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Περίληψη
Η παρούσα μεταπτυχιακή διατριβή περιλαμβάνει πειράματα κατά τα οποία μελετήθηκε η
δυναμική αντιδράσεων φωτοδιάσπασης μικρών μορίων σε υψηλές ενέργειες. Διερευνήθηκαν
τρία διαφορετικά συστήματα μικρών μοριών που περιέχουν ένα άτομο αλογόνου: το
ιωδομεθάνιο (CH3I), το βρωμομεθάνιο (CH3Br) και το δευτεριωμένο υδροιώδιο(DI). Το
κίνητρο για την παραπάνω έρευνα ήταν η επέκταση της γνώσης για τη δυναμική
φωτοδιάσπασης σε αυτές τις ενέργειες, και πιο συγκεκριμένα η ταυτοποίηση των κβαντικών
καταστάσεων των προιόντων αλλα και των ενεργών καναλιών φωτοδιάσπασης από τα οποία
παράγονται. Με βάση τα παραπάνω δεδομένα, πιθανοί μηχανισμοί για την κάθε αντίδραση
μπορούν να προταθούν.
Στο πρώτο Κεφάλαιο, γίνεται μια σύντομη περιγραφή της θεωρίας και των πειραματικών
τεχνικών που είναι απαραίτητες για την κατανόηση των πειραμάτων που περιγράφονται στα
επόμενα κεφάλαια. Συγκεκριμένα,ο αναγνώστης εισαγάγεται στον τομέα της Δυναμικής
Αντιδράσεων και στη βασική περιγραφή των αντιδράσεων φωτοδιάσπασης. Τα μόρια προς
ανάλυση διεγείρονται σε υψηλά διεγερμένες καταστάσεις ,κατ’επέκταση γίνεται μια εισαγωγή
στις μοριακές ηλεκτρονιακές καταστάσεις με έμφαση στις υψηλά ενεργειακές καταστάσεις
Rydberg.Στη συνέχεια, περιγράφονται λεπτομερώς η μέθοδος απεικόνισης ιόντων , η
πειραματική διαδικασία και η ανάλυση των δεδομένων.
Στο δεύτερο Κεφάλαιο, παρουσιάζονται τα δεδομένα από τη μελέτη της δυναμικής
φωτοδιάσπασης του μεθυλοβρωμιδίου (CH3Br) έπειτα από διέγερση σε υψηλά διεγερμένες
Rydberg καταστάσεις χρησιμοποιώντας την τεχνική Απεικόνισης Ιόντων. Αναλύονται εικόνες
ιόντων και φωτοηλεκτρονίων έπειτα από διέγερση σε δέκα διαφορετικές καταστάσεις Rydberg
από τις οποίες ταυτοποιούνται τα προιόντα και τα πιθανά ενεργά κανάλια και προτείνεται ένας
πιθανός μηχανισμός φωτοδιάσπασης.
Στο τρίτο Κεφάλαιο, αναλύεται μία παρόμοια μελέτη κατά την οποία μελετήθηκε η δυναμική
φωτοδιάσπασης του μεθυλοιωδίου (CH3I) έπειτα από διέγερση σε υψηλές καταστάσεις Rydberg. Παρουσιάζονται εικόνες ιόντων και φωτοηλεκτρονιων από τις οποίες ταυτοποιούνται τα
προιόντα φωτοδιάσπασης. Στο τέλος, προτείνονται πιθανοί μηχανισμοί φωτοδιάσπασης και
πραγματοποιείται σύγκριση των αποτελεσμάτων με τα αντίστοιχα για το μόριο του
μεθυλοβρωμιδίου.
Τέλος, στο κεφάλαιο 4, περιγράφεται η μελέτη της φωτοδιάσπασης του δευτεριωμένου
υδροιωδίου και παρουσιάζονται δεδομένα που αποδεικνύουν ότι η φωτοδιάσπαση του DI στα
270 nm με κυκλικά πολωμένο φως μπορεί να λειτουργήσει ως πηγή υπερπολωμένου D σε
τιμές αριθμητικής πυκνότητας ικανοποιητικές γα εφαρμογή σε αντιδράσεις πυρηνικές
σύντηξης με δευτέριο.
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Abstract

This Master thesis investigates the Photodissociation Dynamics of small molecules in high energies (the Rydberg state regime). Three different molecular systems were analyzed containing
one halogen atom: methyl iodine (CH3I), methyl bromide (CH3Br) and deuterium iodide (DI).
The goal of these experiments was the extension of knowledge on high energy dynamics and
more specifically the identification of the quantum states of the products and the active photodissociation channels from which they are produced. Based on these data, information on possible mechanisms for each reaction were extracted.
Chapter I serves to provide a brief introduction of the theory and the experimental methods necessary for the understanding of the experiments described in the following chapters. Specifically, the reader is introduced to the field of Reaction Dynamics and the concept of photodissociation. Moreover, since the research focuses on high energy states, an outline of the molecular
electronic states and the concept of the Rydberg states is presented. Finally, a detailed illustration of the Ion Imaging technique including the experimental apparatus and the image analysis
is provided.
In the second chapter, data from the study of photodissociation dynamics of CH3Br after excitation to selected Rydberg states using the Ion Imaging technique are presented and discussed.
Images from the ion products and the respective photoelectrons after their ionization are analyzed after excitation to ten different states. For each state, the quantum states of the products are
identified and potential dissociation channels and underlying dissociation mechanisms are suggested.
In the third part of this thesis, the data from a similar study on the photodissociation dynamics of
CH3I after excitation to selected Rydberg states are presented and analyzed. Ion and photoelectron images were recorded and the quantum states of the products are identified along with potential dissociation channels and the underlying dissociation mechanisms are suggested. In the
end, the results are compared with the ones from CH3Br.
In the last chapter, data from the DI photodissociation are presented as evidence that DI photodissociation at 270 nm with circularly polarized light can be used as a source of high nuclear
spin polarized D atoms in number densities high enough for nuclear fusion reaction applications.
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1 Introduction
1.1 Photodissociation Dynamics
In the heart of Physical Chemistry lies the field of Reaction Dynamics, which investigates the forces that govern chemical reactions. 1 This thesis focuses on the dynamics
of photodissociation reactions, where a molecule absorbs n photons (n>=1) and bond
rupture occurs, leading to products referred to as photoproducts (Eq. (1)):

𝐴𝐵 + 𝑛ℎ𝑣 → 𝐴 + 𝐵

(1)

Identifying key parameters of this process, such as what molecular states of AB molecule are involved, in which quantum states the photoproducts A and B are and how
these are related to the energy and the number of the photons absorbed, provides fundamental insight into how molecules interact with light, and specific details on how
energy is redistributed within a molecule after photoexcitation.
All this information is represented in a Potential Energy Surface (PES): a model representation of the potential energy of the molecule as a function of its intermolecular
coordinates. The PES is essentially a map of the chemical reaction in detail. Bound
electronic states are represented on the PES as lines with a well (see red and black
lines in Fig. 1 below).

Figure 1.1: Schematic representation of a PES for a diatomic molecule A-B consisting of the
ground state (black line), an excited bound state (red line) and an excited repulsive state (blue
line).

1

Horizontal lines within the well represent vibrational and rotational energy levels of
the molecule. Repulsive (unbound) states are represented with repulsive potentials
(lines with no minima). In a photodissociation process a photon excites the ground
state X of the molecule to a repulsive state, or –for a bound state- to the resulsive wall
above the dissociation limit. In this excited state, the molecule is unstable and bond
rupture occurs.2

1.2

Notation for Molecular Electronic States

Before we begin a much more detailed discussion about molecular transitions leading
to photodissociation, the notation describing molecular states should be introduced.
The simplest case is the description of states in a diatomic (or a linear polyatomic)
molecule.
A molecular term symbol outlines the three main types of angular momentum: a) the
spin of the electrons S, b) the orbital angular momentum Λ, and c) the total angular
momentum Ω as predicted by Russel-Saunders coupling, along with some symmetry
properties deduced from Group Theory. 3 In some cases, the spin of the nucleus I is
included. The general formula of a molecular term symbol is given below:
2𝑆+1 (+/−)
𝛬𝛺,(𝑔/𝑢)

(2)

whereas, specifically:
•

S is the electron spin, and the term (2S+1) is the spin multiplicity.

•

Λ ≡ | ML| is the projection of orbital angular momentum along z (internuclear
axis). The greek letters Π, Δ, Φ, … are used for Λ=0,1,2,…,respectively.

•

Ω is the projection of the total angular momentum along z; Ω≡|Λ+ S|.

•

g/u describes the parity, whether an orbital is symmetric or antisymmetric after
the operation of inversion, therefore it is only relevant for molecules with a
center of symmetry, and

•

+/- indicates whether symmetry is sustained or not upon reflection along an
arbitrary plane containing the z-axis for Σ states (Λ=0).

