.

5.5

Nonadiabatic Alignment of CS2 and TRMFPADs

We now move on to description of non-adiabatic alignment of CS2 , in preparation of
obtaining time-resolved molecular frame photoelectron angular distributions.

5.5.1

Two-photon ion yield as a function of alignment pulse
delay

The method to determine the degree of alignment was chosen to be two-photon ionization via the linearly polarized pump laser pulse. The pump pulse polarization
was chosen to be parallel to the alignment laser pulse, because we expect that the
molecular alignment of the ensemble to occur parallel to the alignment laser pulse polarization. For the times corresponding to molecular alignment, we expect an increase
in signal of the two-photon ionization as the excitation is a parallel transition which
itself will have a cos2 θ dependence. The target timing for the pre-pump alignment
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(a) The decay-associated spectra which resulted from a 2D global analysis of
the CS2 TRPES data, fit at all energies and delays simultaneously. The fast
component (blue) decays with τ1 = 70 fs. The slow component (red) decays
with τ2 = 830 fs. The global modulation, or quantum beat (black), is scaled
by a factor of 100.

(b) The evolution of the highest energy photoelectrons at approximately 0.7 eV,
corresponding to ionization to the vibrationless (0,0,0) cation, clearly shows a
quantum beat with the expected 1 picosecond period corresponding to the approximately 34 cm−1 level splitting of the two scattering resonances populated
by the pump laser.

Figure 5.5: Two highlights of the TRPES data shown in Figure 5.4
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pulse is at the rotational wavepacket half-rotational period (the “half-revival”) where
we expect maximum alignment to occur. This transient alignment occurs approximately 74 ps after the alignment pulse interacts with the molecular ensemble.
In Figure 5.6 we show the two-photon (pump, 201.2 nm) ion yield as a function
of delay with respect to the pre-pulse used to align CS2 , in the rotational half-revival
region where the greatest alignment is expected. Simulations to account for thermal
averaging, spatial focal volume averaging over laser intensity, and the relative magnitudes of the parallel and perpendicular ionization transition dipoles were run as will
be described below.

Estimation of the Degree of Alignment with a Simple Ionization Model
In order to estimate the relative strength of the parallel and perpendicular components
of the ionization transition dipole and to simulate the change in total ion yield due to
the time-evolution of the rotational wave packet, we used the following simple classical
model. It is assumed that the excitation and ionization steps are separable and that
only the relative orientation of the ensemble transition dipoles, µ
~ , and the driving
~ serve to modulate the ionization probability. If the three ionization
electric fields, E,
dipoles in the molecular frame are independent then the ionization probability for a
given orientation (θ, φ) of the molecule is given by, with θ indicating the angle with
respect to the laser polarization:

~ i |2
P (θ, φ) = Pe · Pi = C|µ~e · E~e |2 Σj |µ~i,j · E

(5.7)

where µi,j with j = x, y, z are the components of the ionizing transitions in the
1 +
frame of the molecule. For the X(1 Σ+
~e = µe ẑ
g ) → C( Σu ) transition we have µ
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Figure 5.6: CS2 in the laser interaction region, cooled via adiabatic expansion to an estimated rotational temperature of approximately 2 Kelvin. For field-free alignment,
a short (100 fs) non-resonant (805 nm) laser pulse interacted with the molecules,
creating a rotational wavepacket. The alignment dynamics in the vicinity of the rotational half-revival were monitored by two photon ionization at approximately 200 nm
(blue dots). To get an estimation of the degree of molecular alignment, the ion yield
as a function of delay was simulated using direct integration of the time-dependent
Schrödinger equation to propagate the wavepacket. Within the approximately 1 picosecond window of the time-resolved pump-probe experiment, the molecules were
effectively aligned and fixed in space.
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and, since CS2 is a linear molecule we have the Cartesian ionizing transition dipoles
as |µi,x | = |µi,y | = µ⊥ and |µi,z | = µk . In the parallel polarization geometry we
have:

Pk (θ, φ) = C(µe Ee µ⊥ Ei )2 |ẑ · Ẑ|2 |x̂ · Ẑ|2 + |ŷ · Ẑ|2 +



µk
µ⊥

2

!
|ẑ · Ẑ|2

(5.8)

Introducing the Cartesian coordinate systems (x, y, z) for the molecule and (X, Y, Z)
for the laboratory we arbitrarily choose the orientation of the molecular frame such
that ŷ is perpendicular to the plane spanned by (ẑ, Ẑ): when the two “z” vectors
are parallel then the contribution from the perpendicular transition dipole will be by
µ

definition zero. We introduce the term r = ( µ⊥k )2 and evaluate equation (5.8):

Pk (θ, φ)

=

P0 cos2 θ(sin2 θ + r cos2 θ)

=

P0 (r − 1) cos4 (θ) + cos2 (θ)



(5.9)

~ i to be parallel to X̂ and ŷ to be
In the perpendicular geometry we choose E
perpendicular to the plane spanned by (ẑ, X̂). Using the relationship (x̂ · X̂)2 =
1 − (ẑ · X̂)2 we evaluate the probability of ionization for perpendicular geometry:

P⊥ (θ, φ)

=



P0 |ẑ · Ẑ|2 |x̂ · X̂|2 + r|ẑ · X̂|2

=

P0 cos2 θ(1 − sin2 θ cos2 φ + r sin2 θ cos2 φ)

=

P0 (cos2 θ + (r − 1) cos2 θ cos2 φ − (r − 1) cos4 θ cos2 φ) (5.10)

We assume that the axis distribution of molecules at the arrival time of the alignment laser to be isotropic. Then, the angle-averaged ionization rates are related by
the expressions:
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hPk i =

P0
(3r + 2)
15

(5.11)

hP⊥ i =

P0
(r + 4)
15

(5.12)

We define the ratio of averaged ionization rates to be R = hPk i/hP⊥ i. Now,
r can be evaluated from measurement of the total ionization rate in parallel and
perpendicular polarization geometries of the ionization laser. Experimentally, we
found hPk i to be 232 ± 10 Hz and hP⊥ i to be 117 ± 10 Hz. Via equations (5.11)
and (5.12) we rearrange to solve for r as a function of R and thereby obtain an
experimental estimate of r:

r

=

4R − 2
3−R

=

5.8+3.7
−1.9

(5.13)

Now, to estimate the degree of alignment we calculate the expectation values
hcos2 θi(t) and hcos4 θi(t) as a model of the total ion yield expected from resonant
two-photon ionization as a function of delay between the alignment and ionization
pulses. Experimentally we only scanned the ionization rate around the half-revival
time; ideally the time-dependence of the ion yield would be scanned in a larger range
from, for example, promptly following alignment to the first full revival.
To estimate the alignment the general idea is to carry out a range of alignment
simulations as a function of ensemble rotational temperature and laser intensity, picking the best fit by χ2 fitting of the time-dependent ion yield; further details of the
simulations, which drift beyond the scope of the present discussion, are to be found in
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Chapter 2 and Appendix A of CZ Bisgaard’s Ph.D. thesis on alignment.149 A range
of rotational temperatures (0.5, 1, 2, 3, 4, 5 K) and laser intensities (2, 3, 4, 5, 6,
and 7 ×1012 W/cm2 ) were explored. The optimal set of parameters was picked by
using the reduced χ2 fit as a maximum likelihood predictor.150 Via this approach,
the ground state alignment was estimated to be hcos2 θi = 0.55 ± 0.07.

How isotropic is the CS2 ensemble prior to alignment?
The estimate of the ratio of ionizing transition dipoles, r, and consequently the degree of alignment could also be influenced by collisional alignment of the rotational
angular momentum states in the molecular beam152 as the He carrier gas expands
with greater velocity than CS2 .
As a check, we repeated a determination of the estimate for r and carried out the
simulations for the estimate of the degree of alignment using the following model: It
was assumed that the relative population of each rotational J-manifold always follows the Boltzmann distribution and that the relative distribution of the M states
for a given J is given by ρ(J, M ) = N (1 + a2 P2 (cos α)), where a2 is the anisotropy
parameter, N is a normalization constant and cos α =

M
.
J(J+1)

This anisotropy pa-

rameter is not known and so it was made the worst-case scenario estimate by using
the maximum anisotropy valid for the model at a2 = −1.
With this worst case value for a2 , a slightly smaller ratio of the transition dipoles
(r

2
= 4.7+2.1
−1.3 ) and an increased degree of ground state alignment (hcos (θ)i =

0.62 ± 0.06) was obtained.
We have found no studies of collisional alignment for situations similar to the gas
expansion conditions of our experiment (only 0.05 % CS2 in He, approximately 25 bar
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backing pressure from an Even-Lavie pulsed valve with conical nozzle). Nevertheless,
the studies by Weida and Nesbitt152 showed that the degree of collisional alignment
reached a plateau at modest alignment degrees when the backing pressure was increased and we therefore speculate that the true degree of alignment is close to the
value obtained by assuming an isotropic initial ensemble as we have done here.

Two photon ionization with pump pulse only (single colour) vs. two colour
While the estimate of r was carried out with two-colour ionization, the measurements
presented in Figure 5.6 were done using two-photon ionization by the pump laser
alone. To verify the use of r obtained in a different ionization scheme, we measured
the variation in the ion yield using two-color ionization and obtained an identical
change in the ionization yield.

Effective Alignment during the TRMFPAD experiment
The alignment pulse was optimally set to arrive at 73.5 ps before the arrival of the
pump pulse at the CS2 ensemble with the intent of straddling the alignment maximum with the 1 ps-scale CS2 pump-probe experiment. The linearly polarized pump
pulse was set to be parallel to the CS2 alignment distribution and the linearly polarized alignment pulse. Favourably, the pump parallel transition dipole also has a
cos2 θ dependence which further sharpened the effective excited state alignment to an
√
estimated value of hcos2 θi = 0.55 = 0.74 . This result is depicted in Figure 5.7,
with the alignment expectation value (toward vertical) of hcos2 θi = 0.55 depicted
by the blue curve and the enhanced effective hcos2 θi = 0.74 alignment of the excited
state as selected by the linearly polarized pump laser shown as the red curve.
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Figure 5.7: Polar plot of the hcos2 θi values imparted by the alignment laser (blue
curve, hcos2 θi = 0.55) and as sharpened in the excited state by θ selectivity of the
parallel pump laser (red curve hcos2 θi = 0.74).

No effect of alignment laser on the time constants of the kinetic model
We have already discussed earlier that TRPES data is primarily sensitive to vibrational dynamics and population decay. The point of using our alignment laser prior
to the pump-probe experiment was to induce an aligned and fixed-in-space molecular
ensemble, with the hope of obtaining molecular frame observables which contain more
information than highly average lab frame counterparts. The non-adiabatic alignment
technique induces alignment tens of picoseconds after the laser pulse and therefore the
pump-probe experiment can be conducted under alignment laser field-free conditions.
However, we also did not want to perturb the molecules in any indirect way with the
alignment laser and thereby affect the pump-probe observable, apart from the effect
of increasing the degree of molecular alignment.
One concern was whether the alignment laser would excite vibrational levels of
ground state CS2 , which could affect the excitation to the C-state via Franck-Condon
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factors and thereby the TRPES and TRPAD observable. We expect that even at
room temperature prior to the alignment pulse, nearly all electronic ground state
CS2 molecules will be in the vibrational ground state as the gas constant times temperature RT = 209 cm−1 , well below the lowest vibrational mode frequency (bend =
394 cm−1 ). We tested whether the TRPES data changed, in the presence of the alignment laser, if acquired during the rotational half-revival time-window we intended to
acquire TRMFPAD data and found that the data did not change with the time constants providing the quantitative metric. We therefore have confidence that the 805
nm (12400 cm−1 ) alignment laser did not excite vibrational transitions in CS2 ; and
therefore move on to alignment experiments with the confidence that alignment laser
does little more than align the CS2 ensemble.
Comparison of our CS2 alignment to a literature result
We now compare our value of hcos2 (θ)i to a report from the literature,151 measuring photoelectron angular distributions from strong-field ionization of laser aligned
CS2 molecules. Using Coulomb explosion and 2D velocity-map imaging a value of
hcos2 (θ2D )i = 0.76 was obtained for experimental conditions similar to our own
(where θ2D is the projection of the ion velocity onto the detector plane). By calculating the ensemble-averaged axis angular distribution we find that our reported
value of hcos2 (θ)i = 0.55 corresponds to hcos2 (θ2D )i = 0.68, a fairly close level of
agreement. The remaining difference may be accounted for by the fact that the duration of the alignment pulses in the two experiments are different as are the focusing
geometries: in the literature experiment151 the spot size of the alignment laser prior
to focusing was twice the size of the probe beam which serves to increase intensity
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averaging at the laser focus compared to the case of our experiment where the spot
sizes are similar prior to focusing.

5.6

Time-resolved photoelectron angular distribution results

Having settled the details of using non-adiabatic alignment for the CS2 ensemble we
now consider the results of our TRPAD and, in the presence of the alignment pulse,
TRMFPAD experiments.

5.6.1

The form of the photoelectron angular distributions

With our 3D imaging method we acquire the PADs at all photoelectron energies
simultaneously. In our experiment, the polarization vectors of all laser pulses were
parallel. The resultant PADs thus possess cylindrical symmetry (no φ dependence)
with respect to the laser polarization and may be expanded as in the basis set of
spherical harmonic functions with weighting described by the anisotropy parameters
βl :36

I(θ) = I0 1 +

lX
max

!
βl Yl0 (θ, φ)

(5.14)

l=2

For the unaligned sample the upper limit of this sum is, due to conservation
of angular momentum, restricted to a value of lmax = 4. For the aligned sample,
higher values of lmax are possible, which is an indication of the increased amount of
information which can be extracted from ensembles which are not fully averaged over
conformation space. The specific value of lmax which is possible is determined by the
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degree of alignment (i.e. how close to the molecular frame does the aligned ensemble
approach) and by the shape of the orbital being ionized.28, 144
In Figure 5.8, anisotropy parameters βl are shown as a function of photoelectron
energy (rows) and as a function of pump probe time delay for both the unaligned and
aligned (columns) CS2 ensembles. The evolution of the approximately 1ps period
two-state quantum beat we create with the pump pulse can be followed as a function
of the pump probe time delay. Short time-delay (∆t = 100 fs), corresponds to shortly
after beat creation, ∆t = 900 fs corresponds to near the end of the quantum beat
period and ∆t = 500 fs represents the mid-point of the quantum beat.
For the unaligned case (left column of Figure 5.8) the angular distribution was fit
up to lmax = 6 to check that no high-order contributions are found as we only expect
contributions up to lmax = 4. As expected, the β6 coefficient (black squares in Figure
5.8, left column) is at all delays zero within the error bars. Some time evolution in
the PAD is seen to occur as evidenced by changes to the anisotropy coefficients. At
lower photoelectron energies (higher cation internal energies) most of this change is
accounted for by β2 , with it peaking at the mid-point of the quantum beat and for
higher photoelectron energies (lower cation internal energies) the β2 coefficients lose
this time trend with peaking at ∆t = 500 fs occurring for the β4 coefficient. As following TRPAD evolution can be difficult as a function of spherical harmonic partial
wave coefficients we shall turn to a more graphical approach shortly where the change
in the TRPAD as a function of θ is examined.
The aligned case (right column of Figure 5.8) shows that changes to the anisotropy
parameters are similar to the unaligned case, but are amplified. The β2 coefficient
peaks even more strongly at ∆t = 500 fs for low energy photoelectrons and β4 peaks
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Figure 5.8: Time and energy dependence of the anisotropy parameters (β-parameters)
defining the form of the PADs in the spherical harmonic basis. The anisotropy parameters which result from a fit of the angular distributions to spherical harmonics are
shown as a function of pump-probe delay (∆t): β2 (blue circles), β4 (red upside-down
triangles), β6 (black squares) and β8 (green up-pointed triangles). A dependence on
the electronic kinetic energy of release is seen, especially for the data from aligned
CS2 .
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even more strongly (toward zero from negative) than before at ∆t = 500 fs for higher
energy photoelectrons. This is not surprising as contributions to the TRPAD (now approaching a molecular frame TRPAD or TRMFPAD) are less averaged in the aligned
ensemble case. Additionally, for the aligned ensemble there is now some dependence
on the β6 anisotropy parameter (black squares). For the aligned sample the final
fit was carried out with lmax = 8. The corresponding β8 expansion coefficient was
found to be zero at all time delays with even higher orders being included in testing but yielded vanishingly small coefficients which did not improve the fit. These
aligned results essentially mathematically prove the expected; that by (imperfectly)
aligning the molecular ensemble prior to the pump-probe experiment we have obtained increased sensitivity, as evidenced in changes to the anisotropy parameters, in
the time-resolved molecular frame observable. Below, we shall discuss this further
from a graphical interpretation of the PAD. In closing we note that the energy range
0.45-0.60 eV has been omitted from Figure 5.8 due to the presence of a strongly
anisotropic background contribution from a small, but energetically confined signal
due to multi-photon ionization by the alignment laser.

5.6.2

TRPAD vs. TRMFPAD for the highest energy photoelectrons

The usefulness of quantum beat spectroscopy is due to the expectation that observables will oscillate between the sum and difference of the two ionization transitions
during the period of the beat. Thus, the TRMFPADs at near the beginning (∆t =
100 fs) and end of one beat period (∆t = 900 fs) represent an average electronic character of the two scattering resonances, while at the middle of the period (∆t = 500
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fs) the difference of electronic character of the two scattering resonances is observed.
We expect that the TRPADs (and especially the TRMFPADs) will be sensitive to
changes in the electronic state as a function of time.28 With this fact in mind we will
only at present phenomenologically point out the changes observed for the highest
energy photoelectrons (near 0.7 eV kinetic energy), which correspond to ionization to
the (0,0,0) vibrationless ground state of the cation. A detailed interpretation of the
meaning of the changes will be, for logistic reasons, saved for the following chapter.
In Figure 5.9 is shown, side by side, the TRPADs for the aligned CS2 ensemble
(i.e. TRMFPADs, right column) and TRPADs from an unaligned CS2 ensemble which
was not exposed to the alignment laser pulse (left column). All data corresponds to
ionization to the (0,0,0) vibrationless ground state of the cation.
For the unaligned ensemble case, the TRPAD polar plots show no distinct pattern in the time evolution during the period of the quantum beat. There is perhaps
a slight peaking of photoelectron yield toward 45◦ and 135◦ at early and late times of
the quantum beat period (∆t = 100 fs and ∆t = 900 fs) which is lost midway through
the quantum beat (∆t = 500 fs) where the TRPAD becomes nearly featureless apart
from elongation toward 0◦ and 180◦ . We would hope that some observation of the
quantum beat prepared by the pump bandwidth may be observed for the TRPAD
observable because as was discussed in Chapter 4, the electronic state of each component is expected to change differently for each component of the quantum beat
during the period of oscillation. In particular, midway through the period where
the difference of the coherent superposition observable is expected it could be hoped
that change in the TRPAD would occur, but a vivid imagination may be required to
achieve this goal.
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Figure 5.9: Polar plot of the the time-resolved PAD yield for unaligned (left column)
and aligned (right column) CS2 molecules as a function of θ, with 0◦ oriented up (and
180◦ down). The lab-frame laser polarization vectors (and CS2 axis for the aligned
column) are oriented vertically. The unaligned case shows almost no pattern in time
with the quantum beat which occurs in the 1 ps nearly spanned by ∆t = 100 fs and
∆t = 900 fs. In contrast, the aligned case shows a pattern with maxima of the PAD
at the beginning and end of the quantum beat at θ = 45◦ and 135◦ and minima at θ
= 90◦ . At the midpoint of the quantum beat period (∆t = 500 fs) the TRPAD looks
qualitatively different, with a broad maximum of photoelectron yield spanning from
θ = 0◦ to 45◦ and even weakly peaking toward 0◦ .

t = 100 fs

t = 300 fs

t = 500 fs

t = 700 fs

t = 900 fs
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In contrast, for the aligned ensemble case the TRPAD polar plots do show a distinct change consistent with the time evolution of the quantum beat. At early and
late times of the quantum beat period (∆t = 100 fs and ∆t = 900 fs) what had been
slight peaking of photoelectron yield for the unaligned ensemble toward θ = 45◦ and
135◦ has become a pronounced peaking in yield at the same angles. Furthermore,
a distinct minimum in photoelectron yield is now clearly seen for θ = 90◦ . Thus,
for the early and late times of the quantum beat period, features which maybe had
been “suspected” for the unaligned lab frame ensemble have become clearly visible
in the aligned ensemble TRMFPAD observable. Similarly, for the photoionization
delay corresponding to the middle of the quantum beat period (∆t = 500 fs), the
TRMFPAD shows a broad and distinctive peaking for θ = -45◦ to 45◦ . This feature
was not noticeable for the unaligned lab frame TRPAD observable.

5.7

Summary

Based on the timescale of evolution, the two-component quantum beat of the excited
state wavepacket is clearly observable for the laser aligned ensemble but was not observed beyond mere hints of its presence for the lab frame unaligned CS2 ensemble
due to nearly complete averaging out of the vector TRPAD information. Clearly, this
result highlights the usefulness of the non-adiabatic laser alignment technique for the
TRPAD observable.
We are now in a position to briefly comment on the TRPES versus the TRPAD and
TRMFPAD observables. The TRPES photoelectron yield as a function of photoelectron energy and ionization probe ∆t has already been described as being sensitive to
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population decay and vibrational dynamics via Franck-Condon factors. For the highest energy photoelectrons, corresponding to ionization to the vibrationless CS+
2 (X)
cation, the quantum beat oscillation was observed. However, at lower photoelectron energies (corresponding to ionization to vibrationally excited CS+
2 (X) cation)
the quantum beat was not observed. The coherently prepared wavepacket doesn’t
“know” ahead of time to which part of the TRPES spectrum it will be ionized to and
so we attribute the loss of quantum beat observation at lower photoelectron energies
of the TRPES to factors relating to the observation of the excited C-state wavepacket,
not due directly to the wavepacket itself.
The TRPAD observable has already been described as being qualitatively different than TRPES and is sensitive to changes to the excited or cation electronic states;
as we ionize to only one cation electronic state we may hope that the TRPADs show
dependence to the evolving excited state during the quantum beat. It is worthy of
mention that for the unaligned ensemble the photoelectron yield (TRPES) was sensitive to the quantum beat for the highest energy electrons but the TRPADs revealed
no angular signature of the beat. Alignment of the lab to the molecular frame was
required before changes to the TRPAD became visible, considering the same highest
energy photoelectron band centered at roughly 0.7 eV. The analysis of this experimental data continues into the next chapter toward a more conclusive interpretation,
and a theoretical model accounting for our interpretation will be presented.

