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Chapter 1:
Introduction

1.1 Introduction to photodissociation dynamics
1.1.1 Molecular photodissociation
The fragmentation of a molecule through absorption of one or more
photons is called photodissociation[1], which can be described by the
equation:
AB + nhv → (AB)* → A + B + TKER,

(1-1)

where A and B can be atomic or molecular fragments with internal energy Eint(A)
and Eint(B), hν is the energy of one photon with frequency ν and n is the
number of absorbed photons. In (1-1) (AB)* represents an intermediate
excited state of the parent molecule before it dissociates, and Eint(A) and
Eint(B) specify the particular internal ro-vibrational and electronic excitation
of the newborn products. The first step in (1-1) indicates absorption of
photons by the parent molecule and the last step represents the
fragmentation of the excited complex.
Studies of photodissociation dynamics on the molecular level have
important direct applications in understanding complex photochemically
driven processes in atmospheric chemistry such as the depletion
mechanism of Earth’s ozone layer, and in interstellar chemistry where
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photodissociation of small molecules by vacuum ultraviolet photons can
take place. Photodissociation is also useful in preparing reactants for
direct study of the many individual collision processes taking place in
combustion chemistry. Another reason to study photodissociation is
purely fundamental：photodissociation of even the simplest diatomic
molecules is not fully understood so far due to the limitations of both
theoretical and experimental reason. Photodissociation experiments can
provide a most precise test for theory, including tests of the validity of the
Born-Oppenheimer approximation which allows separation of the motion
of nuclei and electrons. Photodissociation is also an excellent means for
characterizing rapid redistribution of internal energy in excited molecules.
Theoretically, photodissociation research has led to a better basic
understanding of the essence of reactions including why the molecular
bond breaks, what is the geometry of the transition state leading to bond
rupture, and what is the energy redistribution process after the molecular
bond was broken. All of these aspects are related to the redistribution of
internal energy following the absorption of photons, and knowledge of
this subject gives thus a vital insight into to the study and eventually the
control of chemical reactions.
Investigation of the dynamics of photodissociation processes is in this
way a quite important branch of the general field of molecular reaction
dynamics. It is not only a means for understanding the details of
photodissociation of single molecules or clusters, as shown in the main
part of this thesis, but more generally, it is an important tool for studying
the second half of a full collision. In this case photodissociation is seen as
a controlled way to prepare the first half of a full collision (AB* in 1-1)),
where the final product state distributions are usually simpler than those
of a full reaction and can be interpreted by more simple theory at a
relatively high level of precision [2]. This approach is much easier than
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studying systems requiring the theory for a full molecular scattering
process, and many concepts learned from photodissociation studies have
already led to a better understanding of molecular reaction dynamics.
The last few decades have witnessed an explosion of many new
experimental methods such as molecular beam and laser techniques which
permit us to explore the structure and interactions of molecules from a
brand-new and highly visual angle. Part of this thesis also describes
advances in the (indeed, highly visual) velocity map imaging technique
which was invented by our group in Nijmegen.
1.1.2 Types of molecular photodissociation
Photodissociation can be classified as single-photon dissociation and
multi-photon photodissociation according to the number of absorbing
photons (see Figure1.1). In Figure1.1(a) a single photon excites the
molecule from the ground state to a higher electronic state. If the potential
of the upper electronic state is repulsive along the intermolecular
coordinate RAB, the excited complex (AB)* ultimately dissociates. Part of
the photon energy is consumed to break the A-B bond and the excess
energy is partitioned between the translational energy Etrans and the
internal energy Eint of the product molecules and atoms (including
vibrational, rotational, and electronic energy), as follows:

E excess = E photon − D0 = E trans + E int

(1-2)

Current laser techniques can provide us with light pulses of
relatively long pulselength, low intensity and narrow bandwidth (mostly
in UV photo- dissociation), with which it becomes possible that a parent
molecule could be excited to a higher single quantum state. It is also
possible to detect those single quantum states with modern laser
techniques, thus the conditions for the full study of photodissociation
dynamics and state-to-state reaction dynamics have become available.
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Figure 1.1: Direct molecular photodissociation, driven by (a) single, and
(b), multi-photon excitation to a repulsive excited electronic state.
Figure 1.1(b) shows a process of multi-photon absorption from the
electronic ground state, the parent molecule dissociates via a repulsive
excited electronic state after multi-photon absorption. Since the exact
number of absorbed photons cannot be fully controlled, the laser creates
an ensemble, of quantum states described by a probability distribution in
energy, P(E), above the dissociation threshold. Multi-photon dissociation
is thus often limited to the averaging over many quantum states. More
difficult theoretical tools and models must usually be applied to
multi-photon dissociation compared to single-photon dissociation.
Figure 1.1(a) illustrates the simplest type of UV photodissociation.
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Upon excitation the two fragments immediately repel each other and the
excited complex (AB)* fragments directly on a very short time scale. This
kind of photodissociation can usually be satisfactorily treated in the
framework of classical mechanics. The photodissociation of H2O in the
first absorption band is a prototype of direct photodissociation [1,3].
Many of the cases of photodissociation which have observed up to
now involve indirect dissociation. Figure 1.2 schematically illustrates two
examples of indirect photodissociation.
In Figure 1.2(a) the photon excites first the molecule to a bound
electronic state followed by a radiationless transfer to another state whose
potential is repulsive, and the complex will ultimately decay with a rate
that depends on the coupling between the two electronic states. The final
fragmentation takes place on a different electronic potential curve than
the one originally excited by the photon. This process is called electronic
predissociation or Herzberg type I predissociation [1]. Photodissociation of
H2S belongs to this category [4].
Figure 1.2(b) depicts a different type of predissociation route. The
potential has a well at close distances and a barrier that blocks the
dissociation channel. The barrier might be considered to be the result of
an avoided crossing with a higher electronic state. In this case the photon
excites quasi-stable (so-called “resonance”) states inside the well which
are prevented from immediate dissociation by the potential barrier. They
can decay either by tunneling through the barrier or by internal vibrational
energy redistribution between the various nuclear degrees of freedom if
more than two atoms are involved. The lifetime of the compound depends
on the tunneling rate and/or the efficiency of internal energy transfer.
Figure1.2(b) illustrates vibrational predissociation or Herzberg’s type II
predissociation[1]. Photodissociation of CH3ONO in the first excited
singlet state belongs to this category [5].
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Figure 1.2:(a) electronic predissociation; the molecule undergoes a radiationless transition (rt) from the bound to the repulsive state and
subsequently decays. (b) Vibrational predissociation; the photon creates a
quasi-bound state in the potential well which decays either by tunneling
(tn) or by internal vibrational energy redistribution (IVR).
Figure 1.3 shows two additional types of photodissociation. In
Figure 1.3(a) the photon excites molecule firstly to a bound electronic
state which subsequently decays following a radiationless transition to the
lower electronic state. This produces a highly excited vibrationalrotational quantum level above the dissociation threshold of the electronic
ground state which eventually breaks apart. Alternately, in Figure 1.3(b) a
highly excited quantum state above the dissociation threshold is created
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directly by pumping a large amount of energy into the molecule by
single-photon excitation of overtone vibrations. Both processes are known
as unimolecular decay processes. Representative examples are the photodissociation of H2CO and H2O2, respectively [6,7,8].

Figure 1.3: Schematic illustration of unimolecular decay induced by
electronic excitation. (a) the photon creates a bound level in the upper
electronic state which subsequently decays as a result of radiationless
transition (rt) to the electronic ground state. (b) overtone pumping
directly creates a quantum state above the threshold of the electronic
ground state. In the both cases the dissociation occurs in the electronic
ground state.
The distinction between the various dissociation schemes discussed so
far (with the exception of multi-photon dissociation) is somewhat
artificial from a formal point of view in that all show the possibility of
state-specificity, i.e., the dependence of the dissociation on the quantum
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state of the parent molecule. However, the underlying molecular
dynamics is quite different, demanding different interpretation models.
1.1.3 Control of the initial conditions of photodissociation
In the latest several decades, the explosive development of molecular
beam and laser techniques has allowed a large number of photodissociation dynamics studies at the state-to-state level. The availability
of molecular beam methods provides us with the opportunity to produce
highly directional molecular jets with low velocity spread, high densities
and which are vibrationally and rotationally cold. The application of
narrow band, short pulse and high intensity lasers makes possible the
characterization of parent molecules and the detection of a wider range of
products with higher sensitivity and higher information content. Over the
last decades, increasingly more experimental techniques for the
photodissociation dynamics studies have been invented and applied,
based on molecular beam and laser techniques.

1.2 Details of molecular photodissociation
1.2.1 Questions from photodissociation
When a molecule or free radical absorbs one or more photons, the
energy of the photons is converted into internal energy of the molecule,
and when the energy exceeds the energy of the weakest molecular bond,
the molecule will undergo an irreversible fragmentation. Several
questions arise for investigation: First, how does the photon cleave the
molecular bond and what is the mechanism of this process? Second, what
is the lifetime of the intermediate complex? Third, what are the primary
fragments and how are they identified and characterized? Fourth, how
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does the absorbed energy partition among the various degrees of freedom
of the products (including translational, electronic, vibrational, rotational
energy)? Fifth, what is the internal quantum state distribution of the
fragments and the correlation of internal energy distribution between
co-fragments? Lastly, how does the dissociation depend on the initial state
or the temperature of the parent molecule?
1.2.2 Energy distribution of photofragments
In crossed-beam reactions or photodissociation experiments, the
physical parameters which we ultimately measure is the
3
3
three-dimensional velocity distribution of products, d σ / du or
d 3σ / dudΩ , where σ is the reaction cross section, u and Ω are the velocity
and solid angle of products in the center of mass (CM) frame [9].
Assuming a simplistic reaction where the dissociation produces two
fragments, according to the energy conservation and momentum
conservation, we can derive the internal energy distribution of one
fragment by measuring the three-dimensional velocity distribution of the
partner fragment in a single quantum state. To understand and identify the
energy of the excited molecule and its lifetime, a series of data should be
measured.
For the reaction (1-2), taking energy conservation into account, we
can have:
1
1
2
2
Eint AB + N photon hν = Eint A + Eint B + m Au A + mB u B + D0 ( A − B ) (1-3)
2
2
where D0(A-B) is the dissociation energy of the parent molecule AB, Eint
AB, Eint A and Eint B are the internal energies of parent molecule AB, product
A and B respectively, u A and u B represent the translational kinetic energies
from the photodissociation process. Usually, Eint AB + N photon hν − D0 ( A − B )

represents the available energy Eavl, which is then the sum of translational
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energy, electronic energy, vibrational energy and rotational energy of the
fragments.
In addition, the velocities of the fragments must meet the momentum
conservation law in the CM frame:

mA u A = mB u B

(1-4)

For formula (1-3), we can select a particular internal energy state
(Eint

AB)

of the parent molecule by using the methods of supersonic
molecular jet and narrow-band lasers. Detection of the reaction product A
in a particular quantum state EA is done by a state selective detection
method such as resonant multi-photon ionization (REMPI). Masurement
of the velocity distribution of the product A in a specific quantum state is
possible by time-of-light techniques, and derivation of the kinetic energy
distribution of the product makes use of the momentum conservation law
(equation 1-4). Thus, if we know the dissociation energy D0 (A-B)
through calculation in advance or research in the literature, then we know
all of the physical parameters which appear in equation (1-3) except for
Eint B. The internal energy information of the product B including
electronic energy, vibrational energy and rotational energy can thus be
determined. From another point of view, if we know the energy state of
the two products (such as in the photolysis of diatomic molecules, or if
the co-product corresponding to the detected product is an atom (which of
course has no vibrational or rotational energy distribution), then we
considerably simplify the analysis, and we can easily determine the
internal energy state and dissociation energy D0 (A-B).
Most often, the fragments from photodissociation are excited to
different vibrational energy levels of the same (ground) electronic state. In
some exceptional cases, photodissociation is possible where the fragments
exist in different electronic states or even are formed by different
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fragmentation processes, this is called a multi-channel reaction. The
existence of multiple channels is usually caused by the interaction
between different potential energy surfaces. In multi-channel photolysis,
competition between different channels usually exists during the photolysis process, and the ratios of the channels mentioned above will change
with the variation of the photolysis laser wavelength and in some case
also change in response to the surrounding environment such as
temperature. Therefore, maintaining a constant external environment is
also an important factor for these experiments. Maintaining the external
factors, and measuring the channel ratios by fixing the wavelength or the
relationship between channel ratio and the wavelength is necessary in
order for us to understand the structure of the excited potential energy
surface and different coupling relationships between the potential energy
surfaces.
1.2.3 Spatial distribution of photofragments
In photodissociation dynamics, besides the physical scalars such as
state populations and branching ratios mentioned above, we will also take
several vector parameters into consideration as follows[10]:
r
1. The transition dipole moment function of the parent molecule, μ ;
v
2. The recoil velocity vector of the fragments, V ;
r
3. The rotational angular momentum vector of the fragment, J ;
r
4. The polarization vector of the photolysis and detection laser, E .
In fact, the spatial distribution of these vectors is often interrelated,
and controlled by the corresponding process of the photolysis. For these
vector relations, we are most concerned with the spatial distributions of
them. The intrinsic relations between those vectors and their unique nature
are important for building a comprehensive understanding of photodissociation dynamics.
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In the approximation of an electric dipole transition, the transition
r r
r
probability is proportional to (E ⋅ μ ) 2 , where E is the vector of the
r
photolysis laser and μ is the transition dipole moment. The meaning of this
transition probability is that when the molecular transition dipole moment
is parallel to the direction of photolysis polarization, the molecules are
most likely to be dissociated. When the molecular transition dipole
moment is perpendicular to the direction of photolysis polarization, the
molecules are hardly dissociated. Here, we also discuss the vector
correlations in the process of photolysis, including the E-μ-V correlation
(angular distribution of fragments), E-μ-J correlation (rotational
alignment), and the V-J correlation.
E-μ-V correlation

The E-μ-V correlation in the process of photolysis is generally called
the angular distribution of photofragments. For single-photon photolysis,
under the electric dipole transition approximation, the angular distribution
of the photofragments can be described by the well-known formula [11]:
(1-5)

I (θ ) = I 0 (1 + β P2 (cos θ ))

v
r
where θ is the angle between E and V , β is the anisotropy parameter,
P2(cosθ) is the second-order Legendre polynomial:

P2 (cos θ ) =

1
(3 ∗ cos 2 θ − 1)
2

(1-6)

Here -1≤β≤2，its value reflects the symmetry of the electronic states of
photofragments, the orientation of the transition dipole moment in the
molecular coordinate, and the time scale of the dissociation and so on.
Taking the photodissociation of diatomic molecules as our example, the
transition dipole moment is either parallel to the molecular axis or
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perpendicular to the molecular axis for diatomic molecules. If the excited
state of the molecule is a repulsive state, the dissociation process occurs
in a very short time related to the rotation period of the molecular, then
β=2 means that the transition dipole moment parallel to the molecular axis,
the photolysis fragments mainly stay in the poles of the expanding
single-velocity sphere of products known as the Newton sphere, and β=-1
means that the transition dipole moment is perpendicular to the molecular
axis, the photolysis fragments mainly stay near the equator of the Newton
sphere, β = 0 means that the second-order Legendre polynomial is 0, and
the photolysis fragments are evenly distributed over the Newton sphere.
In the general case of polyatomic molecules, the relationship between the
anisotropy parameter β, the lifetime of dissociation and rotation period
can be described as the following formula[12,13]:
1 + ω 2τ 2
(1-7)
β = 2 P2 (cos χ )
1 + 4ω 2τ 2
where χ is the angle between the transition dipole moment of the parent
molecule and the recoil velocity of the fragments, ω is the rotational
angular speed of the parent molecule, τ is the lifetime of dissociation,
t
which is defined by the probability 1 τ eτ of non-dissociated molecules
at time t. Therefore, the anisotropy parameter of the photoproduct
velocity distribution can reveal the transition symmetry of the parent
molecule (i.e., the orientation of the transition dipole moment within the
framework of the molecule) and information on the dissociation lifetime.
From formula (1-7) we can conclude that if the lifetime of the
photodissociation is much longer than the rotation period of the molecule,
the limiting value of β is reduced by a factor of 4.

( )

E-μ-J correlation

In photodissociation, there is an orientation distribution of the
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r
rotational angular momentum J of the fragment in space. It arises from
the correlation between the transition dipole moment and angular
momentum of the photofragments. Therefore, while the transition dipole
moment is oriented by the polarization direction of the photolysis laser,
the rotational angular momentum is also oriented according to this
correlation. More details on the E-μ-J correlation appear later in the
thesis.

V-J correlation

As with the E-μ-V correlation and E-μ-J correlation, a correlation
also exists between V (the recoil velocity vector) and J, which reveals
information of interactions within and between the photodissociation
channels. It can help us to understand the process of photolysis better,
again as discussed later in the thesis.