The ground state of the molecule is usually denoted with the letter X. For the description of excited states with the same multiplicity as the ground state the letters A, B,

2

C,..are used as a prefix to the term. If the multiplicity is different, lowercase letters a,
b, c are prefixed instead.4

1.3

Highly Excited States

The majority of photodissociation dynamics studies in the literature explore excited
states close in energy (5-6 eV) to the ground electronic state of the molecule. When
excitation energy gets higher than that (but still lower than the ionization limit), additional excited states such as Rydberg, ion pair and high-energy valence states become
accessible.
Rydberg states in atoms are defined as electronically excited states derived by exciting one of the electrons into an orbital with a principal quantum number n larger than
that of the valence shell. 5 Rydberg states resemble the states of the hydrogen atom in a
relationship summarized by the Rydberg formula (Eq. 3), which describes the convergence of the Rydberg series in many-electron atoms to their ionization energies (IE):2

𝐸𝑒𝑥 = 𝐼𝐸 −

𝑅𝑦𝑑
(𝑛 − 𝛿 ) 2

(3)

where Eex is the excitation energy of the Rydberg state (in eV), Ryd is the ionization
energy of H (13.61 eV), n is the principal quantum number and δ is the quantum defect parameter accounting for the penetration of the excited Rydberg electron to the
cation core.
Molecular Rydberg states are excited states in which the excited electrons occupy diffuse (Rydberg) orbitals. In conjunction with the atomic Rydberg states, a molecular
Rydberg state can be thought of as the energy configuration where an electron is
weakly bound to the rest of the molecular core. The Rydberg formula can still be used
satisfactorily for assigning excited states in molecules, even though the core is not
spherically symmetric. For this reason, assigning s, p, d character to a molecular Rydberg state is an approximation only valid in specific cases.6
The notation used for the description of molecular Rydberg states is the following:

[𝛺𝑐 ]𝑛𝑙; 𝜔, (𝑣𝑖 , … ) (4)
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where,
•

Ωc is the total angular momentum of the molecular core

•

nl the principal quantum number and the azimuthal quantum number of the
orbital of the Rydberg electron, and

•

vi refers to vibrational normal modes like v1 = symmetric stretch.

Not all highly-excited states of an AB molecule are of Rydberg nature. Valence
(bound) or repulsive states exist that could end up (upon dissociation) to ion pair formation:
AB + nhv → A+ + BIn addition, other valence or repulsive states may end up to electronically excited neutral photoproducts:
AB + nhv → A** + B
AB + nhv → A + B**
It is known that at high energies, the density of states increases, raising spectral complexity due to state-to-state interactions. Manifestation of Rydberg to Rydberg and
valence to Rydberg interactions enriches the photochemical behavior of a molecular
system making the study of its photolysis in high energy regimes a fruitful domain of
high interest. Processes like predissociation and autoionization can take place, in addition to the direct photolysis channels through repulsive states.7 Excitation to states
close to or even above the ionization potential may also display interesting behavior.
One could examine exactly how the state mingling influences photolytic paths, defining the states and ratios of the final photoproducts. Namely, state interactions can affect the shape of the PES in numerous ways altering its electronic properties (e.g.
coupling to other states). These interactions can give rise to multiple minima across
the dissociation coordinate via avoided crossings or conical intersections that could
couple the transition dipole moment of dissociative states to specific geometries. 8 For
example, coupling can be affected via a vibrational excitation between states of different symmetry, a transition otherwise considered as forbidden. These types of coupling can be easily monitored with techniques like Ion Imaging, which can resolve
4

vibrational spectral features, as in the case of vibrational autoionization thoroughly
reviewed by Pratt.9

1.4

Reaction Product Imaging techniques

As mentioned in the previous sections, mapping and understanding the PESs is the
main task of Reaction Dynamics. Experimentally, we “access” the PES in two ways:
(a) by controlling the excitation of the “reactant” molecule, thus determining what
excited states it can reach and (b) by measuring the kinetic and internal energy as well
as the spatial distribution of the reaction (in our case: photolysis) products.
Reaction product imaging techniques combine molecular beams, laser excitation and
ionization, time-of-flight (TOF) mass spectrometry and position-sensitive detection/imaging to measure kinetic energy and angular distribution of quantum-stateselected reaction photoproducts. In the next sections we examine how that works.
1.4.1 Molecular Beams
It is essential to have well defined conditions (in position and energy) for the reactant
molecules in order to evaluate the results of their interaction with light during a photodissociation event. Molecular Beams are used to ensure that the parent molecules
are prepared in a known quantum state or a small number of quantum states. This is
achieved by cooling the target molecules at a low temperature (several Kelvins) in a
collissionless environment. Target molecules are seeded into an inert carrier gas and
are expanded through a nozzle into a vacuum chamber. After the nozzle, a skimmer is
placed to collimate the initial divergent beam. The expansion of the gas proceeds adiabatically resulting in a cold molecular beam.
During the expansion through the nozzle, energy transfer occurs between the gas molecules through collisions. However, right after the nozzle there is a zone called ‘silent
zone’ where molecules travel in supersonic speeds (faster than the speed of sound) in
a parallel manner (no collisions). These are the ideal conditions of the beam and they
are maintained if the skimmer is placed inside the silent zone. 10
Creating a supersonic molecular beam means that the reactant molecules are prepared
in their ground electronic and vibrational states, with only the lower few rotational
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states being populated. Vibrational cooling happens in a lesser extent because the
spacing between adjacent lowlying vibrational levels is usually bigger than the collision energy of the expanding molecules. Under no cluster formation conditions, the
final velocity of the molecular beam is determined by the mass of the carrier gas molecules.11
1.4.2

Photodissociation energetics

A laser photodissociates the target molecules AB in the molecular beam and atomic or
molecular photofragments A, B are produced:
𝐴𝐵 + 𝑛ℎ𝑣 → 𝐴𝐵∗ → 𝐴 + 𝐵 (5)
Because the reactant molecule is prepared in its ground electronic state, in the molecular beam (or at least in a state that is known for all the molecules in the sample
before dissociation), the states of the product fragments can be deduced.
From energy conservation, it follows that the total kinetic energy release (TKER) of
the fragments will be equal to:
𝑇𝐾𝐸𝑅 = 𝑇𝐴 + 𝑇𝐵 = 𝑛ℎ𝑣 − 𝐷𝑜 (𝐴𝐵) − 𝐸𝑖𝑛𝑡 (𝐴) − 𝐸𝑖𝑛𝑡 (𝐵) (6)
Where hv the photon energy, n the number of photons, Do the bond dissociation energy and Eint each fragment’s internal energy (electronic or rovibrational).
The laser-molecular beam interaction point defines the origin of the photofragments,
working in the center of mass frame, momentum conservation, in the simplest case
where AB thermal motion is neglected, dictates the following equation (where u A and
uB are vectors):
𝑚𝐴 𝒖𝑨 + 𝑚𝐵 𝒖𝑩 = 𝑚𝐴𝐵 𝒖𝑨𝑩 = 0 (7)
The following relationship about each photofragment’s translational energy can be
derived from Eq. (7):
𝑚𝐵
𝑚𝐴
𝑇𝐾𝐸𝑅 𝑎𝑛𝑑 𝑇𝐵 =
𝑇𝐾𝐸𝑅 (8)
𝑀
𝑀
1
1
𝑤ℎ𝑒𝑟𝑒 𝑀 = 𝑚𝐴 + 𝑚𝐵 , TA = mA u2A 𝑎𝑛𝑑 TB = mB u2B
2
2
𝑇𝐴 =

Thus from eqs. 6 and 8, we conclude that if fragment A is produced in a known quantum state and we measure its kinetic energy T A we can calculate the kinetic energy
6

(TB) and internal energy Eint(B) of its counterfragment B. Imaging all quantum states
of A provides info on all states of their counterfragments B.
It is also important to note that fragments A of the same quantum state have the same
kinetic energy release TA=1/2mAuA2, therefore at any given time t after the photolysis
they will lay on the surface of a sphere of radius r=uA*t, where uA is the center of
mass velocity that A obtained from the photolysis event. This sphere is called Newton
sphere. Fragments A of a different quantum state will be on another Newton sphere
with different radius but with the same center (concentric Newton spheres). The center of the Newton spheres is the area in space where the laser photolyzed the parent
molecule A-B.
Newton sphere characteristics such as size and surface ion distribution pattern, provide valuable information regarding the dissociation process. The size of the Newton
sphere is directly proportional to the fragment's speed (scalar quantity). As we will
see in the following sections, the imaging techniques we use image a central “slice” of
the Newton sphere containing its center, therefore the above discussion in the center
of mass frame is also valid for the lab frame images: the center of the image is the
center of mass position in the lab frame.
The surface distribution pattern of the fragments on the Newton sphere, usually referred to as “angular distribution” shows –under certain conditions- the relationship
between the transition dipole moment, μ and the breaking bond, thus it is indicative of
the (“directionality“ of the dissociation. How that works is discussed in the next section.