Chapter 6
Imaging Purely Valence Electronic
Dynamics during Nonadiabatic
Photodissociation
6.1

Interpretation of the TRMFPAD results for
the highest energy photoelectrons

6.1.1

The Starting Point for Analysis of our TRMFPAD

We pick up right where the previous chapter left off and now offer an interpretation
of the TRMFPADs for the highest energy photoelectrons obtained in our experiment.
In principle it is possible to computationally model the photoionization dynamics
but this would require extremely expensive calculation of phase shifts for all contributing spherical harmonic partial waves contributing to photoionization for the
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excited state undergoing nonadiabatic dynamics. Also, it may be questioned whether
a deep analysis of the experimental data could offer full insight into the underlying
excited state dynamics? Unfortunately, any attempt at extracting this information
directly from the data would not be able to yield a unique solution to the PAD fitted
form from the spherical harmonic basis functions. Therefore, armed with a significant
amount of information about the excited state dynamics from accumulated theoretical experience and our TDDFT calculations as described in Chapter 4, we will take
the practical approach of a simple symmetry analysis based on the highest energy
photoelectron band centered at approximately 0.7 eV. As will be further explained,
the quasi-linear vibrationless (0,0,0) cation final state “filter” to the photoionization
for this data is a good starting point for modeling the non-adiabatic dynamics.
In the previous chapter it was noted that dramatic change occurs for the TRMFPAD in the 5 time (∆t) snapshots shown (Chapter 5, Figure 5.9, right column). Close
to t0 , at ∆t = 100 fs, minima in the MFPAD occur along the MF axis and maxima
at 45◦ to the axis. Halfway through the approximately 1 ps coherent scattering resonance interference, at ∆t = 500 fs, the MFPAD becomes peaked along the MF axis.
Then, near the end of one period of the scattering resonance, at ∆t = 900 fs, the
MFPAD has essentially returned to its appearance at ∆t = 100 fs. The LFPADs
obtained from the unaligned CS2 ensemble, as a contrast, do not conclusively show
this time-evolution pattern.
Recall that in our experiment we first pump, from the linear ground electronic
state CS2 (X), a non-bonding-character electron localized on the Sulfur atoms to an
excited π ∗ orbital (n → π ∗ character) with the molecule acquiring a bent and lengthened bond equilibrium structure. This process corresponds to the strong 1 Σ+
u (C)
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← 1 Σ+
g (X) transition of CS2 (see Figure 4.1 in Chapter 4). At bent and stretched
geometries the character of the excited state acquires σ ∗ character (n → σ ∗ ) corresponding to the dissociative Πg state with the degree of mixing being a function of
bending and stretching coordinates (see Table 4.4 in Chapter 4). Experimentally, via
tuning the bandwidth of our pump laser to overlap with two scattering resonance
peaks separated only by approximately 34 cm−1 (1 ps quantum beat), we prepared
a coherent superposition of the two states which differ only by one quanta each in
bend and stretch character. We observe the evolution of the excited state wavepacket
via a time delayed (∆t) fs-resolved probe pulse which ionizes the excited state to the
(limited by available energy) ground state of the cation CS+
2 (X), thereby creating our
photoelectron observable. Because of the mixing of the electronic character in the
C-state is a function of the degree of bending and stretching, we interpret that the
change in our TRMFPADs to be representative of the evolution of the excited state
character during quantum beat; with early and late times of the beat (∆t = 100,
900 fs) representing the sum or average character of the excited state and the middle
of the beat (∆t = 500 fs) representing the difference. The quantum beat amplifies
this change between the two resonances, aiding its observation. We assume that a
single “active” electron is excited by the pump pulse and is later ionized, creating the
observable. Therefore, the TRMFPADs should be sensitive directly to the initial (excited neutral) orbital, and the molecular frame direction of the ionization transition
dipole.28
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The Importance of the Final State for Projection

We would like to connect the evolution of the TRMFPAD observable during the quantum beat entirely to the evolution of the excited state (the observable of interest) and
not to some artifact of the measurement approach. As will be further discussed below,
to attribute changes of the TRMFPAD as representing only changes of the excited
electronic state, we must ensure that the cation electronic state is a constant “filter”
to the observation of the changing photoelectron angular distributions, that is, the
electronic character of the cation ground state must be independent of the nuclear
coordinates. Additionally we must ensure that no shape resonances, above threshold
metastable states which the departing electron can interact with due to the shape of
the corresponding cation potential, occur in the continuum.
The selection of TRMFPADs from the vibrationless (0,0,0) cation ground state
for analysis was therefore a calculated decision. The cation ground state is strongly
bound with a dissociation energy of approximately 4.7 eV. Also, the first electronically excited state of the cation is located approximately 2.6 eV above the cation
ground state and is therefore above the energetically accessible region of our pumpprobe experiment. These two electronic states of the cation therefore will not interact
in the energy range accessible to our experiments with less than 1 eV of energy being
available above the ionization potential of CS2 . The cation ground state is also well
described by a single electronic configuration for the internal energies possible in this
experiment. Because the vibrationless cation ground state is unique (at higher vibrational levels the density of vibrational states increases), photoionization of either
scattering resonance is to the same cation final state.
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Within the Born-Oppenheimer and Franck-Condon approximations in which electronic and nuclear dynamics are independent, the same photoelectron angular distribution possibly differing in amplitude only due to differences in Franck-Condon
factors, would be expected from each of the two scattering resonances because the
freed electron departs from the same ion core. If instead, as we observe with our
experimental data, the PAD shape changes during the quantum beat as in Figure 5.9
of Chapter 5, then the PADs of each scattering resonance must differ in form. There
must be a vibrational coordinate dependence to the ionization transition dipole which
is a failure of the Franck-Condon approximation. Such a coordinate dependence can
result from variation in the electronic structure with vibrational coordinates in the
final cationic continuum state, the neutral excited state, or both. However, the final
state is the vibrationless cation which is severely restricted to a small range of nuclear
motion as the potential is very similar to the ground electronic state and is strongly
bound. Therefore, no mixing with other cation electronic states is anticipated.
No shape resonances in the ionization continuum are expected either. Autoionization resonances have been observed in single-photon ionization studies of CS2
but were located approximately 0.5 eV above the total energy available in our experiments.153 At much higher energies, around 21 eV, other single-photon ionization studies have identified 5σu−1 and 2πu−1 shape-resonances.154, 155 However, the
lack of observation of shape-resonances in such single-photon ionization studies does
not guarantee that they will not be present in a pump-probe experiment as many
single-photon experiments do not study in detail the threshold region where a strong
interaction between the electron and the core may be expected. Also, by preparing
an intermediate state which evolves with nonadiabatic dynamics, different sets of
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partial waves become accessible in the threshold region compared to single-photon
ionization. For example, Bellm et al. observed a near-threshold shape-resonance in
para-difluorobenzene at a total two-photon energy around 10 eV.156, 157 This resonance
was ascribed, with ~k being photoelectron momenta, to the ~kb2g continuum which via
single-photon only becomes accessible at approximately 14 eV. Returning to CS2 , the
relevant continua are ~kπg , ~kσg and ~kδg . One of the resonances observed near 21 eV
photon energy is in the ~kπg channel and is thus located roughly 9 eV above threshold
with this resonance apparently insensitive to changes in bond lengths.154, 158 We now
take the opportunity to note that the time-dependence of the photoelectron angular
distributions is qualitatively similar at all photoelectron energies (as will be discussed
later in this chapter) which is an observation that rules out the presence of any sharp
resonances within the less than 1 eV energy region explored by our experiment.
Therefore, neither the cation nor the free-electron wavefunction is expected to
have any significant vibrational coordinate dependence. Rather, it must be the electronic character of the excited neutral state which causes the TRMFPAD evolution
during the quantum beat and heralds the differential electronic character explored by
the different vibrational components of the two scattering resonances.
Finally, for the highest energy photoelectron band at approximately 0.7 eV kinetic
energy presently under consideration, energetic limitations and Franck-Condon factors force photoionization to occur at quasi-linear nuclear geometries. This simplifies
the symmetry analysis of the process and we shall therefore perform our analysis in
the D∞h point group.
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Symmetry analysis of the Photoelectron Angular Distributions

Precluding a detailed analysis of the photoionization dynamics, requiring knowledge of
the scattering amplitudes and phases for all contributing photoelectron partial waves,
we present the following symmetry analysis of the evolution of the TRMFPADs as a
function of the excited electronic state. The symmetry of the outgoing photoelectron
distribution (Γe ) is dictated by the symmetries of the initial excited state (Γi ) and
final cation (Γf ) states, the symmetry of the ionization transition dipole (Γµ ) and
by the laser geometry via the standard requirement for an allowed transition28, 31 of
requiring the product of the components involved in the transition to contain the
totally symmetric representation of the point group, in this case D∞h :

Γe ⊗ Γf ⊗ Γµ̂ ⊗ Γi ⊃ Σ+
g

(6.1)

The PADs shown in Figure 5.9 from Chapter 5 correspond to ionization into the
vibrationless ground state of the CS+
2 (X) cation, which has its equilibrium geometry
at nearly the same nuclear coordinates as the neutral ground state CS2 (X). Because
the equilibrium geometry of the cation ground state is linear this final state samples
quasi-linear geometries and we therefore are justified to assume a linear geometry for
the symmetry analysis of the PADs. In the linear D∞h point group, the optically
bright state has Σ+
u symmetry and the cation ground state has Πg symmetry. Alignment of the CS2 ensemble restricts the ionization transition dipole to the parallel case
(Σ+
u ). Therefore, the only “variable” to allow the photoionization (which is always
allowed28 ) is the symmetry of the outgoing photoelectron wavefunction.
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Therefore, to ensure that photoionization is allowed, the symmetry of the photoelectron partial wave distribution is determined to be Γel = Πg . Such a photoelectron
angular distribution has, in the molecular frame, a nodal plane both along the molecular axis and in planes perpendicular to the molecular axis, therefore maximizing in
between. As shown in Figure 5.9 from Chapter 5 and now in Figure 6.1(a) of the
present chapter, this expectation is in good qualitative agreement with the MF PAD
observed at t=100 fs, where the TRMFPAD yield was maximum for θ = 45◦ and
135◦ . Noting that our experimental axis alignment was not perfect with the expectation value hcos2 θi = 0.74 for our excited state; we therefore expect a reduction but
not complete elimination of orientational averaging in our CS2 ensemble observable.
Therefore, the predicted nodal planes are expected to appear as distinct minima in
the molecular frame PADs instead of as true nodes. In Figure 6.1(a) of the present
chapter we depict this result with illustration of the TRMFPAD at ∆t = 100 fs beside
the π ∗ orbital with the highest contribution to the state initially populated by the
pump pulse.
At t=500 fs, corresponding to the minimum of the quantum beat (Figure 6.1(b)),
the angular distribution is qualitatively different, now peaking parallel to the MF
axis. The quantum beat phenomenon leads to signals which oscillate between the
sum and the difference between the two ionization transitions, with ∆t=500 fs corresponding to the difference. Therefore, the PAD at ∆t=500 fs reflects the difference
in electronic characters between the two-component scattering resonances, whereas
the PADs at ∆t=100 and ∆t=900 fs correspond the average electronic character of
the two scattering resonances. The difference in the electronic character is expected
to be represented by an increased amount of incorporation of the dark excited state
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(a) The TRMFPAD near the beginning of the first
period of quantum beat, at ∆t = 100 fs, and the π ∗
orbital which is predominant in the vertical excitation region that contributes largely to the photoelectron angular distribution.
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(b) The TRMFPAD at the midpoint of the
first period of the quantum beat, ∆t = 500
fs, and the σ ∗ orbital which mixes in different electronic state character to the evolving excited state. The mixing of π ∗ and σ ∗
character results in peaking of photoelectron
angular distribution yield along the aligned
ensemble of molecular axes (vertical).

(c) The TRMFPAD near the end of the first period of the quantum beat, at ∆t = 900 fs, and
the π ∗ orbital which is predominant in the vertical excitation region is once again expected to
contribute largely to the photoelectron angular
distribution.

Figure 6.1: The TRMFPADs (as depicted in Figure 5.9 from Chapter 5) shown beside
the orbitals which most significantly contribute to their evolving symmetry during the
coherent oscillation of the quantum beat. Pump and probe polarization vectors are
vertical.
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(B2 with bending to reduced C2v symmetry) component of Πg symmetry into the
electronic character of one of the two scattering resonances. By symmetry, we would
expect that if an excited state of Πg symmetry is ionized via a parallel transition
+
dipole, the allowed PADs must have Σ+
u and ∆u symmetry. Qualitatively, the Σu

partial waves are expected to peak along the molecular axis while the ∆u waves have
nodal planes along the molecular axis and in the plane perpendicular to it. We also
would expect that the higher angular momentum component of the allowed transition
would have reduced amplitudes in comparison to those of lower angular momenta.159
Therefore, we would expect the Σ+
u character to be dominant over ∆u . The PADs
observed at ∆t=500 fs, by peaking toward the molecular axis distribution, therefore
qualitatively agree with ionization from a state with Πg symmetry.
By ∆t=900 fs, corresponding to end of the first period of the quantum beat, we
expect a return to primarily linear geometry of the excited state wavepacket and
therefore the excited state character should once again be mostly described by Σ+
u
symmetry. We therefore expect a return of the TRMFPAD to approximately the
form seen near the beginning of the quantum beat oscillation (∆t=100 fs) and this is
indeed how the TRMFPAD appears.

6.2

Quantum Beat Perseverance in TRMFPADs
for all Energies

We now return to the energy dependence of the TRMFPADs, first considered by
examination of their changing anisotropy parameters in Figure 5.8 of Chapter 5.
In Figure 5.4 of Chapter 5, the TRPES was shown to become insensitive to the
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quantum beat at lower photoelectron energies; this loss of sensitivity is attributed
to averaging due to the higher density of vibrational states of the cation at higher
internal energies. This is shown graphically in Figure 6.2 where it is clear that the
quantum beat becomes obscured at progressively higher cation internal energies.
In contrast to the TRPES, the TRMFPAD data does not show declining sensitivity to the quantum beat for higher cation internal energies. The TRMFPADs are a
function of the excited state wavefunction, which evolves on the same timescale as the
vibrational motion but is independent of the vibrational final state of the cation. Additionally, although the yield of photoelectrons decays with time and is modulated by
the quantum beat, the shape of the TRMFPAD is insensitive to such changes due to
being normalizable. The TRMFPAD is therefore a qualitatively different observable
than the TRPES, and is capable of following the excited state evolution for all energy
regions of the photoelectron spectrum. The TRMFPADs for the same energy regions
just considered for the TRPES data in Figure 6.2 are shown in Figure 6.3. It is indeed
seen that the TRMFPADs show sensitivity to the quantum beat for the three energy
regions corresponding to relatively low, medium and high cation vibrational excitation. The evolution of the TRMFPADs is similar to those already considered from the
(0,0,0) cation state at all energies. The specific form of the TRMFPAD does change
somewhat for the three energy regions; as is expected since the ionization process
will favour detection of the excited state wavepacket at different nuclear geometries
(Condon points) for the different energy regions of the photoelectron spectrum.
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(a) TRPES for relatively low kinetic energy photoelectrons (0.070.13 eV).

(b) TRPES for medium-range kinetic energy photoelectrons (0.260.33 eV).

(c) TRPES for relatively high kinetic energy photoelectrons
(0.60-0.70 eV).

Figure 6.2: The time-resolved photoelectron spectra shown for three photoelectron
kinetic energy regions. The solid line through the data points is the biexponential fit
with beat component (red curve). The quantum beat component of the fit (dashed
blue curve) is also shown, multiplied by 5 for emphasis; it can be seen that the quantum beat becomes progressively obscured for lower photoelectron kinetic energies.
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(a) TRMFPADs for relatively low kinetic energy
photoelectrons (0.07-0.13 eV).

(b) TRMFPADs for medium-range kinetic energy
photoelectrons (0.26-0.33 eV).

(c) TRPES for relatively high kinetic energy photoelectrons (0.60-0.70 eV).

Figure 6.3: Time-resolved molecular frame photoelectron angular distributions shown
for three photoelectron kinetic energy regions. Unlike the TRPES, where sensitivity
to the quantum beat markedly diminished with increasing cation internal vibrational
energy, the TRMFPADs are sensitive to the quantum beat for the entire energy range.
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TRMFPADs can image purely valence electronic dynamics independently of vibrational
dynamics

6.3.1

Symmetry-based model of the TRMFPAD evolution

Our experimental data suggests that the TRMFPAD is capable of imaging the purely
valence electronic dynamics during excited state evolution for the non-adiabatic photodissociation reaction of carbon disulfide, independently of the vibrational dynamics
expected to occur simultaneously. We will now show that this conclusion is further
justified by a simple symmetry-based model developed in collaboration with colleague
Dr. Paul Hockett, also of our institute at NRC-Canada.115
We developed a general model for TRMFPADs, which emphasizes the relationship between the TRMFPADs and the excited-state non-adiabatic wavepacket. The
liberated electron, Ψe , is a scattering wavefunction expressed as an expansion with
amplitudes and phases in spherical scattering waves.34, 160 Although in principle TRPES data are sensitive to both electronic and vibrational components of Ψi (t) through
dependence on ionization matrix elements, d(t), the angle-averaging inherent to the
technique can obscure evolution to Ψe as in our CS2 experiment.
The time-dependent initial state Ψi (t) can be expanded in a basis of n timeindependent eigenstates of the system:

|Ψi (t)i =

X

Cn (t)|ψin i

(6.2)

n

where Cn (t) are complex coefficients describing the amplitude and phase of the
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wavepacket. Recalling that the TRMFPAD can be generally written as an expansion
in a spherical harmonics basis set YLM (θ, φ) with expansion coefficients or anisotropy
parameters βLM (t), the TRMFPAD observable, I(θ, φ, t), can be expressed in terms
of the time-independent ionization channels using the excited-state wavepacket expansion coefficients Cn (t) and “eigenstate” expansion coefficients βLM (n, n0 ) (as will
be shown in greater detail in the following appendix section which steps through the
model derivation):
I(θ, φ, t)

=

X

=

XX

βLM (t)YLM (θ, φ)

L,M

Cn (t)Cn∗0 (t)βLM (n, n0 )YLM (θ, φ)

(6.3)

L,M n,n0

It is therefore clear how I(θ, φ, t) (the TRMFPAD) which is a function of βL,M (t)
changes as a function of the evolving wavepacket defined by Cn (t). Furthermore,
βLM (t) is normalizable independent of experimental photoelectron yield and as such
the angular form of the TRMFPADs are independent of the wavepacket population
decay and vibrational Franck-Condon overlap factors which primarily determine the
TRPES observable.
The exact angular form of the TRMFPAD is a function of both the magnitudes
and phases of d(t); the calculation of these quantities is extremely difficult for polyatomics.161 To make progress, we pragmatically continue with a simple model to
enable understanding the key aspects of the TRMFPAD. We therefore adopt an empirical approach and apply symmetry analysis (for linear CS2 , point group D∞h )
to determine which photoionization channels are non-zero. The initially prepared
wavepacket has Σ+
u electronic character, which projects on ionization to the cation
ground state X(Πg ) and photoelectron wavefunctions with πg symmetry. At later
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times and peaking at the wavepacket half-periods, mixed electronic character (Σ+
u +
Πg ) develops which enables further photoelectron projection to σu+ and δu symmetries.
To theoretically model the TRMFPAD, all symmetry-allowed radial matrix elements
are set to be non-zero and normalized such that the ungerade continuum is 20% of
the magnitude of the gerade photoelectron continuum. This 20 % contribution is
somewhat arbitrary, but represents roughly the upper limit of the degree of mixing
of electronic character expected from our TDDFT results.
The resulting radial matrix elements are used to calculate βLM (n, n0 ) from which
the TRMFPADs can be determined, as the rest of βLM (n, n0 ) can be determined
analytically. The Cn (t) are set to model the time-evolution of the experimental
wavepacket, i.e. two quasi-bound vibrational states separated by approximately 34
wavenumbers. The coherent superposition of these levels corresponds to the excited
state wavepacket motion with quantum beat period of approximately 1 ps and is (experimentally) projected onto the photoelectron continuum by the probe laser pulse
at ∆t. We note here that the model does not incorporate modeling of the vibrational
dynamics of the excited state wavepacket.
We now come to the main result of our simple wavepacket model, calculated
TRMFPADs (Figure 6.4). The modeled TRMFPAD results incur a large change
in yield along the molecular axis, with smaller changes perpendicular to it. The
TRMFPADs show the expected coherent oscillation directly reflecting the evolving
electronic structure, in good agreement with the experimental data (Figure 6.3). At
the oscillation half-period (∆t = 500 fs), the TRMFPAD becomes peaked along the
molecular axis, signifying the appearance of Πg electronic character in the excitedstate wavepacket. Thus, the symmetry-based model herein developed conclusively
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(a)
The
wavepacket,
which is modeled
to consist of two
quasi-bound dissociating vibrational
states Ψi (t)
=
C1 (t)ψ1 + C2 (t)ψ2 ,
as prepared in experimental reality
by the pump laser
pulse. The probe
laser pulse projects
the time-evolving
wavepacket
onto
the
ionization
continuum at later
times (∆t); angleresolved detection
of the photoelectrons results in
TRMFPADs.
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(b) Calculated TRMFPADs which are parametrically based
on the symmetry-allowed photoelectron wavefunctions for
CS2 (C), using equation(6.3). The coordinate system for the
photoionization is also illustrated. To account for imperfect experimental alignment of the CS2 ensemble, the calculation convolutes the experimental molecular frame axis
distribution. These calculated TRMFPADs show the coherent oscillation, imaging the valence electronic character
of the excited state as the wavepacket evolves. Therefore,
the initial 1 Σ+
u electronic character is seen near the endpoints of the periodic oscillation, at ∆t = 100, 900 fs. Midway through the oscillation period, at ∆t = 500 fs, the
wavepacket has developed Πg electronic character which
leads to peaking of the TRMFPAD along the molecular
axis.

Figure 6.4: The calculated TRMFPADs from our wavepacket model of the CS2 Cstate evolution show good agreement with the experimental results of Figure 6.3.
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demonstrates that the evolution of valence-electronic character is projected onto the
TRMFPADs independently of the coupled vibrational dynamics, which do not appear
in the model.

6.4

Conclusion

Within the approximations thus considered, the PADs are determined by the symmetry of the orbital being ionized and the potential of the cation from which the
photoelectron departs. For the small amplitude nuclear motion guaranteed by energy
limitations from the choice of ionization to the vibrationless (0,0,0) CS2 cation, the
TRMFPADs evolution is mostly determined by reorganization of electronic structure due to coupling between electronic states. Therefore, the time-evolution of the
TRMFPAD has been confirmed by experiment to offer a powerful observational tool
to which compliments the already well-established TRPES method for following complex nonadiabatic dynamics of excited state reactions.
Furthermore, the exploration of the sensitivity of the MFPADs to the ionization
matrix elements via modelling presented here reinforces our previous conclusions.
Although we cannot achieve quantitative accuracy with our modeling due to the necessary approximations made in choosing the reduced set of matrix elements, we can
hope to reproduce the basic physics of the time-resolved PADs and gain insight into
the experimental data. In particular, emergent features in the TRPADs can be envisaged more generally as a phenomenological fingerprint of charge redistribution on the
molecular frame corresponding to the purely valence electronic dynamics; the changes
in intermediate state character are mapped directly to the PADs and are therefore
observable even if the full details of the ionization “filter” are not characterized.
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Therefore, the combination of our experimental and theoretical results demonstrates how the observation of TRMFPADs can reveal details of purely valenceelectron dynamics. Following further theoretical developments enabling ab initio
calculation of both excited-state wavepacket evolution and photoionization dynamics, in combination with rapidly developing experimental methodologies for molecular
alignment and orientation, it can be expected that unprecedented details of valenceelectronic dynamics during complex molecular processes will be revealed.

6.5

Appendix: Further Results and Derivation details of symmetry-based model

For completeness, we now consider the theoretical development of the symmetry based
TRMFPAD model, having already demonstrated the main result showing that the
TRMFPAD is capable of directly imaging purely valence electronic dynamics during
a non-adiabatic reaction. This model was originally derived by colleague Dr. Paul
Hockett.115

6.5.1

Ionization of the time-dependent initial state

In general, a time-dependent initial state Ψi (t) can be expanded as a wavepacket in
a set of basis functions of n time-independent eigenstates of the system:

|Ψi (t)i =

X

Cn (t)|ψin i

(6.4)

n

The Cn (t) are complex coefficients which account for the amplitude and phase
of the wavepacket. The ionization matrix element, d(t), which describes this initial
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state is:
X
→
−
→
−
d(t) = hΨ+ ; Ψe |µ̂ · E |Ψi i =
Cn (t)hΨ+ ; Ψe |µ̂ · E |ψin i

(6.5)

n

where we the final cation state wavefunction is Ψ+ and Ψe is the photoelectron
wavefunction. The photoelectron angular distribution, I(θ, φ), is the angle-resolved
photoelectron flux as measured experimentally. Theoretically, I(θ, φ) can be expressed as the coherent square of the ionization matrix elements. Alternatively, this
general form of the PAD can be written in terms of spherical harmonics weighted
by expansion coefficients (anisotropy parameters)34, 36 with both forms of expression
shown below:

I(θ, φ)

=
=

→
−
→
−
hΨ+ ; Ψe |µ̂ · E |Ψi ihΨi |µ̂ · E |Ψ+ ; Ψe i
L
2l
max X
X
βLM YLM (θ, φ)

(6.6)

L=0 M =−L

Summation over L and M results from the angular momentum coupling between
the partial wave components of Ψe , as will be further considered in the following
section. In the molecular frame, the maximum allowed value of L = 2lmax where lmax
is the highest angular momentum component of the photoelectron wavefunction. In
the laboratory frame, the maximum values in this expression are further restricted
by the averaged axis distribution.162
A further assumption is that for ionization of each eigenstate component of the
wavepacket ψin , the same final state of the cation (Ψ+ ) is populated as can be enforced
experimentally by selecting the final state via energetic constraints. The continuum
photoelectron wavefunction (Ψe ) is permitted to change. Each ψin has an associated
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set of ionization matrix elements and would yield a different PAD in an eigenstateresolved case. Expansion of Ψe in terms of the continuum wavefunctions ψen linked
to each ψin , and substitution into equations (6.5) and (6.6) yields:

I(θ, φ; t)

=

X

→
−
→
−
0
0
Cn (t)Cn∗0 (t)hΨ+ ; ψen |µ̂ · E |ψin ihψin |µ̂ · E |Ψ+ ; ψen i

n,n0

=

2l
max
X

L
X
X

Cn (t)Cn∗0 (t)βLM (n, n0 )YLM (θ, φ)

L=0 M =−L n,n0

=

2l
max
X

L
X

βLM (t)YLM (θ, φ)

(6.7)

L=0 M =−L

with the primed terms being summed coherently. Expressed as the contraction
of all the time-independent terms into “eigenstate” anisotropy parameters βLM (n, n0 )
yields this simplified form for the time evolution of the PAD:

βLM (t) =

X

Cn (t)Cn∗0 (t)βLM (n, n0 )

(6.8)

n,n0

Here the anisotropy parameters along the diagonal (βLM (n, n)) describe timeindependent PADs which would be expected in a single eigenstate-resolved case; the
more numerous off-diagonal terms (βLM (n, n0 )) account for interferences of continuum
wavefunctions which arise from the different initial, yet coherent, eigenstates describing Ψi (t), such as the case of our experimental two component quantum beat, which
is further physically motivated below by consideration of ionization of a two-level
system.
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Ionization of a two-level system, such as our experimental excited state

Now, consider a two-level system, analogous to our experimental excited state wavepacket
as described by equation (6.8).