1.3 Previous techniques in photodissociation dynamics
Infrared chemiluminescence method (IC) [14]

In the 1960s, J.C. Polanyi first studied infrared chemiluminescence
experimentally. Typically, the excited-state product of chemical reactions
is often able to relax to the lower vibrational level of the ground
electronic state through spontaneous emission. If the product is formed in
a vibrationally/rotationally excited state, the most common condition, the
excited energy of these vibrational/rotational energy levels are around or
less than one electron volt (eV), and the radiation is called infrared
chemiluminescence. By recording and analyzing these emission spectra,
the vibrational and rotational distribution of initial products could be
determined, yielding the energy partitioning between rotational energy,
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vibrational energy and translational energy of the products. This method
was successfully applied to measure the energy level of many molecules
and was thus very popular during its time. However, this method can not
be used to measure the distribution in the product v=0 state, and if the
products are homonuclear diatomic molecules or other molecules which
are non-infrared active, this method is not applicable. In addition, the
product angular distribution can not be obtained from this method.
Laser-induced fluorescence [15]

In the 1970s and 1980s, R. N. Zare and others developed a technique
called laser-induced fluorescence. Until the beginning of this century, it
has been very widely used. The principle of this method is using a wavelength tunable laser beam to excite product molecules from their ground
electronic state (v'', j'') (or excited electronic state) to a vibrational level of
a higher electronic excited state, and detecting the fluorescence emitted
from the higher electronically excited state by spontaneously emitted
radiation. In this way, by scanning across the energy levels of the
electronic ground state using the laser beam and measuring the
fluorescence intensity and the Frank-Condon factors between two
electronic states, the initial distribution of vibrational energy levels of the
product could be determined. This method is a kind of technology which
could compensate for the disadvantages of the infrared chemiluminescence technique, but it can only be applied to detect systems with good
fluorescence properties and known spectra. To a certain extent, that limits
its application. For a few very favorable systems this method could also
be used to measure the velocity distribution and angular distribution of
the photofragments by the Doppler effect.
Resonance Enhanced Multiphoton Ionization [16]
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Beginning in the 1970s, the study of photodissociation dynamics
developed rapidly with the appearance of a new means of detection
known as resonance enhanced multiphoton ionization (REMPI). The
basic principle of this technique is that a product molecule or an atom is
excited to an intermediate quantum state after absorbing one or more
photons, and further ionized by absorbing one or more photons. Since the
electron mass is much smaller than the mass of the atoms or molecules,
the velocity of photolysis fragments does not change much by the process
of ionization. Because of that, the velocity of the photolysis fragment ion
is determined by the photolysis step. When combining this technique with
other experimental methods the three-dimensional distribution of the
photolysis fragments could be determined according to the energy and
momentum conservation. In experiments, by using a tunable narrow
bandwidth, high intensity laser, we can carry out state-selective detection
of the photoproducts, which makes the measurements of state-resolved
differential cross section possible. At present, this technology has been
widely applied to the studies of photodissociation dynamics.
Ion imaging [17]

The ion imaging technique was jointly proposed and demonstrated
by D. W. Chandler and P. L. Houston first in 1987[17]. Here, the
three-dimensional distribution of the products from a reaction or
photodissociation is projected onto a position-sensitive two-dimensional
detector. Using an Inverse-Abel transformation and other mathematical
tools, the three-dimensional distribution of the products can be
reconstructed. In this technique, the resolution is greatly limited by the
size of the reaction zone (typically 2-4mm) compared to the size of the
detector (typically 20 mm radius) which also limits its application. In
1997, A. T. J. B Eppink and D. H. Parker developed the Velocity Map
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Imaging [18] technique, which greatly improved the resolution of the
experiment, and ever since the imaging technique has been widely used.
For velocity map imaging, metal plates with an open circular orifice
replaced the grids used in the original ion imaging design, which we call
“ion optics”. The photoproducts which are produced in different sample
positions but have the same velocity vector can be projected to the same
point on the detector by using velocity mapping ion optics, which greatly
improved the velocity resolution of the experiment. In addition, the
circular orifices used are open instead of covered by a grid, this also
increased the transmission percentage of the products to 100%, thereby
increasing the strength of the signals. Because the ion imaging and
velocity map imaging techniques both record the two-dimensional
projection of three-dimensional distribution of the photoproducts, we
need an Inverse Abel transformation and other mathematics tools to
reconstruct the three-dimensional distribution. The spatial distribution of
the products is needed to be axi-symmetric when using the most popular
method, the Inverse Abel transformation, but this Inverse Abel transform
will bring noise due to the axi-symmetric transformation when the
experimental signal to noise ratio is not high, especially near the
symmetry axis, making it difficult to accurately reconstruct the threedimensional distribution of the products in that case. For some crossedbeam experiments, the fact that the signal is not axi-symmetric due to
density instead of flux measurement conditions means the reconstruction
of the three-dimensional distribution cannot be carried out by an Inverse
Abel transformation. If we can instead directly measure the
three-dimensional distribution of the product, the information of reaction
or photolysis kinetics will be shown more easily and accurately. In recent
years, the development of slice imaging technology solved this problem.
The dream of imaging technology being used to directly measure
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three-dimensional velocity distributions of products has become true.
Meanwhile, a variety of slice imaging methods [19, 20, 21] has also been
developed. Slice imaging is used to directly record thin slices of the
products across the symmetry axis of the Newton sphere. Using this slice
imaging technique, we can accurately get the three-dimensional
distribution of the products.
H-atom Rydberg tagging time-of-flight technique [22, 23]

The H-atom Rydberg tagging time-of-flight spectrum is an ultra-high
resolution TOF spectrum technology being developed since the 1980s. It
is the superior method for measurement of the velocity distribution of H
atom products. By measuring the flight time of reactive or dissociated
products from the generation point to the detector, the speed of the
H-atom products in one direction can be determined. However, in order to
measure the angular distribution of the products, we need to detect TOF
spectra in different spatial directions. These experiments are normally
time-consuming compared to imaging.
The high-n H-atom Rydberg tagging time-of-flight method described
by L. Schnieder and coworkers [22] offers the best experimental resolution.
In the traditional TOF spectrum, electron impact or resonance-enhanced
multiphoton ionization is used to ionize photodissociation fragments.
However, Coulomb repulsion effects between photofragments affect the
resolution of the experimental signal when they fly from the ionization
region to the detector. Different from the traditional approach, the
hydrogen atom is excited at the formation to a neutral and long-lived
high-n Rydberg state and is field-ionized only at the front of the detector
in this technique, thus greatly improving the experimental resolution and
signal to noise ratio. The emergence of this technology provides us with a
very powerful tool to study the state-to-state kinetic dynamics involving
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H-atom products. Its specific principles will be described in detail in the
next chapter.

1.4 Systems studied in this thesis
1.4.1 Photolysis of small molecular clusters with weak intermolecular
bonds: Ar-NO and Ar-I2 van der Waals clusters

Due to their unique properties, small molecular clusters with weak
intermolecular bonds are attracting more and more attention for several
reasons. First, clusters form the bridge from isolated molecules to
condensed matter. Furthermore, photodissociation of these clusters is
believed to play an important role in atmospheric chemistry, combustion
chemistry and other chemical processes. Because the intermolecular bond
energy is usually very small, normally below an eV or even much less, in
some clusters, they are amenable for study in photodissociation
experiments. Because one of the partners is often a simple rare gas atom
in photodissociation of the van der Waals clusters, the different product
channels could be assigned easily [24]. Second, most of the clusters can be
prepared easily by methods using a carrier gas saturated with the vapor
pressure of a liquid or even a solid, which makes photodissociation of van
der Waals clusters convenient for study. Finally, the most important thing
*
is, due to its weak bond, the properties of the cluster transition state (AB)
are usually very similar to the properties of the corresponding A – B
collision transition state, which provides us with an easy comparison of
transition state information from photolysis and the corresponding
crossed beam reaction. In this thesis, we have studied two typical small
molecular clusters with weak bonds, the Ar-NO and Ar-I2 clusters. The
value of both van der Waals bonds is around tens of meV. Ultraviolet,
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visible and near infrared light can very easily break this weak bond, and
the radial velocity of the target molecules or ions after the dissociation
provides us a way to study velocity and angular distributions using ion
imaging, which will be further discussed in more detail in chapter 3 and
chapter 4..
1.4.2 VUV photolysis of hydrocarbons: Methane and Acetylene

A hydrocarbon is a compound which is composed of two basic
elements - hydrogen and carbon - arranged in different permutations and
combinations. Around 98% of the compounds that include H and C atoms
in the universe are hydrocarbons. Hydrocarbons have been widely studied
for half a century after development of the photolysis technique. The
cosmological interest focusing on the origin of the universe is one
motivation has made this research possible. But the information obtained
is still very limited compared to other processes involving hydrocarbons
such as photosynthesis.
Most hydrocarbons are naturally occurring organic molecules where
the molecular bond between carbon and hydrogen is a covalent bond.
Each carbon atom has four valence electrons which can be involved in a
covalent bond, only one electron can be involved in the covalent bonding
with a hydrogen atom. Hydrocarbons with a double bond and triple bond
are called unsaturated compounds. All saturated hydrocarbons only have
single bonds. Hydrocarbons with the same atomic composition but
different arrangement of atoms are called “isomers”.
Of the radiation present in the universe, we are usually more familiar
with UV, visible light, infrared light which are also the main sorts of
radiation passing through the atmosphere to the Earth. The compounds in
the atmosphere are mainly consisting of hydrocarbons and related
derivatives. Therefore, dissociation studies of hydrocarbons and its
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derivatives in UV, visible and infrared light have become a very relevant
issue. In this thesis, we have studied two typical hydrocarbon molecules:
mathane and acetylene, which have attracted most attentions both in
experimental and theoritical studies. Mathane is the most abundant
hydrocarbon in Earth’s atmosphere and the photodissociation by solar
radiation represents an important loss process for CH4 in the upper
atmosphere. As the simplest unsaturated hydrocarbon, both acetylene
photolysis and subsequent chemistry involving the ethynyl (C2H) radical
play important roles in establishing the hydrocarbon balance in the
atmospheres of the outer planets and theirs satellites. Both of the
hydrocarbons will be discussed in chapter 5 and chapter 6.

About this thesis
As mentioned in the foreword, this thesis describes work done in
both Nijmegen, the Netherlands, and Dalian, China carried out in two
periods of two years. Velocity map imaging studies of cluster photodissociation and experimental development of the velocity map imaging
technique were carried out in Nijmegen, while high-n Rydberg timeof-flight studies of methane and ethylene photodissociation were carried
out in Dalian.
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Chapter 2:
Velocity map imaging and H-atom Rydberg
tagging time-of-flight spectroscopy techniques

2.1 Velocity map imaging technique (VMI)
2.1.1 Concepts of VMI
In 1987, D. W. Chandler and P. L. Houston introduced the two
dimensional ion imaging technique by describing the photodissociation of
methyl iodide in a paper [1]. While this technique was first applied in the
field of photochemistry of small molecules, ion imaging gradually
became a more powerful tool used in many fields in molecular reaction
and photodissociation dynamics over the past 25 years. The ion imaging
experiment consists of three parts: (i) ion sphere formation, where the
interaction of a molecular beam and laser beam results in the
photodissociation of parent molecules and the formation of a Newton
sphere of photofragments, and subsequently these are ionized by
state-selective photoionization using another probe (ionization) laser; (ii)
two dimensional imaging that projects the ion spheres onto the 2D
position sensitive detector (consisting of a microchannel plate MCP,
phosphor screen and CCD camera) with the use of an electric field; (iii)
extraction of the 3D information from the 2D image, typically by an
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inverse-Abel transformation and subsequent determination of energy and
angular distributions of product ions by data analysis.
The trajectory of ions in an electric field is usually simulated by the
SIMION[2] software package. In Chandler and Houston’s later designs,
three metal plates are set parallel to each other with a fine mesh grid
covering their middle opening, the equipotential lines of the field being
are precisely parallel to the plates in this design. The three plates are
called repeller, extractor and ground, respectively. We take as an example
two ions with the same mass and charge, and the initial distance between
them is x1-x2=Δx (x is parallel to the detector face). If the ions are formed
at the same time and both of them fly to the detector over the same
distance and they have the same initial velocity, then the two ions will
remain with the same distance Δx apart at the detector. We define the
velocity of the ions on the x-axis direction as vx, and the resolution
equation of ion imaging can be expressed as Δv/v=Δx/vxt. The radius of
the detector is 20 mm, so the maximum value of vxt is 20 mm; the width
of interaction region is ~2 mm due to the propagation directions of
molecular and laser beam which is more or less the same as Δx. The best
possible velocity resolution of this imaging scheme is thus 10%, the
experimental applications of photodissociation dynamics using ion
imaging are thus limited due to this low resolution.
In 1997, A. T. J. B. Eppink and D. H. Parker invented velocity map
imaging[33], which greatly improved the velocity resolution, making a
breakthrough in the development of ion imaging technology. Velocity
map imaging means that the ion products with the same velocity but
different initial position are focused at the same position on the detector,
which greatly improved the velocity resolution. The main improvement of
this setup is that the grid in the centre hole of the repeller and extractor is
removed, so there appears an accelerating field which is similar to a
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focusing lens between the extractor and ground plates, as shown in Figure
2.2. This results in the velocity mapping conditions.

Figure 2.1 Simulated ion trajectories and equipotential surfaces of the ion
optic lens with Simion software. Velocity mapping brings ions with the
same initial velocity arising from different initial positions onto one point
on the detector. The ion optics is made up of three electrode plates:
repeller, extractor and ground plate.

2.1.2 Time-of-flight spectroscopy
The ions born between the repeller and extractor are accelerated by
an electric field towards the detector; the elapsed time can be calculated
from the simple theory of electric force and potential. For the purpose of
illustration, the Wiley and McLaren’s electrode plate design for a
time-of-flight spectrometer is described in the following [4]. As shown in
Figure 2.2, three electrodes are labeled the repeller, extractor and ground
plate respectively. The ion flight time is modeled to consist of three
separate contributions; first, the ion flight time between repeller and
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extractor is defined as t1; second, the ion flight time between extractor and
ground plate is defined as t2; finally, the ion flight time ion between
ground plate and detector is defined as t3.[5]
The repeller voltage is denoted as VR, while VE is the extractor
voltage, m is the ion’s mass, q the ion’s electric charge and s is the
distance between ion initial position and extractor which shown as sz in
Figure 2.2, so the ion flight times can be expressed in the equations below
with the definition of ions initial energy U0 and energy U after the
electricfield acceleration Ei i=1,2,3 in Figure 2.2:
t1 = 1.0181

2m d 1
s
( U 0 + q z VR ± U 0 )
d1
qV R

(2-1)

t 2 = 1.0181

2m d 2
s
( U − U 0 + q z VR )
qV R
d1

(2-2)

t 3 = 1.0181

md 3

(2-3)

2U

where the initial flight direction of the product ions moving away from
and towards the detector is expressed as the positive sign and negative
sign, respectively, the units are cm in dimension, V/cm in electric field,
eV in translational energy, u in atom mass, μs in time and e in charge.
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Figure 2.2 Basic geometry of the TOF mass spectrometer, including:
repeller plate (R), extractor plate (E), ground plate (G) and detector (D).
The section between the ground plate and MCP detector is the field free
time-of-flight tube. The initial velocity of product is +vz for the forward
scattering and - vz for the backward scattering as shown in the figure.

The total potential energy is expressed as:
U = U 0 + qs z E1 + qd 2 E 2

(2-4)

and the total ion flight time is:
t = t1 + t 2 + t 3

(2-5)

We now assume that the initial energy of the ions U0=0,leading to:
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t = 1.0181

d =2

m
d，
2qV R

d1 s z
s
1 d1 − s z
1
+2 z (
+
−
− 1) d 2 +
1−ξ
ξ
d1 ξ
sz

(2-6)
d3
s
ξ + z (1 − ξ )
d1

(2-7)

where d is the actual ion flight distance, and ξ = VR V E (0< ξ <1) is the
extractor to repeller potential ratio. The value of d is fixed per setup.
When U0=0 equation 2-6 and 2-7 can be rearranged to give:
⎛ 1.0181 ⎞ b( s z , ξ ) m
t =⎜
⎟
q
2 ⎠ VR
⎝

(2-8)

where the new variable b(s, ξ ) is an effective flight distance (Thesis S.M.
Wu, Nijmegen 2007). From equation 2-8 we find the relation t is
proportional to (m/q)1/2, which is the main basis of time of flight
spectroscopy. The parameter b is not particularly sensitive to the actual
values of d1 and d2 when the two variables are similar in size, in this case
it can be shown that for dt ds = 0 , the ratio ξ =0.8.
For this ratio ξ =0.8, the conclusion is that the initial position of
original ions does not affect the ion flight time[3]. This is the Wiley and
McLaren focusing condition, which compensates for the initial position
along the time-of-flight (z) axis.
2.1.3 Velocity map imaging setup
The experimental VMI setup consists of a vacuum chamber, laser
systems, molecular beams, ion lens, detection system and imaging
systems. In the following two figures a schematic diagram of the velocity
map imaging experiment and a photograph of the setup are shown.
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Figure 2.3 Schematic diagram of our VMI apparatus.
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Figure 2.4 Photograph of our apparatus.