1.4.3 Photofragment Angular Distributions
The distribution of photofragments on the Newton sphere will be isotropic if molecules are randomly oriented in space (i.e. not preferentially aligned in one or another
direction) and they are photolyzed with equal probability. The latter is determined by
the absorption probability of a laser photon by a randomly oriented molecule.
The probability of absorption for an electric dipole transition is given by
𝑃𝑎𝑏𝑠 ∝ 𝑐𝑜𝑠 2 𝜃 (9)
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where θ is the angle between the transition dipole moment μ and the electric vector e
of the photolysis laser.
As the transition dipole moment μ is always parallel to the electric field, if a linearly
polarized laser is used, parent molecules whose internuclear axis is parallel to the
electric vector will be preferentially excited creating a preferential orientation in space
of the resulting photoproducts in a cos2θ distribution. This is the case only when the
recoil time of the fragments is short compared to the parent molecule’s rotational period and there is no substantial delay between the moment of the optical excitation
and the bond rupture. This type of transition is described as parallel. Likewise, a perpendicular transition would yield a sin2θ distribution.
If the transition moment is not oriented in a parallel or perpendicular manner to the
molecular axis, the transition displays a mixture of parallel and perpendicular character. Same result can be obtained in the cases where the dissociation is slow compared
to the parent’s rotational period (predissociation): then the resulting angular distribution will deviate from the parallel/perpendicular limits.
The general form of the photofragment angular distribution in a one-photon dissociation process may be expressed as a differential cross section 12,13
𝑛

𝑑𝜎
𝜎
[∑ 𝛽𝑛 𝑃𝑛 cos 𝜃] (10)
=
𝑑𝛺 4𝜋
1

where σ is the absorption cross sections, βn the anisotropy parameter, Pn(x) the n-th
order Legendre polynomial (where n must be an even integer for the linear polarized
lasers used here) and θ the angle between the electric vector e and the recoil velocity
vector v.
Usually the expansion is truncated at n=2:
𝐼 (𝜃 ) =

1
[1 + 𝛽2 𝑃𝑛 cos 𝜃 ] (11)
4𝜋

The angular distribution can be characterized by the β2 parameter, which ranges between -1 (for a perpendicular transition) and +2 (for a parallel transition). If β=0, the
distribution is isotropic.
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1.4.4

Ion imaging

In 1987, the Chandler and Houston groups revolutionized the field of Chemical Physics by introducing the ion imaging technique. 14 Using a uniform electric field they
projected on a polaroid film the Newton sphere of the CH3 photoproducts of the unimolecular reaction
𝐶𝐻3 𝐼 + 266 𝑛𝑚 → 𝐶𝐻3 (𝑋, 𝑣 = 0) + 𝐼/𝐼 ∗
and showed that simultaneous information about the kinetic and angular distribution
of the fragments can be obtained by analyzing the raw image using mathematics (inverse Abel transform) to go from the 2D projection to the 2D central slice of the 3D
Newton sphere. The nascent fragments were created between the repeller plate and
two grounded grids and extracted by a homogeneous field. In this original work, the
resolution in velocity was 10% mainly because it was limited by the physical dimensions of the interaction region (molecular beam width and laser beam size at its focus
on the molecular beam).
Ten years later, Eppink and Parker made an ingenuous improvement to the original
set by achieving velocity focusing in a way that was independent of where the product
ions where formed in the plane perpendicular to the TOF axis, succeeding in raising
the velocity resolution an order of magnitude (⁓ 1%). They used three electrodes: a
repeller, an extractor and a ground electrode without any fine mesh grids. Due to the
inhomogeneity of the field between the three electrodes, the last two functioned as an
electrostatic lens. As a result, all the ions formed with the same velocity were focused
in the same spot of the detector irrespective of their place of formation. Although velocity mapping brought down the energy resolution, it still required mathematics
(such as inv. Abel transform) in obtaining the slice of the 3D Newton sphere from its
2D projection. As these mathematics required the projected image to be parallel to the
laser polarization vector, experiments with different polarizations (useful to study
vector correlation phenomena like alignment and orientation) were not easily feasible.
Moreover, inverse Abel transform introduced noise in the image, lowering the energy
and angular resolutions.
In 2001, Gebhardt et al. demonstrated Slice Imaging using a pulsed repeller electric
field to allow the Newton sphere to get large enough in order to be sliced using electronics instead of math. This allowed the use of different laser polarization orienta9

tions and enabled studies of alignment and orientation as well as bimolecular reaction
dynamics. Shortly after Liu et al. 15 and Suits et al.16 came up with an equivalent variation using multiple extractor electrodes instead of a pulsed repeller in order to enlarge the Newton sphere.
Since then, ion imaging and related techniques facilitated access to a wealth of dynamical information on gas phase reactions. It enabled the state-selective measurements of energy and angular/spatial distributions of reaction products from a single
image. Combined with time-resolved techniques it also allowed the probing of unstable intermediates with ultrashort lifetimes (> 20 fs).17
As a result, unprecedented access into information about the dynamics and the nature
of the electronic states controlling the photodissociation mechanisms was made possible, since each product could be probed and imaged quantum-state-selectively with
great energy and spatial resolution. Determination of the quantum states of the products, thus information on how energy is partitioned towards the electronic (and vibrational or rotational) degrees of freedom in resulting atomic (or molecular) photofragments provided insight into the processes governing the bond rupture and the subsequent events promptly after the fragmentation, delving into the heart of Chemistry.
Consequently, imaging became the technique of choice for investigating photodissociation dynamics in different energy regimes. The photoproducts created via initial
excitation to a lowlying excited state or a Rydberg state can be monitored and identified quantum-selectivity with high resolution in velocity, thus direct information on
the dynamical picture of the molecule under study can be obtained in each case.
In the current thesis, experiments were performed using the Single Field Slice Imaging and Velocity Mapping, demonstrated by Kitsopoulos and Papadakis. 18The single
field component is an improvement of the initial Velocity Map Imaging technique19
and the Slice Imaging of Gebhard et al.20 The main alteration was that the extractor
was removed and step-edged repeller and ground electrodes were utilized, providing
focusing and slicing capability without sacrificing the resolution in velocity. In the
single field approach, focusing condition of the ions is executed by translating the laser position along the TOF axis independently from the repeller voltage. This is
achieved by introducing a small step on both the electrode and extractor voltages. Unlike using an ion lens, the velocity spread plays minimal role on the focusing. Photoe10

lectron and photofragment imaging is achieved with resolution of 1% in velocity. 18
The resolution limiting factor is the detector ‘spot’ resolution.

Figure 1.2: Image of CH3+photofragments after the photodissociation of CH3Br at 66503 cm-1
recorded with the Slice Imaging setup.

Slice Imaging provides an additional advantage, except for the resolution and the
simplification of the experimental setup on the analysis of the final image. The analysis of a recorded VMI image requires complicated mathematical transformations like
Abel transform in order for the real 3D ion sphere to be reconstructed from the 2D
projection. As mentioned above, mathematical transformations can introduce unwanted noise and are valid only for specific symmetry requirements (cylindrical symmetry). In Slicing mode, the Newton sphere is let to expand while travelling towards
the detector which is gated in the appropriate time delay for only a slice to be selected
and imaged. In this way, a 2D center ‘slice’ of the ion sphere is the only one recorded
instead of the whole Newton sphere crushing onto the 2D screen. It should be noted
that while Slice Imaging works very well for ions (even for ions as small as H+), it
does not work for electrons. The main reason is that, for ns laser ionization, the electron Newton sphere becomes too large (touching the extraction electrodes) too quickly (within the duration of the laser pulse) to be sliced effectively.

1.5 Slice Imaging Apparatus
A schematic of the photofragment imaging setup, where the experiments presented
here were conducted, is presented in Figure 1.3.The apparatus consists of two differentially pumped regions, the source chamber (Region A) and the detector chamber
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(Region B). A gate valve separates the two regions which are maintained in high vacuum UHV (10-6 -10-7 Torr) by different pumping configurations.

Figure 1.3 : Schematic representation of the experimental apparatus.

Figure 1.4 Photograph of the actual experimental apparatus used in the experiments presented
here.

The source chamber is pumped by a baffled 3000 L/s oil diffusion pump (Leybold, DI
3000) that is backed by a Leybold Trivac D65B rotary mechanical pump at a speed of
65 m3/h. In the source chamber, a home‐built piezoelectrically actuated nozzle valve
(0.8 mm diameter) operating at 10 Hz, is placed for the molecular beam generation.
The basic valve design is based on original work of Proch and Trickl21 with a modifi12

cation similar to work of Liu and co‐workers22 and similarly Wodtke and
co‐workers23. A supersonic molecular beam is formed by supersonic expansion into
the source vacuum chamber via the nozzle valve where gas molecules of a stagnation
pressure of Po=1 bar enter the chamber. At a distance of 1-2 cm from the nozzle orifice, a Ø1.5 mm diameter skimmer (-Beam Dynamics) is placed to select the colder
part of the molecular beam. The skimmer orifice is the differential pumping point between the source and detector chambers.

Figure 1.5 : Photograph of the nozzle and the skimmer configuration in the setup used
here.

The detector chamber is pumped by a 600 l/s turbo‐molecular pump (Leybold, Turbovac 600) that is backed by a Leybold Trivac D25B rotary pump with pumping
speed of 25 m3/h. The chamber is equipped with an ion optics setup (repeller and extractor electrodes with ~2 mm diameter holes in a 35 mm distance).
After passing through the repeller electrode, the molecular beam is intersected at right
angles by the photolysis/ionization lasers focused with a 30 cm lens. The interaction
region is located halfway between the repeller and extractor electrodes. By reversing
the extraction voltage polarity, photoelectrons or negative ions can be detected as
well.
The particle focusing is achieved at the geometric focus obtained by translating the
laser beam along the TOF axis with a standard translation stage (1 full turn = 500
μm). After the ion formation, photofragments are accelerated due to the potential V of
13