βLM (t)

=

|C1 (t)|2 βLM (1, 1) + |C2 (t)|2 βLM (2, 2)

(6.9)

+ C1 (t)C2∗ (t)βLM (1, 2) + C2 (t)C1∗ (t)βLM (2, 1)
The wavepacket expansion coefficients can be described via standard time-dependent
Schrödinger equation solutions:

Cn (t) = An e−i(

En t
+φn )
~

(6.10)

where An is the real amplitude, En is the eigenstate energy, and φn is the phase.
Substitution of equation (6.10) into (6.9) clarifies contributions to the time dependence of the anisotropy parameters. Firstly, the PAD will receive time-independent
contributions from diagonal terms as exact cancellation of the time-dependent exponential term occurs:

A21 βLM (1, 1)

(6.11)

On the other hand, the off-diagonal time-dependent contributions arising from
the coherences in the intermediate state wavepacket will show time dependence. The
real (cosine) part will show oscillations in time, as an inverse function of the energy
separation, due to the non-cancelling eigenvalue energies of the individual states as
is seen by solving in terms of trigonometric form via Euler’s relation:
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(E1 − E2 )t
+ (φ1 − φ2 )]βLM (1, 2)
~
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(6.12)

The coherent terms here involve mixed continua (terms with ψe1 ψe2∗ in equation
(6.7)). Therefore, interferences between photoelectron wavefunctions are present in
the experimental PAD. This result is an extension of the l-wave interferences responsible for the structure of the individual eigenstate-resolved PADs (ψe1 ψe1∗ ) and is not
too different from odd/even-l interferences described from experiments probing ionization via coherent 1- and 2-photon pathways.163–165
Equation (6.9) can now be expressed in a simplified form, with the following additional substitutions ∆φ = φ1 − φ2 and

βLM (t)

=

2π
τ

=

E1 −E2
:
~

A21 βLM (1, 1) + A22 βLM (2, 2)
+ A1 A2 cos(

(6.13)

2πt
+ ∆φ)[βLM (1, 2) + βLM (2, 1)]
τ

Written in this form, it is clear that the TRPAD in general will oscillate between the sum and difference of the diagonal and off-diagonal contributions from the
anisotropy parameters during each cycle of oscillation in time.
Limiting Case 1: Time Independence of TRMFPAD shape if the excited
state character of each component is equivalent and constant
In the adiabatic limiting case where the two components of the oscillation occupy
degenerate electronic eigenstates during the oscillatory motion such that ψe1 = ψe2 ,
only the total photoelectron yield should vary with time as can be verified with
equation (6.13) by setting βLM (1, 1) = βLM (2, 2) = βLM (1, 2) = βLM (2, 1), with
the result:

CHAPTER 6. IMAGING PURELY VALENCE ELECTRONIC DYNAMICS

βLM (t) = [A21 + A22 + 2A1 A2 cos(

2πt
+ ∆φ)]βLM
τ
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(6.14)

While there is indeed time dependence for these βLM , the normalized value which
norm
shall be denoted βLM
=

βLM
β00

are time independent. This is because all anisotropy

parameters vary in time with the same overall phase, negating change to the shape of
the PAD. A schematic picture of this would be a time-dependent “breathing-mode”
of the PAD with alternating increasing and decreasing yield across the beat period,
with only the isotropic β00 showing time-dependence. The quantum beat of the
total photoelectron yield is maximized in this case, as can be illustrated by setting
A1 = A2 and ∆φ = 0; the result is that at the beginning of the oscillation, t0 ,
β00 (t) = 4A2 β00 and at the period half-cycle, t = τ2 , β00 = 0 with an expected full
loss of signal.
We now note the significance of this finding. For the case of a purely vibrational
two-component wavepacket, with no change to the electronic state as a function of the
nuclear coordinates during the cycle, we expect no change in shape of the TRMFPAD
as a function of the oscillation (beat) period, so long as the individual components
are linked to the same electronic continuum final state. Time dependence for this
case is not absent; but it would be observed exclusively as a modulation of the total
photoelectron yield.
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Limiting Case 2: Time-Dependence of the PAD shape if the excited state
character of each component is not equivalent and constant
A natural question arises then; what happens if the two components of the wavepacket
respectively change electronic character during the oscillation period? We have already extensively discussed our experimental results of such a case where the shape of
the TRMFPAD did change as a result of a two-component excited state wavepacket,
with each component changing electronic character in differing amounts during the
oscillation.
With the punchline already exposed, it should be unsurprising that the more general theoretical case for which ψe1 6= ψe2 , indeed allows for time-dependence of the
PAD shape when both components are projected to the same final state cation. In
this case, cross-terms of the anisotropy parameters in equation (6.13) contribute to
the time dependence and the TRMFPAD should change shape during the oscillation.
We expect this more general case when evolution of the electronic character of the
initial state occurs with different components of the wavepacket being associated with
different sets of ionization matrix elements. In this case, periodic changes to the shape
of the PAD are expected to occur with time due to the oscillating contributions from
the partial waves describing the TRPAD in the spherical harmonic basis. This result therefore justifies the interpretation of experimentally shape-varying TRMFPAD
being due to changes in the excited state electronic character for each of the two components. Finally, regarding the photoelectron yield, we note that absolute changes in
β00 (t) are suppressed at least somewhat by the loss of complete cancellation of the
time-independent and time-dependent terms.
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Explicitly Modeled Time-Dependent Photoelectron Angular Distributions

The explicit form of TRMFPAD and the related TRPAD from an aligned ensemble
system in terms of the anisotropy parameters βLM (t) may be given in terms of, for
the lack of a better phrase, rather large equations. Consideration of these forms in
detail would likely venture beyond the scope of the present discussion and as such the
interested reader is referred to sections 3.1 and 3.2 of the supporting online material
of our publication115 for further details. The point to be taken from the explicit
form of βLM (t) is that the expression for the TRMFPADs (true molecular frame and
aligned ensemble alike) is mostly analytically soluble, with terms accounting for the
polarization state of the ionizing radiation, the rotation of the polarization vector
into the molecular frame, blurring of the molecular frame in the alignment ensemble
case, the partial wave components of the photoelectron, complex coefficients Cn (t)
containing all the time dependence of βLM (t) as was the case earlier in this appendix
(e.g. equation (6.8)). Two components of these equations are not analytically soluble
and are taken as free parameters for exploration: (1) the radial components of the
dipole matrix elements, denoted rlλ (n) where the orbital angular momentum is l with
molecular frame projection λ and, (2) ηlλ which is the phase of the matrix element.

6.5.4

Expansion in zeroth-order basis Born-Oppenheimer States

The treatment of the intermediate state has been given above in terms of a generic
n-level system. For the study of molecular dynamics, we are interested in relevant
“zeroth-order” states from a simplified Hamiltonian H0 , chosen to give a physically
transparent description of the dynamics.28, 41, 166 A suitable basis set is provided by
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the Born-Oppenheimer (BO) states. These states are solutions to the H0 which is
derived from an adiabatic approximation to the full molecular Hamiltonian H.41, 166
This approximation allows the separation of the nuclear and electronic parts of the
wavefunction as is commonly done in chemical applications and therefore provides a
physically appealing framework. Adiabatic dynamics arise due to the dependence of
the electronic wavefunction on the nuclear coordinates, while nonadiabatic dynamics
are ascribed to the couplings between BO states due to the neglected terms in the
Hamiltonian.
A time-dependent state can be expanded using the complete BO basis of electronic
states ψα and vibrational states within each electronic state χνα , which are collectively
known as vibronic states:

|Ψ(t)i =

X

Cα,να (t)|ψα (r; R)i|χνα (R)i

(6.15)

α,να

where r are the electronic coordinates and R are the nuclear coordinates. This
is equivalent to equation (6.4) with the vibronic states used in place of the generic
eigenstate ψin , except for the subtlety that we now use an expansion in the zerothorder basis to approximate the true molecular eigenfunctions. However, as before, the
basis set expansion has time-independent states of the system and time-dependent
coefficients Cα,να (t) now indexed by vibronic component α, να .
Similarly, invoking the Born-Oppenheimer approximation for the ionic states yields:
P
|Ψ+ i =
α+,να+ Cα+,να+ (t)|ψα+ (r; R)i|χνα+ (R)i. The radial matrix elements can be
written in the BO basis:28, 115, 167

α ναi ,lλ

rlλ (αi , ναi ) = hχνα+ |hψα+ ; ψe i

|

X
s

rs Y1q |ψαi i|χναi i

(6.16)
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where the summation is over all electrons s. For simplicity but without the loss
of generality, we have assumed that |Ψ+ i is comprised of only a single vibronic state,
as was the case experimentally for projection to the vibrationless cation. Hence, as
previously, only the electronic and vibrational indices αi and ναi are required to index
the matrix elements and associate the continuum wavefunction with each component
of the intermediate state. If we apply the Franck-Condon approximation, that is we
assume that the electronic part of the wavefunction is invariant to nuclear coordinates
R, then the ionization matrix element can be factorized into electronic and vibrational
parts:

rlλ (αi , ναi )

=

hχνα+ |χναi ihψα+ ; ψeαi ,lλ |

=

rν (ναi )relλ (αi )

X

rs Y1q |ψαi i

s

(6.17)

With the Franck-Condon simplification the electronic (relλ ) and vibrational (rν )
parts of the ionization matrix element are separated, and the latter are known as
Franck-Condon factors. As before, we have assumed that only a single ion state Ψ+ ,
which is time-independent, is populated. Similarly, the scattering state, ψeαi ,lλ , populated by photoionization of each intermediate state component, ψαi , is assumed as
before to be time-independent. This assumption of a time-independent final state is
required for the attribution of all time-dependent behaviour to the initial wavepacket.
Equation (6.16) shows how, in the Born-Oppenheimer case, the vibrational wavefunctions are not linked to the form of the PAD as they do not couple to the photoelectron wavefunction, except indirectly through the R dependence of the initial
electronic character. Under the Franck-Condon approximation (equation (6.17)), the
electronic wavefunction is R independent, hence no evolution of the initial electronic
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wavefunction would be observed as a function of R and no time-dependence would
be observed in the PAD. Time-dependence of the PAD can therefore also be cast in
terms of the breakdown of the Franck-Condon approximation.
Equations (6.16 and 6.17) highlight the various assumptions that are made in
drawing these conclusions. These could be summarized as the requirement that the
final electronic state, |ψα+ ; ψeαi ,lλ i, does not show a strong nuclear coordinate dependence - hence the final state is invariant to the intermediate state geometry and will
not change as this geometry evolves. This assumption is expected to be good for small
amplitude vibrational motion, which will induce little change in the scattering potential experienced by the outgoing photoelectron as a function of nuclear coordinates,
but may break down in the case of large amplitude motions which significantly affect
the scattering potential. Similarly, in the case where close-lying electronic states in
the ion become mixed as a function of nuclear coordinate, i.e. there is a strong nuclear
coordinate dependence of the electronic state of the ion, the requirement that the ion
state is invariant may break down. In general such final state coordinate dependence
of the matrix elements would result in more complex ionization dynamics and ab
initio calculations, in which the matrix elements were evaluated at many different
nuclear geometries, would likely be required to provide even qualitative insight into
the time-resolved PADs. It is important to note that the assumption of coordinate
independence is applied here only to the final state, and therefore does not restrict
the behaviour of the intermediate state wavepacket.
The continuum state, ψeαi ,lλ , also has a dependence on the photoelectron momentum, ~k, hence the ionization matrix elements may change as a function of energy.
As was discussed earlier, the energy dependence of the photoelectron wavefunction is
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expected to be negligible over the energy span of the probe pulse,28, 167 and weak over
the range of kinetic energies accessed in our experiments (approximately 1 eV).168
These assumptions could be invalid in the presence of continuum resonances.168
Finally, we note that these assumptions are validated by our CS2 data, which as
has been demonstrated, showed only slight changes in the form of the MFPAD with
photoelectron kinetic energy and vibrational level. In general we expect time, energy
and angle-resolved photoelectron measurements to provide a sufficiently large dataset
to reveal any breakdown of these assumptions. Such data could show, for instance,
significant changes in the PADs with photoelectron energy which might indicate the
presence of continuum resonances; similarly, significant changes in the PAD with the
final vibrational level populated should also be evident from experimental data.

6.5.5

Symmetry-based Modelling and Sensitivity to Ionization Matrix Elements

We have already mentioned that the full equations for the determination of the
anisotropy parameters (βLM (t)) are analytic, except for the dynamical parameters
which are the: the radial integrals, rlλ , and phases ηlλ . The calculation of the timedependent MFPAD is therefore possible if the rlλ and ηlλ are known quantities. However, in general we do not know these integrals and very detailed experiments159, 169–173
or challenging numerical calculations161, 174–176 are required in order to determine these
parameters for polyatomic systems. The complexity is increased further for TRMFPADs because the wavepacket motion must also be taken into account, rendering
full ab initio treatments extremely difficult, such state-of-the-art calculations are in
development but remain a formidable challenge.161 We can, more generally, make
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symmetry arguments regarding which continuum components are allowed by evaluating the direct product:28, 41, 177

Γf ⊗ Γe ⊗ Γµ̂ ⊗ Γi ⊃ Γs

(6.18)

Here the requirement is that the direct product of the final ion state, continuum
electron, transition dipole and initial state contains the totally symmetric representation of the point group. Because the exact form of the MFPAD depends on the
radial integrals, the application of symmetry arguments will not provide quantitatively correct results. As discussed earlier, the limits placed by the allowed symmetry
components provides semi-quantitative insight into the form of the MFPAD (such as
the presence of nodal planes) and information on the time-evolution.
The restriction of the dynamical parameters to just a few terms means that the
response of the MFPAD to these parameters can be explored. In favourable cases,
where there are only a few partial wave components and/or extensive experimental
data, it may be possible to determine the dynamical parameters by fitting to the
experimental data, either using a limiting case approach136 or via full characterization of the photoionization dynamics;170, 178 alternatively, analysis of the calculated
MFPAD response to a selected dynamical parameter can be carried out to provide
insight into the experimental data.

Sensitivity of βLM (t) to the phase ηdπ
In Figure 6.5(a) is shown an example of the sensitivity of the βLM (t) to the phase ηdπ
for our model of the CS2 excited state. The specific dynamical parameters used in
these calculations are shown in the table below (Tables 6.1, 6.2). In this case all other
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phases are set to zero and, as was discussed earlier, the magnitudes are normalized
such that the 1 Πg : 1 Σ+
u mixing is 20%, which although is arbitrary we nevertheless
believe is comparable to the order of the mixing which occurs experimentally. The
intermediate state wavepacket is set with A1 = A2 = 1 and ∆φ = 0. The test
phase is varied only for the set of matrix elements pertaining to ionization from the
mixed state.
Two important results can be seen in Figure 6.5(a): firstly, the time evolution of
the βLM (t) is asymmetric - that is, there is no mirror symmetry about t =

τ
,
2

except

when all components are in phase (if ηdπ is 0); secondly, the phase and modulation
depth of the total cross-section (proportional to β00 (t)) is affected significantly by
the change in the phase. Both of these results can be understood in terms of the
interference between the pure and mixed continuum components, which is affected
by the relative phases of the partial wave components in each case.
Considering first the case where all ηlλ = 0, we see evolution in the βLM (t) which
is sharply peaked around t = 500 fs and shows only small changes in the magnitudes
of the βLM (t); hence only small changes in the shape of the MFPAD as a function of
time. Because all ηlλ = 0 in this case, the only phase terms arise from the Cn (t) and
the emergent behaviour is close to that of the limiting case considered earlier where
there was no time-dependence to the shape of the MFPAD. The time-evolution is
also symmetric about t =

τ
;
2

this can be traced back to the cross-terms in equation

(6.9) which are equal in this case, i.e. C1 (t)C2∗ (t)βLM (1, 2) = C2 (t)C1∗ (t)βLM (2, 1).
Finally, β00 (t) is in-phase with higher order βLM terms, and takes values between 0 and
1, showing complete constructive interference and t = 0 and complete destructive
interference at the half-period t =

τ
.
2
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Table 6.1: Radial matrix elements used for the model CS2 calculations: dynamical
parameters used for the “Pure 1 Σ+
u ” calculations shown in Figure 6.5.
l λ
1 0
2 1
3 0
3 2
4 1

rlλ
0
√
2
2

0
0
√

2
2

ηlλ
0
0
0
0
0

Table 6.2: Radial matrix elements used for the model CS2 calculations: dynamical
1
parameters used for the “Mixed 1 Σ+
u + Πg ” calculations shown in Figure 6.5.
l λ
rlλ
ηlλ
1 0 0.169
0
2 1 0.676 0 ≤ ηdπ ≤
3 0 0.169
0
3 2 0.169
0
4 1 0.676
0

π
2

The changes in the βLM (t) as a function of ηdπ gives insight into how sensitive
the parameters are to the partial wave phases. As ηdπ is increased, the interference
between the pure and mixed continua also increases; the form of the βLM (t) progressively becomes more complex and asymmetric in time as the cross-terms in equation
(6.9) are no longer equal; the magnitude of the βLM (t) at a given time also changes.
This obervation highlights the sensitivity of the exact form of the MFPAD to the
ionization matrix elements, but also shows how asymmetric time evolution is an indication of different continuum phases. The asymmetry is weakly apparent in the
movement of the maxima in the β20 (t) trace and minimum in the β60 (t) trace away
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Table 6.3: Radial matrix elements used for the model CS2 calculations: dynamical
parameters used for the “Pure 1 Σ+
u ” calculations shown in Figures 6.4 and 6.6.
l λ
1 0
2 1
3 0
3 2
4 1

rlλ
0
√
2
2

0
0
√

2
2

ηlλ
0
0
0
0
π
4

Table 6.4: Radial matrix elements used for the model CS2 calculations: dynamical
1
parameters used for the “Mixed 1 Σ+
u + Πg ” calculations shown in Figures 6.4 and
6.6.
l λ
rlλ
ηlλ
1 0 0.169 π4
2 1 0.676 0
3 0 0.169 π4
3 2 0.169 π4
4 1 0.676 0

from t =

τ
,
2

while the β40 (t) trace shows a very significant change in line-shape.

The β00 (t) line-shape is also affected as the modulation depth of the quantum beat is
decreased and the phase is shifted. This is again due to the difference in cross-terms,
which now do not give complete destructive interference in the integrated cross-section
and also shift the apparent phase due to their asymmetric time evolution.
These emergent features provide a signature of the complex interferences which
are manifested in the time-dependent MFPAD. Furthermore, they highlight the general features which this model predicts should be apparent in the experimental data.
Now considering the experimental anisotropy parameters for the three photoelectron
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energy regions which have been under consideration already (Figure 6.5(b)) shows
experimental data which can be compared to the predicted βLM (t) plots. For the
three energy slices considered, it is clear that experimental βLM (t) indeed show somewhat asymmetric time-evolution. The line shape and peak in the β20 (t) traces change
between the three plots, the peak in β20 (t) and β40 (t) are offset for the two lower
energy slices, and β40 (t) shows significant asymmetry at the highest energy slice. The
differences between the traces correlated with different energy slices shows that the
ionization matrix elements are not constant over the dataset and it is likely that there
are small changes in some of the phases ηlλ over the energy range considered. This
conclusion is also apparent from the TRMFPAD data shown in Figure 6.3, which
shows subtle changes in the MFPADs as a function of energy. However, because this
energy dependence is weak, these changes do not affect the qualitative interpretation
of the PADs, nor their utility as a probe of the electronic part of the wavefunction.
We now consider the other set of dynamical parameters (Tables 6.3, 6.4) used to
generate the MFPADs shown in Figures 6.4 and 6.6. These values are normalized as
above, with 20% mixing of the electronic character of 1 Πg and 1 Σ+
u . Additionally, the
phases are set such that the phase of the ungerade continuum functions is π4 , while the
gerade continuum functions are permitted to vary between that of the pure and mixed
states. Although the choice of phases was initially arbitrary, they were subsequently
“fine-tuned” to produce PADs similar to those observed experimentally, thus providing corroboration of our simple model with the experimental data and indicating that
there is indeed a phase shift between the gerade and ungerade continua.
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Model Prediction of Full Molecular Frame TRPADs
versus aligned ensemble TRPADs

To obtain the results of Figure 6.4 we convoluted the molecular frame “full” TRMFPADs (Figure 6.6, coloured 3D surfaces) with the experimental aligned axis distribution. The φ-invariant cylindrically symmetric surfaces of Figure 6.4 are thus represented as the 2D green traces in Figure 6.6. The 3D TRMFPADs, as determined
by calculation with equation (6.3), show a pronounced time-evolution during the first
period of the wavepacket evolution from ∆t = 100 fs to 900 fs. The cylindrically symmetric aligned frame result is not as explicit at revealing this change, but nevertheless
does preserve the main feature of the time evolution as the peaking of intensity along
the molecular axis direction (vertical).
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(a) The calculated response of βLM (t) to changes in ηlλ = ηdπ .

(b) the experimental βLM (t)
from the aligned CS2 ensemble as
presented in the previous chapter, for energy ranges 0.07-0.13
eV, 0.26-0.33 eV and 0.6-0.7 eV.

Figure 6.5: Illustration of the sensitivity of anisotropy parameters βLM (t) to ionization
matrix elements. Note that terms expressed in β00 are only shown in (a), and terms
expressed in β80 are shown only in (b).
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Figure 6.6: The molecular frame time-resolved photoelectron angular distributions
obtained by our symmetry-based model are shown as the coloured three-dimensional
surfaces shown as a function of ∆t. To compare with the cylindrically symmetric and
imperfectly aligned experimental molecular frame result, we convoluted the molecular
frame with the calculated lab frame aligned axis distribution; this is the result shown
as green traces and as the φ-invariant surfaces of Figure 6.4.

Chapter 7
Scattered Light Reduction Designs
for Coincidence Experiments
7.1

Scattered Light and the CIS Chamber: Analysis with ASAP of Improved Baffles for Scattered Light Rejection.