Vacuum system
In our experiments the velocity imaging device, the beam source, the
ionization region and the flight area share a vacuum system. Two pump
systems are used here: a diffusion pump is placed near the beam source
and turbomolecular pump is placed near the detection area. For the
purpose of reducing noise, we added a molecular sieve purification device
in front of every mechanical pump to avoid mechanical pump oil in the
vacuum chamber. The vacuum in the ionization region is around 6 × 10-6
Pa. When we run the pulsed valve during experiments, the vacuum of
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ionization region is about ~ 10-5 Pa.
Molecular beam technique
A pulsed molecular beam is produced in a supersonic expansion
using a “General valve” or a “Jordan valve”, and collimated by a skimmer.
Advantages of the General valve includes the ease and low cost to replace
a new poppet when using a corrosive gas, the possibility to vary the
nozzle temperature, and the higher repetition rate (up to 50Hz). Jordan
valves are more stable and have a shorter duration (60 μs) and more
intense pulse. The diameter of the nozzle channel was 0.5mm and the
distance between the nozzle and skimmer was 20mm. The molecular
beam was pointed towards the detector, and the distance between the
nozzle and the interaction region was 80mm.
For the supersonic expansion molecular beam, if the gas is cooled
substantially, we can obtain the maximum or terminal velocity:
V=

2CT
m

(2-8)

where C , T and m are the mean heat capacity, temperature of the valve
and mean mass. C = ( y y − 1) R , where γ is the adiabatic coefficient and
R is the Boltzmann constant (1.38065×10–23 m2 kg s–2 K–1).
The concentration of the molecular beam after leaving the nozzle
and at a distance x is expressed:
d
n ≈ n0 ( ) 2
(2-9)
x
Where n0 is the molecular concentration in the nozzle and d is
the diameter of the nozzle.
The speed distribution of supersonic molecular beam is:
n(V ) = V e

− (V −V0 ) 2

2
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where a = 2kT m ; the beam speed and speed ratio can be measured
directly using VMI when the molecular beam is parallel to the detector
plane.
Generally speaking, the adiabatic expansion can sufficiently improve
the cooling effect of translational degrees of freedom, in most
experiments the carrier gas are selected like helium, neon or argon. For
Kr it is easy to form clusters with other molecules, which will be
discussed in detail in Chapter 4. In general, if the mass of the selected
carrier gas is close to that of the studied molecules then cooling works
better, additionally, the lower the seed molecular concentration, the better
the cooling effect. The cooling effect of intramolecular rotation is related
to the molecular translational degrees of freedom and their coupling.
Under normal circumstances, the cooling effect of rotation is better than
vibration.
Laser system
Several laser systems in Nijmegen were used, each laser is described
separately below due to the different combination of lasers in different
experiments.
A F2 excimer laser (PSX-100，MPB，Neweks Ltd.) generated 157 nm
VUV pulses of 0.3 mJ and 5 ns per pulse using a mixture of 0.1% F2 in 5
kPa He. The laser propagation path is flushed with Nitrogen flow
continuously before entering the chamber to avoid strong absorption by
oxygen and water in the air.
A Nd:YAG laser (Surelite III-10, Continuum) pumps a dye laser
(Narrowscan). This Nd:YAG laser operates at 355nm and 10Hz repetition
frequency, the output of each pulse has about 3-5 ns time width and 220
mJ energy.
Another Nd:YAG laser (Quanta Ray GSR-11) can pump two dye

34

2.1 Velocity map imaging technique(VMI)

lasers (Quanta Ray PDL-2) at the same time. The output of dye laser light
can be frequency doubled by a BBO crystal and the available wavelength
range of the output is quite broad across the UV (according to the
different selected dye). Generally, two laser beams could be overlapped
with the molecular beam at the same time with the role of dissociation
laser and probe laser respectively. In some individual cases, only one laser
source dissociates and also ionizes the molecules. Under normal
circumstances, the output of the doubled frequency of the dye laser is
linearly polarized parallel to the detector plane but if we need linearly
vertically polarized light, then we can use a combination of mirrors to
convert its polarization to the proper direction, or directly change the laser
polarization direction with a polarization rotator.
Detection system
The detection system of velocity map imaging consists of two
microchannel plates (MCP), phosphor screen and CCD camera. The
mechanism of 2D position sensitive MCP detector (Advanced
Performance Detector, Burle) is illustrated below: charged particles or
photons collide with the front face of the first MCP and are converted to
electrons (~106 electrons for each ion), these high speed electrons collide
with the phosphor screen and are converted to light signal which
subsequently is collected by the CCD camera. The CCD camera has VGA
resolution (640 x 480).
2.1.4 Slice imaging

In addition, besides the above-mentioned examples of standard
velocity map imaging, there are many other methods of imaging
experiments, one of the most popular methods is called “slice imaging”.
The basic principle is using a variety of changing static electric or laser

35

Chapter 2

fields to gather the most direct information by extracting the center slice
of the Newton sphere and thus efficiently avoiding the noise brought by
inverse-Abel transformation. In some certain situations, the quality of the
achieved images can be improved significantly and in the meanwhile the
signal to noise ratio can be reduced greatly. Several methods of slice
imaging will be briefly introduced as follows:
DC weak field slicing
The slice imaging technique is based on the velocity map imaging
technique mentioned above where the main change is in the ion lens
system and the duration of the pulse applied at the front microchannel
plate, where a model PVM-4210 high voltage pulse power provides ~40
ns pulses. The ion lens has been expanded to 31 electrode plates instead
of the 3 shown in Figure 2-2. The voltage distribution on each plate is
controlled by resistors. For a 900 V total voltage, a 24.7 V/cm field is
applied to the front 6 plates and the length of this region is 29 mm; a 54
V/cm field is applied to the following 25 plates, the length of this region
is 166 mm, and the total length of free flight time tube is ~ 196 mm.
Experimentally, the timing is controlled by a multi-channel pulse
delay generator which at the same time controls the laser, pulsed valve,
high-voltage pulse on the MCP and the CCD camera. The molecular
beam crosses with the lasers in the interaction region where dissociation
and ionization takes place; nascent photofragments from
photodissociation are here converted into charged particles (ions) by
photoionization. Ions are extracted by the weak electric field in the
beginning 6 plates and accelerated slowly by the stronger field of the
following 25 plates, then enter into field free flight tube and reach the
detector after a short flight time. Each ion mass has its own flight time, so
we can select the target ions in the middle slice of the Newton sphere by
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gating the short (~ 40 ns) high voltage pulse at the appropriate arrival
time. Liu and co-workers published a paper in 2002 which described
this DC weak field slicing imaging technique in detail[6].The weak field
slicing method is used in many labs across the world including Dalian.
Time delayed slice imaging
In the time delayed slice imaging experiments, the ionized fragments
are allowed to expand ~ 300 ns under field-free conditions before
applying a pulsed high voltage in the ion lens. At that moment the
distance between forward scattered and backward scattered ions is
typically a few millimeters, the ions are still located between the repeller
and extractor. Using an extraction field of ~ 300 V/cm, the backward
moving ions need more time to arrive at the detector compared to the
forward scattered ions, resulting in a time of flight difference up to more
than 300 nanoseconds. If the electrode plates are designed with d1 = 1.5
cm, d2 = 2.15 cm, d3 = 31.6 cm, the voltage on plates is 3000 V, and the
extractor to repeller ratio is 0.95, calculations can be made with and
without the time delay applied on the voltage of electrode plate to show
the arriving time difference of forward and backward scattered ions:
without electric field delay, ions arrival time difference is only ~ 30 ns,
with a ~ 400 ns delay in the electric field, ions arrival time difference
reaches ~ 360 ns. Time-delayed slicing is often used in the Nijmegen
group since it does not require extra lenses. The standard three-lens
design (Figure 2.2) is also optimal for spatial map imaging [3], which is
quite useful for apparatus diagnostics.
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2.2 H-atom Rydberg tagging TOF technique (HRTOF)
2.2.1 Concepts of HRTOF

The hydrogen atom is the simplest atom in nature as it only consists
of a proton and an electron. However, an effective method of detecting
hydrogen atoms had not been found in the field of photochemistry for a
long time. Until the mid-1980s, electron-impact ionization detection was
mostly used to detect hydrogen atoms in experimental studies [7,8]. The
disadvantage of that method is that signal is easily distorted by the
background of molecular hydrogen (H2) always present in the vacuum
chamber, which normally causes the detection sensitivity to be very low.
The appearance of vacuum ultraviolet (VUV) light sources generated by a
nonlinear medium provided scientists with a very sensitive method - (1+1')
Resonance Enhanced Multi-Photon Ionization (REMPI) to detect hydrogen atoms [9]. For this method, the H atom is first excited to n = 2 state by
Lyman-α transition (121.6 nm), then is ionized directly after absorption of
a UV photon (λ<365 nm) (Figure 2-5); hydrogen ions (H+) can be
detected by using common ion detection methods. Although the
sensitivity of this method is usually relatively high, the ions are more
susceptible to any electromagnetic fields in the surrounding environment
including Coulomb repulsion effects during the flight. The resulting
limited time resolution is the disadvantage of this method.
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Figure 2.5 Energy levels of the H atom and the (1+1′) REMPI and
Rydberg “Tagging” schemes.

The H-atom Rydberg tagging time-of-flight technique was developed
in the early 1980s based on traditional time of flight mass spectrometry
[10,11,12,13,14]
. The advantage of this technique is that it possesses high
sensitivity and high time resolution simultaneously. With the successful
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development of this technology, it provides an excellent experimental tool
for studying chemical reaction kinetics involving hydrogen atoms. Briefly,
the first step of this technique is the excitation of H-atoms from the
ground state to the n=2 state as in the (1+1') Resonance Enhanced
Multi-Photon Ionization; the second step is the excitation of the H-atom
from n=2 to its high Rydberg levels (n=~30-90), which lies at an energy
level slightly lower than the ionization limit of hydrogen atoms (Figure
2.5).
H (n=1) + hv (121.6 nm) → H(n=2)

(2-11)

H (n=2) + hv (365 nm) → H*(n~60)

(2-12)

By scanning the wavelength of the second laser, hydrogen atoms can
be excited to a specific high Rydberg state. A spectrum where the second
beam is scanned is shown in the following figure.
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Figure 2.6 High Rydberg states of the H atom. Data obtained by Rydberg
tagging detection with a tunable 365 nm excitation wavelength.

H-atoms produced by photodissociation or chemical reactions have
specific speed and spatial angular distributions, the information of which
should not change during the detection process. Since the H-atom product
has no internal excitation, the translation energy distributions of H-atom
products could be determined from the H-atom TOF spectra, and the
internal energy distribution of the co-products can be derived by energy
conservation and momentum conservation principles.
The benefits of H-atom Rydberg tagging time-of–flight technique
compared to (1 +1') resonance multi-photon ionization are the avoidance
of space charge and Coulomb explosion effects and an improved
experimental resolution. Similarly, neutral hydrogen atoms cannot be
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affected by small electric or magnetic fields during the flight time, so no
electromagnetic shielding is needed on the flight path. A small DC field
(10-30V/cm) perpendicular to the flight axis is applied in the reaction
zone in our experiments, which pulls away charged particles arising from
the pulsed valve or any REMPI process, thereby greatly enhancing the
signal to noise ratio. H-atoms in Rydberg states can reach the field
ionization region safely, where the hydrogen atoms are field-ionized by
an electric field (3-4 kV/cm) applied on the detector.
2.2.2 Lifetime of high n Rydberg H-atoms

As mentioned above, a small electric field (10-30V/cm) is applied
perpendicular to the time of flight axis in the reaction zone in our
experiments. On the one hand, it is used to remove charged particles from
neutral H-atoms in the path of the field free flight tube, and on the other
hand, it can greatly extend the lifetime of the Rydberg atoms. When the
angular momentum quantum number l is relatively small, the lifetime of
Rydberg atoms is proportional to n3, while if the angular momentum
quantum number l becomes larger, the lifetime of Rydberg atoms is
proportional to n5. For example, when n=40, l = 0, 1 and 2, the lifetime of
the Rydberg H-atom is 111, 12 and 34μs respectively. When l increases to
39, the lifetime becomes 9.32ms. In the absence of an electric field,
Rydberg atoms excited from the ground state n = 1 by two-photon
transitions has a maximum l=2 according to the atomic angular
momentum selection rule Δl = ±1 . But, due to the presence of the
electric field, this strict angular momentum transition rule fails, and now
the magnetic quantum number selection rules take effect: Δm = 0,±1 .
Thus, l in two-photon transitions is likely to be excited to a higher value,
and the lifetime of Rydberg atoms will be greatly increased. In our
experiments, because the lifetime of high Rydberg atoms in higher l is
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influenced by many factors, there is no precise way to calculate their
average lifetime. However, it is found that TOF spectra of high Rydberg
H-atom arising from different reactions are unchanged after application of
the electric field. We can conclude that the time delay is does not affect
the sensitivity of the method.
2.2.3 H-atom Rydberg tagging time-of–flight apparatus

The experimental setup used in this study is shown in Figure 2.7.
The experimental apparatus consists of a vacuum, laser, and detection
system.
Vacuum system
The vacuum chamber consists of three sections: the main chamber,
source chamber 1 and the source chamber 2. The main chamber has a
rotating detector and a fixed detector. The space of the main chamber is
relatively large in order to allow a larger angle (-60o ~ 117o) for the
rotating detector, which enables detection of the full product angular
distribution. Source chamber 1 and 2 have a pulsed valve, they are used to
generate two parallel molecular beams. Because all of the experiments
introduced in this book are photolytic experiments, only the pulsed valve
in source chamber 1 is used, source chamber 2 has not been used.
The three chambers are pumped independently, the two source
chambers are connected with the main chamber through their respective
conical collimator (skimmer), and the source chambers are separated from
each other. Two source chambers are pumped using turbo molecular
pumps with pumping speed 2000l/s (Model: BOC EDWARDS,
STP-A2203C, 27000rpm) respectively. The background pressure of the
two source chambers could both achieve 1.3×10-6 Pa. The main chamber
is pumped by a similar turbo molecular pump and a cold pump (Model:

43

Chapter 2

Cryo-Plex®8, High Vacuum Pump, Austin Scientific, model 350). The
background pressure of the main chamber could also achieve 1.3×10-6 Pa.
A pumping stage (consisting of mechanical pump and turbomolecular
pump) is used as a pre-pump for all of the three main turbomolecular
pumps. All vacuum pumps are oil-free. In this case, the remaining
hydrocarbons in the main chamber does not exceed 1.3×10-8 Pa, the low
level of background in our experiments improves the signal to noise ratio
greatly.

Figure 2.7 Photograph of the instruments used in HRTOF experiments.
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Laser system
The laser system involved in the H-atom Rydberg tagging time of
flight technique consists of the following lasers: a Nd:YAG laser (Spectra
Physics) running at 30 Hz pumps a dye laser (Narrowscan) to produce
tunable photolysis laser light. According to different needs, we can
choose 532 nm light (~ 350 mJ) or 355 nm (~ 100 mJ) output from the
Nd:YAG laser to pump a dye laser, then the laser with the fundamental
frequency output is frequency doubled through a BBO or KDP crystal,
that frequency-doubled laser output at 212.5 nm laser can be used to
generate the desired photolytic VUV photons by using four-wave mixing
technique. Another Nd:YAG laser also running at 30Hz (Spectra Physics)
is used to pump three dye lasers simultaneously. The 355 nm (~ 100 mJ)
output from the Nd:YAG laser pumps a dye laser (Sirah dye laser) to
generate 425 nm photons, and then 212.5 nm light (~ 2 mJ) is produced
by frequency doubling the 425nm by BBO crystal. The second harmonic
532 nm (~ 400 mJ) output from the same Nd:YAG laser is divided into
two beams by a beam splitter. A portion of 532nm power is used to pump
a second dye laser (Radiant Dye Laser-Jaguar, D90MA), operating around
555nm. The output from this dye laser was mixed with the fundamental
output of the YAG (1064nm) to generate light at about 366nm laser (~ 10
mJ) by a KDP crystal. The remaining 532nm was used to pump the third
dye laser (Continuum ND6000) which operates at ~ 845nm (~ 10 mJ).
Coherent light of 121.6 nm was generated by difference four-wave mixing
of two 212.55nm photons and one 845nm photon in a clean stainless steel
cell filled with high purity Krypton/Argon mixed gas (FW Mixing Cell).
This mixing cell is sealed with a quartz window at the light entrance and a
LiF lens at the light exit. The 121.6 nm (~ 50 μJ) light is generated when
845 nm and 212.5 nm light go through the Kr/Ar mixing gas in the cell
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simultaneously. In the main chamber, the 365 nm and 121.6 nm lasers are
overlapped in space and time, which guarantees the ground state of
hydrogen atoms to be excited to the high Rydberg state by two-step
double-resonant excitation.
Detection system
The detector used in this experiment is consists of three
micro-channel plates (Z-Stack MCP) superimposed on top of each other.
A grid with high transmittance (90%) is installed at about 5 mm in front
of the MCP and is connected to ground. The DC voltage of -2500 V and
-200 V are loaded on the entrance plane of the first plate and exit plane of
the third plate of MCP respectively, a high voltage electric field (~about
4000 V/ cm) is formed between the grid and micro-channel plate. The
Rydberg hydrogen atoms (n> 30) flying freely about 340 mm are field
ionized and impact at high speed into the micro-channel plate. The
hydrogen ion signals are amplified by several orders of magnitude by the
micro-channel plates. The electrical signal from the micro-channel plates
is received by an anode located behind the MCPs and is amplified by a
fast preamplifier, and then sent to a discriminator to be screened and
reshaped, the possible noise is excluded, and finally the signal could be
collected and counted by a multi-channel scaler (Fast ComTec, P7888)
and monitored by an oscilloscope simultaneously.

2.3 Principle and applications of the tunable VUV source
Experiments using VUV lasers have been developed during the past
ten years or so. Briefly, the generation of vacuum ultraviolet light (λ <190
nm) is beyond the short wavelength limitation of the traditional nonlinear
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solid crystals (BBO, KDP etc.). In addition, the vacuum ultraviolet light
can be absorbed by water vapor and oxygen in the air. Under current
technical conditions, this light only could be generated by using
non-linear effects in a gas medium. In recent decades, the technology of
generation of vacuum ultraviolet light with narrow bandwidth and short
wavelengths has been greatly developed, the conversion efficiency and
tuning range is gradually being improved. The four-wave mixing effect of
the inert gases (Xe, Kr, Ar and Ne) is the most commonly applied method,
which can yield sum frequency (ω4 = ω1 + ω2 + ω3), difference
frequency (ω4 = ω1 + ω2 - ω3), and difference frequency (ω4 = ω1- ω2
-ω3). According to the restrictions of the wavelength range and the
physical property of optical components, the difference frequency (ω4 =
ω1 + ω2 - ω3) has been the most widely used among the above mentioned
combining methods; this which can produce a wide range of tunable
vacuum ultraviolet wavelengths.
The method used in our experiment is two-photon resonant
four-wave mixing in Kr 4p-5p [1/2, 0] [15,16], as shown in Figure 2-8. A Kr
atom in the ground electronic state 4p6 is excited to the 4p55p level by
two-photon resonance absorption of two 212.55 nm (ωR) photons, then
stimulated emission takes place to a virtual state near 4p55s by absorption
of a 845 nm(ωT) photon, finally it jumps back to the 4p6 state, resulting in
121.6 nm (ωVUV) laser emission, namely ωVUV = 2ωR - ωT. By changing
the ωT, the wavelength of VUV can be adjusted. The polarization
direction also can be adjusted by changing the polarization directions of
ωT. In the experiment, the 212.5 nm and 845 nm laser are led into a static
stainless steel cell (the mixing cell is sealed at both ends with a quartz
window at the light entrance and a LiF lens at the light exit), the cell is
filled with 60-80 Torr of Kr/Ar mixed gas (specific pressure of the
mixture can be adjusted appropriately depending on the signal). The ratio
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of Kr/Ar is 1:3. When the two beams are overlapped in space and in time
completely, the generation efficiency of 121.6 nm laser can reach 5%. In
subsequent experiments, we have made further improvements in
technology. In a mixing cell, three lasers (212.55 nm, 845 nm, and
tunable laser λR) are introduced to produce two VUV lasers, one fixed at
121.6 nm is used as the probe light, the other tunable VUV is used as the
photolysis light. The specific optical design in this work will be
specifically introduced in the following chapters.