the repeller electrode (usually 3kV) and traverse a 45cm field free TOF region before
they reach a 2D position sensitive detector. Ions with different m/z ratios hit the detector in different times.
The homebuilt imaging detector is comprised of two MCPs (BASPIK) coupled to an
phosphor anode (P47, Proxitronix) of an effective 50 mm diameter. The detector is
gated, while on Slicing Mode, in 10-20 ns pulses so as only the center ‘slice’ of the
ion sphere to be collected. For photoelectrons, the repeller is negatively charged and
both the repeller electrode and the detector are not gated and are always ON.
The relative time delays for the experiments are controlled by a pulse generator
(Berkeley Nucleonics, model BCN 565) and the experimental parameters are further
improved by monitoring the ion signals in a 100 MHz oscilloscope (Hameg
HM1007).
The raw images (intensity and surface pattern of electrons hitting onto the phosphor
anode) are recorded asynchronously every second (approximately 10 laser shots) by a
CCD camera (Unibrain i702b) equipped with a lens with zoom 50 mm fl.4 and are
saved in a computer. Several thousands of frames are averaged to form images. Each
image is further analyzed to extract the speed and angular distribution of the photofragments. Background images are obtained by turning the molecular beam off while
keeping all the other conditions unchanged. These images are subtracted from the signal images to get the final raw image.
Laser radiation is generated by two pulsed laser systems operating at a repetition rate
of 10 Hz.
(1) a Nd3+:YAG (Spectra Physics, model Quanta Ray Pro 250) pumping a master oscillator‐power oscillator system (Spectra Physics MOPO, 730D10),
and (2) an excimer‐pumped (Lambda Physik LPX300, operating with XeCl)
pulsed‐dye laser (Lamda Physik LPD3000) .
1.5.1 Mass separation: Time-of-Flight Mass Spectrometry
Mass spectrometry (MS) is a method of quantitative, qualitative, isotopic and structural chemical analysis, based on the difference in arrival time introduced when
charged species of different m/z ratio with the same initial velocity are left to travel in
a field-free region.
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Time-of-flight (TOF) mass spectrometers are the most common tools for distinguishing fragments with different mass-to-charge (m/z) ratios, therefore it is of no surprise
that they are a valuable part of a chemical reaction dynamics setup.
The most well-known spectrometer of this kind is the Wiley McLaren spectrometer.24
In the ion imaging apparatus used in this thesis, the original design with a few modifications is used.
The analyzer consists of two accelerating regions (s and d) and a field‐free region D,
as shown in Figure 1.6: Schematic representation of a Wiley-McLaren TOF mass
spectrometer . The Wiley‐McLaren spectrometer originally uses two flat ring electrodes covered with a very fine mesh grid to form a homogeneous electric field along
the TOF axis. In our setup, the grids are removed.

Figure 1.6: Schematic representation of a Wiley-McLaren TOF mass spectrometer

Ion formation takes place between the repeller (first electrode) and the extractor (second electrode). Afterwards, each ion, with mass m and total charge 𝑞 = 𝑒𝑧, is accelerated out of the source region towards the detector due to a potential difference V, the
distance between the two plates is denoted as d.
The electric potential energy is converted to kinetic energy and the following equation
stands.
𝐸𝑒𝑙 = 𝐸𝐾 ,
𝑧𝑒𝑉 𝑞𝑉 1
=
= 𝑚𝑢2 (12)
𝑑
𝑑
2
In our case, the masses start halfway into the field, therefore d≡d/2.
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Thus, all the ions with the same charge acquire the same kinetic energy. Following
their acceleration, the ions move in a field‐free region towards the detector. They will
reach the detector in time t that can be calculated from the following equation:
𝑡𝑇𝑂𝐹 =

𝐷
𝑣

(13)

where D is the field-free region mentioned above and v is their lab velocity along the
TOF axis. From the above relations, one can express the TOF time as a function of the
m/z ratio:

√

𝑚 √2𝑒𝑉
=
𝑡𝑇𝑂𝐹 (14)
𝑧
𝐿

1.5.2 Formation of fragment ions-Detection schemes
The most widely used technique for photoproduct ionization in imaging studies is the
Resonance Enhanced Multiphoton Ionization (REMPI) scheme. 25 ((and references
therein.).
REMPI has two very important advantages over other methods for chemical reaction
product analysis applications. First, multiphoton transitions with photons in the visible and ultraviolet regime are used for ionization, instead of one high energy VUV
photon. Secondly, the first step involves a resonant process. The fragments absorb one
to three photons and the system is resonantly transferred to an excited state. Then, further absorption of one or two photons results to excitation above the ionization limit.
This means that product analysis can occur in a state-selective manner, a crucial capability for reaction mechanism investigation.
The notation used for a REMPI process appears in the form (m + n), where m is the
number of photons used for the excitation step and n the number of photons used for
the ionization step. Photons of the same or different energy hv can be used for each
step. In the latter case, the notation changes to (m + n’).
As mentioned before, single high energy vacuum ultraviolet (VUV) photons are also
used for ionization of the resultant neutral species. This scheme is widely known as
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‘universal detection’ and allows simultaneous ionization of all the photoproducts.
This method can be of great use for product characterization but state-selectivity is
sacrificed.
Alternative routes to ion formation may occur. Non resonant multiphoton ionization
(MPI), is possible if the intensity of the laser field is high enough. Also, ion pair formation (15), where neutral species absorb n photons, forming the equivalent ion pair
without any intermediate steps can also lead to product ions:
𝐴𝐵 + 𝑛ℎ𝑣 → 𝐴+ + 𝐵− 𝑖𝑜𝑛 𝑝𝑎𝑖𝑟 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (15)
Similarly, dissociative ionization or photolysis of the parent ion, where the ion formation precedes the photodissociation step, might also occur in some systems. 26,27
1.5.3 Image processing and Analysis
In this subsection, the methods for obtaining the speed distributions (KERs) and the
angular distributions from the raw image will be discussed. On slicing mode, there is
no need for image reconstruction, therefore information is obtained directly from the
image without any mathematical transformation.
The speed distribution P(u) of the photofragments is defined as the total amount of
photofragments in arbitrary units with speed u and is calculated by integrating the
symmetrized raw image from the image center ((center of mass of the reaction) over
radius.
The radial position ρ of the photofragments is related to its speed u via the relationship

𝜌 = ut (16)
where t is the TOF time. Time t is essentially constant for all ions of the same Newton
sphere, as the laboratory velocity (extraction energy ⁓ 1.5 keV) is much greater than
the center‐of‐mass velocity of the photofragments (typically 0.5 – 3 eV).

As for obtaining KER, we know that the pixel position is proportional to √𝐸𝑘𝑖𝑛 thus
we can relate the kinetic energy with pixels as follows:
𝐸 = K cal (pix)2 (17)
17

In this equation Kcal is a calibration factor weighting for experimental parameters like
repeller voltage and spatial position of the photolysis laser. Energy units are arbitrary.
The calibration factor Kcal can be determined experimentally using a well‐known photodissociation process displaying optimally more than 3 sharp rings that belong to
known photodissociation channels.
The surface pattern (angular distribution) of the ions is obtained similarly by integrating the symmetrized raw image from the center over a defined maximum radius from
0° to 90° or from 0° to 180°.
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1.6

Scope of the thesis

The work presented in this thesis includes two topics on photodissociation dynamics.
First, the photodissociation dynamics study of two benchmark systems for photolysis
studies: CH3I and CH3Br, after excitation to the high energy Rydberg series region.
Properties studied were the kinetic and angular distributions of the photofragments
and photoelectrons upon the dissociation event using velocity map and slice imaging
techniques. The key point of the analysis was the study of how the excess energy given to the system is partitioned to the photofragments (CH3 and I or Br). Possible photodissociation mechanisms were proposed based on the accessible photodissociation
channels identified. Secondly, the photodissociation of DI (deuterium iodide) at 270
nm was examined as a potential source of highly nuclear-spin-polarized deuterium
source for nuclear fusion applications.
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2 Multiphoton Rydberg and valence dynamics of
CH3Br probed by slice imaging
2.1

Introduction

The methyl halides play an important role in the chemistry of the atmosphere. 1,2,3,4Although far less abundant than methyl chloride in the stratosphere, methyl
bromide is found to be much more efficient in ozone depletion.4 Furthermore, bromocarbons are known to have a high global warming potential. 5 This has triggered a considerable interest in the spectroscopy3,6,7,8,9,10,11 and photofragmentation dynamics11,12,13,14,15,16,17,18,19,20of methyl bromide over the last few decades. Additionally, the
molecule is a simple prototype of a halogen-containing organic molecule for fundamental studies of photodissociation and photoionization involving formation of the
cornerstone fragment CH3.15,18,20
The basic picture for the electronic configuration of hydrogen and alkyl halides was
given by Mulliken.21The ground state molecular orbital configuration of CH 3Br for
the outer valence is a12e4 (C3v) or σ2π4 (𝐶∞𝑣 ). The overall symmetry is 1A1. Excitation
of one of the electrons of the lone pair orbitals e to the anti-bonding orbital a1* gives
rise to the 3E and 1E molecular states. Excitation of one of the electrons of the bonding pair orbitals a1 to the anti-bonding orbital a1* gives rise to the repulsive states 3A1
and 1A1 molecular states. Higher energy excitations of the lone pair electrons or a 1 valence electrons to 5s or 5p Rydberg orbitals create the molecular Rydberg states. In
the first case, the potential energy surfaces of the Rydberg states and the ones from
the molecular ion CH3Br+ are expected to be similar since the bonding a1 valence
electrons remain unchanged. The Rydberg potentials minima have been calculated to
be 3.7 a.u. close to the one of the CH3Br+ molecular ion.28
Lepetit et al.28, conducted detailed configuration interaction ab initio calculations on
the valence and 5s and 5p Rydberg bands of the CH3Br molecule as a function of the
methyl-bromide distance. Inclusion of spin-orbit interaction increases the complexity
of the curves due to a decrease in the degree of degeneracy of each band.
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The