7.1.1

CIS experiments require energetic UV-photons

The Coincidence Imaging Spectrometer (CIS) is designed to detect electron and ion
products from fs-laser-induced molecular dissociation (via pump laser) followed by
ionization (via probe laser). To avoid perturbative effects on the molecule by the
laser field we generally work with weak laser fields and ideally pump and probe with
only one photon each, which simplifies interpretation of the TRPES and TRPAD
data.
177
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A consequence of this is that our pump and probe photon wavelengths are generally in the ultraviolet spectrum. Indeed, very often one of our wavelengths is the 4th
harmonic of an amplified Ti:Sa beam which is approximately 200 nm and quite close
to the blue-cutoff for propagation in air.
To achieve dissociation and ionization for small molecules with only two photons
we must use very short wavelengths. The sum of energy required is usually on the
order of 10 eV to achieve dissociation and ionization and we need even more for imparting kinetic energy to the departing electron and to observe the reaction for a
range of geometries. Let’s consider a typical reaction we might study for a molecule
where we pump a non-bonding electron from the electronic ground state to a predissociative excited state and probe to a stable cation (as is the case in our CS2
experiment where we pumped with 200 nm to the excited C-state and probed 267
nm to achieve ionization):

pump,200nm

probe,267nm

−
CS2 (X) −−−−−−−→ CS∗2 (C) −−−−−−−→ CS+
2 (X) + e

(7.1)

The wavepacket dynamics we induce with our pump pulse will generally propagate
to lower-energy regions of the PES toward bond lengthening (dissociation). However,
to observe this process we need to ionize to generate an electron (with kinetic energy)
by ionizing to the stable CS+
2 (X) state which, in analogy to the CS2 (X) state, rises
in energy as the bonds lengthen toward dissociation. Thus, as we show in Chapter
4 dealing with our CS2 TRPAD experiment, to actually ionize and thus observe the
molecular dissociation via our probe photon, our ionization “window of observation”
for the reaction will require significantly more energy than that of simply inducing
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dissociation and ionization for the molecule; if we have too little photon energy available, only reactive events very near the CS+
2 (X) minimum energy geometry may be
detected, severely limiting observation of the dynamics of the excited state.
Therefore, we will tend to need quite energetic photons to achieve our experimental goals. For example, the conveniently generated 4th- and 3rd-Ti:Sa-harmonics
(200 nm and 267 nm), with a combined photon energy of 6.20 + 4.65 = 10.85 eV was
barely sufficient for our CS2 experiment for which the CS2 (X) → CS+
2 (X) ionization
potential is approximately 10 eV.

7.1.2

Scattered Light and the Spectrometer Work Function
Problem

As we just showed, we generally need very energetic UV-photons for our CIS experiments. As our machine is designed to detect electrons with extreme background noise
requirements for coincidence experiments a natural problem arises. At least one of
our photon wavelengths will be above the work function of components inside the
spectrometer, which is largely gold-plated to keep the work function as high as possible (Au work function is just over 5 eV). Thus, any scattered UV-light which interacts
with surfaces of our machine has the possibility to create a very serious background of
electrons via the photoelectric effect. Coincidence experiments require very low count
rates, far less than one ionization event per laser pulse. The rejection rate required
for stray light is therefore very high. For example, a modest 10 nJ/pulse pulse of 200
nm light contains approximately 1013 photons per pulse; additionally, the repetition
rate of our laser system is 1 kHz and so for this example there are, per second, 1016
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photons incipient at the CIS chamber. For coincidence experiments, we can only tolerate a background rate on the order of 10 Hz. Therefore, we would only be able to
tolerate a scattered light background on the order of 1 event in 1015 total photons for
this example. This example gives an idea of how stringent the scattered light rejection
requirements are for coincidence imaging spectroscopy experiments with UV pulses.
In recognition of this problem our CIS machine has since early testing had lighttrapping baffles along the laser propagation axis to help trap scattered UV-light and
prevent it from entering our spectrometer. While these “first generation” baffles attenuated scattered light signal greatly, a large background of electrons caused by
scattered light remained (Figure 7.1). We therefore became interested in designing
the best set of baffles possible given the constraints that it must be added to an
already existing machine.

7.1.3

The First Generation Baffles in the CIS Chamber

The first generation of baffles for the CIS chamber consist of an input and output
system of arms bolted to the main machine chamber with (i) conical baffles made of
aluminum separated by (ii) aluminum threaded tubes of approximately 1 inch outer
diameter positioned along the laser axis of the machine (Figure 7.2). The conical
baffles are pointed away from the spectrometer with the goal of directing any nearlaser axis stray light toward the tube walls. The edges of the cones are “knife-edges”
which are as sharp as possible to minimize specular reflection from the edge toward the
spectrometer. All surfaces of the baffle cones and interspersed tubes are spray-coated
with Aerodag-G, which upon drying leaves a graphite surface. To help illustrate the
geometries we include larger images of the input and output baffle arms and the
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Figure 7.1: Scattered Light in the CIS chamber for 200 nm with the first-generation
baffles. Approximately 10 Hz of scattered light-generated background electron counts
are detected per µW of 200 nm light in the laser beam; this translates to approximately 1 background electron for every 1011 photons incipient at the chamber. Although by some measures this may be a reasonable background rejection rate, for
some coincidence experiments a further decrease in background by 3-4 orders of magnitude could be required.

spectrometer in Figures 7.3 to 7.5.

7.1.4

Suspected Problems and proposed solutions for the
First Generation Baffles

The following problems and possible improvements were considered for the next generation of baffles for the CIS chamber:
1. The small gaps (0.8 cm) through the spectrometer are a possible serious constraint. These gaps are small by design to promote homogeneous electric field
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Figure 7.2: Cross-section along the laser axis schematic of CIS Chamber with first
generation of scattered light suppression baffles
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(a) The input baffle arm

(b) Close-up view of the final baffle tube unit before the spectrometer entrance. The conical
baffle sharp knife edges and threading in the tubes are apparent.

Figure 7.3: Cross-section schematics of the First Generation Input Baffle Arm.
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(a) The output baffle arm. The output window is oriented 45° to the laser axis to help steer
reflections to a Wood’s Horn Beam Dump (location labeled, but not shown in schematic)

(b) Close-up view of the first baffle tube unit after the spectrometer exit. A non-conical baffle
spacer unit is present closest to the spectrometer. Also, the exit side of the spectrometer’s
tight constraint (0.8 cm gap) is labeled; there is an analogous “problematic” tight gap at
the entrance side.

Figure 7.4: Cross-section schematics of the First Generation Output Baffle Arm.
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(a) The protruding rings from the grid mounts closest to the laser axis create
tight constraints with gaps of only 0.8 cm toward the entrance and exit of the
spectrometer (The rings are roughly 10 cm across)

(b) A picture of the spectrometer stack

Figure 7.5: Cross-section schematic of spectrometer near the laser axis and picture
from before machine assembly
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lines within the spectrometer which help increase the resolution of the CIS instrument and were designed before the magnitude of the scattered light problem
became apparent. As widening the gap to allow more near-axial laser scatter
through the machine would involve rebuilding the spectrometer, it was pragmatically decided that the spectrometer geometry would be a constraint to be
worked around. It will be a challenge to prevent direct lines-of-sight for stray
photons to enter the spectrometer with such small gaps near the entrance and
exit of the spectrometer stack.
2. The baffle system tubes are only about 1 inch in diameter. Widening these
tubes should help trap scattered light once it enters the tube sections.
3. Increasing the number of baffles and tube sections in each baffle system arm
may help by adding complexity to the photon “maze” in each baffle arm.
4. The baffles and tubes are coated with the fairly shiny Aerodag-G spray-on
graphite. Coating the surfaces with a higher-absorbing material would be desirable.
5. The conical baffles allow a wide angle of entry for scattered-light to propagate
from tube section to section. It was realized that two such baffles stacked
together would greatly reduce the angle of acceptance through the tube sections
(Figure 7.6). Backscatter from the baffle unit is greatly reduced as well (Figure
7.7). Adding a third constraining aperture “within” the stacked baffle, such a
baffle unit is coined “a tribaffle”.
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(a)

(b)

Figure 7.6: Compared to a double (or triple) baffle unit (b), a single conical baffle
(a) allows a much wider acceptance angle of scattered light from one tube section to
the next.
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(a)

(b)

Figure 7.7: Compared to a single conical baffle unit (a), a double (or triple) baffle unit (b) directs “backscatter” toward the tube walls instead of back toward the
spectrometer.
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Modeling of Scattered Light in the CIS Chamber with
ASAP

The ray-tracing Advanced Systems Analysis Program (ASAP)179 was used to test
our ideas for improving the first generation baffle arms of the CIS chamber. ASAP
spawns photon trajectories in accordance to definitions input from the user regarding
location of origin of rays, probability of reflectance from surfaces, specular reflection or
reflection in accordance to a distribution as a function of incident angle, among other
options. Simulations are Monte Carlo computational experiments. A fairly extensive
scattered light literature was found to be not very helpful to the CIS machine’s
specific needs. No literature examples were found modeling our machine’s dual specific
requirements of: (1) allowing the passage of a high-intensity laser beam without
clipping it (thereby increasing scatter), and, (2) trapping all scattered photons.

7.1.6

ASAP Model of the CIS chamber

Fairly simple parameters were used in the construction of the ASAP model of the
CIS chamber (Figure 7.8).
Figure 7.8: ASAP Model of the CIS chamber with first generation baffles. The critical
final baffle of the input arm (closest to the spectrometer) had an aperture of 3.2 mm
which allows direct lines-of-sight for rays from the emitter at the input window to the
inside of the spectrometer.
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All rays were emitted from a small disc (4.4 mm diameter) at the front window,
to simulate scatter from the window which was assumed to contribute most of the
scattered photons to be trapped. Rays were emitted isotropically toward the spectrometer within the boundary of a varying sized cone along the laser axis. The baffle
cones and tube sections, which in reality are coated in Aerodag-G graphite, were set
to 10 % reflectance with any reflectance set to be specular. Both surfaces of the
entrance window were set to be 95 % transmissive and 5 % specularly reflective. All
components within the spectrometer were set to reflectance of 0 % to capture any
photons (for counting); the spectrometer design included the tight-constraint rings
and the rest of the spectrometer as separately countable objects. Any rays which
traveled along the laser axis to the exit of the machine were trapped and counted at
a 0 % reflective disc. The output of a sample run with all rays emitted isotropically
within 1° of the laser axis is shown in Figure 7.9.
Figure 7.9: Sample ASAP Model run of the CIS chamber with first generation baffles.
All rays were emitted from the entrance window within 1° of the laser axis.

7.1.7

Results of ASAP tests on CIS chamber

A ray-tracing program such as ASAP is typically used to optimize the design of
optical devices such as light bulb reflectors where increasing efficiency on the order
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of a percent can pay significant dividends.
Our scattered light problem is a bit different in this respect; we are concerned
with preventing a handful of photons out of, say 1012 , from reaching certain places
in our machine. Statistics therefore become a bit of a problem: we could only run
approximately 106 ray trajectories per 20 minutes of computer time on an ordinary
PC.
Therefore, ASAP could only be used as a semi-quantitative tool for studying our
stray-light problem. Nevertheless, we were able to deduce some rules of thumb for
how our first generation CIS baffles could be improved. We found the following
approximate trends by varying the first-generation baffle arm geometries:
1. Tube width increase: Increasing the width of the tubes between the baffles
by a factor of two decreased the amount of scattered light at the spectrometer
by greater than a factor of two.
2. Input Baffle arm length increase: Increasing the length of the input baffle
arm by adding further baffle and tube units (thereby also moving the stray light
emitter further away) decreased the amount of scattered light at the spectrometer by up to 1-2 orders of magnitude per section.
3. Replacing simple conical baffles with “tribaffles”: This simple change
decreased the amount of scattered light at the spectrometer by 1 order of magnitude (Figure 7.10). This may be especially effective at the critical final baffle
unit on the input arm (nearest to spectrometer) because direct lines-of-sight
from the front window to the spectrometer are present with the single conical
baffle but may be eliminated with use of a tribaffle.
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We were unable to get many hits at the spectrometer by increasing the absorbance of
the baffles and tubes beyond the tested setting (for “Aerodag-G” optimistically/arbitrarily
set to 90 % absorbing). The low number of hits obtained for these runs indicates that
the performance of the baffle system increases significantly with modest increase in
black coating absorbance.
Dulling the knife edges slightly (10 µm diameter rounded edge) on the baffles
via Bézier curve interpolation did not increase the amount of scattered light inside
the spectrometer, but as noted earlier, we were limited to approximately 106 rays per
simulation which is a few orders of magnitude less than would be required to simulate
the actual amount of scattered light present.
Figure 7.10: ASAP Model of the CIS chamber with modified first generation baffle
arms, with the only difference being that all conical baffles (and flat inserts) are
replaced with “tribaffles”. This increased the performance of the baffle system by
roughly an order of magnitude.

7.1.8

Redesign of CIS Chamber with ASAP

A redesign of the input and output arms of the CIS baffles was done based on the
what was learned from ASAP simulations on the first generation baffles. The result
of this redesign is shown in Figure 7.11.

CHAPTER 7. EFFORT TO REDUCE SCATTERED LIGHT

193

(a) The improved baffle arms

(b) Sample ASAP Model run of the CIS chamber with improved baffles. All rays were
emitted from the entrance window within 1° of the laser axis. The final baffle on the input
arm is seen to be in a “shooting gallery” as evinced by numerous rays scattering out of the
arm. This baffle’s knife edge quality will be critical to the ultimate performance of our baffle
system. If it is too round, near-laser-axis rays may scatter directly into our spectrometer.

Figure 7.11: An improved set of baffles incorporating lessons learned from ASAP
simulation. The tubes are wider, longer, with more tube sections and with deep lighttrapping teeth present; also, the single-conical baffles are replaced with tribaffles. The
critical final input arm tribaffle (diameter 2.3 mm for all three apertures) prevents
direct lines-of-sight from the input window emitter to the spectrometer.

7.1.9

Comparison of the Performance of the First Generation
Baffles and Improved Baffles with ASAP

The improved baffle design (as shown in Figure 7.11) offers a significant improvement
in stray-light rejection as exemplified by the four ASAP experiments described below:
Performance of the first generation baffles (as shown in Figure 7.8):
1. Rays emitted at entrance window: 1.5 million ray ASAP experiment on
the first generation baffles resulted in 4 hits on the front side of the µ-metal
shield surrounding the spectrometer stack and approximately 1300 hits inside
the spectrometer. The origin of the rays which hit the inside of the spectrometer
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are directly from the emitter, reflected from the input window, and from the
final input arm baffle and tube section toward the spectrometer.
2. Rays emitted at exit window: 1.0 million ray ASAP experiment results in
approximately 100 hits on the µ-metal shield and approximately 200 hits inside
the spectrometer. The origin of the hits is directly from the emitter, reflected
from the input window, reflected from the “blank baffles”, and from the exit
arm baffle closest to the spectrometer.
Performance of the ASAP-optimized baffles (as shown in Figure 7.11):
1. Rays emitted at the entrance window: 3.0 million ray ASAP experiment
with no stray photon hits on the µ-metal shield or inside the spectrometer.
2. Rays emitted at the exit window: 3.0 million ray ASAP experiment results
in approximately 1000 hits on the input-arm side of the µ-metal shield and
11 hits inside the spectrometer. All hits reflect from the closest baffle to the
spectrometer on the input arm of the baffles, due to that baffle being of much
smaller aperture diameter than those on the exit arm of the baffles (to prevent
direct lines of sight from the input window to the spectrometer).
Clearly the performance of the ASAP-optimized baffles is much better at preventing stray light from entering the spectrometer. We were not concerned with the
apparently still high rate of hits in the spectrometer predicted by ASAP for backward
propagating stray light (i.e. toward the spectrometer from the exit window). Experience with the first generation of baffles in the lab (via timing of background signal)
had shown that nearly all of the stray light-generated background electrons detected
in the CIS chamber originate from forward-propagating scatter entering the input
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window. The scattered light problem is therefore essentially an input side of the CIS
machine problem, as the exit window distance from the spectrometer, wider baffle
aperture openings, window orientation angle, etc., all dramatically reduce backward
propagating scattered light.

7.2

An Incredible Black Surface: Dendritic Cupric
Oxide (δ-CuO)

7.2.1

Introduction

Having considered the CIS scattered light problem we now turn our attention to a
most important point: How can we maximize the blackness of our baffle surfaces? Our
baffles are designed to require several reflections for any stray photons to exit toward
the spectrometer. Therefore, the absorbance of our baffle surfaces has a non-linear
effect on stray photon rejection capabilities and in a simplistic model is proportional
to the absorbance to the power of the average number of reflections required to exit
the baffle system. We were therefore keen to use the blackest surfaces possible for our
baffle system.
Our previous baffles had been spray-coated with Aerodag-G180 which results in a
graphite surface with a smooth and shiny texture. There is some precedent as this
approach has been used elsewhere181 but it suffers from being far more reflective than
some other blackening approaches as we will now discuss.
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The General Characteristics of Extremely Black Surfaces

Typical black substances encountered in daily life absorb at best 90-95 % of incident
light and reflect the remainder mainly along specular reflection axes.182 To gain
an order of magnitude and achieve extremely black surfaces on the order of 99 %
absorbance is less of a consideration of which material to use than how to prepare an
appropriate surface texture.183
The surfaces of all extremely black objects are, on the micron scale, a photon
maze.184 The additional absorbance of these surfaces over their native materials is
caused by an on average greater than one reflection required for any photon to escape.
The ideal surface would resemble a micron-scale array of interconnected Wood’s horns
as is illustrated in Figure 7.12.
The appearance is velvety due to the fact that what little light reflects has been
scrambled by multiple reflections; there is consequently very little specular reflection.
As there is no analogue in nature, such surfaces appear unnaturally dark to the casual
observer. In our experience these surfaces incite a feeling of aesthetic pleasure for a
large fraction of observers and may have some significant value for artistic as well as
obvious technical applications.

7.2.3

The General Approach to Creating Extremely Black
Surfaces

While we do not have the ability to precisely engineer surfaces to such specifications,
it is possible to build sophisticated micron-scale structures, known as dendrites, on
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Figure 7.12: Schematic of scattered light photon trajectories (blue lines) at a dendritic
metal oxide surface (black). Some possible multi-reflection trajectories with ultimate
absorption (red circles) are indicated. A surface with an optimized dendritic texture
can, through multiple reflections during a single surface interaction, absorb greater
than one order of magnitude more light than it would otherwise.

surfaces through the control of surface reactions involving crystal growth. It is wellknown from elementary chemistry that the morphology (not chemical composition) of
products of many reactions vary considerably depending on bulk reaction condition
properties such as temperature, reactant concentrations, reaction time and medium
viscosity.185
This is the key idea to the creation of black surfaces. A surface reaction involving
a black product is explored as a function of reaction conditions with the hope that
an absorption maximum can be found due to optimized micron-scale texture.
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Metal Oxides are the Typical Base Material for Black
Surfaces

Anodization, which builds up a thick oxide layer on a metallic anode, is a well-known
approach which can be used to impart black surfaces on a variety of metals. This is
because such metal oxides are semi-conductors which absorb in the UV-Vis spectrum.
Oxidation of metal surfaces, via anodization or chemical means, is thus the primary
approach to creating extremely dark surfaces186 with the non-standard aspect and
challenge being how to optimize the texture of the surface to create a maze for incipient photons.
A recent alternative approach involves the attachment of nanotube “forests” to
surfaces182 and this method has achieved the darkest surfaces yet measured at approximately 99.95 % absorbance. This method is something of a proof of concept,
however, and is as yet impractical for large surfaces in contrast to the simpler and in
principle cost-effective metal oxide approaches.

7.2.5

Our Requirements for any Potential Black Surface

Our Coincidence Imaging Spectrometer operates at ultra-high vacuum conditions
(10−9 Torr) and as such we have several special requirements for any materials that
permanently enter our chamber. We need our surfaces to be:
1. as black as possible because the surface reflectivity has a power-law effect (with
the power being the number of reflections on average to leave the baffle system
and enter the spectrometer as a background hit) on the performance of the
baffles.
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2. stable at bake-out temperatures (100 ),
3. non-outgassing and thereby avoid spoiling our background chamber pressure,
and
4. to be chemically stable and thus be able to withstand the presence of molecules
we choose to study with our apparatus.

7.2.6

What Kind of Extremely Black Surfaces are Commercially Available?

We note that extremely black surfaces have been applied fairly extensively for telescope applications187 but are unknown to particle physics experiments of the kind
considered as the core of this thesis.
There are several types of special black surfaces commercially available. As these
surfaces are proprietary, we do not know complete information about them. We
consider some of the available products in alphabetical order along with known properties:
1. Acktar’s Magic Black:188 Vacuum deposition of an inorganic substance. Hemispherical absorbance is approximately 98.6 % at 200 nm.
2. Avian-DS Black:189 Oxidation of Aluminum. Hemispherical absorbance is 99.1
% at 250 nm.
3. Ebonol C:187, 190 Oxidation of Copper. The classic method, it was discovered in
the 1950s and is still proprietary.
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4. Epner Technology Inc. Laser Black:191 Oxidation of Copper. Hemispherical
absorbance is approximately 99.3 % at 250 nm and 98.8 % at 200 nm.
5. Martin Black:192 Oxidation of metal? This method is only available to certain
US-based government organizations through Lockheed-Martin. Hemispherical
absorbance is approximately 99 % from 8000-12000 nm.
6. NPL Super Black:193 Etch of Nickel-Phosphorus alloy. Hemispherical absorbance
is 99.6 % at 633 nm.
7. N-Science Deep Space Black:194 Anodization (of Aluminum?). Hemispherical
absorbance is 99.63 % between 400-700 nm.
At the beginning of our CIS baffles project we shopped around for a commercial
supplier of black surfaces. It turns out these surfaces tend to be rather expensive
and we could not afford a commercial solution to our problem. This situation has
been noted elsewhere.195 It was realized that the basic mechanism of blackening must
be simple oxidation with control of the reaction rate to promote a suitable surface
texture. Before resorting to our unsuitable default surface application Aerodag-G we
decided to consult the literature more thoroughly.

7.2.7

The Blackening Literature

It turns out there is an extensive, if obscure and inactive, literature on the subject
of dendritic black oxide surfaces. This literature developed as a response to global
the energy crisis of the 1970s;196 the goal was to find surfaces which absorb sunlight
extremely well but, unlike typical blackbodies, have low emissivities to avoid reradiating the heat away. Such surfaces are described in this literature as selective
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surfaces for efficient solar photothermal conversion. The proprietary Ebonol C black
copper oxide process, developed in the late 1950s, is likely to have served as inspiration
for this work.
It was discovered that dendritic cupric oxide surfaces, which we shall now denote
as δ-CuO surfaces, are ideal selective surfaces because although the absorbance loosely
approximates a classical UV-Vis “black hole” the emissivity at thermal wavelengths
is poor and approximates that of the base metal. The overall result is that with solar
irradiance these materials heat up and conduct heat extremely well.197
As we are concerned not with solar photothermal devices but instead with trapping
scattered UV light it was unclear whether δ-CuO surfaces would be appropriate for our
needs, especially considering our stringent vacuum chamber requirements. However,
we were encouraged by several points:
1. These coatings were reported to be functionally equivalent to Ebonol C, which
has been used extensively for scattered light suppression in telescopes.183, 187
2. The solar energy literature reported hemispherical absorptivities on the order
of 99 % in the UV-Vis for these surfaces with good durability of the coatings.198
3. We presumed outgassing by the black coatings would be negligible due to their
use in hermetically-sealed high-vacuum astronomical telescopes. The chemical
composition of the surfaces are known to be metals and metal oxides with
negligible vapour pressures.199
The body of work on δ-CuO surfaces that was initially developed in the 1980s went
through a couple of distinct phases. First, researchers in Sweden183, 200–202 essentially
reverse-engineered Ebonol C via testing of chemical oxidation of bare copper surfaces
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with an aqueous alkaline sodium chlorite (NaClO2 ) solution. Nearly simultaneously,
an American group203 reintroduced an analogous approach with potassium persulfate
(K2 S2 O8 ) as the oxidizer; this approach has the main advantage that it is considerably
safer by virtue of requiring less oxidizer and operating at lower bath temperatures.
Later an Indian group197–199, 204 further optimized the persulfate method reaction conditions for solar absorption and thoroughly characterized the surface.
The literature discussed in this section has been modestly cited and has presumably been unknown not only to particle physicists in search of stray-light suppression
techniques but also to the astronomical community which, though aware of the existence of δ-CuO surfaces and using them for stray-light suppression, had not developed
or acquired the techniques internally and have been relying on commercial entities to
provide blackening services.

7.2.8

Our Blackening Experiments

We decided to test dendritic black cupric oxide for our black surfaces with persulfate as
the oxidizer because this approach offered the blackest possible surfaces and appeared
safer and cheaper than some alternative approaches.186 A detailed description and
instructions for this method are given in Appendix A.