Figure 2.8 Partial energy-level scheme for Kr, showing resonance enhanced sum-difference mixing to produce certain radiation at λVUV=121.6
nm.
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Chapter 3:
A large aperture magnification lens for
velocity map imaging

3.1 Introduction
In the past decade the ion imaging technique[1] and its high resolution
variant velocity map imaging [2], have become increasingly popular for
the study of photodissociation, photoionization and crossed-beam
scattering processes[3]. In a velocity map imaging apparatus an electrostatic immersion lens projects ions or electrons created at the crossing
point of a laser and a molecular beam towards a two-dimensional (2D)
detector, which usually consists of a pair of microchannel plates (MCP)
followed by a phosphor screen and a camera system to record the
positions of impact of the particles on the detector surface. Ions with zero
nascent velocity perpendicular to the projection direction arrive at a single
point on the detector, and the distance from this zero point to any other
impact position is directly proportional to the transverse velocity of the
particle with respect to the time-of-flight (TOF) direction. Particle mass
selection is achieved by increasing the detector gain at the appropriate
arrival time. Cylindrical symmetry is maintained in the image by setting
the linear polarization of the laser field parallel to the detector face. This
allows reconstruction of the 2D image back to the full 3-D image using an
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inverse Abel transformation[4],or, alternatively, the equivalent information
is directly obtained by experimentally detecting only the central ‘slice’ of
the incoming ion image [5,6,7].
Under velocity mapping conditions all ions or electrons with the
same nascent velocity are projected by the immersion lens to the same
position onto the detector, independent of where they were formed in the
ionization volume. Removal of the ion ‘birthplace’ information signifycantly improves the velocity resolution of the ion imaging experiment.
Numerous further improvements of the imaging approach have been
reported, including on-the-fly event centroiding[ 8 ], improved original
velocity map lens shaping[9], and several different forms of experimental
slicing of the image[10]. With these improvements the velocity resolution
of has steadily improved to current levels of Δv/v < 0.2% [11].
Another notable improvement in imaging capability was the
introduction of a post-acceleration zoom lens by Vrakking and coworkers
[12]
for magnification of the size of very low-velocity images at the
detector by up to a factor of 20. The image size is determined by the time
of arrival at the detector, and therefore by the magnitude of the applied
electric fields and the geometry of the electrodes of the mapping lens used
to accelerate the particles. For the standard velocity mapping lens
geometry (EP) the image size is determined by (KE /qVR)½ where KE is
the particle kinetic energy release, VR the magnitude of the voltage
applied to the repeller plate, and q the particle charge. For a given
nascent particle, the repeller plate voltage VR is used to adjust the size of
the image at the detector. As pointed out in Ref. 12, some experiments
such as the study of tunneling ionization or Stark effect measurements
require keeping VR fixed at a high value. Even when VR may be varied, for
small images one cannot simply continue lowering the repeller voltage to
obtain a desired image size, because VR also determines the kinetic
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energy of the particles striking the detector surface. The gain of an MCP
detector increases non-linearly with VR until reaching a saturation plateau
above ~1000 V [13]. The rapid decrease of sensitivity at low VR values
thus imposes a practical lower limit of VR at ~ 550V.
Typical gain
versus voltage characteristics for a dual channelplate show a factor of ~
200 loss in gain at 650V compared to 1100V [13]. This problem can be
avoided by post-accelerating the ions at the end of the TOF tube, just
before they reach the detector, but this usually involves the addition of a
grid, which can lower the image quality. Another option is to keep VR
constant at ≥ 1000 V, and increase the time-of-flight (TOF) distance, as
the image size increases linearly with the length of the flight tube. A
typical length of a TOF tube used for velocity map imaging is 0.5 m, thus
a factor of 4 in magnification of the image size requires an unwieldy 2 m
flight tube.
In the design of Ref. 12 the magnification lens is located in the flight
tube region, after the final (ground) electrode of the imaging lens. The
repeller voltage can be kept constant at a desired (high) value, and the
image size is adjustable using this additional magnification lens. It
should be pointed out that the two main variants of the DC slicing
technique introduced independently by Liu and coworkers [7] and by Suits
and coworkers [6] use extra electrodes in the velocity mapping lens region
in order to stretch out the region of acceleration. This yields velocity
mapping without ‘pancaking’ where the ion packet arrives at the detector
over an extended period of time. The center slice of the Newton sphere
can be separately detected in this way by using a short pulse on the MCP
gain at the appropriate time. These extra lenses in the acceleration region
can also be used to magnify the image size, according to Ref. 7 by up to a
factor of 5. Magnification and slicing are coupled, however, in this
approach. In the magnification lens design presented in this paper, velo-

53

Chapter 3

city mapping is retained independent of the degree of slicing, as in the
approach of Ref. 12.
A drawback of the magnification lens design of Ref. 12 is that half of
the detector radius (75% of the area) is blocked when the lens is not in use.
The zoom lens must thus be removed for normal operating conditions.
Our goal was to design a post-acceleration lens which does not block the
detector, and thus does not have to be removed when not in use. The
resulting maximum magnification we achieve in our design is typically a
factor of 4-5. For very low velocity particles and thus very small images
where our detector spatial resolution (~ 40 μ) becomes a limiting factor,
the 3-plate Einzel lens of Ref. 12 with its larger magnification range is
more suitable.

3.2 Lens design
As in the design of Ref. 12, we use an Einzel configuration of three
electrodes, with the center lens at a voltage VMag < VRep and the two outer
lenses at ground. Maximum magnification (and maximum sensitivity to
misalignment) occurs as VMag approaches VRep. Within the Einzel lens the
particles are slowed down significantly, allowing a larger affect of the
lens on the passing ions. Magnification requires that the ion trajectories
are first focused through a point within or near the magnification lens
assembly, which should thus be located at least a fourth of the TOF length
downstream from the velocity map imaging lens assembly. The largest
magnification is achieved with a small lens aperture and a short spacing
between the inner and outer lenses. This small lens aperture, combined
with the significant downstream distance leads to a partial blocking of the
detector. Our challenge is thus to design a lens setup with larger lens
openings, positioned at a similar downstream position as the 3-plate lens.
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Figure 3.1 (SIMION software[14]) a) Potential fields for the present
design with a 1300 V repeller, 1076 V extractor and 1142 V magnification lens (center lens in the figure). b) Potential fields for the standard
3-plate Einzel lens with 1300 V repeller, 1080 V extractor and 1256 V on
the center plate of the Einzel lens.

Results from a series of ion trajectory simulations suggested
changing the shape of the middle lens from a flat plate to a thick
(cylindrically symmetric) hyperbolic lens which mimics the form of the
fields lines created inside the 3-plate lens of Ref. 12. Our thick center lens
as shown in Figure 3.1, allows a longer interaction time for the ions as
they pass through the magnification lens, and the shape of the center lens
allows linear magnification when using a larger (15 mm compared to 10
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mm for the 3-plate lens) aperture. The inner and outer lenses are thin flat
plates, also with 15 mm apertures. In order to avoid blocking the 40 mm
diameter detector when our magnification lens (placed at one-fourth of
flight tube length) is not in use the diameter of the lens opening should be
larger than 10 mm.
A rule of thumb in electrostatic lens design requires that ions remain
within the center 10% of the lens opening in order to avoid distortions.
An electrostatic (magnification) lens placed one fourth of the way
downstream in the flight tube with a 40 mm detector then requires a lens
opening diameter of 10 x 10 mm = 100 mm when the detector is filled.
When using a magnification factor of 3 and thereby obtaining a full 40
mm diameter image the lens opening should thus be at least 33 mm.
We must evaluate the resulting distortion when using a 15 mm opening,
which could result in a non-linear magnification as a function of radius.
Ion trajectory simulations, shown in Figure 3.2, indicate that with the
special shape of the center electrode in our magnification lens, the
magnification parameter remains reasonably constant when using up to 27
% of the lens opening, while the 3-plate design shows the expected
deviations when more than 10% of the opening is used.
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Figure 3.2 Comparison of the calculated magnification factor of the
present lens design with that of the standard three flat plate design as a
function of initial kinetic energy of an NO+ ion. A kinetic energy of 0.04
eV corresponds to an ion trajectory passing at a radius of 1.5 mm, or at
10% of our lens opening. Ions with higher kinetic energy than this enter
regions of the standard 3-plate lens where the magnification factor is not
constant, while in our design the magnification factor remains reasonably
constant up to kinetic energies of 0.30 eV, corresponding to a radius of
4.2 mm or 27.5% of the lens opening.
The mapping lens assembly at the laser ionization interaction region
(repeller, extractor and the front of the TOF tube) and the magnification
lens can be adjusted separately by a high voltage supply. In practice, for
a given Vrep the extractor voltage is adjusted to yield a sharp image with
Vmag = 0. Vmag is then set to a fixed voltage below Vrep and then the
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extractor voltage is adjusted slightly to obtain a sharp image (typically we
use 1300 V on the repeller, 1070V on the extractor and 1142V on the
inner electrode of the magnification lens). For convenience this adjustment should be done first with a strong signal. As long as the position of
the ionization laser remains fixed, the optimal values for Vext and Vmag
remain constant for a given Vrep. Distortions of the image are observed, as
in the design of Ref. 12, when large diameter images are recorded using
the largest magnification settings. Misalignment of the neutral molecular
beam axis with the velocity map lens axis and the center of the magnification lens is the main cause of these distortions.

3.3 Experimental applications
3.3.1 Ion Recoil from (2+1) REMPI of O(3P2) atoms at 226 nm
Our first example of the utility of the magnification lens compares
imaging a 1.0 eV (3500 m/s) O atom and a 0.1 meV (35 m/s) O atom.
2+1 REMPI at 226 nm is used to detect O(3P) atoms. The energy sum of
three 226 nm photons is 2 eV higher than the O atom ionization potential,
IP, whereby 35 m/s recoil is imparted to the O atom by the ejected 2eV
photoelectron electron. A convenient repeller voltage for our apparatus of
VR = 3000V projects the 3500 m/s particle to a distance 10mm from the
center of the detector and the 35 m/s particle arrives 100 μm from the
detector center. This small size approaches with the spatial resolution
limit (~40 μm) of our MCP detector assembly. Imaging the ring created
by the 35 m/s particle will thus not be practical under these conditions.
One could lower the repeller voltage to the lower limit of ~550 V (loss in
gain ~1000). Because the image size is proportional to (Vrep)-½, this will
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double the image radius to 200 μm, which is still quite small. The
magnification factor of 5 by our lens provides a 1 mm diameter image of
zero nascent velocity, ion-recoiled O+ atoms shown in figure 3.3. The
angular distribution is characterized by
I(θ)=(1/4π)(1+βP2(cosθ))

(3-1)

where P2(cosθ) is the second Legendre polynomial, and θ is the angle
between the fragment recoil direction and the polarization direction. The
normalization factor 1/4π corresponds to unit probability for the integral
of I(θ) over all solid angles. Α value of β = +2 corresponds to ionization
of a pure s-electron, yielding a p electron wave, while a value of β = -1
corresponds, for example, to ionization of a p electron with perfect
interference of the outgoing s and d waves. The ion- recoil image of
Figure 3.2 yields a negative beta parameter (β~ -0.2), similar to the
negative beta parameter Cooper and Zare found for the photodetachment
of O-，The ion recoil velocity is added to each velocity point of the
nascent particle imageand can significantly lower the image resolution.
For velocity map imaging applications the O(3P) atom ion-recoil has a
maximum effect on perpendicular photodissociation processes such as the
direct dissociation of OH by excitation of the repulsive 2Σ- state from the
2
Π ground electronic state. [15,16,17].
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Figure 3.3 O+ image from a beam of cold O(3P2) atoms formed in a
discharge and ionized by (2+1) REMPI at 226 nm. Darker areas
correspond to higher signal. The arrow marks the direction of the laser
polarization. Recoil due to the REMPI process is maximal in the direction
perpendicular to the laser polarization and characterized by β = -0.2.
Note that the CCD pixel resolution exceeds the imaging detector
resolution in this image.

3.3.2 Photodissociation of Ar-NO clusters at 225 nm
The photodissociation of Ar-NO clusters [18] around 225 nm,
~
Ar-NO ( X 2 Π ) + hν Æ Ar + NO (A,N)

(3-2)

where N is the rotational angular momentum quantum number of NO in
the A2Σ electronic state is used as our second example to evaluate the
performance of the magnification lens. This is a convenient test system
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because it provides a series of easily ionized, low velocity NO A state
fragments. In order to improve the image resolution compared to the
original paper we used (1+1’) REMPI at (226 + 295 nm) where the
second, lower energy, photon causes less ion recoil (5 m/s compared to 16
m/s with (1+1) REMPI at 226 nm [19].
Ground state Ar-NO(X, v =0) van der Waals clusters were prepared
in a pulsed supersonic expansion of 10% NO in Ar with a backing
pressure P0=1.5 bar. The mixture was expanded at 10 Hz from a pulsed
valve with a nozzle diameter of 1.0 mm. The molecular beam passes
through a 2.0 mm hole in the repeller plate and is crossed by a laser beam
tuned to 224.70 nm with a linear polarization aligned parallel to the
detector face.
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Figure 3.4 a) (1+1) REMPI spectrum of NO(A,N) products from the
photodissociation of Ar-NO(x) at 224.70 nm. b) NO+ image taken using
the same dissociation laser as in a) but with direct one-photon ionization
of all NO(A,N) products using 295 nm. Polarization and intensity scale
information as in Figure 3.3. (c) Velocity distribution of the image in b)
taken with the magnification lens set at 1142 V, for comparison with the
spectrum shown in panel a).
Three experiments were performed at a dissociation laser wavelength of 224.70 nm; a) a (1+1) REMPI spectrum that provides the total
yield of individual NO (A,N) products, b) a single magnified image where
all NO(A,N) products are detected simultaneously by direct one-photon
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ionization, and c) images single N-state products using (1+1) REMPI
tuned to individual N state resonances. Comparison of the different data
sets provides information on the resolution limiting steps in obtaining the
magnified images.
~
a) This first laser causes photodissociation of Ar-NO( X ,v=0) to Ar and
~
NO( A ,v=0,N) and the ionization laser is tuned from 598-599.7 nm in
order to cause (1+1) ionization of N’ = 0, 1, 2…..9 of NO(A, v ’=0) via the
E 2Σ+ ( v =0) state, as was used in a similar manner in ref 17. The total ion
signal collected on the imaging detector as a function of wavelength is
shown in Figure 3.4 a). At this dissociation wavelength, corresponding to
an energy of ~230 cm-1 above the barrier to cluster dissociation, two
product peaks, N=8 and N=5 are significantly enhanced compared to the
other N states. This two peak maximum behavior has been characterized
as a rotational rainbow effect in previous study by Sato et. al. [20]. Yields
of the individual N states are evident in this spectrum.
b) In panel b) of Figure 3.4 an image of NO+ ions is shown from the
ionization of NO (A,v’=0,N) created by photodissociation of Ar-NO at
224.70 nm. The corresponding voltages on the repeller and extractor
electrodes are 1300 V and 974 V, respectively, without the zoom lens on,
and 1300 V and 1019 V with the magnification lens at 1142 V voltage,
which gave a magnification factor of ~ 3. The second (ionization laser)
was fixed at 295 nm which is 3029 cm-1 above the ionization threshold of
NO. The ion-recoil velocity is ~5 m/s, which leads to a minimal peak
width of 10 m/s. Further broadening of a single peak will arise from the
geometric velocity spread (2 mm collimator 100mm downstream of 0.5
mm nozzle with 650 m/s beam velocity gives >7 m/s broadening) and the
spread in internal energy of the Ar-NO cluster. The measured full-width at
half maximum from peak N=8 in Figure 3.4b) is ~15 m/s.
c) Images taken for individual NO(A,N) molecules using (1+1) REMPI
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tuned to peaks shown in Figure 3.4a) are shown as insets in Figure 3.5a)
with the magnification lens voltage at 0 V, and in Figure 3.5b) with the
lens voltage at 1200V. Under these conditions the magnification factor
was measured for each value of N, as plotted in Figure 3.5. An average
value of 3.98 +/- 0.04 was found, with the scatter in values determined
mainly by noise in the images. The slope of a line through the magnification values is zero within the range of uncertainty.