1,3

Qa,b notation for CH3X states, was introduced by Mulliken21 as an analogy to

the states of hydrogen halides . The numbers 1, 3 describe the spin multiplicity and
the a, b the projection of the total angular momentum on the C-X bond in C3v geometry. States 3Q1 (E),3Q0+ (A) and 1Q(E) are analogous to 3Π1,3Π0+ and 1Π for HX molecules.
Potential Energy Surface for the ground state and low-lying excited states of CH3Br
has been calculated recently via ab initio methods by Fujihara et al.40
In low energies, the photodissociation process is well understood. A nonbonding lonepair electron from the Br atom is promoted to a σ* orbital of the C-Br bond. Due to
spin-orbit coupling, degeneracy is broken and the states 1Q1, 3Q0 and 3Q1 arise. All
these excited states are repulsive and lead to rapid dissociation (compared to molecular rotation time scales) to CH3 and Br. Exclusive production of ground state Br atoms
(3P3/2) is linked to perpendicular transitions via the 1Q1 and 3Q1 states. Production of
spin-orbit excited Br* atoms (3P1/2) is linked to the excitation to the 3Q0 state via a
parallel transition. Distortion of the molecular geometry can result to lower symmetry
(Cs group) and lead to strong coupling between the 1Q1 and 3Q0.
Photofragmentation studies of methyl bromide can be classified into two groups. One
group focuses on the characterization of photofragments CH 3 + Br(2P3/2)/Br*(2P1/2)
resulting from photodissociation in the A band13-15,18,22,23,24whereas the other group
concerns the involvement of higher energy Rydberg and ion-pair states (‘‘the Rydberg
state region’’).11,16,17,19,20 In the first group, single-wavelength excitation studies (193
and 222 nm,12,24 205 nm,13 213 and 230 nm,15,25 and 216 nm15) as well as wavelength
range excitations (215–251 nm14 and 240–280 nm23) have been performed by the use
of time-of-flight12,23 and imaging13-15,24,25 techniques. In the second group the emphasis has been on the involvement of Rydberg and ion-pair states in photodissociation
processes to form ion pairs.11,16,17,20Photoionization studies are focused on the lowest
energies of the ion and its breakdown. 11,26,27 Multiphoton dissociation studies focus on
excitations to the lowest Rydberg states (5s) of the molecule. 19 The energetics of methyl bromide (CH3Br) in the Rydberg state region have been studied quite thoroughly
to map the Rydberg state structure of the molecule both by absorption spectroscopy7
and by Resonance Enhanced MultiPhoton Ionization (REMPI),11,20 as well as theoretically. 28
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Recently, the eﬀect of state interactions within the Rydberg state region on photofragmentation processes for the hydrogen halides has been explored.29,30,31,32,33,34
These studies have revealed effect of Rydberg to valence as well as Rydberg to Rydberg state interactions on both the photodissociation and photoionization mechanisms within the molecules on a rotational and vibrational energy level basis. We now
expand this approach to polyatomic molecules, starting with methyl bromide (CH 3Br).
Here we present Slice imaging and Velocity map imaging data for product ions and
photoelectrons upon two-photon resonant excitation of CH3Br to selected np and nd
Rydberg states in the 66 000–80 000 cm-1 by a one-color excitation scheme (see Table
2.1). Despite the initial step being two-photon resonant excitation, three-photon excitations followed by dissociations to form Rydberg states of CH 3 are found to dominate the dynamics. For the three highest energy excitations an additional three-photon
channel opens, generating translationally hot CH3(X) and Br/Br* and for two of these
three excitations one-photon processes are also observed. These results are discussed
in view of previous work on the low and high energy excited state dynamics of
CH3Br.

2.2

Experimental

The Velocity Map Imaging (VMI)/Slicing setup used in this work has been described
in detail in Chapter 1 and elsewhere. 35,36 Hence, only a brief description will be given
here. A supersonic molecular beam, typically a mixture of 20% CH 3Br in He, is expanded through a home-made piezoelectrically-actuated nozzle valve ((1 mm orifice)
and skimmed ((1.5 mm, Beam Dynamics) prior to entering the interaction region
where the photodissociation occurs. A stagnation pressure of P 0 = 1 bar was used. The
photolysis/ionization laser beam was focused (f = 30 cm) on the geometric focal point
of a single-electrode repeller-extractor plate arrangement where it intersected the collimated molecular beam at right angles. The laser beam (typically 1.5 mJ per pulse)
was generated by a pulsed Nd3+: YAG laser (Spectra Physics Quanta Ray Pro 250)
pumping a master oscillator–power oscillator system (Spectra Physics MOPO 730-10)
set at the appropriate wavelength.
For the slicing experiments, reported here, the repeller is pulsed ON at the appropriate
time delay (⁓300 ns) following the photolysis/ionization. The charged photofragments
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traverse a field-free time-of-flight region (45 cm) before hitting a gated, position- sensitive detector (dual, imaging-quality Micro-Channel Plates (MCP) array coupled to a
phosphor screen) where images of the center slice of the photofragment sphere are
recorded. The image frame is recorded asynchronously every second (⁓10 laser shots)
by a Charge- Coupled Device (CCD) camera and several thousand frames are averaged to form images. Each final image is integrated from its center over radius to extract the speed and over angle to extract the angular distributions of the corresponding
fragments. For photoelectrons, the repeller has reversed polarity and both the repeller
electrode and the detector are not gated (i.e. they are always ON).

2.3

Results

2.3.1 Mass Resolved MPI
(2 + m) as well as (3 + m) REMPI spectra and spectral assignments for CH 3Br have
been reported in ref. 20 and 11. The (2 + m) REMPI spectrum for CH 3+ ion detection
from ref. 11 for the two-photon resonant excitation region of 66 000–80 000 cm -1 is
reproduced in Fig. 2.1 along with mass spectra for selected molecular Rydberg state
resonances normalized to the CH3+ signal intensity. All the mass spectra show the
CH3+ ion mass signal (I(CH3+)) to be the strongest and the signal intensities to vary
as, CH3 + > CH2 + >CH+ > (Br+, CBr+). The relative ion intensities, I(M+)/I(CH3+), for
M+ = CH2 +, CH+ and Br+ are found to vary with the excitation energy and to reach
maxima as the wavenumber values get closer to the ion-pair threshold (CH3+ + Br-;
Fig. 2.1b). Closer inspection of the REMPI spectra shows that there are two major
contributions, an underlying continuum, gradually increasing with excitation wavenumber, superimposed with the REMPI peaks.
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Figure 2.1 MassResolved (MR) MPI for CH3Br: (a) CH3+ signal (MPI spectrum) for the two photon wavenumber range of 66000-80000 cm-1 and CH3Br Rydberg state (CH3Br**) assignments.
Separation of the spectrum into resonant and non-resonant contributions is indicated (See Table
1). (b) Mass spectra of selected CH3Br Rydberg state resonances. Signals for masses larger than
78 amu have been expanded by a factor of 2.5.

The latter correspond to two-photon resonant transitions to the parent molecular Rydberg
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to

further
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tion/dissociation/ionization processes (i.e. (2 + m) REMPI). The continuum, on
the other hand, involves transitions to non- quantized energy levels, i.e. nonresonant transitions (Fig. 1a), of which initial one-photon transitions to repul27

sive molecular valence states are likely.14,15,23Such transitions are followed by
dissociation (i.e. one-photon photodissociation) to form CH3 in the ground
electronic state (X) and bromine atoms in their ground (Br(2P3/2), henceforth
denoted Br) or spin–orbit excited (Br(2P1/2), henceforth denoted Br*) states,
which are subsequently ionized by (non-resonant) multiphoton ionization
(MPI). From now on these two contributions will be referred to as the resonant
and the non-resonant contributions to the MPI spectrum, respectively.

2.3.2

Slice images and Kinetic Energy Release spectra (KERs)

CH3+ ion slice images (Figure 2.2) were recorded for MPI of CH3Br corresponding to
(2 + m) REMPI for resonant excitation to a total of ten molecular Rydberg states
(with np and nd Rydberg electron configurations and different vibrational states),
converging to both spin–orbit components of the ground ionic states X( 2P3/2) and
X*(2P1/2) in the two-photon excitation region of 66000–80000 cm-1 (see Table 2-1
Number labeling for the ten CH3Br Molecular Rydberg states with the corresponding
one-photon excitations (nm) and two photon excitations (cm-1) along with the state of
Rydberg state CH3 detected upon each excitation.Table 2-1). Kinetic energy release
spectra (KERs) were derived from the images (See Figure 2.3).
Table 2-1 Number labeling for the ten CH3Br Molecular Rydberg states with the corresponding
one-photon excitations (nm) and two photon excitations (cm-1) along with the state of Rydberg
state CH3 detected upon each excitation.
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Figure 2.2 CH3+ slice images and the corresponding kinetic energy release spectra (KERs) for
excitation numbers 2(a), 5 (b), 8(c) and 10 (d) (see Table 2-1). The image intensity scale has been
adjusted to show all major features. The KERs are normalized to the strongest peak in each spectrum. The laser polarization is indicated by the double arrow in panel (a).
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Figure 2.3 CH3 + Κinetic Εnergy Ρelease spectra (KERs) derived from images no. 1–10 (see
Table 2-1 and Fig. 2.1a). The spectra are normalized to the height of the lowest KER spectra contributions, corresponding to resonant contributions (see main text) in each spectrum. T he
spectra are plotted as a function of a relative ( a) 1 h v an d ( b ) 3 h v shift.
3