Step 1: Etch Copper to prepare surface for blackening
Before blackening can occur we must etch to have bare copper surfaces; this step
removes the oxides present on the surface of copper . These processes will also remove
the base copper metal at a rate of approximately 10 microns per minute. Ferric
Chloride and Nitric Acid are the two main copper etchants; we tried both approaches:
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1. Dilute Nitric Acid (HNO3 ): Dilute nitric acid is the classic approach for etching
copper and is very effective in this role but it has been known for centuries
that the process yields dangerous gases, primarily nitric oxide (NO).205 With
a NO gas detector handy, we tested this method for etching in a fumehood
and found that so long as copper surfaces are degreased the result is a clean
and homogeneous bare copper surface suitable for subsequent blackening. For
reaction conditions, we found that 1 minute of etching in 20% aqueous (m/m)
nitric acid at 50  worked well.
2. Ferric Chloride (FeCl3 ): Ferric Chloride is the main copper etchant in use by
hobbyists creating printed circuit boards and artistic etching plates. The main
advantage over nitric acid is that no toxic fumes are generated by ambient ferric
chloride solution so there is no requirement for a fumehood. The disadvantage
to this method is that it is somewhat “dirty”; iron sludge deposits form in small
quantities at scattered locations on the copper surfaces. Our testing revealed
this to be a fatal flaw for subsequent blackening quality and we abandoned ferric
chloride in favour of nitric acid as the etchant.

Step 2: Blacken the Bare Copper Surface
We tested the optimized approach with potassium persulfate as the oxidizer from
the literature.198 This reference recommends an 11-minute immersion of bare copper
in an aqueous solution of 60 g/L sodium hydroxide (NaOH) and 14 g/L potassium
persulfate (K2 S2 O8 ) at a temperature of 53 . As has been reported elsewhere,203
we found with testing that by eye the quality of black surface obtained is not very
sensitive to to precise concentrations of alkaline and oxidizer reactants or temperature.
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An immersion time of 5-10 minutes is required for very black surfaces, however, to
allow for reaction completion; times greater than 10 minutes up to an hour caused
no obvious change to surface blackness as the reaction is self-limiting.
The chemical composition of the black surface is primarily cupric oxide (CuO)
with small amounts of mostly Cu2 O.198 The alkaline conditions are required for the
persulfate to chemically add oxides to the surface of the copper rather than simply
remove electrons from Cu and etch it like nitric acid.
The black surface that results from this process is unlike anything seen in nature
and is striking when first observed. For example, even in a well-lit room we required
use of a flashlight to observe surface details such as flange knife-edge marks on used
copper gaskets. A comparison of δ-CuO with regular CuO and Aerodag-G is shown
in Figure 7.13.
We tested three copper “alloys” (grades) with this procedure:
1. Cu 101: Oxygen-free high-conductivity (OFHC), used for high chemical purity
or extreme thermal and electrical conductivity requirements.
2. Cu 110: Multipurpose copper, used for ordinary electrical wiring.
3. Cu 122: Phosphorus-deoxygenated copper, used for plumbing-grade copper.
The blackening procedure worked well for these grades of copper with no noticeable
difference in quality. This is fortunate as OFHC copper is very expensive whereas the
other grades are generally affordable.
A practical note is that blackened surfaces cannot be touched: doing so changes
the texture and reduces absorption. Though the cupric oxide layer is very adherent
and does not chip off, with excessive handling all of the dendritic texture may be
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Figure 7.13: A visible-light photograph for comparison of Aerodag-G, Cupric Oxide,
and dendritic Cupric Oxide (δ-CuO) Surfaces.

lost and then the black surface will resemble a standard anodization treatment with
remnant black CuO at approximately 92% absorption198 . To manipulate the pieces
for the etch and blackening steps and later for installation as machine components is
therefore tricky. Fortunately there is an obvious solution: we use bare copper wire for
suspension of the pieces in the chemical solutions and later for pre-assembly storage.
The wires are later cut and removed and black pieces then must be handled by areas
not important for stray-light suppression.
The cupric oxide surface is mostly chemically inert with the major exception being
acids; this is without negative consequence as for the conservation of our vacuum
chambers we tend to avoid the use of corrosive gases. This “weakness” has even
one advantageous property: we note that if the coating becomes damaged in any
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way it can be removed down to bare copper in under a minute by immersing in 20%
nitric acid at 50 ; this is exactly the etching procedure for blackening! Thus, the
blackening procedure can be applied an indefinite number of times to copper pieces
with the penalty being a loss on the order of 10 microns of copper per iteration. This
should not be a problem for bulk copper parts, but could be for copper-plated parts.
For this reason we recommend the use of bulk copper materials for blackening.
Disposal of the chemical waste is considered in Appendix A.

7.2.9

δ-CuO is Extremely Black and on par with Anything
Commercially Available

As casual observation indicates the dendritic black copper oxide surface is extremely
absorbing. With the assistance of NRC’s Institute for National Measurement Standards (INMS, NRC Montreal Road Campus in Ottawa) we quantified the δ-CuO
surface as having approximately 99.5% hemispherical absorption between 250-300
nm (Figure 7.14).
δ-CuO is so black that we recently taught personnel at INMS how to apply the
technique. This team became aware of “do-it-yourself” δ-CuO when they measured
its absorbance providing the data for Figure 7.14 and have already used it for the
construction of baffles for their spectral irradiation calibration apparatus.
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Figure 7.14: Four diffuse reflectance measurements on our δ-CuO surface. Unity corresponds to 100% absolute reflectance with respect to the perfect reflecting diffuser.
The measurements of the near-normal hemispherical reflectance factors with the specular component included (8:t geometry) were performed on a Perkin-Elmer Lambda
19 spectrophotometer equipped with a 150-mm integrating sphere. For calibration,
two matte black ceramic tiles from Ceram Research were also measured (not shown)
and these two sets of results agreed within measurement uncertainties. The δ-CuO
surface is approximately 99.5% absorbing from the ultraviolet to 600 nm.
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Scanning Electron Microscopy Images of the δ-CuO
Surface

We obtained scanning electron microscopy (SEM) images of our black δ-CuO surface
via assistance from NRC’s Institute for Chemical Process and Environmental Technology (ICPET, NRC Montreal Road Campus in Ottawa). As expected, these images
(Figure 7.15) show an intricate surface with dendritic features on the micron scale.
Interestingly, these features appear qualitatively different198 to some, and similar203
to other dendritic surfaces that have appeared in the literature prepared with this
basic method.

7.2.11

Outgassing experiments of δ-CuO: Test chamber and
CIS chamber

The final hurdle for acceptance of δ-CuO as a stray-light suppressant in our CIS
chamber was to ensure it did not degrade our ultra-high vacuum (UHV) environment, either by direct outgassing or indirect trapping and re-release of other gaseous
species. We tested this by recording vacuum pump-down logs from atmosphere in a
test chamber with and without a large surface area of δ-CuO inside. The vacuum
was not affected by the presence of δ-CuO (Figure 7.16). We have since installed a
large baffle system with δ-CuO surfaces in our CIS chamber with no degradation of
our UHV environment. The conclusion is that δ-CuO is UHV safe.
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(b) 10 µm

(c) 5 µm

(d) 1 µm
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Figure 7.15: Scanning Electron Microscopy Images of our δ-CuO surface at four levels
of magnification. The intricate texture of the surface is prominently displayed.

7.2.12

Relevant Physical Properties of δ-CuO

Having settled on δ-CuO as the ideal surface for our stray-light baffle systems we now
list its relevant properties:
1. CuO:206
 black powder or crystals
 hemispherical absorbance at 350 nm is approximately 92 %198
 work function is 5.3 eV207
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Figure 7.16: The pump-down curves of our test vacuum chamber are identical whether
large quantities of δ-CuO surfaces are present within the chamber or not.

 semi-conductor band gap is 1.2 eV
 melting temperature 1326 
 boiling temperature 2000 
 negligible vapour pressure

2. δ-CuO has the additional properties:
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 optical quality (i.e. dendritic texture) is stable for temperatures below 250
198
 negligible vapour pressure, directly or indirectly via virtual leaks from

texture

7.2.13

Cost analysis of the δ-CuO blackening method

We estimate that 10 L of blackening solution yields 1 m2 of high-quality black surface; 10 L of solution contains 600 g of sodium hydroxide and 140 g of potassium
persulfate. To neutralize the blackening solution waste we need approximately 1.3 L
of concentrated HCl and a small quantity (e.g. 20 g) of sodium bicarbonate (baking
soda) to buffer the solution. As all of these chemicals are used in industrial quantities
they are quite inexpensive. In early 2012 a quick search revealed these ingredients
could be purchased for the following prices:
 Sodium Hydroxide208 22.7 kg = $95.00
 Potassium Persulfate209 2.5 kg = $63.31 (can buy by the tonne from China for

much cheaper)
 Hydrochloric Acid210 18.9 L = $85.00
 Sodium Bicarbonate211 22.7 kg = $38.50

So the price of chemicals per m2 of blackened copper is very inexpensive at approximately $12. If we consider that bulk copper parts can be purchased for $10s to
$100s of dollars our conclusion is that the δ-CuO blackening process is quite afford-

able, so long as a basic chemistry lab is available.
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We don’t consider the cost of nitric acid for the etch step as it can be reused many
times and is also very inexpensive.

7.2.14

We expect widespread adoption of δ-CuO surfaces by
a variety of technologies

Obscurity and historic cost rather than inherent properties appear to be the reason
for δ-CuO surfaces to have not been adopted by optics technologies to this date. It
is hoped that this work will help reverse the current situation and that δ-CuO surfaces become commonplace in fields such as scattered light suppression, solar energy
thermal trapping, and even the visual arts.

7.3

The Second Generation CIS Stray Light Trapping Baffles

7.3.1

The Baffles

The second generation baffles were designed to include general improvements as confirmed with ASAP (e.g. wider tubes, tribaffles instead of single conical baffles, prevention of direct lines-of-sight from input arm window to inside of spectrometer) and
the extremely absorbing δ-CuO coating.
We also learned through discussion with members of the main NRC machine shop
(Montréal Road Campus, Ottawa) that certain features of our improved baffle systems as designed through ASAP were impractical. For example, the tubes between
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the tribaffles would be extremely time-consuming to machine from solid copper cylinders; additionally, solid copper cylinders would be very expensive to begin with.
Fortunately, another tricky component (which is probably required for the concept
to work), the tribaffle units, could be easily created by sandwiching three individual
pieces along an axis: one aperture between two anti-parallel cones. The fabrication
team was also concerned with the design of the individual cone units to be used as
baffles; they were unsure whether they could create our desired sharp “knife-edges”
with copper metal. The analogous first generation baffle knife edges were created
with aluminum, which is much easier to machine than copper. Fortunately, preliminary testing showed that it was possible to create conical knife-edge baffle units out
of copper with a modest 50% success rate.
During a moment of inspiration it was realized that ordinary copper water pipe,
which is inexpensive, easy to cut to length, and already hollow, would make an excellent base material to create our tubes for placement between the tribaffles. Previously,
we had desired to have features such as teeth to be present in our tubes to help create a macro-scale maze for scattered photons. However, with δ-CuO as our surface,
teeth are not necessary because the surface dendrites create a formidable micron-scale
photon maze; in fact, because δ-CuO is most absorbing near normal incidence and
becomes somewhat shiny toward grazing incidence, the presence of teeth in our tubes
could even degrade the light-trapping performance.
Another problem to be considered was the fact that the input and output baffle
arms would be bolted on opposite sides of the CIS main chamber. As we desired
small apertures on the input baffle arm to prevent lines-of-sight from the entrance
window to the spectrometer, we were required to open up the aperture sizes on the
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output baffle arm; we could not be sure that the two baffle arms would line up on a
single axis with sufficient accuracy to have small apertures on the output baffle arm
as well. This was not anticipated to be a problem as experience had shown that the
scattered light background was almost entirely caused by photons propagating from
the input side to the exit side of the machine.

The Second Generation Baffles
Notable features of the second generation baffle arms include (Figures 7.17 to 7.18):
1. Input arm: The inclusion of tribaffles to create distinct sections of the baffle
arm. The tribaffle closest to the spectrometer has apertures of 2.5 mm diameter
which allows the laser beam to pass through the machine without clipping (and
generating more background signal) but does not allow any lines-of-sight from
the spectrometer to the input window area.
2. Input arm: Quarantine Vanes (Figure 7.19) are placed toward the window
side of each tribaffle to help trap near-axial scatter reflected from the cones.
3. Wide tubes were cut from copper plumbing pipe. Tubes as wide as possible
to fit the existing flanges on the CIS chamber were purchased and are 3” in
diameter.
4. Output arm: No conical baffles, which are expensive to machine, were used
for the output arm; simpler vanes were used instead. The smallest aperture
constraint is of 6.5 mm diameter on the vane nearest to the spectrometer. This
relatively wide aperture was used to guarantee that the input and output baffle
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arms would allow an axis for laser propagation through the machine, the drawback being that it also allows direct lines-of-sight from the exit window of the
chamber to the spectrometer.
5. All components on the inside surfaces of the baffle arms are copper to allow for
δ-CuO blackening. The tubes are alloy 122 copper water pipe and the baffles
and vanes were machined from alloy 110 copper cylinders.
6. To hold all the pieces together along the laser axis, three stainless steel support
rods were used. Baffles and vanes were machined with holes for positioning on
these rods whereas the tubes were cradled by their outer surfaces with the rods
(Figure 7.20).
Figure 7.17: Cut-away view of the Second Generation Input Baffle Arm. The outer
section and middle section are designed to jointly absorb wide angle scatter entering
the arm. The final tribaffle is designed to intercept any remaining near-axial scattered light and direct it into the inner section tube. No line-of-sight exists from the
spectrometer to the inside of the input baffle arm except for a small area of the inner
section. Copper pieces are coloured as they would appear pre-blackening.
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Figure 7.18: Cut-away view of the Second Generation Output Baffle Arm, which is
much simpler than the input arm. It is designed to allow any scattered light which
propagates from the input side through the spectrometer to exit the machine while
trapping any wide-angle scatter generated at the CIS laser exit area. Copper pieces
are coloured as they would appear pre-blackening.

7.3.2

Performance of the Second Generation Baffles

In spite of the several improvements made to the design and surface of the new baffles,
we were only able to decrease the scattered light problem modestly: by roughly a
factor of two over the first generation baffles. Now the optimum background electron
rate is approximately 5 Hz per µW of 200 nm laser. While it nice to eliminate
approximately half of the problem, our goal was to eliminate up to 3-4 orders of
magnitude. Interestingly, the new baffles are less sensitive to certain conditions for
rejecting scattered light which yields clues as to what is the remaining problem. This
will be considered after first taking a look at the data.

Scattered Light Data
In Figure 7.21 is shown time-of-flight and impact position data for the CIS electron
spectrometer acquiring scattered light signal with the new baffles installed. The
extraction voltage was +10 V. This data looks virtually identical to that obtained
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Figure 7.19: In this schematic cut-away view of the second generation input baffle arm,
black rays and arrows depict near-axial scattered light intercepted by a baffle cone.
The quarantine vane is designed to trap much of the near-axial scattered light which
is directed away by the baffle cone safely inside the small pocket it creates, preventing
the possibility of rescattering through the tribaffle. There is no line-of-sight from the
quarantine vane into the adjacent tribaffle as the baffle knife-edge protrudes slightly
beyond the plane defined by the quarantine vane.

when the first generation baffles were installed. There are three main features in the
electron time-of-flight data:
1. Time zero direct photon hits (at approximately 23 ns in Figure 7.21). These
events give isotropic (x,y) data, presumably due to complex scattering paths
for the photons which directly strike the MCP. The isotropic nature indicates
the MCPs are fairly homogeneous; the data are similar to OEM MCP test data
with scattered UV light. The profile of the feature is due to a combination of
detector response time (≈ 400 ps) and many possible pathways to the detector.
2. t ≈ 1.5 ns electron hits (at 24.5 ns in Figure 7.21). These show a ring in the
(x,y) data, biased towards the input side of the spectrometer. These appear
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to be events where a photon is back-scattered towards the MCPs, and hits the
wall of the spectrometer below the 2nd grid. An electron is liberated from the
wall and pulled directly to the MCP face by the high voltage in this region (≈
300 V), thus producing a count slightly delayed relative to the t=0 photons and
imaging the spectrometer stack.
3. t ≈ 20-30 ns (beginning at 44 ns in Figure 7.21). These are electrons created in
the flight region and interaction region. The (x,y) data shows these are biased
towards the output side of the spectrometer, with a ring visible, but there is
also a cone of events which show some detector artifact structure. These are
events where an electron is liberated from the wall or the grids closer to the laser
axis, and then has a long flight time to the detector under the 10 V extraction
voltage.
At even longer times of flight (≥ 50 ns) there is a very broad band of electrons which
come from “everywhere”.

Results of Scattered Light Minimization Tests
1. The Laser Beam Does Not Clip the Baffles: The tightest constraint, the
2.5 mm tribaffle next to the spectrometer on the input baffle arm does not clip
the laser beam and increase scatter. This was verified by “walking” the laser
beam axis with significant freedom and no change in scattered light background.
Clipping the baffle was detectable when walking too far by immediate orders
of magnitude increase in the background electron rate. Further confirmation
was observed by moving the laser focus to the center of the tribaffle (where
the laser should be nearly a spot) with a similar scattered light background.
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The apertures of the input and output arms were found to be well aligned by
checking with an alignment telescope; however, the fact that we could see the
apertures at all could be indicative of a problem (Figure 7.22). Nevertheless, we
know that the knife edges of the apertures are sharp and are in fact comparable
to molecular beam skimmers (Figure 7.23).
2. Wide Angle Scatter: The second generation baffles are much better than the
first generation baffles for absorbing diffuse scatter. With the new baffles installed, by clipping the laser beam before it enters the CIS machine with paper
cards, irises, or wire meshes we were unable to increase the background rate of
electrons. This is in stark contrast to the first generation baffles where a couple
of orders of magnitude increase in background would be expected.
Amazingly, we were even able to dump the entire 200 nm laser beam in the
baffle arm at 10° from the laser axis through the center of the input arm window and see no background counts other than approximately 1 count every 10
minutes due to cosmic rays (confirmed by collecting data with the laser off).
Over long periods of time we saw no presence of scattered light background
counts with approximately 1020 photons entering the input baffle arm in the
outer section. Incidentally, this test also confirms that our input window (low
scatter CaF2 from Light Machinery, Inc.) scatters very little.
3. Switching from metal mirrors to multi-layer dielectric high reflector
mirrors: Switching the steering mirrors to get the beam to the chamber increased the scattered light by about a factor of 5 per mirror. So mirror quality is
important but the entire laser beam can be dumped off-axis in the input baffle
arm outer section with no increase in background.
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4. Turning the final focusing mirror off-axis (with the laser spot on the
mirror itself still on-axis) and dumping the full laser beam outside the
chamber results in a diminished yet significant background electron
rate, even for large angles of deviation from the laser axis: Mirror
quality is obviously very important.

Conclusions
 The baffles work as envisaged for wide-angle scatter and are qualitatively dif-

ferent from the old baffles in this respect.
 Near-axial scatter (flare) from the window and/or optics upstream, which re-

scatters directly from the 2.5mm tribaffle knife-edges, appears to be the major
source of background signal.
 The background signal is still too large for coincidence experiments using 200

nm light, even with the factor of 2 improvement over the first generation baffles
(redder wavelengths such as 267 nm may still allow coincidence experiments).
It might be speculated that the second generation baffles eliminated half of the
problem (wide-angle scattered light) while not affecting the other half of the
problem (near-axial scattered light). As no further improvements to the baffle
arms are apparent, it is possible that we have reached a limit for what can be
done.
 It may be that the tight 0.8 cm ring constraints inside the spectrometer are too

formidable to allow a full solution to the scattered light background. Opening
the gap between the spectrometer rings to allow near-axial scattered light to
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pass through the machine should be considered if coincidence experiments with
200 nm photons are desired.
A possible solution to minimize the near-axial flare of photons which is currently
being tested is to use only extremely low-scattering super-polished mirrors. If such
mirrors significantly reduce flare, the scattered light flux at the critical the 2.5 mm
tribaffle knife edge and thus the amount of background electrons created by direct
scatter into the spectrometer, should be similarly reduced.
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(a) This tribaffle cone at the
chamber mount flange position
separates the middle and inner
sections of the input baffle arm.

(b) The nearly assembled input
baffle arm. The partially assembled output arm is in the background.

(c) All shiny pieces are covered
with δ-CuO blackened copper.
This is the inside of the flange for
mounting the input arm window.

(d) The method of assembly
with alternating baffles/vanes
and cradled tubes is visible in the
partially assembled output baffle arm. In the background the
touch-sensitive δ-CuO pieces for
the input arm hang by wire until
needed.

Figure 7.20: Pictures of the Assembly of the Second Generation Baffle Arms.
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Figure 7.21: Scattered Light Data in the CIS Chamber with the second generation
baffles installed. This data looks very similar to that obtained with the first generation
baffles apart from being reduced in count rate by a factor of two. (a) is electron (or
direct photon) time-of-flight information, t0 is ≈ 23 ns as defined by the arrival of
the first hits. (b) is the position information on the electron detector for some timeof-flight intervals.
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(a) An aperture of the tribaffle
farthest from the spectrometer is
visible toward the left.

(b) An aperture of the middle
tribaffle is plainly visible.

(c) This is the 2.5 mm diameter
tribaffle closest to the spectrometer.

(d) The light bulb outside the
exit window.
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Figure 7.22: Telescope images through the baffle arms looking from the entrance
window toward a light bulb at the exit window. There is a clear axis through the
machine; however, discouragingly the tribaffle apertures are visible which indicates a
significant amount of light scatters from the knife edges.
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(a) A baffle knife edge
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(b) A molecular beam skimmer edge (purchased from Beam Dynamics, Inc.)

Figure 7.23: The knife edges of our tribaffle cones are very sharp, and are comparable
to molecular beam skimmers. The visible edge on both objects is approximately 10
µm thick.

Chapter 8
Conclusion
8.1

General Remarks

In this work, we have examined chemical reaction dynamics experimentally starting
from the perspective of highly averaged molecular ensembles and finishing, via advanced experimental techniques, at aligned and fixed in space molecular ensembles
with the attempt of extracting molecular frame observables (time-resolved molecular
frame angular distributions) from the laboratory frame molecular ensemble.
The goal of experimental extraction of molecular frame information from ensembles of molecules in the laboratory frame can be described as ambitious, and the
engineering efforts which are described in this work reflect this: 1. Design of the
stray light suppression baffle system. 2. correlation of laser stability over many hours
or days with ambient air and ultimately weather (see Appendix B).
Computationally, the starting point was individual and absolutely isolated molecules
described by quantum mechanics and finishing, in the case of transition state theory,
at randomized statistical ensembles for our observables via application of statistical
226
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mechanics ensemble principles to our quantum mechanical isolated molecules. The
statistical transition state theory is invoked to treat chemical reaction rate problems
as much due to its conceptual and computational simplicity and efficiency as its admittedly successful track record for treating problems where its assumptions are valid.
To computationally move beyond the simplicity of fully isolated quantum mechanical
molecules or the convenient ensemble shortcuts offered by transition state theory are,
once again, ambitious (computationally expensive, frequently to the point of impracticality) propositions and therefore it is a worthwhile endeavour to benchmark the
performance of statistical theories if for no reason other than to warrant their continued application to chemical reaction dynamics problems.
It may strike the reader as being ironic to note that the general goals of advancing theoretical and experimental treatments of molecular reaction dynamics are to,
in effect, advance in opposite directions. Theoretical and computational chemistry
strives to go from the conceptually simple and computationally efficient isolated single molecule case to ensemble observables, with much effort since the principles of
statistical theories were first revealed decades ago going to application to quantum
mechanical collections of molecules (e.g. explicit solvation theories as contrasted to
the simple statistical continuum solvation theories) or beyond the simple statistical
ensemble treatments of single quantum mechanical molecules. The efforts of experimental approaches are frequently focused in the other direction, from the starting
point of “ordinary” ensembles of molecules in the laboratory to advance the detection of observables and understanding of principles toward the nanometer scale, often
toward the fundamental individual molecular unit oriented in space. The motivation
for the work in this thesis has been to advance the understanding of chemical reaction
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dynamics from the antiparallel viewpoints of the experimental and theoretical tools
available; it has been an attempt to bridge the gap of experiment and theory and to
in effect meet in the middle.