Figure 3.5 Insets in a) show NO+ images obtained for individual
rotational states of NO (A, v ′ =0, N) with the magnification lens at 1200
V, and in b) with the magnification lens at 0 V. Also shown are the
measured magnification values for each separate N state.
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3.4 Discussion and conclusion
A large aperture electrostatic Einzel lens that magnifies the images of
low energy ions or electrons in a standard velocity map imaging apparatus
by up to a factor of five is described. The special thick parabolic shape
of the center electrode was shown to allow use of more than the standard
10% of the open aperture of the lens assembly. The most important
feature is that the magnification lens allows the normal operation of the
apparatus (without blocking any part of the detector) when it is not in use.
Because it is positioned in the post-acceleration part of the apparatus, the
field strength in the laser interaction region remains reasonably constant
with or without magnification, and the lens can be used in the normal
‘crush’ mode or with any of the different variants of the ‘slicing’ mode.
We have characterized the performance of the lens by imaging ion recoil
due to two-photon resonant three photon ionization ((2+1) REMPI) of
O(3P2) atoms. A beta parameter for the measured angular distribution of
-0.2 was determined. We note that a similar beta parameter was found for
the corresponding photoelectrons, but that it was not possible to obtain a
distortion free photoelectron image in the test apparatus due to the
presence of magnetized components near the flight tube. This also
implies that ion-recoil measurements when combined with a magnification lens could be a convenient alternative to photoelectron imaging
when using a general purpose imaging apparatus. In a second test
example, slow NO molecules formed from the near-threshold photodissociation of the NO-Ar van der Waals complex were measured. The
Einzel lens yielded the same value of magnification for a wide range of
NO product states and the resolution of the images was shown to be
affected by ion-recoil, geometric velocity spreading, and to internal
energy in the parent van der Waals complex.
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Chapter 4:
Photodissociation of the linear Ar-I2 van der
Waals complex: velocity-map imaging of the
I2 fragment
4.1 Introduction
The stabilization of atomic and molecular species in weakly bound
van der Waals complexes coupled with numerous spectroscopic methods
has enabled intermolecular interactions to be systematically interrogated
for a broad range of systems. The influence of the proximity and
orientation of the partners within the complexes on the photoinitiated
dynamics has subsequently become a topic of much interest. The Ar–I2
van der Waals complex is a benchmark system for both of these research
directions. The photoexcitation of Ar–I2 in this region leads to very rich
dynamics, with processes including vibrational predissociation (VP),
intramolecular vibrational relaxation (IVR), electronic predissociation
(EP), and the one-atom cage effect[1,2]. The relative contributions of these
dissociation mechanisms on the excited-state dynamics varying with the
excitation energy and with the regions of the excited-state
multidimensional potential energy surface (PES) that are sampled. The
excitation spectrum of Ar–I2 near the I2 B-X electronic region contains
discrete bands superimposed on a broad continuum, and there are
contributions from transitions of ground-state Ar–I2(X,v″=0) complexes
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with T-shaped and linear equilibrium geometries[3-7].
For the Ar–I2 complexes, the VP mechanism traditionally refers to
promotion of the complexes to metastable intermolecular vibrational
levels bound within the potential associated with an electronically excited
state of the I2 molecule. For clarity, the VP of complexes within the B
electronic state is
Ar-I2(X,v″=0) + hv → Ar-I2(B,v′) → Ar + I2(B,v)
with v < v′

(4-1)

There is a general propensity for forming those I2(B,v) VP fragments that
lie energetically just below the intermolecular vibrational level, v=v′−3,
thereby minimizing the translational energy release to the fragments[8,9].
Complexes prepared in discrete excited-state levels may also undergo
IVR, resulting in the formation of I2(B,v) fragments. The EP mechanism
occurs because of the presence of repulsive electronic states that can be
accessed in the I2 B-X spectroscopic region. Here, the electronically
excited I2 molecule dissociates, forming three different atomic fragments
according to
Ar-I2(X,v″=0) + hv → Ar-I2* → Ar + I(2P3/2) + I(2P3/2)

(4-2)

The excited Ar-I2* complexes in this energy region may be associated
with one of the purely dissociative electronic states, B′ 3Πu or B″ 1Πu, or
the repulsive walls lying above the A 3Πu or A′ 3Πu states. Non-adiabatic
coupling between the B state and any of these four states may also give
rise to EP of the metastable Ar-I2(B,v′) intermolecular vibrational levels.
Since the EP mechanism results in ground-state atomic fragments,
fluorescence signals are not observed for this pathway. Kautzman, et al
have recently investigated the competition between VP and EP in the
energy regime lying predominantly below the B state[10]. These
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experiments utilized electron photodetachment of the T-shaped Ar-I2–
anionic complex to interrogate the dynamics of the neutral complexes,
predominantly with a T-shaped geometry.
The excited-state Ar-I2 complexes having a linear geometry may
also dissociate via the one-atom cage effect when promoted above the
dissociation threshold of the B 0u+ state of I2, 20 043.22 ± 0.01 cm–1 [11] ,
as shown in Figure 4.1. In contrast to free I2 molecules, where this
excitation results in prompt dissociation into I(2P3/2) + I(2P1/2) atomic
fragments with a quantum yield of unity [12], the photoexcitation of
complexes to this energy region results in the formation of I2 dissociation
fragments in the B 0u+ electronic state with widely varying amounts of
vibrational excitation, v′:
Ar-I2(X,v″=0) + hv → Ar + I2(B,v′)
with

hv>20043.22cm–1

(4-3)

Figure 4.1 Potential energy curves for I2. The dashed line indicates the
second dissociation limit of free I2 at 20 043.22 cm–1 [11].
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This one-atom caging was first observed experimentally by Saenger
et al. [13] and then by Valentini and Cross [14]. These initial reports led to
numerous experimental [3,6,7,9,13-16] and theoretical [4,17-23] efforts aimed at
characterizing these continuum fluorescence signals and the dynamics
incurred. Seemingly contradicting the one-atom cage effect mechanism,
similar signals were also observed following excitation of the Ar-I2
complex to energies lying below the I2(B 0u+) state dissociation limit
[3,6,7,9,15]

. Specifically, emission was observed from a broad range of
I2(B,v′) levels when exciting to regions lying to energies above these
levels, but still below the I2(B) dissociation limit.
Two-laser, action spectroscopy experiments were undertaken by
Darr et al. [3] to identify the origin of the Ar-I2 continuum signals that
span from below to well above the I2(B) dissociation limit. Specifically,
they monitored the formation of several different I2(B,v′) vibrational
levels while scanning the excitation laser across the bound and
dissociative regions of the I2(B) potential. A continuum signal was
observed to start at 250±2 cm–1 above each I2 B–X, v′–0 monomer band
origin that spanned an energy of at least 700 cm–1. The intensity of the
continuum signal did not track with the intensity of the discrete features
associated with transitions of the ground-state T-shaped Ar-I2(X,v″=0) as
the expansion conditions and the downstream distance along the
expansion was varied. They concluded that the continuum signals could
not be from transitions of the T-shaped complex, instead they were
attributed the signals to transitions of the linear ground-state conformer.
The results of these experiments led them to propose a variant of the
one-atom cage-effect mechanism that is more appropriately termed direct
dissociation. The continuum signals are attributed to bound-free
transitions of the linear Ar-I2(X,v″=0) conformer to the inner, repulsive
walls of numerous Ar + I2(B,v′) intermolecular potentials, leading to fast
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dissociation of the complex along the Ar-I2 bond. Comparable results
were reported by the Loomis group for other rare gas-dihalogen systems,
including He-ICl [24,25], Ne-ICl[26], He-I2[27], and He-Br2[28], in addition to
the H2-ICl [29] and D2-ICl [30] four-atom complexes.
The Janda group recently reported a systematic investigation of the
He-Br2, Ne-Br2, and Ar-Br2 family of complexes to interrogate the role of
the rare gas atom on the propensity for accessing these bound-free
transitions of the linear conformers[31]. While experimentally verifying the
mechanism for the promotion of the linear conformers to the inner,
repulsive regions of the excited-state van der Waals potentials,
accompanying calculations also indicate the role that the dihalogen
bondlength plays during the dissociation process. Because of the nature of
the electronic excitation in the B–X region, the Franck-Condon excitation
of the halogen coordinate accesses the highly repulsive portion of the
B-state potential [31]. Considering the Ar-Br2 complex, the wavefunction
of the ground-state, linear Ar-Br2(X,v″=0) conformer is projected onto the
excited-state PES creating a wavepacket that is localized on the repulsive
wall of the Br2(B) potential. In contrast, the wavepacket samples only a
mildly repulsive region of the Ar + Br2(B,v′) potential. The wavepacket
then accelerates primarily along the Br-Br coordinate before colliding
with the Ar-Br2 repulsive wall[31]. The role of the dihalogen distance
coordinate in transferring the requisite momentum to the Ar atom
increases with higher excitation energies that access even more strongly
repulsive regions of the Br2 potential. Similar momentum-transfer and
direct-dissociation mechanisms most likely occur for Ar-I2.
Most of the previous experimental work characterizing the one-atom
caging and bound-free dissociation mechanisms were based on
registration of I2(B,v′) fluorescence. In the present study I2(B,v′)
molecules formed in the direct dissociation of the linear Ar-I2 complexes

73

Chapter 4

are detected by means of the velocity-map imaging technique [32] , which
provides information about the kinetic energy of the products and about
the angular anisotropy of the I2(B,v′) recoil with respect to the linearly
polarized excitation laser light. Our results on Ar-I2 provide direct insight
into the general stereodynamics of the dissociation mechanism and into
the kinetic energy redistribution during the dissociation process. The
wavelength of the excitation laser was scanned in the range of 490-520
nm (20 408-19 231 cm–1), thus spanning from energies above the
dissociation limit of I2(B 0u+) to those below this limit, 20 043.22 ± 0.01
cm–1[11]. In so doing, we were able to observe that there are no sudden
changes in the dissociation dynamics when crossing the dissociation
threshold. All of the results are consistent with bound-free transitions of
the linear Ar-I2 conformer followed by a direct-dissociation mechanism
giving rise to the continuum fluorescence signals observed throughout
and above the I2 B–X spectral region.

4.2 Experiment
The velocity map imaging (VMI) setup was described in detail in a
previous article on the photodissociation of (CH3I)2 van der Waals
complexes[33], and only a brief overview is given here. Ground-state
Ar-I2(X,v″=0) complexes are stabilized by flowing argon at a pressure of
1 Bar through a sample of iodine crystals held at room temperature,
providing a vapor pressure of I2 of ≈0.2 Torr. The mixture is slowly
flowed through the reservoir of a pulsed valve with a 0.2 mm orifice in
order to form a supersonic free-jet expansion, which is directed parallel to
the time-of-flight axis of the imaging apparatus. The expansion passes
through a 2 mm skimmer mounted 20 mm downstream from the nozzle,
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and is collimated 100 mm downstream from the nozzle by a 2 mm hole in
the center of the repeller electrode plate. Excitation of the Ar-I2(X,v″=0)
complexes within and above the I2 B–X region and ionization of nascent
I2(B,v′) products takes place in the region between the repeller and
extractor electrodes using two counter-propagating pulsed tunable laser
beams, which were linearly polarized with the same direction of
polarization, set parallel to the imaging detector face.
The Ar-I2(X,v″=0) complexes were excited using a tunable dye laser
(Quanta Ray, PDL-2, Coumarin 500), pumped by the third harmonic of a
Nd:YAG laser (Continuum Surelite). The wavelength of the excitation
laser was tuned in the range of 490-520 nm. The excitation laser beam
was unfocused, with a beam size of ≈2 mm. The energy and the duration
of the pulse were 5 mJ and 5 ns, respectively. The nascent I2(B,v′)
products were ionized with the frequency-doubled output of a second,
tunable pulsed dye laser (Quanta ray, PDL-2, Sulforodamine B +
Rodamine 640) pumped by the second harmonic of a Nd:YAG laser
(Quanta Ray, GCR series, 532 nm). Three probe wavelengths were used:
315.67, 315.94, and 304.67 nm (all wavelengths are in vacuum). The
pulse energy, duration, and bandwidth of the probe laser were 1-2 mJ, 5
ns, and ≈1 cm–1, respectively. The probe laser was focused by a 33 cm
focal length lens, and the probe laser was delayed by 50 ns from the
excitation laser.
The I2(B,v′) products are ionized using (1+1) REMPI by accessing
the high vibrational levels of the E 0g+ and f 0u+ ion-pair states. Because
of the high density of vibrational levels in the regions of the E 0g+ and f
0u+ states accessed and the frequency bandwidth of the probe laser, it was
difficult to access probe transitions that would ionize only molecules in
single I2(B,v′) levels. As a result, several I2(B,v′) vibrational levels were
often ionized at one probe laser wavelength. Details concerning the
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determination of the different levels accessed in the ionization step are
provided in the next section. The ensuing ions were directed by the VMI
lens to a position sensitive microchannel plate detector, which was gated
for detection at the I2+ arrival time. Images were recorded for 2000 laser
shots and later analyzed using the Basex inversion program.[34] The
pulsed valve, both laser systems, and the detection equipment was
operated with a 10 Hz repetition rate.
In order to calibrate the kinetic energies of the images, individual I2
molecules were photodissociated at 498 nm. At this wavelength, I2
molecules are known to dissociate to the first and second dissociation
limits[35]. The I(2P3/2) atoms were ionized using (2+1) REMPI with the
probe laser at 304.67 nm[36]. The ring formed by I(2P3/2) atoms produced
in the dissociation to the first limit, which has a dissociation energy of
12440.243 cm–1[11], was used for energy calibration.

4.3 Data analysis
4.3.1 (1+1) Ionization of Nascent I2(B,v′)
The excitation of the linear Ar-I2(X,v″=0) conformer in the
wavelength region near 500 nm is known to lead to the formation of
I2(B,v′) products spanning a broad distribution of v′ [3,14,16]. The
photo-excitation of the linear complexes at 496.5 nm resulted in the
formation of I2(B,v′) products with 23 ≤ v′ ≤ 49. In the present study, we
fixed the probe laser at three different wavelengths: 304.67, 315.67, and
315.94 nm. Each wavelength is convenient for (1+1) REMPI of I2(B,v′)
molecules with 15 < v′ < 50 via the high vibrational levels of the E 0g+
and f 0u+ ion pair states[37]. Absorption of the first probe photon by I2(B,v′)
leads to total excitation in the energy range of 49 000 - 53 000 cm–1,
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relative to the I2(X,v″=0) ground-state level. The breadth in this energy
range results from the accidental overlap of the probe bandwidth with
transitions from different I2(B,v′) levels, which each have typical
rotational profiles spanning from 2-4 cm–1, to high-lying vibrational
levels within the E 0g+ and f 0u+ ion-pair states. The subsequent absorption
of a second, probe laser photon by I2 in any of these ion-pair levels results
in ionization.
Using the Dunham coefficients for the I2(E), I2(f),[37] and I2(B)
states,[38] it is possible to identify the different I2(B,v′) levels that
contribute to the ion signals at each probe laser wavelength. The total
experimental and calculated transition energies that could be observed
when using the (1+1) ionization at wavelengths of 315.94, 315.67, and
304.67 nm are compared in Table I along with the proposed vibrational
level assignments for the lower-energy I2(B) state, v′, and higher-energy
I2(E) and I2(f ) states, v†. In all cases, the experimental and calculated
values agree within ≈3 cm–1, which is quite satisfactory especially
considering that rotational excitation in the states is not included, and that
the laser is tuned to achieve relatively balanced signals from all the
observed channels.
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Table 4-1. Assignments for (1+1) REMPI of I2(B,v′) at the wavelengths of
315.94, 315.67, and 304.67 nm. Channels observed in the I2+ images
shown in Figure 4.3-4.5 are listed along with the product I2(B,v′) vibrational level and the resonant I2(E,v†) or I2(f,v†) level utilized in the
ionization.
I2(B,v′)

Observed

Resonance

Calculated

Vibrational Level

Energy, ( cm–1)

Vibrational Level

Energy, (cm–1)

№

Probe laser wavelength 315.94 nm (31 651.5 cm–1)
1.1
1.2

1.3
1.4

43

51 085.2

f,v†=42

51 087.4

36

50 732.6

f,v†=38

50 735.0

37

50 789.2

E,v†=116

50 787.2

30

50 349.2

E,v†=109

50 346.2

19

49 452.9

f,v†=24

49 454.1

24

49 890.6

E,v†=102

49 891.5

Probe laser wavelength 315.67 nm (31 679.0 cm–1)
2.1

40

50 973.9

E,v†=119

50 972.1

2.2

30

50 376.7

f,v†=34

50 376.6

Probe laser wavelength 304.67 nm (32 822.4 cm–1)
3.1

43

52 256.1

E,v†=141

52 256.7

3.2

30

51 520.1

f,v†=47

51 519.9
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a

For this channel the transitions starting from v′=36 and v′=37 were found to be equally
possible. The observed ring probably corresponds to the superposition of two unresolved
rings.

b

For this channel the transitions starting from v′=19 and v′=24 were found to be equally

possible.

The observed ring probably corresponds to the superposition of two unresolved

rings.