3

Two major spectral components could be identified from the images/KERs corresponding to the non-resonant and resonant contributions mentioned above. Large nonresonant contributions are observed at two of the highest energy two-photon resonant
excitations only (77165 cm-1 and 79 610 cm-1 ; transitions no.8 and 10 in Table 1). The
non-resonant MPI spectral contributions (see Fig. 1a) appear as clear rings in the images/sharp peaks in the KERs (Fig. 2 and 3) as to be expected for direct nonresonant
photodissociation processes (see further discussion in Section IV.B). Very small nonresonant spectral contributions were also observed for the excitations 75905 cm-1 (7)
and 78370/78401 cm-1 (9).
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The MPI spectral contributions (Fig. 1a) due to the resonant transitions are observed
for all the data as broad ‘‘underlying’’ KER spectral structures peaking at low KER as
to be expected for resonance excitations followed by delayed dissociation processes
(see further discussion in Section 2.4.1)Vibrational structure is exhibited for the lowest four energy excitations (66019-68684cm-1) (Fig. 3).
The non-resonant contributions observed can be assigned to the stepwise processes,
𝐶𝐻3 𝐵𝑟 + 1ℎ𝑣 → 𝐶𝐻3 𝐵𝑟 ∗ ;

non-resonant transition (1a)

𝐶𝐻3 𝐵𝑟 ∗ → 𝐶𝐻3 (𝑋; 𝑣1 𝑣2 𝑣3 𝑣4 ) + 𝐵𝑟/𝐵𝑟 ∗ ; dissociation (1b)
𝐶𝐻3 (𝑋; 𝑣1 𝑣2 𝑣3 𝑣4 ) + 3ℎ𝑣 → 𝐶𝐻3+ + 𝑒 − ; photoionization (1c)
where CH3(X; v1v2v3v4) refers to the ground electronic state of CH3 (X) and vibrational levels v1, v2,v3,v4 and Br/Br* refer to the ground (Br) and spin–orbit excited
(Br*) states of bromine, respectively.
Since the kinetic energy release by the CH3 + ions formed is determined by the initial
step (1a) it is convenient to compare the corresponding KERs contributions on a relative one-photon energy scale (Δ(1hv) = 1hvi-1hvo where vo and vi are one-photon excitation frequencies of a reference spectrum (vo) and a spectrum i (vi) for vo>vi)
weighted by the mass ratio factor for CH3, f(CH3) =m(jBr)/m(CH3jBr) ((j = 79, 81), to
take account of the conservation of momentum. Thus, spectral peaks due to the formation of the same species/thresholds, CH3(X; v1 v2 v3v4) + Br/Br*, will match. This
has been carried out in Fig. 3a, which shows the KERs shifted by the weighted onephoton energy difference Δ(1hv)*f(CH3) where the ‘‘zero kinetic energy released’’
for the two-photon excitation to the [3/2]7p; 0, (000) CH3Br Rydberg state (image/KER no. 10/79 610 cm -1 ; see Table 1) has been set to zero (reference spectrum).
Thresholds corresponding to the ‘‘maximum possible kinetic energy released’’ for
formation of the various CH3(X; v1 v2v3 v4) species (along with Br/Br*) are also
marked in Figure 2.3.
All sharp peaks observed in spectrum no. 8/77 165 cm-1 are found to match peaks in
no. 10/79 610 cm-1. Some overlap of the peaks is observed in spectrum no. 10/79 610
cm-1. The peaks observed in the region of Δ(1hv) *f (CH3) =-1.6 to 0.0 eV are due to
excitations of CH3Br(X) in its ground vibrational state, whereas those of Δ(1hv)*f
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(CH3)<-1.6 eV are due to excitations of vibrationally excited CH3Br(X) molecules
(‘‘hot bands’’). We assign the peaks at about Δ(1hv)*f (CH3) =-1.49 eV (Figure 2.3),
both in spectra no. 8 and 10 and at about Δ(1hν)*f (CH3) = -1.13 eV in no. 10 to the
formation of a vibrationally excited CH3(X) in the out-of-plane bending (umbrella)
mode (v2 = 1), i.e. CH3(X; 0100) along with Br and Br*, respectively. The peaks at
about Δ(1hν)*f (CH3) = -1.27 eV (Fig. 3a), both in spectra no. 8 and 10 are due to the
formation of a vibrationally excited CH3(X) in stretching modes (v1 = 1 and/or v3 =
1), i.e. CH3(X; 1000) and/or CH3(X; 0010), along with Br.
Comparison of the KERs of the resonant contributions as well as analysis of the corresponding photoelectron spectra (PES, see below) reveals that the kinetic energy released by the CH3+ ions is determined by dissociation after an initial three photon excitation step. Therefore, in Fig. 3b, the corresponding KER spectra are compared on a
weighted relative three-photon energy scale ((3hν)*f (CH3); (Δ(3hv) = 3hvi-3hvo.
Furthermore, analysis of the photoelectron spectra (see below) suggests that electrons
are released by one-photon ionization of Rydberg states of CH3 (CH3**). We, therefore, propose that the overall excitation process involves formation of CH3** along
with Br/Br* by three-photon photodissociation (two photons to an intermediate Rydberg state (see Table 2-1 Number labeling for the ten CH3Br Molecular Rydberg
states with the corresponding one-photon excitations (nm) and two photon excitations
(cm-1) along with the state of Rydberg state CH3 detected upon each excitation.Table
2-1) plus one additional photon to reach one or more ‘‘superexcited’’ repulsive state
denoted here as CH3Br#) followed by one-photon ionization of CH3** to form CH3 +
as follows,

CH3 Br + 2hv → CH3 Br ∗∗ (Ry; v1 v2 v3 );

resonant transition (2a)

CH3 Br ∗∗ (Ry; v1 v2 v3 ) + 1hv → CH3 Br # ;

photoexcitation (2b)

CH3 Br # → CH3 ∗∗ + Br/Br ∗ ;

dissociation (2c)

CH3 ∗∗ + 1hv → CH3 + + e− ;

photoionization (2d)

where CH3Br**(Ry; v1v2 v3) represents vibrational levels v1, v2, v3 of a parent molecular Rydberg state and CH3Br# represents one or more superexcited state(s).
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The vibrational structure with a progression frequency corresponding to about 1300
cm-1 observed for the lowest excitation KERs (no. 1–4; Fig. 3) resembles that to be
expected for transitions to vibrational levels of a CH3** Rydberg state of an out of
plane/umbrella mode.37,38 The position of the thresholds for CH3**(3p2A2) + Br/Br*
formation following the three photon excitation process ( Figure 2.3; see also text
above) in the tail of the KER spectra on the high energy side of the vibrational structure, as well as analysis of the corresponding photoelectron spectra (see below) suggests that the vibrational structure corresponds to the formation of CH 3**(3p2A2;
v1 v2v3v4) for varying quantum levels of the out-of-plane bending mode (v2).Structure
analysis of the four lowest excitation energy KER spectra in the two-photon region of
66019–68684 cm-1 revealed the vibrational constants ωe = 1311 ±5 cm-1 and ωexe =
11±1 cm-1 for the out-of-plane (v2) vibrational mode of CH3**(3p2A2). This is to be
compared with the vibrational wavenumber value of 1323 cm-1 reported for
CH3**(3p2A2) in NIST.37,38
Br+ ion slice images were recorded following CH3Br resonance excitations to Rydberg states in the two-photon excitation region of 66000 -80000 cm-1 listed in Table
1 (except for no. 2/66 503 and no. 6/74 249 cm-1). KERs were derived from the images (see Fig. 4). All the KERs exhibit a broad spectral structure peaking at low kinetic
energies in the region of about 0.2 eV KER. The peak shifts to lower KER as the excitation energy increases. An additional broad peak is present at around 1 eV KER for
the excitations no. 8/77 165 cm-1, no. 9/78 370 cm-1 and no. 10/79 610 cm-1 spectra
(Figure 2.4). For the no. 10/79 610 cm-1 spectrum there is also a sharp peak at about
0.27 eV KER. We attribute the sharp peak in the no. 10/79610 cm-1 KER spectrum to
the non-resonant contribution producing Br ground state along with CH3(X; v1 v2 v3v4)
by one-photon dissociation, i.e.

CH3 Br + 1hv → CH3 Br ∗;

non-resonant transition (3a)

CH3 Br ∗ → CH3 (X; v1 v2 v3 v4 ) + Br ; dissociation (3b)
Br + 3hv → Br + + e− ;

photoionization (3c)
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Figure 2.4 Br+ Kinetic Energy Release spectra (KERs) derived from images no. 1, 3–5, and 7–10
(see Table 1 and Fig. 1a). The spectra are normalized to the height of the lowest KER spectra
contributions, corresponding to resonant contributions (see main text) in each spectrum. The
spectra are plotted as a function of a relative scale D(3hv)*f (Br) (for CH379Br) (see explanation
in main text of Section IV) and tilted to the right (i.e. plotted vertically). Common energy thresholds for the formation of CH3**(Ry, v1v2v3v4) + Br/Br* as well as CH3(X, v1v2v3v4) + Br/Br*
after three-photon photodissociation of CH3Br via resonant excitation to CH3Br Rydberg states
are indicated.
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Figure 2.5 Br+ (black,above) and CH3+ (grey,below) kinetic energy release spectra (KERs) as a
function of total kinetic energy released, Common energy thresholds for the formation of CH3
(X,v1v2v3v4) + Br/Br* after non-resonant one-photon photodissociation of CH3Br are indicated.