8.2

Conclusions from our Work

Some modest goals have been accomplished from this work. Computationally, we
were able to show (Chapter 2) that the molecule C2 F3 I after π ∗ ← π excitation
has a very fast rate constant, on the order

1012
s

as predicted by the statistical RRKM

transition state theory. Therefore, this reaction is expected to provide a useful test
of the statistical assumption (IVR much faster than the rate of reaction) given the
extremely fast rate constant. It was shown that by monitoring the kinetic energy
release of the dissociating Iodine atoms, the timescale of IVR in the departing C2 F3
radical could be monitored as a metric for observing the onset of statisticality during
the reaction. It is hoped that this proposed experiment is inspired to become reality
by our encouraging computational result.
A general rate constant expression for the reaction of atoms and molecules at
surfaces was derived within the statistical framework of flexible transition state theory in the second half of Chapter 2. Given their generality and utility for describing
processes with “loose” transition states, these rate constant expressions are expected
to be useful for applications involving the addition of atoms and molecules at clean
surfaces for situations such as chemical vapour deposition. The validity of the model
was verified by application to a published result of a non-general rate constant expression for reaction of atoms at a specific surface potential energy landscape.
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The potential energy surface landscape of the excited state non-adiabatic dissociation reaction initiated by excitation to the C-state of CS2 was found to be welldescribed (Chapter 4) by using the computationally efficient time-dependent densityfunctional-theory method TDB3LYP/aug-cc-pVDZ. Additionally, TDB3LYP/aug-ccpVDZ was found to describe the excited state PES landscapes of the molecules OCS
and SO2 well. It is likely that this method will be applicable to a range of excited
state problems and be able to offer deeper insights into excited state processes for a
range of small molecules. Though typically not applicable to multi-reference excited
state problems (e.g. far toward dissociation geometries) the key is that this method
offers a very computationally efficient method compared to the more rigorous and
extremely computationally expensive multi-reference ab initio approaches, with good
results to be expected within its single-reference ground state range of applicability.
Experiment on CS2 with and without non-adiabatic alignment revealed that the
time-resolved photoelectron angular distribution of aligned ensemble CS2 (Chapter 5)
corresponding to ionization of the vibrationless ground state of CS+
2 allowed observation a two-component scattering resonance quantum beat prepared by the ultrafast
pump laser pulse. The two components of the scattering resonance explored regions
of different electronic character during the oscillation. The ordinary ensemble (without non-adiabatic alignment) time-resolved photoelectron angular distribution suffers
from a high degree of averaging and was unable to observe the quantum beat. This
experiment is expected to be just an early demonstration of the utility of aligning and
fixing in space molecular ensembles via non-adiabatic alignment to reduce averaging
of time-resolved directional observables.
Further analysis of the time-resolved photoelectron angular distribution data of

CHAPTER 8. CONCLUSION

230

CS2 revealed (Chapter 6) that the aligned ensemble data accounted for the quantum
beat for not only photoelectrons corresponding to the vibrationless cation ground
state but also photoelectrons corresponding to the vibrationally excited cation. The
molecular frame TRPAD observable could therefore show the quantum beat presence for data which the scalar TRPES data could not, as vibrational state averaging
eliminated beat observation in TRPES data for the case of the highly vibrationally
excited CS+
2 final state. The TRMFPAD observable, being sensitive to changes of
excited state electronic character, was shown to be able to directly image the evolving
excited state character during CS2 predissociation. A symmetry-based semi-empirical
TRMFPAD model, developed in collaboration, was able to account for the observed
experimental changes to the TRMFPAD due to the excited state evolution of a twostate wavepacket and justified our conclusions.
A new kind of stray light baffle suppression system, designed to allow the passage
of an intense laser beam through a vacuum chamber while trapping scattered light
propagating away from the laser axis, was built and tested (Chapter 7). The stray
light baffles were found to be extremely effective at trapping stray light propagating
at any angle other than close to the laser axis. Closer to the laser axis, the baffle
system performance is likely limited by the quality of the “knife” edge on the final
apertures before the spectrometer; the edge of the aperture can directly scatter photons into the spectrometer. We gained roughly a factor of two improvement due to
this new stray light suppression system over the old system. The remaining scattered
light signal is believed to originate from near laser-axis “flare” which directly scatters
off of our final aperture on the input side into the spectrometer. For further improvement, it is likely that the clear area inside the spectrometer would have to increase
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to allow the passage of flare through the spectrometer. The final apertures which
“shade” the spectrometer from direct scattered light hits could then also increase in
diameter, allowing the flare to pass through the chamber unimpeded and therefore
without generation of background.
A detailed method for generating the extremely black δ-CuO surfaces used for the
baffles is written up as Appendix A. Because no commercial black surface is advertised with better absorption properties, we expect the cheap and easy to apply δ-CuO
surfaces to be generally useful for a range of applications.
One further experimental hurdle, laser stability over the long hours required to run
TRMFPAD experiments, is described within Appendix B. It was found that pressure
changes due to the weather are primarily responsible to fluctuations in laser performance on the hour to day timescale. Fortunately, it was found that the effects caused
by changing air pressure are correctable if air pressure data is also recorded during
the experiment.
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[79] Leskelä M, Ritala M. “Atomic Layer Deposition Chemistry: Recent Developments and Future Challenges.” Angewandte Chemie, 42(45), 5548-5554, (2003).
[80] Tong X, DiLabio GA, Clarkin OJ, Wolkow RA. “Ring-Opening Radical Clock
Reactions for Hybrid Organic-Silicon Surface Nanostructures: A New SelfDirected Growth Mechanism and Kinetic Insights.” Nano Letters 4(2), 357-360,
(2004).
[81] Even U, Jortner J, Noy D, Lavie N, Cossart-Magos C. “Cooling of large molecules
below 1 K and He clusters formation.” The Journal of Chemical Physics, 112(18),
8068-8071, (2000).
[82] Lochbrunner S et al. “Methods and applications of femtosecond time-resolved
photoelectron spectroscopy.” Journal of Electron Spectroscopy and Related Phenomena, 112, 183-198, (2000).
[83] Lee AMD. Chemical Dynamics and Coincidence Imaging Spectroscopy. Ph.D.
Thesis, Queen’s University at Kingston, ON, Canada, (2007).
http://qspace.library.queensu.ca/bitstream/1974/434/1/Lee Anthony MD 200707 PhD.pdf

[84] Stolow A. “Minimum profile ultrahigh vacuum gate valve based on linear/rotary
motion feedthrough.” Journal of Vacuum Science and Technology A, 14(4), 26692670, (1996).
[85] Hanold KA, Garner MC, Continetti RE. “Photoelectron-Photofragment Angular
Correlation and Energy Partitioning in Dissociative Photodetachment.” Physical
Review Letters, 77, 3335-3338, (1996).

BIBLIOGRAPHY

242

[86] Vallerga JV and Siegmund OHW. “2K x 2K resolution element photon counting
MCP sensor with ≥ 200 kHz event rate capability.” Nuclear Instruments and
Methods in Physics Research Section A 442(1-3), 159-163, (2000).
[87] Wiley WC and McLaren IH. “Time-of-Flight Mass Spectrometer with Improved
Resolution.” Review of Scientific Instruments, 26, 1150-1157, (1955).
[88] Mulliken RS. “Intensities of Electronic Transitions in Molecular Spectra. II.
Charge-Transfer Spectra.” The Journal of Chemical Physics, 7, 20-34, (1939).
[89] Walsh AD. “The electronic orbitals, shapes, and spectra of polyatomic molecules.
Part I. AH2 molecules.” Journal of the Chemical Society, 0, 2260-2266, (1953).
[90] Mulliken RS. “The Lower Excited States of Some Simple Molecules.” Canadian
Journal of Chemistry, 36, 10-23, (1958).
[91] Douglas AE and Zanon I. “The 2100 Å Bands of CS2 .” Canadian Journal of
Physics, 42(4), 627-631, (1964).
[92] Herzberg G. Molecular Spectra and Molecular Structure III. Electronic Spectra
and Electronic Structure of Polyatomic Molecules. D. Van Nostrand Company,
Inc., (1967).
[93] Yang SC, Freedman A, Kawasaki M, and Bersohn R. “Energy distribution of
the fragments produced by photodissociation of CS2 at 193 nm.” The Journal of
Chemical Physics, 72, 4058-4062, (1980).
[94] Price WC and Simpson DM. “The absorption spectra of sulphur dioxide and
carbon disulfide in the vacuum ultra-violet.” Proceedings of the Royal Society of
London, Series A, 165, 272-291, (1938).

BIBLIOGRAPHY

243

[95] Hara K and Phillips D. “Fluorescence of CS2 excited to the third excited singlet
state.” Journal of the Chemical Society, Faraday Transactions 2: Molecular and
Chemical Physics, 0, 1441-1445, (1978).
[96] Hemley RJ, Leopold DG, Roebber JL, Vaida V. “The direct ultraviolet absorp1
1 +
tion spectrum of the 1 Σ+
g → B2 ( Σu ) transition of jet-cooled CS2 .” The Journal

of Chemical Physics, 79(11), 5219-5227, (1983).
[97] Roebber JL and Vaida V. “The direct ultraviolet absorption spectrum of the
1

1
1 +
Σ+
g → B2 ( Σu ) transition.” The Journal of Chemical Physics, 83(6), 2748-

2753, (1985).
[98] This is now thought to be asymmetric stretch based on calculations presented
later in this chapter.
[99] Donaldson DJ. “One- and two-photon-resonant multiphoton ionization spectra
of CS2 from 45500 to 48100 cm−1 .” The Journal of Chemical Physics, 91(12),
7455-7460, (1989).
[100] Arendt MF, Butler LJ. “Emission spectroscopy of jet-cooled CS2 upon excita1
1 +
−1
tion of the 1 Σ+
region.” The
g → B2 ( Σu ) transition in the 48500 to 51000 cm

Journal of Chemical Physics, 109(18), 7835-7842, (1998).
[101] Beatty AS, Shiell RC, Chang D, Hepburn JW. “Resonance enhanced multiphoton ionization spectroscopy of jet cooled

12

C32S2 and

12

C34 S32 S from 45500 to

48000 cm−1 .” The Journal of Chemical Physics, 110(17), 8476-8484, (1999).

BIBLIOGRAPHY

244

[102] Sadeghi RR, Gwaltney SR, Krause JL, Skodje RT, Weber PM. “Structure and
dynamics of the S3 state of CS2 .” The Journal of Chemical Physics, 107, 65706576, (1997).
[103] Butler JE, Drozdoski WS, and McDonald JR. “193 nm laser dissociation of
CS2 : Prompt emission from CS and internal energy distribution of CS(X 1 Σ+ ).”
Chemical Physics, 50, 413-421, (1980).
[104] McCrary VR, Lu R, Zakheim D, Russell JA, Halpern JB, Jackson WM. “Coaxial measurement of the translational energy distribution of CS produced in the
laser photolysis of CS2 at 193 nm.” The Journal of Chemical Physics, 83(7),
3481-3490, (1985).
[105] Waller IM and Hepburn JW. “Photofragment spectroscopy of CS2 at 193
nm: Direct resolution of singlet and triplet channels.” The Journal of Chemical Physics, 87(6), 3261-3268, (1987).
[106] Tzeng W-B et al. “A 193 nm laser photofragmentation time-of-flight mass spectrometric study of CS2 and CS2 clusters.” The Journal of Chemical Physics,
88(3), 1658-1669, (1988).
[107] McGivern WS et al. “Photofragment translational spectroscopy with stateselective universal detection: The ultraviolet photodissociation of CS2 .” The
Journal of Chemical Physics, 112(12), 5301-5307, (2000).
[108] Kitsopoulos TN, Gebhardt CR, Rakitzis TP. “Photodissociation study of CS2
at 193 nm using slice imaging.” The Journal of Chemical Physics, 115(21), 97279732, (2001).

BIBLIOGRAPHY

245

[109] Kanamori H and Hirota E. “Infrared laser kinetic spectroscopy of a photofragment CS generated by photodissociation of CS2 at 193 nm: Nascent vibrationalrotational-translational distribution of CS.” The Journal of Chemical Physics,
86(7), 3901-3905, (1987).
[110] Mank A, Starrs C, Jego MN, Hepburn JW. “A detailed study of the predissociation dynamics of the 1 B2 (1 Σ∗u ) state of CS2 .” The Journal of Chemical Physics,
104(10), 3609-3619, (1996).
[111] Baronavski AP and Owrutsky JC. “Lifetime of the S3 state of CS2 measured by
femtosecond ultraviolet multiphoton ionization spectroscopy.” Chemical Physics
Letters, 221(5-6), 419-425, (1994).
[112] Farmanara P, Stert V, Radloff W. “Ultrafast predissociation and coherent phenomena in CS2 excited by femtosecond laser pulses at 194-207 nm.” The Journal
of Chemical Physics, 111, 5338-5343, (1999).
[113] Townsend D, et al. “1 B2 (1 Σ+
u ) excited state decay dynamics in CS2 .” The Journal of Chemical Physics, 125, 234302, (2006).
[114] Bisgaard CZ, Clarkin OJ, Wu G, Lee AMD, Geβner O, Hayden CC, Stolow A.
“Time-Resolved Molecular Frame Dynamics of Fixed-in-Space CS2 Molecules.”
Science, 323, 1464-1467, (2009).
[115] Hockett P, Bisgaard CZ, Clarkin OJ, Stolow A. “Time-resolved imaging of
purely valence-electron dynamics during a chemical reaction.” Nature Physics,
7, 612-615, (2011).

BIBLIOGRAPHY

246

[116] Fuji T, Suzuki Y-I, Horio T, Suzuki T. “Excited-State Dynamics of CS2 Studied
by Photoelectron Imaging with a Time Resolution of 22 fs.” Chemistry: An Asian
Journal, 6(11), 3028-3034, (2011).
[117] Brouard M, Campbell EK, Cireasa R, Johnsen AJ, Yuen WH. “The Ultraviolet photodissociation of CS2 : The S(1 D2 ) Channel.” The Journal of Chemical
Physics, 136(4), 044310, (2012).
[118] Ziegler T. “Approximate Density Functional Theory as a Practical Tool in
Molecular Energetics and Dynamics.” Chemical Reviews, 91, 651-667, (1991).
[119] Geerlings P, De Proft F, Langenaeker W. “Conceptual Density Functional Theory.” Chemical Reviews, 103, 1793-1873, (2003).
[120] Levine BG, Ko C, Quennville J, Martı́nez TJ. “Conical intersections and double excitations in time-dependent density functional theory.” Molecular Physics,
104(5-7), 1039-1051, (2006).
[121] Starcke JH, Wormit M, Schirmer J, Dreuw A. “How much double excitation
character do the lowest excited states of linear polyenes have?” Chemical Physics,
329, 39-49, (2006).
[122] Burke K, Werschnik J, Gross EKU. “Time-dependent density functional theory:
Past, present and future.” The Journal of Chemical Physics, 123, 062206, (2005).
[123] Johnson ER, Clarkin OJ, DiLabio GA. “Density Functional Theory Based
Model Calculations for Accurate Bond Dissociation Enthalpies. 3. A Single Approach for X-H, X-X, and X-Y (X, Y = C, N, O, S, Halogen) Bonds.” The Journal
of Physical Chemistry A, 107(46), 9953-9963, (2003).

BIBLIOGRAPHY

247

[124] Krylov AI. “Equation-of-Motion Coupled-Cluster Methods for Open-Shell and
Electronically Excited Species: The Hitchhiker’s Guide to Fock Space.” Annual
Review of Physical Chemistry, 59, 433-462, (2008).
[125] Suzuki T, Katayanagi H, Nanbu S, Aoyagi M. “Nonadiabatic bending dissociation in 16 valence electron system OCS.” The Journal of Chemical Physics,
109(14), 5778-5794, (1998).
[126] Hirst DM. “Ab initio potential energy surfaces for excited states of the OCS+
molecular ion.” Molecular Physics, 104(1), 55-60, (2006).
[127] Palmer MH, Shaw DA, Guest MF. “The electronically excited and ionic states
of sulphur dioxide: an ab initio molecular orbital CI study and comparison with
spectral data.” Molecular Physics, 103(6-8), 1183-1200, (2005).
[128] Brown ST, van Huis TJ, Hoffman BC, Schaefer HF. (III) “Excited electronic
states of carbon disulphide.” Molecular Physics, 96(4), 693-704, (1999).
[129] Pavia DL, Lampman GM, Kriz GS. Introduction to Spectroscopy, 2nd ed. Saunders Golden Sunburst Series, (1996).
[130] Eland JHD. “Angular distributions, energy disposal, and branching studied by
+
+
+
+
photoelectron-photoion coincidence spectroscopy: O+
2 , NO , ICl , IBr , and I2

fragmentation.” The Journal of Chemical Physics, 70, 2926-2933, (1979).
[131] Low KG, Hampton PD, Powis I. “Molecule Coordinate Frame Anisotropy
in Dissociative Photoionization of CF3 I.” Chemical Physics, 100(3), 401-413,
(1985).

BIBLIOGRAPHY

248

[132] Lindenberg, et al. “Atomic-Scale Visualization of Inertial Dynamics.” Science,
308(5720), 392-395, (2005).
[133] Ihee H, et al. “Direct Imaging of Transient Molecular Structures with Ultrafast
Diffraction.” Science, 291(5503), 458-462, (2001).
[134] Siwick BJ, Dwyer JR, Jordan RE, Miller RJD. “An Atomic-Level View of Melting Using Femtosecond Electron Diffraction.” Science, 302(5649), 1382-1385,
(2003).
[135] Itatani J, et al. “Tomographic Imaging of Molecular Orbitals.” Nature, 432,
867-871, (2004).
[136] Geβner O, et al. “Femtosecond Multidimensional Imaging of a Molecular Dissociation.” Science, 311(5758), 219-222, (2006).
[137] Meckel M, et al. “Laser-Induced Electron Tunneling and Diffraction.” Science,
320(5882), 1478-1482, (2008).
[138] Li W, et al. “Time-Resolved Dynamics in N2 O4 Probed Using High Harmonic
Generation.” Science, 322(5905), 1207-1211, (2008).
[139] Rakitzis TP, van den Brom AJ, Janssen MHM. “Directional Dynamics in
the Photodissociation of Oriented Molecules.” Science, 303(5665), 1852-1854,
(2004).
[140] We believe the bending character to be asymmetric, as was discussed in the previous chapter. The character has been previously assigned as symmetric stretch
in the literature.

BIBLIOGRAPHY

249

[141] Stapelfeldt H and Seideman T. “Colloquium: Aligning molecules with strong
laser pulses.” Reviews of Modern Physics, 75, 543-557, (2003).
[142] no connection to nonadiabatic dynamics, here non-adiabatic refers to the alignment laser pulse duration being brief on the molecular rotation timescale
[143] Rosca-Pruna F and Vrakking MJJ. “Experimental Observation of Revival
Structures in Picosecond Laser-Induced Alignment of I2 .” Physical Review Letters, 87, 153902, (2001).
[144] Seideman T. “Time-Resolved Photoelectron Angular Distributions: Concepts,
Applications, and Directions.” Annual Review of Physical Chemistry, 53, 41-65,
(2002).
[145] Suzuki T. “Femtosecond Time-Resolved Photoelectron Imaging.” Annual Review of Physical Chemistry, 57, 555-592, (2006).
[146] Hack E and Huber JR. “Quantum Beat Spectroscopy of Molecules.” International Reviews in Physical Chemistry, 10(3), 287-317, (1991).
[147] Xu D, Huang J, Jackson WM. “Reinvestigation of CS2 dissociation at 193 nm by
means of product state-selective vacuum ultraviolet laser ionization and velocity
imaging.” The Journal of Chemical Physics, 120(7), 3051, (2004).
[148] Vrakking MJJ, Villeneuve DM, Stolow A. “Nonadiabatic wave packet dynamics:
Predissociation of IBr.” The Journal of Chemical Physics, 105(13), 5647-5650,
(1996).

BIBLIOGRAPHY

250

[149] Bisgaard CZ. “Laser-induced alignment. Towards fixed-in-space molecules.”
Ph.D. Thesis, University of Aarhus, Aarhus, Denmark, (2006).
Link: http://www.femtolab.au.dk/medias/media60.pdf
[150] Cumpson PJ and Seah MP. “Random uncertainties in AES and XPS: I. Uncertainties in peak energies, intensities and areas derived from peak synthesis.”
Surface and Interface Analysis, 18(5), 345-360, (1992).
[151] Kumarappan V, et al. “Multiphoton Electron Angular Distributions from LaserAligned CS2 Molecules.” Physical Review Letters, 100(9), 093006, (2008).
[152] Weida MJ and Nesbitt DJ. “Collisional alignment of CO2 rotational angular
momentum states in a supersonic expansion.” The Journal of Chemical Physics,
100(9), 6372-6385, (1994).
[153] Hubin-Franskin M-J, Welwiche J, Guyon P-M. “Autoionization resonances in
triatomic molecules.” Zeitschrift für Physik D: Atoms, Molecules and Clusters,
5(3), 203-216, (1987).
[154] Kakar S, Choi H-C, Poliakoff ED. “Localization of a continuum shape resonance. Photoionization of CS2 .” The Journal of Chemical Physics, 97, 4690-4696,
(1992).
[155] Karawajczyk A, Emman P, Rachlew E, Stankiewicz M, Franzén KY. “Quasidiscrete resonances observed in photoionization to the A(2 Πu ) state of the CS+
2
molecule.” Chemical Physics Letters, 285(5-6), 373-378, (1998).
[156] Bellm SM and Reid KL. “Reevaluation of the use of Photoelectron Angular
Distributions as a Probe of Dynamical Processes: Strong Dependence of Such

BIBLIOGRAPHY

251

Distributions from S1 Paradifluorobenzene on Photoelectron Kinetic Energy.”
Physical Review Letters, 91(26), 263002, (2003).
[157] Bellm SM et al. “An unusual π ∗ shape resonance in the near-threshold photoionization of S1 para-difluorobenzene.” The Journal of Chemical Physics, 122,
224306, (2005).
[158] Stratmann RE and Lucchese RR. “Vibrationally resolved cross sections for
the photoionization of CS2 .” The Journal of Chemical Physics, 101, 9548-9557,
(1994).
[159] Leahy DJ, Reid KL, Zare RN. “Complete description of two-photon (1+1∗ )
ionization of NO deduced from rotationally resolved photoelectron angular distributions.” The Journal of Chemical Physics, 95, 1757-1767, (1991).
[160] Cooper J and Zare RN. “Angular distribution of photoelectrons.” The Journal
of Chemical Physics, 48, 942943, (1968).
[161] Arasaki Y, Takatsuka K, Wang K, and McKoy V. “Time-resolved photoelectron
spectroscopy of wavepackets through a conical intersection in NO2 .” The Journal
of Chemical Physics, 132, 124307, (2010).
[162] Underwood JG and Reid KL. “Time-resolved photoelectron angular distributions as a probe of intramolecular dynamics: Connecting the molecular frame
and the laboratory frame.” The Journal of Chemical Physics, 113, 1067-1074,
(2000).
[163] Yin Y-Y, et al. “Asymmetric photoelectron angular distributions from interfering photoionization processes.” Physical Review Letters, 69, 2353-2356, (1992).

BIBLIOGRAPHY

252

[164] Yin Y-Y and Elliott DS. “Photoelectron angular distributions for two-photon
ionization of atomic rubidium.” Physical Review A, 47, 2881-2887, (1993).
[165] Yin Y-Y et al. “Two-pathway coherent control of photoelectron angular distributions in molecular NO.” Chemical Physics Letters, 241, 591-596, (1995).
[166] Freed KF. “Radiationless Processes in Molecule and Condensed Phase.” in
Energy Dependence of Electronic Relaxation Processes in Polyatomic Molecules,
23-168, Springer-Verlag, (1976).
[167] Seideman T. “Time-resolved photoelectron angular distributions as a probe of
coupled polyatomic dynamics.” Physical Review A, 64, 042504, (2001).
[168] Park H and Zare RN. “Molecular-orbital decomposition of the ionization continuum for a diatomic molecule by angle- and energy-resolved photoelectron
spectroscopy. I. Formalism.” The Journal of Chemical Physics, 104, 4554-4567,
(1996).
[169] Hockett P and Reid KL. “Complete determination of the photoionization dynamics of a polyatomic molecule. II. Determination of radial dipole matrix elements and phases from experimental photoelectron angular distributions from
A1 Au acetylene.” The Journal of Chemical Physics, 127, 154308, (2007).
[170] Hockett P, Staniforth M, Reid KL, Townsend D. “Rotationally resolved photoelectron angular distributions from a nonlinear polyatomic molecule.” Physical
Review Letters, 102, 253002, (2009).