4.3.2 Kinetic Energy of I2(B,v′) and Energy Partitioning
Following the photoexcitation of linear Ar-I2(X,v″=0) complexes, the
I2(B,v′) and Ar photoproducts recoil with a kinetic energy determined by
the conservation of energy:

hv = D0 L + E int [I 2 ( B, v ' )] + E kinetic

(4-4)

As shown schematically in Figure 4.2, Ekinetic is the total kinetic energy
release (TKER) of the dissociation fragments, hv is the excitation photon
energy, D0Lis the binding energy of the linear Ar-I2(X,v″=0) ground-state
conformer, and Eint[I2(B,v′)] is the internal energy of the I2(B,v′) fragment,
which is a sum of electronic, vibrational and rotational energies with an
energy of zero corresponding to the energy of the ground-state molecule,
I2(X,v″=0). This TKER is shared between the I2(B,v′) and Ar products
according to the conservation of the energy and momentum:

⎛ m Ar
TI 2 = ⎜
⎜ m Ar + m I
2
⎝

⎞
⎟ ⋅ E kinetic
⎟
⎠

(4-5)

⎛ mI2
T Ar = ⎜
⎜ m Ar + m I
2
⎝

⎞
⎟ ⋅ E kinetic
⎟
⎠

(4-6)
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where TI 2 and T Ar are the kinetic energies of the I2(B,v′) molecule and
Ar atom, respectively. The masses of I2 and Ar are m I 2 = 253.809 a.m.u.
and m Ar = 39.948 a.m.u. , respectively. The combination of equations

(4-4) and (4-5) gives the dependence of the kinetic energy of the nascent
I2(B,v′) molecules on the photoexcitation energy:
⎛ m Ar + m I 2
L
hv = D0 + Eint [ I 2 ( B,ν ' )] + TI 2 ⋅ ⎜⎜
⎝ m Ar

⎞
⎟
⎟
⎠

(4-7)

It is important to notice that equation (7) is associated with the
dissociation of the 1:1 Ar-I2 complex only, and not Arm-I2 higher-order
complexes with m > 1. This equation offers a means for determining the
van der Waals binding energy assuming a high-resolution excitation
source, a definitive identification of the I2(B,v′) levels being probed, and
an accurate measurement of the kinetic energy of these nascent I2(B,v′)
product molecules.
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Figure 4.2 Schematic of the ground- and excited-state Ar + I2 interactions
along the linear Ar-I-I orientation. The linear Ar-I2(X,v″=0) conformers
are photoexcited at hν in the gray region, which includes energies above
and below the I2(B) dissociation limit (shown as a long-dashed line). The
excited-state complexes may dissociate into different Ar + I2(B,v′) product
channels. The binding energy of the linear conformer is D0L, the internal
energy of the I2(B,v′) product is Eint[I2(B,v′)], and the total kinetic energy
release of the Ar and I2(B,v′) fragments is hv- D0L- Eint[I2(B,v′)]. The
figure is adapted from Ref. 31.
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Figure 4.3 Raw I2+ images obtained with the probe laser wavelength at
315.94 nm. The excitation wavelength (nm) associated with each image is
indicated. The double-sided arrow indicates the direction of the linear
polarization of the excitation laser. The four channels observed in this
series are labeled as 1.1, 1.2, 1.3, and 1.4, and their assignments are
given in Table I.
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Figure 4.4 Raw I2+ images obtained with the probe laser wavelength at
315.67 nm. The excitation wavelength (nm) associated with each image is
indicated. The double-sided arrow indicates the direction of the linear
polarization of the excitation laser. The two channels observed in this
series are denoted as 2.1 and 2.2, and their assignments are given in
Table 4-1. At excitation wavelength of 508 nm a strong I2+ signal in the
middle of the image originating from an unassigned two-color resonance
ionization of ground-state I2(X) molecules was observed. That signal
created strong distortions over the entire image due to the Coulomb
explosion. This signal was avoided by tuning the excitation laser to 508.2
nm.
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Figure 4.5 Raw I2+ images obtained with the probe laser wavelength at
304.67 nm. The excitation wavelength (nm) associated with each image is
indicated. The double-sided arrow indicates the direction of the linear
polarization of the excitation laser. The two channels observed in this
series are denoted as 3.1 and 3.2, and their assignments are given in
Table 4-1.

4.4 Results and Discussion
4.4.1 Kinetic Energy of I2(B,v′) Fragments

Raw velocity-mapped images of I2+ ions obtained from the
photoexcitation of Ar-I2 over the wavelength range from 490-520 nm
(20 408-19 231 cm–1) with subsequent ionization at 315.94, 315.67, and
304.67 nm are shown in Figure 4.3, 4.4 and 4.5, respectively. For each
probe wavelength several channels of the formation of I2(B,v′) become
visible. There are four I2+ ion channels observed when using a probe
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wavelength of 315.94 nm, and these are denoted as 1.1, 1.2, 1.3, and 1.4
as shown in Figure 4.3. There are only two I2+ ion channels observed in
the images acquired using probe wavelengths of 315.67 and 304.67 nm,
and these channels are labeled as 2.1 and 2.2 in Figure 4.3 and as 3.1 and
3.2 in Figure 4.4. Each observed ion channel is associated with different
I2(B,v′) product vibrational levels, as listed in Table 4-1.
The radii of the I2+ rings corresponding to each channel and the
relative contributions to the total I2+ signal systematically depend on the
excitation wavelength in Figure 4.3, 4.4, 4.5. For example, the image in
Figure 4.3 obtained with photoexcitation at 490 nm is dominated by the
1.1 and 1.2 channels, which are associated with the detection of I2(B,v′)
products in the v′=36 or 37 and v′=43 levels, respectively. The radii of the
1.1 and 1.2 channel rings decrease in the images acquired with increasing
excitation wavelengths due to the reduction of the available kinetic
energy release to the Ar and I2(B,v′) products. The relative contribution of
the 1.1 and 1.2 channels to the total I2+ ion signal also decreases with
increasing excitation wavelength, especially as contributions from the 1.3
and 1.4 channels are detected. The image acquired using the longest
excitation wavelength, 520 nm, is dominated by the 1.3 and 1.4 channel
rings, which are associated with I2(B,v′) fragments with v′=19 or v′=24
and v′=30, respectively (Figure 4.6). These VMI data indicate that with
lower photoexcitation energies (longer wavelengths), the I2(B,v′)
fragments are formed with less vibrational excitation. This trend is in
agreement with the fluorescence-based results of Philippoz et al. [16] and
Darr et al. [3].

85

Chapter 4

Figure 4.6 Speed distributions of I2+ taken from the four images obtained
with the wavelength of the probe laser fixed at 315.94 nm. The
wavelength of the pump laser is shown on each panel, a)-d). The different
product channels are labeled using the notation described in the text and
in Figure 4.3. The distributions were fitted using a single Gaussian curve
for each channel, which are shown as dotted lines. The sums of the
Gaussian curves are shown as solid lines.
The calculations of the probability amplitude associated with the
linear Ar-I2(X,v″=0) conformer indicate that the zero-point motion along
the angular coordinate of the Ar atom about the I2 molecule spans up to
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±10° from the linear geometry, θ = 0°.44 Thus, the vertical excitation of
the linear conformer promotes complexes with a small range of
geometries about the linear structure on the inner, repulsive wall of the Ar
+ I2(B,v′) potentials. Because of the slight anisotropy of the excited-state
potential the dissociation of those complexes that sample angles near θ =
±10° will result in photoproduct recoil at larger values of χ. This
anisotropy is not expected to vary with excitation energy since the Ar-I2
intermolecular distance is significantly longer in the excited state, and the
region of the repulsive wall accessed lies energetically well above the
associated Ar + I2(B,v′) asymptote. The anisotropy of the I2+ images seem
to be justified by the direct dissociation of linear Ar-I2 complexes as
proposed by Darr, et al.[3] Yet additional information about the probability
of the ground-state, linear Ar-I2(X,v″=0) conformer and possibly about
the anisotropy of the repulsive potential region of the excited state are
gleamed in these VMI experiments. Semi-classical trajectory calculations
performed by projecting the wavefunction of the ground-state linear
conformer onto the inner, repulsive walls of the Ar + I2(B,v′) PESs should
provide further insights into the dissociation dynamics.
A comparison of equations (4-7) and (4-8) indicates that the a
parameter is associated with D0L + Eint[I2(B,v′)], and the values obtained
in the fits are given in Table II. The subtraction of the amount of internal
energy of the nascent I2(B,v′) from this value for each of the channels
should yield an estimate of the binding energy of the linear Ar-I2(X,v″=0)
conformer, D0L. The amount of rotational excitation in the I2(B,v′) product
channels is known to be very small; for instance, a rotational temperature
of 7.5 ± 0.3 K, which corresponds to an average rotational energy of
5.2 ± 0.2 cm–1, was measured for the I2(B,v′=35) channel when
photoexciting the linear Ar-I2(X,v″=0) conformer at 495 nm[9]. Therefore,
we assume that the average internal energies of the I2(B,v′) product

87

Chapter 4

channels are equal to the sum of the assumed rotational energy, 5 cm–1,
and the energy of the I2(B,v′) level, which is relative to the energy of the
I2(X,v″=0) level[39]. The binding energies D0L obtained for the different
channels are listed in Table 4-2. There is some variance in the estimated
binding energies, but the average value is 207±18 cm–1. This value is
slightly less than the value of D0L reported by Darr et al., 250 ± 2 cm–1[3].
In order to improve the consistency and accuracy of the measurement of
D0L using this VMI scheme, it would be necessary to use a narrow
bandwidth probe laser to access distinct (1+1) REMPI transitions that
originate from specific I2(B,v′) product levels. Such experiments are now
in progress.

Figure 4.7 Dependence of the kinetic energy of nascent I2(B,v′) on the
photon energy of the excitation laser for channels 1.1, 1.2, 1.3, and 1.4
(probe laser wavelength 315.94 nm). The dissociation photon energy is
plotted along the vertical axis. Solid lines are linear fits for each of the
shown channels. The parameters providing the best fit for these and for
the other channels are given in Table 4-2.
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Table 4-2. Parameters extracted from a linear fit of the dependence of
the measured I2(B,v′) kinetic energy on the excitation laser photon energy.
№ of
channel

a

⎛ m Ar + mI 2
⎜
⎜ m
Ar
⎝

⎞
⎟
⎟
⎠

D0L + Eint[I2(B,v′)]

D0L

(in cm–1)

(in cm–1)

1.1

7.16 ± 0.08

19 638 ± 7

199 ± 7

1.2a

7.18 ± 0.07

19 281 ± 8

167 ± 8

1.3

7.63 ± 0.07

18 965 ± 8

262 ± 8

1.4b

8.20 ± 0.20

18 277 ± 31

252 ± 31

2.1

7.58 ± 0.06

19 439 ± 5

139 ± 5

2.2

7.61 ± 0.03

18 915 ± 4

212 ± 4

3.1

7.39 ± 0.20

19 589 ± 15

150 ± 15

3.2

7.38 ± 0.25

18 975 ± 34

272 ± 34

For this channel we assumed the vibrational energy of I2(B,v′) to be
equal to the average of the energies of v′=36 and v′=37.

b

For this channel we assumed the vibrational energy to be equal to the
average of the energies of v′=19 and v′=24.
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r

υ Ar

r
μ

χ

Figure 4.8 Sketch of the photodissociation of the linear Ar-I2 conformer
at wavelengths near 500 nm that produces I2(B,v′) and Ar via the
one-atom caging mechanism. The transition dipole moment of the I2 B
r
0u+← X 0g+ parallel transition, μ , lies along the I–I bond. The slight
spread of the probability amplitude of the linear Ar-I2(X,v″=0) conformer
and the anisotropy of the inner, repulsive wall of the Ar+I2(B,v′)
intermolecular potentials gives rise to the dissociation of the Ar atom with
r
r
a velocity vector, υ , that forms a non-zero angle χ with μ and the I–I
bond axis.
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Figure 4.9 Three angular distributions taken for the channels 1.3, 2.1 and
3.2 at the wavelength of the excitation laser of 504, 490, and 498 nm.
Open circles represent the experimental distributions and the solid lines
represent the fits of the experimental data using equation (4-9).
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4.4.2 Angular Distribution of the Nascent I2(B,v′)

The product spatial angular distribution, or the recoil pattern of the
products, for the single-photon photodissociation of a sample of randomly
oriented molecules or complexes using linearly polarized light is
described by[40-42]:
3
1
I (θ ) = A ⋅ (1 + β ( cos 2θ − ))
(4-9)
2
2
where A is a normalizing constant, θ is the angle between the recoil
velocity and the direction of the polarization of the excitation radiation, β
is the anisotropy parameter. The value of β provides information about
the relative orientations and motions of the moieties during the
dissociation process. Specifically, β can be calculated using the following
expression [40-42]:

β = 3cos 2 χ − 1

(4-10)

r
where χ is the angle between the transition dipole moment vector μ and
the photoproduct recoil direction. The possible values of β range from –1
to 2 with the limiting values of β corresponding to the cases where the
product recoil is parallel (β = 2, so-called parallel transition) or
r
perpendicular (β = –1, so-called perpendicular transition) to the vector μ .
The angular I2+ distributions associated with each channel were fit to
equation (4-9) to obtain the β values, as illustrated in Figure 4.8. Although
there were some fluctuations of the β values measured at the varying
excitation wavelengths, < ± 0.2, no systematic dependence of β on the
wavelength was found. The excitation wavelength averaged values of β
for each of the channel were found to have a fluctuations of around 0.1,
but again no systematic trend was found, so we assumed that all observed
channels have identical angular anisotropy with the average value of
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1.66 ± 0.04, where the error corresponds to the standard error of the
values of β obtained for different channels.
In this analysis, we assumed that the ionization probability was the
same for all of the I2(B,v′) product channels, independent of recoil
direction. In so doing, we neglected the influence of the polarization of
the probe laser on the angular distribution of the observed I2+ products. In
order to test the validity of this assumption we performed two series of
experiments where the polarization of the probe laser was oriented
parallel to and perpendicular to the polarization axis of the excitation laser.
We found no dependence of the polarization direction of the probe laser
on the observed value of the angular anisotropy.
The fact that the observed anisotropy of I2 recoil is close to 2
indicates that the direction of recoil of the nascent I2(B,v′) products is
nearly parallel to the transition dipole moment of the transition of the
linear Ar-I2(X,v″=0) conformer within and above the I2 B–X region. Since
r
the transition dipole moment μ of this transition is known to be parallel
to the I–I internuclear axis, [35,43] both the I2(B,v′) and Ar fragments
dissociate predominantly along this axis in opposite directions. Such a
recoil geometry is possible only for the linear Ar-I2 conformer. In the case
of dissociation of the T-shaped isomers the direction of recoil of I2 would
be in a preferred direction that is perpendicular to the initial orientation of
the I–I axis, which would result in a negative value of β. If the
dissociation process were slow in comparison to the rotational period of
the complex or the motion of the Ar atom about the I2 moiety, we would
expect to measure β = 0. We therefore conclude that the one-atom caging
is a result of photoexcitation of linear Ar-I2(X,v″=0) conformers to the
inner, repulsive walls of the Ar + I2(B,v′) intermolecular PESs, and
prompt dissociation into the separate fragments occurs, as proposed
previously[3,31].
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Although the measured value of β, 1.66 ± 0.04, is close to 2, it is
consistently lower than the maximum possible value. One of the possible
reasons for the difference is some systematic error in the measuring of β
in our experiments. The small size of the observed rings and the existence
of a background signal superimposed on the images are the factors that
usually lead the observed value of β away from the ultimate values. It is
also possible that the measurement of β = 1.66 ± 0.04 indicates that either
the structure of the conformer is slightly non-linear or there is some force
that generates a torque on the dissociating fragments.
In order to aid in distinguishing between these possibilities, we
performed photodissociation experiments on bare I2 molecules at an
excitation wavelength of 494 nm. We used the subsequent (2+1) REMPI
of I(2P3/2) atoms to obtain I+ images. The I+ images contained rings
associated with I2 fragmentation at the second dissociation limit. At this
excitation wavelength, the rings were nearly as small as the I2+ rings
observed in Figure 4.3, Figure 4.4 and Figure 4.5. The angular anisotropy
of the I+ images were fit to equation (4-7), and a value of β = 1.80 ± 0.04
was obtained, not β = 2 as expected for I2 dissociation[43,51]. This deviation from β = 2 is presumed to be a consequence of systematic error of
measuring of β in the present experiments due to the background signal
and the small diameter of the I+ rings. We can, however, use β = 1.80 ±
0.04 as the maximum possible value to scale equation (4-10) and estimate
the actual β parameter for the I2(B,v′) product channel formed by
photodissociation of the linear Ar-I2(X,v″=0) conformer using:
β 1.66
(4-11)
=
= 0.92 ± 0.03
2 1.80
The scaled anisotropy parameter is then estimated to be β = 1.84 ± 0.06,
which is much closer to the maximum value. Using equation (10) with β
= 1.84 ± 0.06, we find <cosχ > = 0.973 ± 0.012. This corresponds to an
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angle of χ = 13 ± 3° between the recoil direction of the fragments and the
orientation of I2 molecule within the ground-state complex prior to
photoexcitation.
The overall minimum in the ground-state Ar + I2(X,v″=0) PES is
calculated to be in the linear orientation with an Ar to I2 center-of-mass
distance of 5.05 Å [44]. The Ar + I2(B,v′) intermolecular potentials are
notably different than the ground-electronic state PES. The electronic
excitation of I2 to the B state corresponds to the promotion of an electron
from a π* orbital to a σ* orbital. As a result, the electronic excitation
increases the repulsion in the linear region of the excited-state potential,
thereby lengthening the equilibrium intermolecular bondlength for this
orientation beyond that found in the ground state. Calculations of the Ar +
I2(B,v′) intermolecular PES quantitatively reproduce the major properties
expected and experimentally measured [45]. The minimum of the Ar +
I2(B,v′) PES is in the T-shaped geometry with nearly the same well depth
and intermolecular bondlength as calculated for the ground state well in
the T-shaped geometry[45]. While there is a minimum along the internuclear coordinate at all orientations of the Ar atom about the I-I bond
axis, defined using θ, the minimum potential at the linear geometry,
θ = 0°, in the excited state is calculated to be at significantly longer
bondlengths, near 5.5 Å, than for the linear, ground-state conformer.
The calculations of the probability amplitude associated with the
linear Ar-I2(X,v″=0) conformer indicate that the zero-point motion along
the angular coordinate of the Ar atom about the I2 molecule spans up to
±10° from the linear geometry, θ = 0°[44]. Thus, the vertical excitation of
the linear conformer promotes complexes with a small range of
geometries about the linear structure on the inner, repulsive wall of the Ar
+ I2(B,v′) potentials. Because of the slight anisotropy of the excited-state
potential the dissociation of those complexes that sample angles near θ =
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±10° will result in photoproduct recoil at larger values of χ. This
anisotropy is not expected to vary with excitation energy since the Ar-I2
intermolecular distance is significantly longer in the excited state, and the
region of the repulsive wall accessed lies energetically well above the
associated Ar + I2(B,v′) asymptote. The anisotropy of the I2+ images seem
to be justified by the direct dissociation of linear Ar-I2 complexes as
proposed by Darr, et al.[3] Yet additional information about the probability
of the ground-state, linear Ar-I2(X,v″=0) conformer and possibly about
the anisotropy of the repulsive potential region of the excited state are
gleamed in these VMI experiments. Semi-classical trajectory calculations
performed by projecting the wavefunction of the ground-state linear
conformer onto the inner, repulsive walls of the Ar + I2(B,v′) PESs should
provide further insights into the dissociation dynamics.