Comparison of the total KERs (see Figure 2.5) derived from the no.10 images of Br+
and CH3 + shows a sharp peak for Br to match the strongest sharp peak for CH 3, which
corresponds to the formation of CH3 with one quantum in the umbrella mode (CH3(X;
0100)).The broad low kinetic energy peak present in all KERs (Figure 2.4) fits energetically the production of Br/Br* along with CH 3** Rydberg states (channels (2a)–
(2c)). As discussed for CH3 this is a three-photon process in two steps: First CH3Br is
excited resonantly with two photons (channel 2a) to a Rydberg state (Table 1), which
subsequently absorbs an additional photon towards a superexcited CH 3Br# state (or
states; 2b) dissociating to CH3** + Br/Br*. The broad, high kinetic energy contribution, only seen in the no. 8/77 165 cm-1, no. 9/78 370 cm-1 and no. 10/79 610 cm-1
spectra (Figure 2.4), on the other hand, is due to Br/Br* formed along with CH3(X,
v1 v2v3v4) after a three-photon photodissociation process via the molecular Rydberg
states ((2a) and (2b)). In both cases, Br + is subsequently generated by three-photonMPI of Br/Br*.Relevant energy thresholds for these two processes are shown in Fig. 4
along with the KERs plotted on a Δ(3hν)*f(Br) scale.
2.3.3 Angular Distributions
Significant variations in angular distributions are observed for the CH3+ ions depending on the channels involved (see Figure 2.2). Signals associated with the resonant
excitations, mostly display shapes corresponding to parallel or isotropic distributions,
whereas those due to the non-resonant excitations are found to display shapes corresponding to both parallel and perpendicular transitions. In an attempt to quantify the
anisotropy of the rings, angular distributions, in the form of signal intensities as a
function of the angle from 0 to 180o, derived from the images, were fitted by the simplified expression corresponding to a one-step photodissociation,
𝑃 (𝜃) = 𝛢[1 + 𝛽2 𝑃2 cos 𝜃 + 𝛽4 𝑃4 cos(𝜃) (4)

where P2 and P4 are the second and fourth order Legendre polynomials and β2 and β4
are the corresponding anisotropy parameters. A is a scaling factor. For prompt dissociation of a diatomic molecule, the b2 parameter, can be in the range between +2
(purely parallel transition) and -1 (purely perpendicular transition), therefore the β2
parameter extracted from the fit can then be related to the symmetry of the states in35

volved in the photolysis and the corresponding dynamics. In the case of the processes
reported here, the β2 parameter is the average of several steps (two-photon excitation
to Rydberg state, further photon absorption then photolysis) therefore it does not
quantify individual transition dynamics but shows an average and a “trend” of those
dynamics. The b4 parameter is usually associated with vector correlation effects, however considering the complexity of the processes involved (see eqn (1)–(3) above) it is
unrealistic to interpret them in this way here.
Figure 2.6a shows β2 values plotted for the various rings detected in images no. 8 and
10 (see Table 2-1) for the non-resonant process. These are shown along with the corresponding KERs plotted on a relative one-photon energy scale. A reasonably good
agreement is found between the parameter values derived from the rings/KERs peaks
of both images (no. 8 and 10) which have been assigned to common channels (see
above), which further supports the validity of the assignments. The β2 range from a
value near +2, corresponding to a purely parallel transition for the CH 3(X; 0100) +
Br* intermediates, to a negative value of about -0.2 corresponding to a significant
contribution of a perpendicular transition for CH3(X;0100) + Br.
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Figure 2.6 (a) Anisotropy parameters β2 extracted from CH3+ images no. 8 (red dots) and 10 (blue
dots) (see Table 1) as a function of the kinetic energy released (eV) along with the corresponding
KER spectra plotted on a relative energy scale Δ(1hv)*f(CH3). Common energy thresholds for
one-photon photodissociation process to form CH3 (X;v1v2v3v4) + Br/Br* labelled as (v1v2v3v4) are
indicated. ‘’Hot bands’’: see Fig. 3a. (b) Anisotropy parameters β2 extracted from CH3+ (grey
dots) and Br+ (red dots) images as a function of two-photon resonant excitations to CH3Br Rydberg states along with the corresponding CH3+ REMPI spectrum. Image numbers are indicated
(see Table 2-1).

Positive values of β2 in the range of +0.8 to +1.6 obtained for CH3 (X; 1000/0010) +
Br and high KER hot bands which form CH3(X; v1 v2v3 v4) + Br suggest dominating
parallel transitions mixed with some character of perpendicular transitions. Since the
ion formation mechanism involves a simple one-photon photodissociation step, the
anisotropy will be largely determined by the symmetry change of the initial photoexcitation step from the ground state of CH3Br(X; v1v2 v3) to the repulsive valence states
3

Q1, 3Q0 and 1Q1 which correlate with CH3(X; v1v2 v3 v4) + Br/Br*.23

Considering symmetry alterations in possible transitions and the known shape of the
potential energy surfaces involved22 the following initial photoexcitation processes are
proposed:
(i) Formation of CH3(X; 0100) + Br*, where CH3 is vibrationally excited by one
quantum in the out-of-plane bending mode (ν2), mainly occurs by a parallel transition
to the 3Q0 state followed by a dissociation on the same (i.e. the diabatic) potential
curve.
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(ii) Formation of CH3(X; 1000/0010) + Br, where CH3 is vibrationally excited by one
quantum in a stretching mode (ν1 and/or ν3), occurs largely by a parallel transition to
the 3Q0 state followed by a curve crossing, i.e. a dissociation on the adiabatic potential
curve.
(iii) Formation of CH3(X; 0100) + Br, where CH3 is vibrationally excited by one
quantum in the out-of-plane bending mode (ν2), occurs to a significant extent by perpendicular transitions to the 3Q1 and/or 1Q1 states followed by a dissociation on the
same/diabatic potential curve.
(iv) Formation of CH3(X; v1 v2 v3v4) + Br from vibrationally excited CH3Br(X; v1 v2v3)
largely occurs by a parallel transition to the 3Q0 state followed by a dissociation on the
adiabatic potential curve.
Since the resonant contributions to the CH3 + images and KERs mostly involve threephoton excitations via molecular Rydberg states prior to dissociation to form CH3**
Rydberg states (channel (2)) the anisotropy of the images will depend on the twophoton resonant step as well as the one-photon dissociation step and possible mixing
of states involved.
Therefore it cannot be easily interpreted. We observe a trend (Figure 2.6, grey dots) of
decreasing β2 parameter (more perpendicular contribution) with increasing excitation
energy. A correlation with the symmetry of the parent Rydberg state seems to exist:
transitions through 5p and 4d Rydberg states of CH3Br generate CH3+ with rather parallel distributions (β2 ranging between 1.3 and 0.7) whereas 6p and 7p Rydberg states
of CH3Br generate CH3+ with almost isotropic distributions.
Br+ images associated
with the resonant excitations, both low and high KER compo3
nents (see above), mostly display shapes corresponding to parallel transitions with
positive values of b2. Figure 2.6b (red dots) shows the b2 values derived for the broad
low KER peaks of the resonant transitions along with the corresponding values for the
CH3+ signals. Comparison of the b2 parameters of the signals for Br+ and CH3+ reveals
some correlation (common trend and analogous values of b2) between the signals.
This is to be expected for fragments formed by the same channel, prior to ionization,
as proposed for CH3** and Br/Br* (see eqn (2a)–(2c) above). Although close in value
they are not identical; this can be attributed to the existence of some additional smaller contributions affecting the CH3+ and Br+ distributions, such as dissociation of CH3+
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(we do observe CH2+, CH+ and C+ ions as minor channels; discussion of these results
was not included in this thesis and will be presented in a separate publication).
The no. 10 excitation Br+ signal due to the non-resonant transition cannot be separated
—
from
the underlying resonant contribution of the same KER (⁓0.27 eV) which makes
3
up about 2/3 of the signal (Figure 2.4 and Figure 2.5). The total signal however, is found
to display a close to isotropic shape (Figure 2.2d) with β2 of about +0.24, suggesting
that the non-resonant part of it (1/3 of the total) is significantly perpendicular in nature. This matches the observed angular distribution (and b2 = 0.2) of the signal for
CH + due to the formation of the corresponding CH3(X, 0100) fragment which we believe to be the major fragment produced along with Br prior to ionization (see above
and Figure 2.5).

2.3.4 Photoelectron Spectra
Images of photoelectrons were recorded for the excitations listed in Table 1. No negative ions were found to be present in the time-of-flight KER distributions (Figure 2.7)
derived from the images. It is convenient to compare the photoelectron spectra with
respect to the non-resonant contributions on a relative three-photon energy scale
3

(Δ(3hv)*f (e); Δ(3hv) = 3hv0 — 3hvi; f (e) = m(CH +)/m(CH3) ⁓ 1; see text above for
comparison and definitions) and those with respect to the resonant contributions on a
relative one-photon energy scale (D(1hν) = 1hν0 — 1hνi).
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Figure 2.7 Photoelectron spectra (PES), (a) derived from images no. 1–10 (see Table 1), plotted as
a function of a relative energy scale Δ(1hν) (see explanation in the main text) and tilted to the
right (i.e. plotted vertically). Common energy thresholds (energy maxima) for ionization of Rydberg states of CH3 (CH3**(Ry)) after its formation along with Br/Br* by three- photon photodissociation of CH3Br are indicated. The inset shows detail of the PES no. (8) at high energy with
thresholds for ionization of CH3(X; v1v2v3v4) and its formation along with Br/Br*. (b) For image
no. 4 plotted as a function of the relative kinetic energy
released
(eV) tilted to the right (i.e. plot3
123 4
ted vertically). Energy thresholds (energy maxima) for specific one- photon ionization processes
of CH3**(3p2A2; v1v2v3v4) states to form CH3 +(X; v1v2v3v4), after its formation along with Br/Br*
by three-photon photodissociation of CH3Br, are indicated by (v1v2v3v4) numbers. Assignments of
ionization processes with respect to changes in vibrational quantum numbers (Δvi) are shown,
furthest to the right.