BIBLIOGRAPHY

253

[171] Yagishita A, Hosaka K, Adachi J-I. “Photoelectron angular distributions from
fixed-in-space molecules.” Journal of Electron Spectroscopy and Related Phenomena, 142, 295-312, (2005).
[172] Geβner O, et al. “4 σ −1 inner valence photoionization dynamics of NO derived
from photoelectron-photoion angular correlations.” Physical Review Letters, 88,
193002, (2002).
[173] Lebech M, et al. “Complete description of linear molecule photoionization
achieved by vector correlations using light of a single circular polarization.” The
Journal of Chemical Physics, 118, 9653-9663, (2003).
[174] Li WB, et al. “Photoemission in the NO molecular frame induced by soft X-ray
elliptically polarized light above the N(1s)−1 and O(1s)−1 ionization thresholds.
Physical Review A (Atomic, Molecular, and Optical Physics), 75, 052718, (2007).
[175] Lucchese RR, Raseev G, McKoy V. “Studies of differential and total photoionization cross sections of molecular nitrogen.” Physical Review A, 25, 2572-2587,
(1982).
[176] Lucchese RR, et al. “Polar and azimuthal dependence of the molecular frame
photoelectron angular distributions of spatially oriented linear molecules.” Physical Review A, 65, 020702, (2002).
[177] Signorell R and Merkt F. “General symmetry selection rules for the photoionization of polyatomic molecules.” Molecular Physics, 92, 793-804, (1997).

BIBLIOGRAPHY

254

[178] Hockett P, Staniforth M, Reid KL. “Photoelectron angular distributions from
rotationally state-selected NH3 (B 1 E 00 ): Dependence on ion rotational state and
polarization geometry. Molecular Physics, 108, 1045-1054, (2010).
[179] Advanced Systems Analysis Program (ASAP). Version 7.1 Breault Research
Organization, Inc., (2002).
[180] http://www.henkelna.com/cps/rde/xchg/henkel us/hs.xsl/full-product-list7932.htm?iname=Aerodag+G&countryCode=us&BU=industrial&
=parentredDotUIDproductfinder&redDotUID=000001F4B9
[181] Burt
Physics

EA,

Klipstein

Package

WM,

Design

Jefferts,
for

the

SK.

“The

PARCS

Cesium

Experiment.”

2004 IEEEE International Ultrasonics, Ferroelectrics, and Frequency
Control Joint 50th Anniversary Conference, pp. 71-79,(2004).
[182] Yang Z-P, Lijie C, Bur JA, Lin S-Y, Ajayan PM. “Experimental Observation
of an Extremely Dark Material Made By a Low-Density Nanotube Array.” Nano
Letters, 8(2), 446-451, (2008).
[183] Roos A, Chibuye T, Karlsson B. “Properties of Oxidized Copper Surfaces for
Solar Applications I.” Solar Energy Materials, 7, 453-465, (1983).
[184] Lampert CM. “Coatings for Enhanced Photothermal Energy Collection. I. Selective Absorbers.” Solar Energy Materials, 1, 319-341, (1979).
[185] Henisch HK. Crystal Growth in Gels. Dover Publications, (1996).

BIBLIOGRAPHY

255

[186] Packham DE. “Preparation of metallic surfaces with microfibrous topography
and their effect on adhesion of hot-melt and thermoset adhesives.” International
Journal of Adhesion and Adhesives, 6(4), 225-228, (1986).
[187] Barstow MA et al. “Stellar and Galactic Environment survey (SAGE).” Experimental Astronomy 23, 169-191, (2009).
[188] http://www.acktar.com/category/MagicBlack
[189] http://www.aviantechnologies.com/products/coatings/diffuse black.php#ds
[190] Baker RG and Spencer AT. “The Structural Bonding of Polyolefins.” Industrial
and Engineering Chemistry, 52(12),1015-1017, (1960).
[191] http://epner.com/default/index.cfm/processes-and-products/laser-black/
[192] Persky MJ. “Review of black surfaces for space-borne infrared systems.” Review
of Scientific Instruments 70(5), 2193-2217, (1999).
[193] Dury MR, Theocharous T, Harrison N, Fox N, Hilton M. “Common black coatings - reflectance and ageing characteristics in the 0.32-14.3 micron wavelength
range.” Optics Communications, 270, 262-272, (2007).
[194] www.nscicorp.com/images/documents/Deep-Space-Black.pdf
[195] Frahm RA, Sharber JR, Link R, Winningham JD. “Yearly Report for
NASA PIDDP Grant NAG5-8515 (SwRI 15-02992), March 31, 2001.”
Laboratory Experimentation Model of the 270 Degree Electron Tophat Analyzer.
(2001).

BIBLIOGRAPHY

256

[196] Niklasson GA, Granqvist CG. “Review: Surfaces for selective absorption of solar
energy: an annotated bibliography 1955-1981.” Journal of Materials Science 18,
3475-3534, (1983).
[197] Richharia P and Chopra KL. “Stability Investigations of a Chemically Converted Textured Black Copper Selective Surface.” Solar Energy Materials, 19,
365-382, (1989).
[198] Richharia P. “Optical and Microstructural Analyses of a Chemically Converted
Textured Black Copper Selective Surface.” Solar Energy Materials, 20, 199-214,
(1990).
[199] Richharia P, Chopra KL, Bhatnagar MC. “Surface analysis of a black copper
selective coating.” Solar Energy Materials, 23, 93-109, (1991).
[200] Roos A, Karlsson B. “Properties of Oxidized Copper Surfaces for Solar Applications II.” Solar Energy Materials, 7, 467-480, (1983).
[201] Hörnström SE, Karlsson SE, Roos A, Westerstrandh B, Kamf A. “Optical Properties and Surface Composition of Oxidized Copper for Solar Absorbers.” Solar
Energy Materials, 9, 367-389, (1984).
[202] Karlsson T, Roos A. “Optical Properties and Spectral Selectivity of Copper
Oxide on Stainless Steel.” Solar Energy Materials, 10, 105-119, (1984).
[203] Sherer A, Inal OT, Singh, AJ. “Investigation of Copper Oxide Coatings for
Solar Selective Applications.” Solar Energy Materials, 9, 139-158, (1983).
[204] Richharia P and Chopra KL. “Optical Modelling of a Black Copper Selective
Surface.” Japanese Journal of Applied Physics, 30(12A), 3425-3431, (1991).

BIBLIOGRAPHY

257

[205] Effects of Exposure to Toxic Gases: First Aid & Medical Treatment. 3rd. ed.
Matheson Gas Products, Inc., (1988).
[206] Lide DR. (ed.) Handbook of Chemistry and Physics. CRC Press, (1995).
[207] Koffyberg FP, Benko FA. “A photoelectrochemical determination of the position
of the conduction and valence band edges of p-type CuO”. Journal of Applied
Physics 53(2), 1173-1177, (1982).
[208] http://www.amazon.com/Food-Grade-Devil-SodiumHydroxide/dp/B0039CU5F6/ref=sr 1 6?s=
industrial&ie=UTF8&qid=1330829527&sr=1-6
[209] http://www.sciencelabsupplies.com/Potassium-Persulfate-Lab-100g2.5kg.html
[210] http://www.amazon.com/Hydrochloric-Acid-Gallon-Pail32%25/dp/B0039D4OIY/ref=sr 1 4?s=
industrial&ie=UTF8&qid=1330828970&sr=1-4
[211] http://www.amazon.com/Bucket-Sodium-Bicarbonate-50lb/dp/B003EE8LDC

Appendix A
The Art of Blackening: How to
make δ-CuO surfaces in an
Ordinary Chemistry Lab
A.1

Motivation

The extreme UV-Vis absorbance of dendritic cupric oxide, or δ-CuO, surfaces makes
them generally useful for stray light suppression (Chapter 7). In spite of this, this
surface type and especially the technique for making it has languished in obscurity
until now. We offer for the first time detailed instructions for the preparation of δCuO surfaces with the hope that these surfaces become widely adopted for a variety
of technologies.

258

APPENDIX A. THE ART OF BLACKENING

A.2

259

Introduction

We have rediscovered a wet-chemistry approach for the preparation δ-CuO surfaces.1, 2
This material is greater than 99% absorbing in the UV-Vis spectrum; to our knowledge there is no proprietary coating superior in the UV than δ-CuO. The extreme
absorptivity of the coating is due to its intricate three-dimensional dendritic structure; if the coating is touched it will remain black but lose the velvety appearance and
will resemble a shinier black surface such as standard anodized aluminium (Figure
A.1).
Outgassing has been negligible in our Coincidence Imaging Spectrometer down to
its base pressure of 1 × 10−9 Torr. The coating is thermally stable up to 250 1 and
is mostly chemically inert except notably with acids, as shown below for nitric acid:

CuO (s) + 2HNO3 (aq) → Cu(NO3 )2 (aq) + H2 O (l)

(A.1)

The blackening method is fairly simple. The surface of the piece to be blackened
must be copper; the chemical composition of the coating is primarily CuO with small
amounts of Cu2 O, Cu2 S, and Cu.1

A.3

Design of Parts for Blackening

The δ-CuO procedure builds up a micron-scale dendritic cupric oxide layer on copper
surfaces. All surfaces to be blackened therefore must be bare copper metal. Bulk
copper parts are ideal but plated copper is acceptable, with the limitation that at
most a few blackening iterations will be possible on plated pieces. As each iteration
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Figure A.1: Rubbing a δ-CuO surface removes the dendritic coating and the surface
then resembles a standard black anodization and becomes roughly an order of magnitude more reflective. Note how the knife edge indent on bottom edge of this piece,
which is a section of used copper gasket, is difficult to see in the preserved darker
δ-CuO section even with exposure to camera flash at close range.

removes on the order of 10 microns of copper depth, bulk copper pieces can be reblackened (e.g. if damaged by contact) an indefinite number of times.
It is a good idea to minimize tiny nooks and crannies, such as small tapped holes,
on pieces for blackening as these areas can trap etchant and significantly degrade the
resulting black coating when the acid leaks out later.
As the δ-CuO surface will be degraded with handling, all pieces to be blackened
must be designed to account for handling on surfaces which are not critical for straylight rejection. The etching step releases nitric oxide gas bubbles which must be able
to escape.
We have tested and obtained successful results for three grades of copper with
this procedure:
1. copper 101: 99.99 % Cu; oxygen-free high-conductivity, OFHC
2. copper 110: 99.9 % Cu; multipurpose copper, used for electrical wiring
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3. copper 122: 99.9 % Cu; phosphorus-deoxygenated copper, used for plumbinggrade copper.
Grades 110 and 122 are inexpensive and thus the copper structural components for
blackening can be purchased with a modest budget; for example, our baffle system
tubes are grade 122 plumbing pipe. Alloys of copper such as brass (e.g. 65% Cu, 35%
Zn) do not blacken well, however.

A.4

Preparation of Parts for Blackening

The main preparation required is that all copper surfaces for blackening must be degreased and clean. Parts delivered from a machine shop will be covered machining
fluids and must be cleaned thoroughly before blackening is attempted.
First, we soak our pieces in a solution of laboratory detergent (e.g. Fisher-brand
Sparkleen 1) and warm water. Then, pieces are scrubbed and rinsed. A second soak
in detergent can be useful for very dirty pieces.
We subsequently immerse or spray our pieces with the organic solvents alcohol
(methanol, ethanol, and isopropanol are all acceptable) and acetone to help remove
any remaining contamination. Solvents should be disposed of properly as organic
waste. Do not pour down the sink.
The blackening procedure will require pieces to be suspended first in the etching solution, and then blackening solution. The δ-CuO surfaces cannot be touched;
therefore copper pieces will need to be suspended in the solutions via copper wires;
piece design should account for this. This suspension will make rinsing, drying and
storage of pieces easier as well (Figure A.2).
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Figure A.2: To avoid touching the sensitive black coating, we suspend our pieces by
bare copper wire for etching, blackening, rinsing, drying (pictured) and storage. These
pieces are components of the baffle system for our Coincidence Imaging Spectrometer
machine.

A.5

Personal Safety and Blackening

The blackening technique is no more difficult or dangerous than a typical undergraduate inorganic chemistry lab session but precautions are required. Suitable splash
goggles, lab coat, closed-toe shoes, long pants and latex gloves should be worn at all
times. All of the etching and blackening steps must be done in a chemistry fumehood.
Because the etching step evolves a considerable amount of toxic nitric oxide (NO)
gas, a NO gas detector is a useful piece of insurance equipment should the fumehood
fail; you don’t want your nose to be the only detector. We used a Micro IV nitric
oxide detector from GfG Instrumentation which reports the presence of NO in ppm;
this unit is about the size of a deck of cards and can be clipped to the operator’s lab
coat.
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Step 1: Etch the Copper Surfaces

The etch step removes all oxides on copper surfaces and allows the blackening step
to create a deep black homogeneous surface. This is a necessary evil for if the etch
step is skipped, a poor spotty black surface will be the ultimate result (Figure A.3).
We tried two common etchants for blackening: (i) ferric chloride (FeCl3 ) and (ii)
nitric acid (HNO3 ). While ferric chloride is the safer option and does not require a
fumehood, we rejected it on the account that it produced etched surfaces contaminated with iron oxide deposits and subsequent blackening was not to the highest
standards. Fortunately, nitric acid proved ideal as the etchant.
Figure A.3: Etching before blackening is essential. If a copper piece is directly blackened with surface oxides present, the blackening quality is poor.
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How to Etch Copper Surfaces with Dilute Nitric Acid
(Fumehood is required)

As a preliminary step, we soak pieces in water briefly to fill any small pockets of the
copper surfaces with water. This helps prevent nitric acid from filling these pockets
and then later spilling out and damaging the black coating after the oxidation step.
Etch the copper with dilute nitric acid (20% HNO3 ) at 50  for about 30 seconds to 1
minute (Figure A.4 (a), (b), (c)); use a glass beaker to contain the solution. The rate
of loss of copper surface is about 10 microns per minute at these conditions. A hotplate/stirrer in conjunction with a glass thermometer is ideal for temperature control
and enables the use of a Teflon-coated magnetic stir bar (Teflon is unreactive in nitric
acid). Bare copper surfaces have a distinctive pinkish-orange colour different than the
familiar colour normally encountered with copper wires and pipe; this pinkish colour
should be used as a diagnostic to determine whether etching is complete across the
surface. This step must be done in a fumehood because a major product of the
reaction is toxic nitric oxide (NO) and/or deadly nitrogen dioxide (NO2 ) gas. Nitric
oxide is colourless, whereas nitrogen dioxide is brownish-orange. Both gases smell like
bleach like most oxidizers do and if such a smell is encountered during the procedure,
action should taken immediately to contain the problem and move personnel away
as quickly as possible. Even a few breaths of these gases can prove fatal, often with
a delayed onset of a few hours before symptoms appear. Anyone attempting this
procedure should thoroughly understand the relevant MSDS sheets and ideally even
consult further literature.3, 4 The etching reaction equations are as follows:
3Cu (s) + 8HNO3 (aq) → 3Cu(NO3 )2 (aq) + 2NO (g) + 4H2O (l)

(< 25% HNO3 )
(A.2)

2+
Cu (s) + 4H3 O+ (aq) + 2NO−
(aq) + 2NO2 (g) + 6H2 O (l)
3 (aq) → Cu

(> 25% HNO3 )
(A.3)

APPENDIX A. THE ART OF BLACKENING

265

We therefore recommend keeping the nitric acid concentration under 25% to avoid
releasing the extremely dangerous gas nitrogen dioxide in favour of the somewhat less
toxic gas nitric oxide.
As the reaction proceeds, the etching solution will turn blue due to buildup of
Cu2+ ions. Because the etching process gives off bubbles of NO gas, the piece should
be dunked in an orientation which allows the bubbles to escape upwards.
Just after etching is complete, thoroughly rinse the the copper in distilled water.
We do this by immersion in large beakers in the fumehood. A two-stage immersion is
ideal to remove all traces of acid. Proceed to the blackening step quickly, in at most
a few minutes, to ensure the copper surface remains free of surface oxides.
It is worthwhile to note that the presence of dissolved NO gas in the nitric acid
solution acts as a catalyst to speed up the rate of etching of copper. The first piece to
be etched will thus react slower than subsequent pieces. It can be useful to activate
the etchant solution by dunking a scrap piece of copper before beginning to etch the
pieces intended for blackening. Also, be careful not to walk away while etching pieces
since the rate can quickly increase as gaseous NO builds up in the solution.
A note on the technique for the dilution of nitric acid: Nitric acid is typically
purchased in concentrated form as a 65% by mass solution in water. It must be
diluted first before use in etching. The mixing of water and acid releases a lot of
heat and must be done slowly in a fumehood and in the correct order. For dilution in
water, it is absolutely imperative that acid be added slowly to the appropriate amount
of water for dilution; do not reverse this approach and add water to concentrated acid
as this will cause water droplets to potentially boil off and spray acid out of the
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beaker.

(a) A couple of
scrap copper pieces
before etching.

(b) Beginning of
etching in dilute nitric acid.
Note
the exposed corner
of the top piece,
this area will subsequently not blacken
well.

(c) Near the end
of a long severalminute etch in
dilute nitric acid.
The solution is
becoming blue due
to dissolved Cu2+
ions.
Note fizzy
bubbles of nitric
oxide gas on the
immersed copper
surfaces.

(d) The pieces soak
after the etch and
before the blackening steps. Note
the characteristic
pinkish-orange
colour
of
bare
copper
surfaces
except at the top of
the “4-hole” piece
which was not fully
immersed in the
etching solution.

Figure A.4: Etching Sequence

A.7

Step 2: How to Blacken Bare Copper Surfaces

The oxidizer bath for blackening is an aqueous solution of 60 g/L sodium hydroxide
(NaOH) and 14 g/L potassium persulfate (K2 S2 O8 ) at a temperature of 50-55 
with blackening time of 11 minutes. Though less critical than for the etching step,
the blackening is also done in fumehood.
Use a glass beaker for the blackening solution; we have used sizes from smallish
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0.5 L up to large 4 L beakers. Weigh out the appropriate amount of sodium hydroxide
and, as this step gives off heat, add it slowly to cold water while using a Teflon-coated
stir bar to help mix the solution. After the sodium hydroxide is fully dissolved, weigh
out the appropriate amount of potassium persulfate and add it slowly to the solution.
Continue to stir the solution slowly via stir bar and heat to 50-55  with aid of a
hot plate and glass thermometer. Note: take care to keep the heat below 60  or the
persulfate will begin to decompose, perhaps dangerously so at temperatures much
greater than this.
Alkaline conditions ensure the oxidizer adds oxygen to the copper surface instead
of merely removing electrons and copper ions from it; persulfates will actually etch
copper like nitric acid if the pH is too low. The reaction is self-limiting so immersion
times greater than 11 minutes make no further change. The result is an extremely
black velvety surface. (Figure A.5).

A.8

The Post-Blackening Soak

We have found that we obtain high-quality δ-CuO surfaces every time, provided that
the prior degreasing and etching steps were done well. However, post-blackening
soaking and drying steps are a bit tricky and the pieces can easily be degraded due
to subtle effects before they are dry and ready for use.
After 11 minutes of blackening, remove the freshly-blackened copper piece from
the oxidizer solution. Soak the blackened copper which has all sorts of impurities
trapped in its porous coating; if these remain the δ-CuO surfaces will be salt-stained
and not be optimally black. Use a “2+1”-stage rinse: i.e., soak in water (pH ≥ 7,
see note below!) water for 10 minutes, transfer to fresh distilled water (pH ≥ 7) for
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(a) Blackening has
just started seconds
before for the two
copper pieces and
already they are
changing colour.

(b) One minute into
the blackening step.

(c) Four minutes
into the blackening
step.
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(d) Nine minutes
into the blackening step.
The
pieces are almost
optimally black, except in the poorlyetched area.

(e) Seventeen minutes into the blackening step (six minutes more than necessary). The pieces
are done.

Figure A.5: Blackening Sequence
another 10 minutes and then soak in fresh water for up to a couple of more hours, but
not several hours or days to prevent further copper electrochemistry from occurring
(again, pH ≥ 7) (Figure A.6).
Do not soak (Figure A.7) blackened pieces in “acidified” water for more than
a few of minutes at most. Water exposed to air becomes acidic over time (pH ≈
5.6) from carbonic acid generated by dissolved atmospheric CO2 ;5 therefore all water
not freshly distilled or not stored under inert atmosphere will be acidic. Even such
a mildly acidic environment will slowly degrade the δ-CuO coating. Soaking can
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(a) If a blackened piece is left in water
to soak for too long (more than a couple
of hours) the black surface will degrade.
Here, a black surface has become spotty
after being left in ordinary “acidified”
water (pH ≈ 5.6) over a weekend
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(b) Here, some blackened pieces acquired bluish patina defects after being
left soaking in pH-basic water (a couple
of pellets of NaOH were added) for only
7 hours. Ignore the “rusty” piece at top
which is an anodized office-paper clip.

Figure A.6: Degradation of the black surface can easily occur during the soaking step
due to subtle factors which must be accounted for.
be successfully achieved by adding a tiny amount of base (e.g. one or two pellets
of NaOH) to the water to keep it from becoming acidic. Because of this we used a
“2+1+1” system of soaks with NaOH pH-stabilized 2+1 steps with a further 5 minute
acidified “distilled” water soak to remove any traces of the NaOH from previous soaks.
We used low-salt content reverse-osmosis drinking-grade water for this purpose. This
method has worked well for the CIS baffles.
It is possible for the etchant nitric acid solution to become trapped in nooks and
crannies of copper pieces (e.g. small tapped holes) or areas where two pieces contact
(e.g. suspending wire contact points with the suspended piece). Acid can remain
trapped in miniscule quantities even after the alkaline oxidizer blackening dunk. If this
occurs, the black coating can be slowly degraded by oozing acidic solution; typically
a bluish patina will form. The patina can be squirted off underwater with a pipette
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Figure A.7: After blackening, we soak the pieces in water to help remove salts trapped
in the coating. Note the poor blackening area on the piece to the right where it was
not etched properly.

and bulb or sometimes in air when dry by a bulb-blower although the black coating
will usually be degraded somewhat as shown in Figure A.6(b). It is ideal to avoid
patina buildup in the first place by minimizing nooks and crannies on pieces, not tying
the suspending copper wires too tightly to the piece, not tying too many suspending
copper wires together, and not soaking the piece for too long.
There is a limited amount of copper surface area that can be blackened with a
given oxidizer solution volume. At some point the oxidizer concentration will become
too low and any subsequent blackened pieces will not look velvety and be of low
quality. We estimate that 10 L of blackening solution yields approximately 1 m2 of
high-quality black surface.
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Dry the Blackened Copper Pieces

When drying the pieces after soaking it is ideal to have them dry fairly quickly to
prevent water drops being present for too long on the surfaces of the black pieces. The
water will gradually become acidic, if it was not already, by dissolving atmospheric
CO2 and can degrade the black coating. It is recommended to dry the pieces quickly
by using a warm oven at the temperature range 60-100 .
The end result should be extremely black δ-CuO pieces (Figure A.8).

(a) This piece turned out perfectly.

(b) This piece has prominent etching “missed
spot” defects but otherwise turned out well.
This sample was used to determine that our
δ-CuO surface absorbs 99.5% in the UV.

Figure A.8: δ-CuO pieces after the drying step are ready for use.
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A.10

Waste Disposal

A.10.1

Disposal of the Etchant Solution (Fumehood is required)

Allow the etchant solution to cool to ambient room temperature. The used acidic
etching solution can be neutralized in fumehood with sodium bicarbonate (NaHCO3 )
while stirring the solution with a Teflon-coated magnetic stir bar:

Cu(NO3 )2 (aq) + HNO3 (aq) + 3NaHCO3 (aq) →

(A.4)

CuCO3 (s) + 3NaNO3 (aq) + 2H2 O (l) + 2CO2 (g)
This reaction serves three purposes:
1. It neutralizes the pH with a buffering effect. As pH neutralization nears completion the solution changes from blue to green due to the changing environment
surrounding the Cu2+ ions (Figure A.9). Add a slight excess NaHCO3 , i.e.
continue adding a few grams more sodium bicarbonate after the reaction is
complete. The reaction is complete when a blue copper precipitate is obtained
and no evolution of CO2 bubbles occurs as further sodium bicarbonate is added
(Figure A.10).
2. The neutralization of acid with sodium bicarbonate yields large amounts of CO2
gas as a product and helps release any remaining NO gas from the solution. This
is one reason why the step must be done in a fumehood. It may be interesting
to note that the familiar vinegar and baking soda “volcano” science experiment
for children is this basic reaction.
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3. Once enough sodium bicarbonate is added to turn the solution slightly basic the
toxic Cu2+ ions that were released in etching and are responsible for the blue
colour will precipitate as insoluble and safer cupric carbonate (CuCO3 (s)) and
cupric hydroxide (Cu(OH)2 (s)); these species are used as cosmetic pigments
and are considered quite safe due to their water insolubility. The resulting blue
powder solid can be filtered with #1 filter paper (Figure A.11), dried and stored,
and ultimately be sent away for recycling back to copper metal. The remaining
sodium nitrate waste (NaNO3 (aq)) can be disposed down the sink with plenty
of running water. All potential environmental hazards from the etching step
have now been successfully treated.
Figure A.9: As the sodium bicarbonate neutralization of the etchant nears completion
the solution changes from aqua blue to a deep green colour as the Cu2+ ions experience a different local environment. With just a little more sodium bicarbonate the
neutralization will be complete and the Cu2+ ions will precipitate out of the solution.