4.5 Conclusion
The formation of vibrationally excited I2 in the electronic B 0u+ state
with kinetic energy resulting from the photodissociation of the linear
conformer of the Ar-I2(X,v″=0) van der Waals complex is observed in the
wavelength region 490-520 nm. The nascent I2(B,v′) were ionized by a
(1+1) REMPI process via the E 0g+ and f 0u+ ion-pair states, and were
detected by means of the VMI technique. By changing the probe laser
wavelength different I2(B,v′) product channels with v′=19, 24, 30, 36, 37,
40, and 43 were imaged. For each of the channels the dependence of the
kinetic energy and angular distribution of the recoil on the excitation
wavelength were detected and analyzed. The kinetic energy release of the
I2(B,v′) products exhibit a linear dependence on the energy of the photoexcitation energy, which indicates a one-photon dissociation process.
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The angular distributions of the nascent I2(B,v′) products were found
to be the same for the different v′=19, 24, 30, 36, 37, 40, and 43
vibrational levels. These distributions also do not depend on the excitation
wavelength in the range of 490-520 nm. The average value of the
anisotropy parameter β for all channels was found to be 1.66 ± 0.04. This
value may be as high as 1.84 ± 0.06 if we compensate for a measured
reduction in the anisotropy those results from the small size of the rings in
the images. From this adjusted β parameter, we find that the Ar and
I2(B,v′) fragments dissociate at a non-zero angle, 13 ± 3°, relative to the I2
bond axis. These results support the impulsive one-atom caging model for
photodissociation that better resembles a direct dissociation mechanism of
complexes prepared well above the Ar + I2(B,v′) dissociation limits, as
suggested by Darr, et al[3] and further developed by Pio, et al.[31] Additional insights about the probability amplitude of the ground-state linear
conformer are also gained in the VMI experiments.
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Chapter 5:

Highly rotationally excited CH3 from methane
photodissociation through conical intersection pathway

5.1 Introduction
Photodissociation of methane (CH4) plays an important role in both
atmospheric and planetary chemistry. Methane is recognized as an
important greenhouse gas and its photodissociation by solar radiation
represents a major loss mechanism in the upper atmosphere. Furthermore, methane photodissociation is also believed to provide a synthetic
route to the higher hydrocarbons which have been shown to be present in
the atmosphere of the outer planets and their satellites, notably Titan[1,2].
The electronic absorption spectrum of methane lies in the vacuum
ultraviolet (VUV) region at wavelengths shorter than 140nm. Extensive
experimental and theoretical studies have been carried out in order to
understand the photofragmentation of methane, particularly following
excitation at the Lyman-α wavelength (121.6nm). [3,4,5,6,7,8,9,10]. Previous
experimental studies indicated that the H2 elimination channel accounted
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for nearly half of the total dissociation yield, with two other three-body
forming channels responsible for the bulk of the remainder [11]. However,
the first direct investigation of CH4 photolysis using the H Rydberg atom
photofragment translational spectroscopy method showed that the simple
C-H bond fission is the dominant primary process [7]. Recently, Wang and
Liu [5,6] have reported a comprehensive Doppler-selected time-of-flight
study of the H and D atom products from 121.6nm photodissociation of
CH4 and all of its deuterated isotopomers. The study indicated three
distinct pathways involved in C-H bond fission have different recoil
anisotropy. In particular, two distinct dissociation pathways are elucidated
for the two-fragment channel CH3+H. Such behaviour was rationalized
by assuming that fragmentation occurs after radiationless transfer
(internal conversion (IC) or intersystem crossing (ISC)) from the initially
prepared excited singlet state. Recent ab initio calculations of Mebel et
al. [12] confirmed that the main product channel, CH2 ( a~ 1A1) + H2 and
~
CH3 ( X 2A2) + H, do not correlate adiabatically with the excited state S1
but rather with the ground state S0. Thus, the photodissociation of
methane is predominantly a nonadiabatic process with electronic
~
transitions from the S1 state to the S0 state. As CH3 ( X 2A2) + H also
correlates with the lowest triplet state T1, spin-orbit couplings between the
singlet and triplet states could provide an alternative mechanism which
~
produces CH3 ( X 2A2). Even though extensive studies for the
photodissociation of methane have been performed, the nature of the
nonadiabatic dynamics and the velocity dependent recoil anisotropy
remained unclear.
Conical intersections of potential energy surfaces are essential in the
dynamics of excited electronic state dissociations and chemical reactions.
~
The H2O B state photodissociation is one of the most well-known
example[13,14]. A remarkable feature for the conical intersection dissocia-
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tion mechanism for H2O is the extremely high rotational excitation of the
OH product. The extreme rotational excitation is due to the conical
intersection at the collinear geometry. Recently, several conical
intersection seams between the ground state surface S0 and the S1 surface
of methane have been suggested at planar geometries by Harrevelt [15].
However, the dynamical implications of the conical intersection for
methane photochemistry have not yet been identified. This letter presents
clear experimental evidences of highly rotationally excited CH3 product
from CH4 photodissociation, which is produced from the conical
intersection pathway between the excited and ground potential energy
surfaces.

5.2 Experiment
In this work, photodissociation dynamics of CH4 at wavelengths
between 128 nm and 133 nm have been studied using the high H-atom
Rydberg tagging time-of-flight (HRTOF) technique combined with a
narrow-band, tunable VUV light source. Details of experimental setup
used in this work have been described previously. [16,17] Briefly, the H
atom products in the photolysis region from the photodissociation of
methane in the molecular beam are excited from the ground state to a high
Rydberg state via a two-step excitation. The first excitation step was
made by the 121.6 nm coherent light generated using the difference four
wave mixing (DFWM) of 212.5 nm and 845 nm in a Kr cell in which two
photons of 212.5 nm are in resonance with a Kr 4p-5p[1/2,0] transition. [18]
Following the VUV excitation, the H atom is then sequentially excited to
a high Rydberg state with n ≈ 60 using a 365nm light. The tunable VUV
photolysis source (128nm-133nm) was also generated using DFWM of
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the same 212.5nm light for generating 121.6nm and another tunable
source λT (525nm ~ 613nm). The polarization of the photolysis source can
be changed by rotating a polarization of the λT laser using a set of half
waveplates. Since 121.6 nm also generates H atom signals, background
subtraction was achieved by alternating the photolysis laser on and off.
The neutral Rydberg tagged H atoms then fly about 74cm to reach a MCP
detector, giving a TOF temporal resolution of about 0.3% or less. The
detection axis, the molecular beam, and the photolysis laser beam are
mutually perpendicular.

5.3 Results and discussion
Figure 5.1 shows the time-of-flight spectra of the H atom product
from photodissociation of CH4 at 132.748, 130.807, 129.105, and 128.052
nm using two different polarization schemes (parallel and perpendicular
to the detection axis). TOF spectra of the H atom product at the magic
angle polarization were also made to ensure that the intensity ratio of the
TOF spectra obtained at parallel and perpendicular polarization is correct.
Distinct differences in spectral profile for the two polarizations are noted,
indicating significant anisotropy in the fragment angular distribution. In
addition, many partially resolved sharp peaks have seen at the parallel
polarization direction. These sharp peaks gradually disappear as the
photolysis energy increases. This is consistent with the previous studies at
121.6nm[4,5].
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Figure 5.1 Time-of-flight spectra of the H atom product arised from the
photodissociation of CH4 at 132.748, 130.807, 129.105, and 128.052 nm
with photolysis laser polarization parallel and perpendicular to the
detection axis.
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Figure 5.2 The translational energy distributions with photolysis laser
polarization parallel and perpendicular to the detection axis (b), and
anisotropy parameter β as a function of the total translational energy (a)
for the photodissociation of CH4 at 132.748 nm.

From the TOF spectra, the translational energy distributions can be
obtained with a laboratory to center-of-mass transformation. Figure 5.2 b)
shows the product translational energy distributions from CH4
photodissociation at 132.748 nm. The threshold energy for all of possible
H-atom elimination channels have been marked by downward pointing
arrows. It is clear that the contributions of the three-body channels (slow
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H atom products) are much smaller than that at 121.6 nm photodissociation of CH4. For ET ≥ 2200cm-1, the only chemical channel energetically
~
accessible to the H atom formation is the CH3( X 2A2) + H pathway.
Since H-atom has no internal energy, the total translational energy
~
distribution is also the internal energy distribution of the CH3 ( X 2A2)
product. Therefore, the partially resolved peaks in Figure 5.2 b) can only
come from the rovibrationally excited CH3 products.
Since translational energy distributions were measured for both
parallel and perpendicular polarization, the anisotropy distribution β(E)
for the dissociation process can be determined from Eq.(5-1) [19]：
f (E, θ) = φ (E) (1 + β(E)P2(cos θ) )

(5-1)

where θ=0o is for the parallel detection scheme, and θ=90o for the
perpendicular detection scheme. Figure 5-2 a) displays the anisotropy
parameter β(E) as a function of the total translational energy. The β
parameters start with a nearly isotropic angular distribution (the value is
about 0) at low energy, rise gradually to a positive maximum followed by
a drop, and cross over the β=0 line to become negative with a value of
-0.5 at high translational energies. This behaviour is similar to that
observed at 121.6 nm photolysis of CH4[5], suggesting the dynamics
around 131 nm photodissociation is quite similar to that at 121.6 nm.
However, no reasonable explanation for this peculiar rotational dependent
anisotropy parameter has been found so far.
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Figure 5.3 a) Experimentally derived translational energy profile for
photodissociation of CH4 at 132.748nm, together with two types of
simulations: highly rotationally excited CH3 mode (Simulation_HJ), and
low rotationally excited CH3 mode (Simulation_LJ) with the value ν2=0,
K=3; b) possible assignments of the CH3 rotational states (v, Nk), v-the
quantum number of the CH3, ν2 vibrational mode, Nk- the quantum
number of the CH3 rotational state.
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The most intriguing observation in the current experiment is the
partially resolved sharp peaks in the translational spectra. These sharp
peaks indicate that the partner CH3 fragments are formed in a wide range
of rovibronic states. The essential question need to be answered is
whether CH3 radical is highly rotationally excited or low rotationally
excited. Ab initio calculations of Mebel et al. [12] found that the
geometry of the CH3 fragment near the surface crossing region is very
~
close to that of free CH3 ( X 2A2). This means that the dissociation
process favors populating only the out-of-plane bending vibrational levels
of the CH3 radical (ν2=606cm-1). In order to understand the nature of the
CH3 internal excitation, we used the spectroscopic data of the CH3 radical
[20,21]
to simulate the product translational energy distributions with two
very different dissociation mechanisms. One is assuming that the
~
CH3( X ,ν2=0) products are highly rotationally excited with the peak of
~
N~65; While the other one is assuming that the CH3 ( X , ν2=0) products
are low rotationally excited with its peak at small N. In both cases,
limited in-plane rotation of CH3 radical have been assumed by keeping
with the value of K=3. These simple simulated results are shown in
Figure 5.3 a). It is obvious that the simulated translational distribution
with high rotationally excited CH3 products is more similar to the
experimental result than the simulated translational energy distribution
with low rotationally excited CH3 products. The later distribution is very
different from the experimental result. If considerable amount of the low
rotationally excited CH3 product is produced at various vibrational levels,
a set of vibrational band heads should appear in the experiment
translational energy distribution. A series of band heads have been
observed in the product translational energy distribution in the
~
photodissociation of H2O via the C state [22], in which rotationally cold
OH products at various vibrational levels are produced via a direct
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dissociation mechanism. In the current experiment, however, no such
vibrational state band heads were observed in the product transitional
energy distribution. These analyses strongly suggest that the CH3
fragments are highly rotationally excited. Figure 5.3 b) also displays the
possible assignments of the partially resolved sharp peaks. Most of
peaks can be assigned as the rotational series CH3(ν2=0, N0) and
CH3(ν2=0, N3). (Rotational states are marked as (v, NK), where v is the
quantum number of the ν2 vibrational mode, K is the rotational quantum
number of the a-axis). The width of the individual peak is estimated to
be 130 cm-1, which is obviously much narrower than the width of an
individual vibrational band head that is about 650 cm-1. Therefore, the
observed sharp peaks can be assigned to highly rotationally excited states
of the CH3 radical product. The CH3 product is also probably somewhat
vibrationally excited, this would cause rotational state congestions at high
internal energy excitations of CH3, which will make individual rotational
states of CH3 more difficult to be resolved in the translational energy
distribution. Indeed, this is the case in the methane photodissociation.
At higher photolysis energy, more vibrationally and rotationally (J and K
quantum numbers) excited CH3 radicals are produced, therefore,
individual rotational structures are less resolvable in the translational
energy distribution.
The key to the understanding of the dynamics producing the highly
rotationally excited methyl radical and the energy dependent anisotropy is
the remarkable shape of the potential energy surface of the S1 state. [15]
Figure 5.4 shows a contour plot of the potential energy surface with three
C-H bond lengths fixed at equilibrium bond length re=1.086Å. The
potential has two minima at planar geometries. The region around the
deep minimum at γ=-90o corresponds to the upper cone of a conical
intersection of the S0 and S1 surfaces. When the trajectory approaches the
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conical intersection on the S1 surface, it has a large probability to jump to
~
the S0 surface and reach CH3 ( X 2A2) +H asymptote. Because the
potential energy surface is repulsive in this region, the strong angular
anisotropy makes the force almost perpendicular to the radial direction.
The hydrogen atom moves towards the planar geometry, and gets large
amount of orbital angular momentum. At the same time, the CH3
molecule rotates clockwise in order to compensate the change in angular
momentum of the hydrogen atom. Thus, it is rationalized that the CH3
products should be highly rotationally excited in this kind of dissociation
mechanism. The other minimum at γ=90o, is not a conical intersection.
For this type of geometry, where two H atoms are quite close, it is more
natural to dissociate into the CH2+H2 channel.

Figure 5.4 a) The potential energy for the S1 state as a function of r1 and γ,
at φ=0o; b) coordinates used to illustrate the geometry changing, r2, r3, r4
are fixed at re, the range of the polar and azimuthal angles are
-90o≤γ≤90o and 0o≤φ≤180o. The shaded area is the Franck-Condon
excitation region. The dashed line with arrow is the conical dissociation
pathway on the excited surface. This Figure is modified from Ref. 15.
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The mechanism that produces highly rotationally excited CH3 radical
is very much similar to the cases of H2O and NH3. In both of these cases,
very highly excited products, OH and NH2, are produced via conical
intersection pathways. Therefore, the results here provide a strong
evidence that the conical intersection between the S1 and S0 surfaces plays
an important role in the methane photodissociation. The energy dependent
product anisotropy parameter is also consistent with this conical intersection pathway hypothesis. It is interesting that the anisotropy parameter
for the high J products is higher than that for the low J products. This is
because the generation of high J products requires the large angular forces
during the dissociation. Similar rotational dependence of the anisotropy
parameter for the radical product arising from a conical intersection
pathway has also been observed in the H2O [13] and NH3 [ 23 ]
photodissociation. Future experiments in probing the angular distribution
of the completely resolved rotational state of the CH3 fragment will be
particularly rewarding in unraveling the complete picture of this nonadiabatic dissociation process.

5.4 Conclusion
From the above study, we have presented experimental evidences
that highly rotationally excited CH3 products are generated from methane
photodissociation. Based on previous theoretical results by Harrevelt, the
highly rotationally excited CH3 products are attributed to the conical
intersection pathway between the S1 and S0 surface of methane. The
rotational dependent anisotropy parameter is also consistent with this
conjecture. Obviously, the conical intersection plays a very important
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role in the methane photochemistry, which has not been realized
previously.
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Photodissociation dynamics of acetylene via
~

the C 1Π u electronic state
6.1 Introduction
Acetylene (C2H2) has received considerable attention because of its
importance in the field of planetary atmosphere [1,2] and hydrocarbon
combustion chemistry [3] over the last several decades. The photochemistry and dissociation dynamics of acetylene in the ultraviolet (UV) region
has been extensively studied. However, acetylene photochemistry in the
VUV region has not been well studied because of the lack of intense
tunable VUV sources. In the region below the first ionization limit,
different photodissociation processes can lead to the following
dissociation channels:
C2H2 →C2H + H
D0 = 46074 cm-1
(6-1)
-1
C2H2 →C2 + H2
D0 = 50000 cm
(6-2)
-1
C2H2 →CH + CH D0 = 79800 cm
(6-3)
Among the above channels, previous experimental studies performed at
different excitation wavelengths have shown that the dissociation of
acetylene is dominated by process (1) [4].
Spectroscopic studies of acetylene are abundant in the UV and VUV
~
~
region. The 190-240 nm spectrum is assigned to the A1 Au ← X 1Σ g
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electronic transition[5,6]. The C-C stretch mode ν 2' and the trans-bend
mode ν 3' of C2H2 are both excited as the transition from linear ground
state to trans-bent first excited state[7]. Photodissociation of C2H2 via
~
excited A1 Au state at 193.3 nm has been carried out separately by means
of mass spectrometric detected time-of-flight method[8,9] and H-atom
Rydberg tagging time-of-flight (HRTOF) technique[10]. The ground state
~
C2H( X 2 Σ + ) product was found to be dominant [8,9,10,11], while a few
~
vibrational states of C2H( A 2 Π ) were also observed. Experimental results
~
also indicate that vibrationally excited C2H( A 2 Π ) products are more
prominent at shorter wavelengths [12,13]. In the 165-190 nm VUV region,
~
~
absorption spectrum is due to the B 1 Bu ← X 1Σ g electronic transition[14].
The hydrogen Lyman- α photodissociation of C2H2 at 121.6 nm has
been done by using Doppler-selected time-of-flight (TOF) technique [15]
and the H Rydberg atom time-of-flight (TOF) technique [16]separately,
both experiments have confirmed that the transition near this wavelength
~
~
can be assigned to the ( 3R '' (1 Π u ) ← X 1Σ g )[ 17 ] transition in which
~
3R '' (1 Π u ) is interpreted as a case of ‘Rydberg-ization’ [18]. At this excitation wavelength, more vibrational modes (C-H stretch mode ν 1 , C-C
stretch mode ν 3 and trans-bend mode ν 2 ) of the C2H radical are excited
and some of those vibrational excited states could be assigned directly.
For instance, two vibrational progressions (C-H stretching and C-C
~
~
stretching) of C2H( A ) are observed, similar to C2H( A ) in a neon matrix
study[19]. Additionally, according to both observations the stretch- ing
vibrational modes (ν 1 and ν 3 ) of the C2H radical seem to be excited
preferentially, in comparison with the bending levels ν 2 . This is quite
different from the previous results at long wavelength excitation [10].
Experimental [17,20,21,.22] and theoretical [23,24,25]spectroscopic studies
concluded that the C2H2 spectra of near ~150 nm is due to the
~
~
C1Π u ← X1Σ g electronic transition [17,26,27,28]. Recently, Ashfold et al. [29]
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~
pointed out that predissociation of the C1Π u state of C2H2 at 157 nm
takes involves the 3sσ ∗ ← 1π Rydberg transitions which correlate diabatically with H plus C2H(A) products. The acetylene absorption spectrum
around 150 nm is shown in Figure 6.1 [22,30]. The strongest peak around
152 nm in the spectrum is assigned to the 0 00 band. The peak around 148
nm in Figure 6.1 is assigned to the 210 and 4 02 vibronic bands, which
correspond to C-C stretch mode and trans-bending mode excitation,
respectively. The peak at 144 nm is assigned to the 2 02 band. These
~
spectroscopic studies show that the C 1Π u state is strongly predissocia-

tive. No photodissociation study, however, has been carried out via this
electronic excitation.

Figure 6.1 Absorption spectrum of C2H2 molecule at the range 142-153
nm. The solid line is for measurements of acetylene under jet-cooled
condition with tunable VUV laser radiation (Ref 19) and the dotted line is
for the data recorded at room temperature by using synchrotron radiation
(Ref 26).
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In this work, we present the experimental results of our recent
photodissociation study at two VUV wavelengths using H-atom Rydberg
tagging time-of-flight technique [31,32], in combination with a tunable
VUV photolysis source [ 33 ]. The H-atom time-of-flight spectra were
measured at the two excitation wavelengths with different photolysis
polarizations, the product translational energy distributions, or the internal
energy distributions of C2H, as well as the product angular distributions
are derived. From these distributions, the dynamics of C2H2 photodissociation at the two wavelength excitations are distinctively different. The
origins of the dynamical differences between the two wavelengths are
then discussed.

6.2 Experiment
The photodissociation of C2H2 is studied using the high-n Rydberg
H-atom time-of–flight (HRTOF) spectroscopy. The experimental setup
has been described in details in a previous article [34], and only a brief
overview is given here. A sample of 2% acetylene in Ar is supersonically
expanded into vacuum chamber via a pulsed general valve at a backing
pressure of about 1100 Torr. The beam expansion goes through a 2 mm
diameter skimmer. The acetylene beam was interrogated by the tunable
VUV light beam (148.35 and 151.82 nm) as well as the Rydberg tagging
laser beams (121.6 nm and 365 nm). The nascent H atom products at the
ground n=1 level are excited to the n=2 state using the 121.6 nm VUV
laser and subsequently to a high Rydberg state with n=30~80 using the
365 nm light. The charged species formed in the interaction region are
extracted off by applying a small electric field (~20V/cm) across the
interaction region. The neutral Rydberg H atoms then fly about 740 mm
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to reach a fixed microchannel plate (MCP) detector. The Rydberg tagged
atoms are immediately field-ionized by the electric field applied between
the front plate of the Z-stack MCP detector and the fine metal grid. The
time-of-flight signal detected by the MCP is then amplified by a fast
pre-amplifier, and counted by a multichannel scaler.
The laser system for generating the tunable VUV radiation as
photolysis source and for the two-step Rydberg excitation is described
previously [33]. The VUV photolysis light at 148.35 nm and 151.82 nm is
generated by difference four-wave mixing of two 212.55 nm photons and
one 352.94 nm photon or one 374.33 nm photon in a pure Krypton gas
cell. The 212.55 nm used here is the same beam used for producing
121.6 nm light, which is generated by mixing two 212.55 nm photons and
one 845 nm photon in the same Krypton cell. The 212.55 nm laser is
generated by doubling the 355 nm output of a Nd:YAG laser (Spectra
Physics Pro-290, 30Hz, 8~10ns) pumped dye laser (Sirah, PESC-G-24)
operating at ~ 425 nm. A portion of the 532 nm output of the same
Nd:YAG laser is used to pump another dye laser (Continuum ND6000)
which operates at ~845 nm. The 352.94 nm or 374.33 nm light for the
tunable VUV photolysis light was generated by another Nd:YAG pumped
dye laser system.

6.3 Results and discussion
6.3.1 Product translational energy distributions

Time-of-flight spectra of the H-atom product from photodissociation
of C2H2 at 148.35 nm and 151.82 nm with laser polarization parallel and
perpendicular to the detection axis have been measured using the
experimental method described above (Figure 6.2). TOF spectra of the
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H-atom product at the magic angle (54.7o) polarization are also measured
to ensure that the intensity ratio of the TOF spectra obtained at both
parallel and perpendicular polarization is correct. The TOF spectra are
then converted into the total product translational energy distributions
(ET(H)+ET(C2H)) in the center-of-mass (COM) frame (Figure 6.3).
Since the H-atom product has no internal excitation, the energies of
the whole system can be described by the equation below,
Ehv = D0(H-C2H)+ ET(H)+ ET(C2H)+ Eint(C2H)

(6-4)

where Ehv is the energy of photolysis laser, D0(H-C2H) is the bond energy
of C-H which was determined to be 46073.6(±7) cm-1 by previous
experimental study [ 35 ], ET(H), ET(C2H) and Eint(C2H) stand for the
translational energy of H atom, the translational energy of C2H radical
and the internal energy of C2H radical respectively. ET(H) is related to
ET(C2H) by the momentum conservation law in the COM frame,
mH ET(H)=mC2H ET(C2H))

(6-5)

Using above equation, internal state distribution of the C2H radical
can be determined from the total product translational energy distributions.
Possible vibrational assignments of the C2H radical have been made in the
translation energy distributions shown in Figure 6.3. From the translational energy distributions, it seems that there are three main vibrational
progressions. The two main peaks at about 17200 and 17550 cm-1 can
~
~
be clearly assigned to the C2H A 2 Π (0, v2=0, v3=0) and A 2 Π (0, 1, 0)
levels, where v2 is C-C-H bending vibration (~400cm-1) and v3 is the C-C
stretching vibration (~1800 cm-1) [ 36 ] ， which is similar to the
photodissociation results observed by Zhang and coworkers [10] at 193 nm
photolysis; while structures at 16000 and 14000 cm-1 can be assigned to
~
~
the A 2 Π (0, v2, 1) and A 2 Π (0, v2, 2) vibrational progressions. These
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assignments show that the dominant channel of the C2H2 photodissocia~
~
tion at both excitation wavelengths via the C 1Π u ← X 1Σ g transition is
~
the C2H( A 2 Π ) product plus an H-atom. Weak signals are also seen for
~
ET≥17900 cm-1. These structures are possibly due to the C2H( X 2 Σ + (0,
~
v2≤4, 1)) structures, suggesting that the C2H( X 2 Σ + ) + H channel is very
minor. It is also possible that these small structures are from the
~
secondary photolysis of C2H ( A 2 Π ) fragments[9].
~
From the translational energy distribution, the C2H( A 2 Π ) product is
obviously less vibrationally excited for photolysis at 151.82 nm via the
0 00 band excitation, than at 148.35 nm via the mixed 210 and 4 02 band
~
excitation. An extra structure assigned to the progressions of A 2 Π (0,
v2, 2) is clearly observed at 148.35 nm photodissociation. Vibrational
~
population in the A 2 Π (0, v2, 1) states are also significantly enhanced.
This means that the vibrationally excited C2H2 precursor in the
~
C 1Π u state produces more vibrationally excited C2H radical products in
the C-C stretching and C-C-H bending vibrations. From the transitional
~
energy distributions, the rotational excitation for the C2H A 2 Π (0, 0, 0)
~
and A 2 Π (0, 1, 0) product states seems to be not very hot, suggesting that
the transition state to produce these products is not very far from the
linear geometry.
.
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Figure 6.2 Time-of-flight spectra of the H atom product from the photodissociation of C2H2 at 151.82 nm, and 148.35 nm with photolysis laser
polarization parallel and perpendicular to the detection axis.
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Figure 6.3 Total translational energy spectra for 148.35 nm (a) and
151.82 nm (b) photodissociation with laser polarization perpendicular to
detection axis and the assignment on the vibrational level of the C2H
product.
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Figure 6.4 The corresponding anisotropy distribution and anisotropy
para- meter value β from photolysis at 148.35 nm and 151.82 nm.

6.3.2 Product angular anisotropy distributions

Since TOF spectra of the H atom products from the C2H2
photodissociation are measured for both parallel and perpendicular
polarization, the anisotropy parameter β for the dissociation process are
also determined from the equation,
I(θ) = ( 1/4π ) (1 + βP2(cos θ) )

(6-6)

where θ is the angle between the polarization direction and the detection
axis, the P2(cos θ) is the second Legendre polynomial, β is the anisotropy
parameter. Figure 6.4 shows the translational energy dependent product
anisotropy parameter obtained at 148.35 nm and 151.82 nm photolysis.
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Clearly, the anisotropy parameters for the two photolysis wavelengths are
translational energy dependent.
The distributions for the two
wavelengths are very different from each other. For 148.35 nm
photolysis, the anisotropy parameter around ET=17,500 cm-1 is about
-0.74. This suggests that the photo-excitation is a perpendicular transition
and the dissociation time is very fast in producing these low vibrationally
excited C2H radicals. As the translational energy decreases, the anisotropy
parameter also decreases until it reaches zero around ET=11,000 cm-1.
~
This implies that the vibrationally excited C2H( A 2 Π ) products are
produced with much reduced angular anisotropy. For the 151.82 nm
photolysis, the anisotropy parameter is significantly smaller, suggesting
that the photodissociation process is a less direct process with a less
vibrationally excited precursor. The translational energy dependence of
the angular anisotropy is, however, quite similar for photolysis at both
wavelengths.
6.3.3 Photodissociation dynamics
~
The electronically excited C 1 Π u state of acetylene is a Rydberg
state that undergoes very fast predissociation. The equilibrium geometry
~
~
of the acetylene C 1 Π u state is linear, as is the C2H( A 2 Π ) product
~
(Figure 6.5)[37]. From spectroscopic studies, the C 1 Π u state is a strongly
predissociative state[22,30]. The 151.82 nm peak ( 0 00 band) has a linewidth
of 112 cm-1, which corresponds to a predissociation lifetime of about 47
fs. The fast dissociation dynamics observed for photolysis via this band in
the above experiment is clearly consistent with such a fast predissociation
lifetime. For the 148.35 nm peak, the spectral width is 308 cm-1. This
peak consists of three components. The lifetime of these three components varies from 22 to 39 fs [22]. This means that the predissociation for this
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Figure 6.5 The trans-bending vibration of the acetylene molecule and its
likely effect on the dissociation process.

peak is faster than that for 151.82 nm peak. This is consistent with the
more negative product anisotropy parameter observed in the 148.35 nm
photodissociation dynamics (Figure 6.4). The photolysis experiment for
this peak was carried out at 148.35 nm excitation, which is on the top of
the 4 02 (trans-bending) vibronic band. From a dynamical point of view,
trans-bending vibration excitation will make the dissociating H-atom
move away from the acetylene in a nonlinear geometry (Figure 6.5), and
motion in the opposite direction of the partner will enhance bending
~
excitation in the C2H( A 2 Π ) product, which has been observed in the
experiment. For the 148.35 nm photolysis, the C-C stretching vibration
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is also excited via the 210 vibronic transition, this stretching excitation
~
could also produce more C-C stretching vibrationally excited C2H( A 2 Π )
~
product. The extra peak assigned to the A 2 Π (0, v2, 2) progression in
the translational energy distribution for the 148.35 nm photolysis is an
indication of the effect of the C-C stretching vibration excitation.
Another interesting observation in the dynamical measurement is that the
anisotropy parameter approaches zero as the translational energy
decreases for both excitation wavelengths. A possible explanation is that
C2H products with high internal energy are produced via a more bent
transition state.

Figure 6.6 Schematic photodissociation pathway for the acetylene mole~
~
cule via the C 1Π u ← X 1Σ g electronic excitation[18].
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As for the dissociation route, it is not exactly clear which disso~
ciative state is primarily responsible for the C 1 Π u predissociation.
~
Previous spectroscopic studies suggested that the C ' 1Ag state might be
responsible. This is unlikely the case since the “g” symmetry state cannot
couple to “u” symmetry states via rovibronic couplings according to
symmetry rules. Only nuclear spin effects can cause g/u mixing[38 ].
~
Furthermore, the C ' 1Ag state is 7.7 eV above the ground state and only
~
slightly below the C 1 Π u state, it is not likely correlated to the
~
~
C2H( A 2 Π )+H limit. In addition, the C ' 1Ag state is bent, if dissociation
occurs through this state, it should give high rotational and bending
vibration excitation, which is not the case in this work. Therefore, we
believe that a valence dissociative state with “u” symmetry should be
~
responsible for the C 1 Π u state predissociation. The dissociative state
~
responsible for the C 1 Π u state predissociation must be an excited state
arising from π→3s/σ* excitation, which correlates diabatically with H +
C2H(A) products, as discussed in the recent review of Ashfold et al.. [29]
From the experimental results, it is possible that the energy of 148.35 nm
is more close to the nonadiabatic region, and the dissociation process is
more rapid and direct than that at 151.82 nm. It is, however, still not clear
how the detailed potential energy surface of the dissociative state affects
~
the C 1 Π u predissociation. Further theoretical studies are certainly
needed in order to clarify this issue.

6.4 Conclusion
Photodissociation dynamics of acetylene have been studied by
means of H atom Rydberg tagging time-of-flight (HRTOF) technique at
laser radiation of 148.35 nm and 151.82 nm. The total translational
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energy distributions and angular distributions have been determined by
measuring the H atom time-of-flight spectra. The experimental results
~
indicate that the H + C2H( A ) product channel is the dominant process,
~
while the C2H( X 2 Σ + ) + H channel is a minor channel at most. The
~
C2H( A ) product is excited in the C-C-H bending and C-C stretch
vibration. Effect of precursor vibrational excitation on the product
translational energy distribution has also been observed. The angular
anisotropy for photodissociation at both wavelengths is found to be
translational energy dependent; while the angular anisotropy distributions
at both wavelengths are considerable different. This difference was also
attributed to the effect of the C2H2 vibrational excitation on the dynamical
process. The detailed pathway for the dissociation process is, however,
not clarified, further theoretical studies are needed.
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Summary

Velocity map ion-imaging (VMI) and high-n Rydberg H-atom
time-of–flight (HRTOF) techniques are important experimental methods
for molecular photodissociation dynamics studies in the recent years. In
this thesis, we have applied these techniques in the study of photochemistry of van der Waals complex as well as small hydrocarbon molecules.
We have designed and implemented a large aperture electrostatic
Einzel lens that magnifies the images of low energy ions or electrons in a
standard velocity map imaging apparatus by up to a factor of five without
blocking any part of the detector. We have characterized the performance
of the Einzel lens by imaging ion recoil due to two-photon resonant three
photon ionization ((2+1) REMPI) of O(3P2) atoms, and by imaging slow
NO molecules from the near-threshold photodissociation of the NO-Ar
van der Waals complex.
Photodissociation of the Ar-I2 1:1 linear van der Waals complex was
also studied over the 490-520 nm region using the velocity-map imaging
technique. Certain vibrational channels of the I2(B,v′) products are
assigned. The I2+ images show a strong angular anisotropy, which is the
same for all excitation energies including molecular dissociation limit.
The observed angular anisotropy of the I2 fragments is consistent with a
direct dissociation of linear Ar-I2 complexes promoted to the inner,
repulsive potential wall of the Ar + I2(B,v′) potential energy surface.
Photodissociation of CH4 has been studied. The TOF spectra show a
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dominant single C-H bond fission channel with partially resolved sharp
features. These sharp peaks are due to highly rotationally excited CH3
products, which are likely produced through a conical intersection
dissociation pathway between the excited and ground potential energy
surfaces. The energy dependent anisotropy parameter of the CH3 product
has also been determined at various photolysis wavelengths. The results
of this work show that the conical intersection between the S1 and S0
surfaces plays an essential role in the photochemistry of CH4.
Photodissociation of acetylene has been studied at two excitation
wavelengths (148.35 and 151.82 nm) in the vacuum ultraviolet region.
Experimental results indicate that the C2H product is mainly populated in
the A state with trans-bend and C-C stretch vibrational progressions
excitation. The anisotropy parameter obtained from experiment is clearly
translational energy dependent for both photolysis wavelengths. The
anisotropy parameters at the two photolysis wavelengths were also found
to be significantly different which suggest different dissociation dynamics
for the two photolysis wavelengths.
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