Don’t add the sodium bicarbonate too quickly to avoid excessive CO2 gas release
and risk of overflowing beaker with foamy waste. Be aware that as the neutralization
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Figure A.10: After the sodium bicarbonate neutralization of the etchant solution is
complete, the Cu2+ ions will precipitate in the familiar aqua blue colour. Here the
precipitate, which is mostly cupric carbonate and cupric hydroxide, has settled to the
bottom of the beaker overnight. The white precipitate on the inside of the beaker
above the solution surface is sodium nitrate.

nears completion and the solution turns green from blue its gas release will become
foamier and more intense. This increases the risk of overflowing the beaker.
Fortunately, nitric acid neutralization with sodium bicarbonate does not release
heat.
Be careful to not remove the etchant or etchant rinse beakers from the fumehood
in the hours after etching and before sodium bicarbonate neutralization. Toxic nitric
oxide gas continues to evolve from the etchant solution for up to a day after etching
is complete.
As the etchant solution can be reused numerous times it may be preferable to not
dispose of it immediately and instead properly store it (e.g. in an empty glass bottle)
for future blackening sessions.
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(a) The cupric salt precipitate is easily filtered.

275

(b) The cupric salt can be stored indefinitely
or sent away to be reprocessed back into copper metal.

Figure A.11: We filter, collect and dry the cupric carbonate and cupric hydroxide
salts.

A.10.2

Disposal of the Blackening Solution (Fumehood is required)

Allow the oxidizer/alkaline solution to cool to ambient room temperature. First, it
is a good idea to dilute the used oxidizer solution by adding an equal amount of cool
water since water has a high heat capacity and the pH neutralization in the next step
is very exothermic.
Make the solution pH just slightly acidic by adding a tiny excess of hydrochloric
acid (HCl (aq)) to perform the classic acid + base → water + salt neutralization
reaction:
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(A.5)

The pH can be verified by inexpensive paper strips; we used EMD pH 0-14 colorpHast strips. The reaction will release some corrosive hydrogen chloride (HCl) gas
and may release a small amount of other noxious gases such as chlorine (Cl2 ) and
sulfur dioxide (SO2 ) due to presence of persulfate. Any fine black precipitate of CuO
that was present in solution will dissolve as the pH crosses to acidic and the solution
will turn a faint blue.
Next, add enough sodium bicarbonate to neutralize the pH and buffer the solution,
just as was done to neutralize the etchant solution. When carbon dioxide bubbles
do not appear with the addition of sodium bicarbonate the solution is neutralized.
The small amount of Cu2+ ions that were present in solution will precipitate as a
blue powder with sodium bicarbonate neutralization. There will not likely be enough
blue copper precipitate to bother with collecting it as we did in the etchant waste
treatment.
Unfortunately, there is no simple way to neutralize the remaining persulfate oxidizer so follow the mantra: “Dilution is the solution to pollution”. Dilute the pHneutral waste with plenty of cold water (at least a factor of 2) and dispose down the
drain with tap water running for several minutes after. This is the general approach
recommended in literature for disposing waste persulfate solutions; due to its reactivity and thus short lifetime, persulfate is not considered an environmental pollutant if
released in small quantities and in diluted aqueous solution.
If desired, the pH-neutralized persulfate solution can, in a fumehood, be gently
heated (e.g. to 70 ) and stirred to facilitate persulfate breakdown before release to
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the environment; for our small-scale blackening operations this extra precaution has
not been necessary.

A.11

The δ-CuO surface can be reapplied

If the black surface is damaged by physical contact or chemical action it can be
quickly removed with dilute acid. We have used 10% HNO3 (aq) for this purpose
which completely dissolves the coating in less than 30 seconds, resulting in a bare
copper surface.
Re-application of fresh black δ-CuO is then possible via the standard technique
explained above.
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Appendix B
The Effect of Ambient Air Pressure
on Femtosecond Laser Experiments
B.1

Motivation

Air, or more specifically, changes to air’s pressure, temperature and composition has
a significant if usually unappreciated effect on the propagation of light.
The author was reminded of this effect recently while driving his car on a cold
sunny day. As the car’s interior approached an uncomfortably warm temperature (25
) the driver’s window was rolled down while waiting at a red light. As the cold

outside air (-10 ) mixed with car’s warm air, trees and buildings observed through
the open window were noticed to ripple. This pronounced effect was caused by the
different densities (and hence refractive indexes) in air due to the 35  temperature
difference with unmixed pockets of air acting as weak lenses.
In simple geometric optics calculations, involving lenses and prisms with index of
refraction (n) on the order of 1.5, the index of refraction of air (nair ) is often set equal
279
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to 1 even though it is actually approximately 1.0003 in the UV-Vis spectrum. This
simplification would be fine if nair were constant in time for a given wavelength, but
it is not; in the span of a few days nair changes on the order of greater than 10−5
are to be expected in the laboratory even with modern temperature and humidity
controls. As this subject has scarcely been treated in the literature, we investigate the
sources of these changes in nair and the repercussions for our laser experiments. For
simplicity, we consider only weak-field laser experiments with the assumption that
the air itself is not affected by the propagating laser.

B.2

Introduction

It was noticed over the course of the carbon disulfide experiment in 2008 that laser
stability appeared be a function of the weather. Pump-probe laser axis and temporal
overlap would unpredictably degrade during some but not all periods of unsettled
weather. Some colleagues had noticed similar effects for years and since lab temperature was thought to be well-controlled the general assumption was that air humidity
changes were the culprit, either directly or indirectly. Rainy days were thus believed
to be bad and sunny days good for stability, but without any lab humidity records
for verification.
Our air conditioning unit could not precisely control humidity during very dry or
wet conditions but did stabilize humidity a great deal as compared to the rest of the
building and outdoors. Improving the humidity control further would require expensive upgrades, so it was decided first to examine how laser stability was affected by
the three weather variables indoors (temperature, humidity, and pressure) and how
outdoors conditions affect indoors.
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Changes in temperature are expected to have a large effect on laser performance
due primarily to different thermal expansion properties of individual components in
the laser itself and the various optical components on the way to the experimental
apparatus. This is borne out by much anecdotal experience from both air conditioner
failures in our lab and from reports of other labs with less stringent temperature
control.
Changes in humidity are expected to affect laser performance in two possible ways:
1. If any components along the optical path are able to absorb water from the air
and mechanically swell as humidity increases and contract as it decreases.
2. If laser propagation itself is directly affected by air with varying humidity. A
key question is what effect does humidity have on the refractive index of air?
Air pressure changes are equivalent to air density changes and so we expect some
effect on the refractive index of air with daily pressure variations. It should be noted
that at middle-latitudes such as Ottawa daily pressure changes of 1-2% are not unusual
and longer term changes of more than 6% are to be expected (especially in fall, winter,
spring) from the highs of cloudless days to the lows of winter storms. Pressure is the
most difficult weather variable to control: an airlock and large compressor would
be required to maintain constant overpressure; alternatively, “only” the entire laser
propagation area could be subjected to vacuum.1, 2 Since such treatments would be
expensive and complicated our lab pressure follows that of the great outdoors.
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B.3

How does nair change with the weather?

It is well-known how to calculate the index of refraction of air as a function of pressure,
temperature, and humidity.3–15 We follow the method of the classic paper9 on this
subject which arrives at the following, the Edlén equation:



2406030
15997
nair
8342.13 +
× 10−8
+
130 − σ 2 38.9 − σ 2

− f 5.722 − 0.0457σ 2 × 10−8
0.00138823 p
=1+
1 + 0.003671 T

(B.1)

where p is the air pressure in Torr, T is temperature in , f is vapour pressure
of water in Torr, and σ is vacuum wavenumber in µm−1 .
Therefore, to follow nair with time we use inexpensive data loggers which provide
the indoor air conditions. Because humidity is conventionally reported as relative
humidity %, (RH%), we convert this to vapour pressure of water by first calculating
the saturation vapour pressure of water, fsat , in Torr for the temperature:16

17.520 T
+ T

fsat = 6.1121 × e 240.97

(B.2)

RH%
100%

(B.3)

and then,

f = fsat ×

For the determination of fsat we have intentionally omitted the so-called “enhancement factor” as we found it complicating yet unnecessary for our desired level of
accuracy.

APPENDIX B. EFFECT OF AMBIENT AIR ON LASER PERFORMANCE 283

B.4

The Helium-Neon Laser Prism Pointing Experiment

B.4.1

Description of Experiment

In May 2008 we set up a simple experiment to test how ambient air affects laser
performance (Figure B.1). This test was designed to determine which relevant air parameters (T, RH%, or p) had a significant effect on laser pointing stability. We hoped
to see a purely nair effect, in which case pressure should dominate, and no indirect
mechanical effects which could be caused by changes in temperature or humidity.
In a draft-protected enclosure, the 632.8 nm beam from a Helium-Neon laser was
passed through a prism (BK7; dimensions 4.0, 4.0, 4.5 cm) near the apex and at the
angle of minimum deviation. Across two Newport “RP reliance sealed hole table top”
tables the beam then propagated 5.2 m from the prism to a quadrature photodiode
detector where laser pointing stability could be measured both horizontally and vertically. Changes to nair should cause a predictable change in laser pointing in the
prism’s refraction plane (horizontal pointing) but should have no effect on pointing in
the other plane (vertical pointing) on the quadrature photodiode. Vertical pointing
can thus be used as a metric for overall stability of the setup. As this laser pointing
data was being collected we simultaneously measured (T, RH%, p) at the prism.

B.4.2

Method of Calculation

To calculate the changes in pointing that we expect we must acquire (T, RH%, p)
data near the prism at regular intervals with which we calculate the evolving nair .
We acquired data every five minutes but probably every 10 to 30 minutes would have
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Figure B.1: Schematic of the the Helium-Neon Laser pointing experiment. The laser
is directed through a prism and then propagates to a 2D-sensitive quadrature photodiode which records horizontal and vertical changes in pointing. Ambient air conditions
(T, RH%, p) are recorded synchronously at the prism.
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been adequate.
We then convert our changing nair into pointing changes. Firstly, we use the
minimum angle of deviation equation17 to determine the angle of minimum deviation
(min ) for our prism:

−1

min = 2 sin


 
φ
nprism sin
−φ
2

(B.4)

where nprism is the refractive index of our prism at 632.8 nm (= 1.51509) and φ
is the apex angle of the prism (= 68.5 ◦ ). We obtain min = 48.5◦ .
Secondly, we determine the angle of incidence, (αmin ), at our prism to satisfy the
minimum angle of deviation conditions:17

αmin =

min + φ
2

(B.5)

we obtain αmin = 58.5◦ .
Thirdly, using Snell’s law we can determine the change in pointing angle out of
the prism, (θoutput ):

θoutput = 2 sin

−1



nair sin (αmin )
nprism


(B.6)

Finally, we convert θoutput into a pointing change, (δpointing ), at our quadrature
photodiode (in meters):

δpointing = 5.2 tan(θoutput )

(B.7)
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B.4.3

Ambient Air Conditions in Our Lab and Raw Pointing
Results

First we consider the air conditions in our laboratory (Figure B.2) during our nearly
400-hour laser pointing stability experiment:
 Temperature: Our lab temperature is extremely stable. Temperature is centered

at 22.5  and did not change by more than a couple of tenths of degrees.
 Humidity: Humidity is stabilized fairly well but drifts when ambient conditions

become very dry or very humid.
 Pressure: Our lab is “pressurized” in the sense that a compressor maintains

a slight overpressurization with respect to the hallway to help keep out dust.
This overpressurization, on the scale of

1
-th
100

of a kilopascal, is completely

insignificant compared to longer term weather-induced pressure changes.
Comparing the raw laser pointing data to the changes in weather it can be seen
that the pointing change in the prism’s dispersive plane appears to match that of the
change in pressure, as we would naı̈vely expect.

B.4.4

Helium-Neon Laser Pointing Experiment Results

We were able to convert our pointing data from voltage to position in microns via
translation stages. We then were able to plot predicted and actual changes in pointing
for our data and found good agreement (Figure B.4). Thus, we have verified that the
weather-induced changes in laser pointing for this experiment were caused by changes
to nair and not indirect mechanical effects. We have confirmed that air pressure is
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(a) The temperature in the lab is extremely stable.

(b) The humidity in the lab is somewhat stabilized as compared to the hallway and outdoors.
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(d) Our laser pointing in the prism’s dispersive
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Figure B.2: Ambient Air Conditions for our Helium-Neon laser pointing stability test
and raw laser pointing data.
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Figure B.3: Consider an indoor laboratory with standard conditions of T = 22.5 ,
RH% = 40%, and p = 100 kPa. For typical deviations from these conditions, pressure
has a dominant effect on changes to nair as manifested by changes in pointing through
our prism.
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the changes in pointing are caused by changes in nair and not indirect
mechanical effects.

Figure B.4: Results of the Helium-Neon Laser Pointing experiment.
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the primary factor controlling laser pointing and therefore we do not need better
humidity or temperature control in our lab.

B.5

A Brief Look at the Nature of Pressure Changes

B.5.1

Wind is a better indicator than rain of a bad laser
stability day

So we have learned that it is not “rainy days” that are bad for laser stability but
instead it is changes in pressure. Significant changes in air pressure are always accompanied by winds of several hours duration. Precipitation, it will be admitted, frequently accompanies significant pressure decreases in the autumn, winter and spring.
However, counterexamples to the rainy day logic abound:18, 19
 Rainy or snowy days occur fairly often without notable pressure changes through-

out the year. Summer “airmass” thunderstorms, which are caused by convection
with origins in solar surface heating, often pass with almost no pressure change.
 A passing high or low-pressure system which just brushes the region often causes

a significant pressure change with very little precipitation. A good example of
this is the so-called “nor’easter”-type storm which travels up the Atlantic Coast
of North America while rapidly deepening in autumn, winter and spring.
 Large pressure increases lead to clear cloudless skies, the opposite of rainy

weather.
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B.5.2

Summer is better than autumn, winter or spring for
laser stability

Pressure changes at temperate latitude locations such as Ottawa tend to be at max-
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Figure B.5: Air Pressure for Ottawa, 2008-2011. Each 730-hour time bin is approximately one month (30.4 days). Note that the summer months experience the smallest
changes in pressure.
The Polar Jet Stream (PJS) is the boundary between cold, dry arctic air to the
north and warmer, more humid subtropical air to the south. The mixing of these
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air masses is responsible for the bulk of our unsettled weather. We often experience
an alternating series of lows and highs (cyclones and anti-cyclones) when the Polar
Jet Stream is near our latitude as it is in autumn, winter and spring. We get more
stable pressures in summer when the PJS retreats northward toward the arctic and
we spend the season mostly in a subtropical air mass.19

B.6

Beyond the He-Ne Laser: How do changes in
nair affect our time-resolved femtosecond laser
experiments?

With laser pointing stability we are concerned with geometric dispersion, changes that
occur at the air-transmissive optic interface. In effect, the transmissive optic behaves
as if actually noptic was changing slightly even though it is nair which changes.
Two additional factors, besides pointing, need to be considered to understand how
changes in nair affect the performance of our pulsed femtosecond-timescale lasers.
Both factors are manifestations of temporal dispersion.
1. The laser pulses are on the fs-timescale due to the precise temporal disribution
of the individual wavelengths in the broad bandwidth pulse. Changes to nair
will impart differing temporal retardation to the shorter-wavelength components
than to the longer-wavelength ones. Changes in nair can thus stretch the pulse
in time and thereby degrade the pulse compression and potentially degrade the
time-resolution of our experiments.
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2. We frequently perform pump-probe experiments where the pump pulse generates a well-defined evolving excited state which is subsequently interrogated by
an ionizing probe pulse, generating the electron and ion which we detect with
our apparatus. The time-resolution of these experiments is determined not only
by the compression of each pulse; we also need to accurately know the relative
time of arrival at the experiment for each pulse. The pump and probe pulses
typically have differing central wavelengths (e.g. 4th and 3rd Ti:Sa harmonics, 200 nm and 267 nm) with bandwidth envelopes in different parts of the
UV-Vis-NIR spectrum and therefore are retarded differently by changes to nair .
This problem can cause serious time drift between the two pulses during an
experiment and thereby degrade our time-resolution.
We now consider some preliminary results regarding how changes in nair may
affect our femtosecond laser experiments.

B.6.1

Femtosecond Laser Pointing

We observe pointing changes on the order of a millimeter at our reaction chambers.
The path length is 10-20 meters in total from the beginning of the laser to the chamber. We note that, because pointing changes are caused by geometric dispersion, in
principle changes in nair should be tolerable without significant changes in pointing
for our laser system. For planar transmissive optics, changes in laser pointing angle with nair are caused by propagating the beam through a transparent dispersive
medium with non-parallell normal axes defining input and exit planes. Therefore, we
expect no laser pointing angle change to occur with the use of:
 Plane-parallel transmissive or coated reflective optics
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 Prism-pairs used for pulse-compressors

A small amount of laser-axis walkoff can occur in a thick plane-parallel transmissive optic, however.
We expect changes in pointing with nair to be caused by transmissive or transmissivecoated reflecting optics that are curved or plane-wedges. As a rule, we don’t use
unpaired prisms or wedges in our setups but we frequently use lenses for constructing
telescopes for beams with wavelength in the IR. Therefore, the optical component
type most likely to cause changes in pointing are lenses, especially if the laser beam
input is not at normal incidence at the center of the lens.
There are several lenses far “upstream” in the frequency-doubled green Nd:YAG
pump lasers and also the fundamental Ti:Sa infrared portion of our laser systems;
our conjecture is that these lenses are largely responsible for our changes in pointing
with nair . We are currently investigating whether it is possible to reduce the pointing
drift caused by these optics.

B.6.2

Femtosecond Laser Pulse Compression

Our femtosecond laser pulses will be temporally stretched by propagating meters
in the dispersive medium of air. We can determine this temporal stretching of our
approximately Gaussian femtosecond laser pulses via:20–24
s
τf inal = τinitial ×

1+



4 ln 2 Φ00 (λ)
2
τinitial

2
(B.8)

where τf inal is the full-width at half-maximum (FWHM) duration of the stretched
00

pulse, τinitial is the FWHM of the pulse before propagation in air, and Φ (λ) is the
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group velocity dispersion (GVD) of the air as a function of wavelength (and nair too).
We can determine the group velocity dispersion with the following relation:20

00

Φair (λ) =

λ3
d2 nair
×
2πc2
dλ2

(B.9)

and, switching to wavenumber from wavelength, we obtain the following for the GVD
of air from the Edlén equation:

00

Φair (σ)

0.00138823p 0.0481206 σ 4 (390 + σ 2 )
1
×
[
(
2πcσ 3
1 + 0.003671T
(130 − σ 2 )3
0.00031994 σ 4 (114 + σ 2 )
+
+ (0.2742f σ 4 ) × 10−8 ]
(38.9 − σ 2 )
=

(B.10)

We calculate GVD and pulse compression for pressure deviations from our standard conditions of p = 100 kPa, T = 22.5 , pvap,H2 O = 10 Torr; it can be seen
(Figure B.6) that our pulse compression changes are within tolerable limits even with
10 meters of propagation in ambient air.

B.6.3

Femtosecond Laser Multiple-Pulse Arrival Times

It is likely that the largest effect of changes in nair to our experiments is a drift in the
arrival times of beams of differing central wavelength. We may quantify this as a drift
in time-zero (t0 ), the time for which multiple laser pulses arrive at our spectrometer
at the same time, for our experiments.
Considering only the case of 3rd (267 nm central wavelength) and 4th-harmonic
(200 nm) laser beams of Ti:Sa (we don’t consider “upstream” effects for the fundamental frequency of Ti:Sa), there are two major contributing factors to the change in
arrival times of these pulses:
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 There is an inherent difference to the change in propagation time for pulses of

differing central wavelengths because nair changes more as a function of ambient
air conditions for shorter wavelengths than for longer ones (Figure B.7). This
causes a path-length dependent timing error for fs-pulses of differing central
wavelength. We calculate this timing offset with the standard equation:
v =

c
nair

We obtain a t0 drift of approximately 0.855

(B.11)
fs
m kP a

for 200 nm and 267 nm for

propagation in air.
 There is a pointing change (and hence path change) within the prism compres-

sors for both beams (Figure B.8); this change in path causes another time drift.
We first determine the pointing change between the prisms with nair as was
done for the HeNe experiment and then calculate the path-length difference in
air and within the 2nd prism via similar triangles geometric arguments to determine the point of entrance in the 2nd prism. The change in pointing through
the prism compressor is small enough to cause negligible effect on the pulse
compression.
For our specific 200 nm and 267 nm prism compressors we obtain a t0 drift of:
 −8.86

fs
kP a

from the changes in path lengths through the 2nd prism for both 200

nm and 267 nm.
 7.22

fs
kP a

from the changes in path lengths in air between the 1st and 2nd prism

and between the 2nd prism and mirror.
Summing these various contributions together for our approximately 12 meter experimental path length through air we predict a t0 drift of 8.6

fs
.
kP a
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Figure B.6: Group velocity dispersion and pulse compression as a function of pressure.
Even for our shortest pulses (40 fs) the change in compression is fairly small. Changes
to pulse compression are relative to our standard conditions of p = 100 kPa, T =
22.5 , pvap,H2 O = 10 Torr.
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Figure B.7: The change to nair as a function of pressure is wavelength-dependent.
This causes a timing offset proportional to path length in air for pulses with different
central wavelengths. This data comes from the ambient air conditions of the HeNe
Laser Pointing Experiment.
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Figure B.8: Schematic of a prism compressor for our UV-pulses. Laser pointing out
of the compressor is unchanged with changes to nair . However, the path between the
first prism and the mirror is different and this results in a time offset.
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B.6.4

Observations of Femtosecond Laser Stability in the
Lab

We have recently made an effort to quantitatively monitor laser stability as a function
of the ambient air pressure in our lab. As expected, we see a direct linear relationship
between ambient air pressure and t0 drift of our experiments, and little change for
pulse compression as a function of pressure (Figure B.9).
The drift in t0 , which is approximately 50

fs
,
kP a

is about a factor of six greater than

we predict via the method discussed in the previous section. We are unsure about the
origin of this additional drift observed experimentally, but it is not surprising that
reality experiences worse drifts than our over-simplified theory which only includes an
ideally-aligned prism compressor and the path length in air from the prism compressor
to our reaction chamber.
This discrepancy is also of no great significance due to the fact that we can correct
for drifts in t0 after collecting data provided that:
 We monitor p (and T, RH%) while the experiment is running and observe a

direct linear relationship (as we observe here).
 Our time-resolution grid must be fine enough to capture the reaction dynamics

of interest even if fairly large t0 drifts occur.

B.7

Conclusion

Our femtosecond laser stability is affected by changes to the refractive index of air
(nair ), for which ambient air pressure is the dominant factor. Relative timing for
the arrival of pulses with differing central wavelengths is the main concern as this

APPENDIX B. EFFECT OF AMBIENT AIR ON LASER PERFORMANCE 301

causes substantial t0 drift. Provided that we parameterize the linear relationship
between pressure and t0 drift for our experimental setup before collecting data for
our experiment, such timing drift can be corrected during the processing of the data.
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(a) t0 drift

(b) ambient air pressure

(c) pulse cross-correlation

Figure B.9: We monitored pulse timing and cross-correlation (an indirect measure
of compression for both pulses) as a function of ambient air pressure over a couple
of days during a pump-probe experiment. It is seen that t0 drift has a direct linear
relationship with pressure but pulse compression shows no pressure dependence. The
time-resolution of our experiments is about an order of magnitude less than the t0
drift seen here; therefore if this degree of t0 drift were to remain uncorrected we would
be unable to conduct our experiments.
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