Figure 2.7 shows the photoelectron spectra plotted on the relative one-photon energy scale, where the zero kinetic energy release of no. 10/79 610 cm—1 has been set
to zero (reference spectrum). Thresholds corresponding to ionization of specific
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CH3** states (formed along with Br/Br*) line up in the plot. One photoelectron peak
dominates the four lowest energy excitations (i.e. images/KERs no. 1–4; Table 1)
which match in Fig. 7a. The peaks correspond to the formation of the CH3** (3p2A2)
Rydberg state. These PESs correspond to the images/KERs which show vibrational
structures (see above). Small satellite peaks close by are indicative of vibrational excitations and hot bands as shown in Fig. 7b for excitation no. 4. The next two excitations (no. 5 and 6) generate photoelectron peaks that shift to higher energy but also
match each other, corresponding to one-photon ionization of the CH3 ** (3d2E)
and/or CH3 ** (3d2A) states that lie close in energy. Finally, excitations no. 7–10 exhibit several photoelectron peaks corresponding to ionization of different CH3 Rydberg states (3p2A2, 3d2E, 3d2A1, 4p2A2) as listed in Table 1. The PES structures of
no. 8/77 165 and no. 10/ 79610 cm-1, which correspond to significant non-resonant
contributions, are less clear. However, there are some indications of ionization/formation of CH3(X; v1v2v3v4) species based on weak high kinetic energy electron
peaks as shown by the inserted figure expansion for no. 8 in Figure 2.7.

2.4

Discussion

As noted in the previous section, REMPI, slice and photoelectron imaging data converge on the existence of two major pathways when CH3Br is excited at wavenumbers
corresponding to two-photon transitions to reach rovibrational levels of molecular
Rydberg states in the 66 000 to 80 000 cm-1 region:
(a) two-photon-resonant transitions, followed by one-photon absorption to give
CH3(X)/CH3** + Br/Br* and
(b) non-resonant, one-photon photolysis towards CH3(X) + Br/Br*. These two pathways will now be discussed.

2.4.1

Resonant processes

The results relevant to the resonant spectra contributions, as presented above, can be
interpreted as being due to dissociations on excited state potential energy surfaces to
form (a) Rydberg states of CH3 (CH3**) along with Br/Br* or (b) ground state
CH3(X) along with Br/Br* prior to ionization of either CH 3 or Br. This occurs after a
total of three-photon excitation to metastable superexcited molecular states (CH3Br#)
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via two- photon accessible Rydberg states (Figure 2.8). Formation of CH3(X) directly
following the two-photon resonant excitation (i.e. by predissociation of the resonanceexcited molecular Rydberg states) was not detected. Whereas a minor contribution of
such a channel cannot be ruled out, the results suggest that its probability is low.
In the case of the metastable molecular state(s) (CH3Br#), prior to dissociation the excess energy can be redistributed among the molecule’s internal degrees of freedom to
form fragments of relatively low translational energy but high internal (rovibrational)
energy, typically appearing as broad KER spectral peaks for the CH3 and Br fragments. The relatively low KER, broad spectral structures of the KERs observed for
the resonant contributions suggests that step (2b) involves such a mechanism. The
CH3Br# state(s), being higher in energy than the ionization limit, is (are) most likely
one or more super- excited state(s) belonging to a Rydberg series converging to an
excited ionic state (i.e. CH3Br# = [CH3Br+*]nl;o). This involves an one-photon excitation within the ion core of the resonant Rydberg state (CH3Br** = [CH3Br+]nl;o)
to make an overall two-electron transfer to form CH3Br#.
Looking at a summary of the CH3** Rydberg states detected (Table 1) there seems to
be a correlation between the formation of CH3**(Ry) and excitations to CH3Br**(Ry)
with respect to the Rydberg electron orbital symmetries (l quantum numbers). Thus,
the 3p Rydberg state of CH3 (CH3**(3p2A2)) is primarily formed via excitation to the
5p Rydberg state of CH3Br and the 3d Rydberg state(s) of CH3 (CH3**(3d2E; 3d2A1))
is (are) largely formed via excitation to the 4d Rydberg state of CH3Br. This must be
associated with a conservation of momentum during the combined process of onephoton excitation of CH3Br** to CH3Br# and its dissociation on an excited state potential sur- face to form CH3** and Br/Br*. Furthermore, an increasing number and
changing proportion of CH3** states are formed as the excitation energy increases
(Table 1 and Figure 2.7a). This should be associated with an opening of an increasing
number of channels to form CH3** + Br/Br* and/or changes in transition probabilities
along diﬀerent surfaces as the energy increases. The disappearance of the vibrational
structure assigned to the CH3**(3p2A2) state (see Section III.B) for excitation energies
beyond that for no. 4 (Figure 2.3) is a further indication of an increasing contribution
of CH3** states and overlapping vibrational structures.
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Whereas, no multiphoton dissociation studies for resonant excitations via p and d Rydberg states of CH3Br exist in the literature, Wang et al. have reported studies of excitations via lower energy 5s Rydberg states.19 Images and corresponding KERs for
CH3+ are found to show comparable structures to those reported here, appearing as
broad peaks with vibrational structures at low KERs and sharp peaks at medium high
kinetic energies. These observations, however, are interpreted diﬀerently as being due
to photodissociation of the parent molecular ions CH3Br+(X) to form CH3+(X) along
with Br* and Br, respectively. Furthermore, rings/sharp KER peaks observed at still
higher KERs are proposed to be due to two-photon resonant photodissociations to
form CH3(X) along with Br and Br*.

2.4.2 Non-resonant processes
The results relevant to the non-resonant contributions, as presented above, can be interpreted as being due to one- photon excitations to repulsive electronic valence states
(CH3Br*) followed by dissociation. This agrees with the observed increase in the corresponding spectral continuum with photon energy (Figure 2.1a) in accordance with
an increasing absorption (i.e. one-photon) cross section in the excitation region (see
Figure 2.8).3,9 Relatively large signals appearing as rings in the images/sharp KERs
peaks, due to the non-resonant contributions were seen for the excitations which show
relatively large underlying non-resonant contributions in the REMPI spectra (see Figure 2.1a), i.e. in images/KERs no. 8 and 10 for CH3+ (Figure 2.3) and in no. 10 for Br+
(Figure 2.4).
Photodissociation studies in the first continuum absorption band (A band) of CH3Br
13-15,22-25
have been performed by a number of
The reported value for β2 of 1.9
T groups.
±0.1 for CH3(X; 0100) formation along with Br* for 251.00 nm excitation23

agrees with our value (1.9) for the corresponding fragment formation for 251.28 nm
one-photon excitation (no. 10/79 610 cm—1) and the value for b2 of 0.2 0.2 for CH3(X;
0100) along with Br for 251.00 nm excitation22 is of an intermediate size analogous to
our values of -0.15 and -0.24 for the corresponding fragment formation derived for
the 259.23 (no. 8/77 165 cm-1) and 251.28 nm (no. 10/79 610 cm-1) excitations, respectively. Furthermore, our upper limit value of β2 = +0.24, largely due to the formation of Br along with CH3(X; 0100) (see Appendix B) for 251.28 nm one-photon
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excitation can be compared with the values of about zero for excitations in the region
of 251–278 nm.23 Thus, the formation of CH3(X) in the out-of-plane bending mode
along with Br is found to display isotropic to perpendicular fragment angular distributions, whereas its formation along with Br* displays a parallel angular distribution.
This is in agreement with previous observations and has been shown to be consistent
with a strong non- adiabatic coupling between spin–orbit states of the parent molecule.23

Figure 2.8 Schematic energy diagrams for excitation processes of CH 3Br leading to CH3+ (a) and
Br+ (b) formation showing calculated potential energies as a function of the CH 3–Br bond distance18,27 as well as relevant energy thresholds and transitions. Red vertical arrows correspond to
the two-photon resonant transition of 66 019 cm—1 (excitation no. 1) and blue vertical arrows
correspond to the two-photon resonant transition 79 610 cm—1 (excitation no. 10) (see Table 1).
Broken arrows indicate paths of photodissociation processes as marked in boxes (see main text).
The two-photon resonance scanning region is indicated by grey shaded boxes. The one-photon
absorption spectrum3,9 is tilted to the right (i.e. plotted vertically) in figure (a).

CH3+ and Br+ ion slice images as well as photoelectron velocity map images were recorded
for multiphoton excitation of CH3Br at ten wavelengths involving two photon resonant tran-
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sitions to np and nd vibrational levels of molecular Rydberg states (CH 3Br**(Ry;
v1v2v3)) between 66 000 and 80 000 cm—1 (Table 2-1). At all wavelengths
CH3 + is the
3
majority of the ion signal (Figure 2.1). Kinetic energy release spectra (KERs) as well
as angular distributions and relevant fit parameters (b2 and b4) were derived from the
ion slice images. Photoelectron spectra were derived from the photoelectron images.
The majority of the photoelectrons formed are due to one- photon ionization of
diﬀerent Rydberg states of methyl photofragments (CH3**). These states are formed
by two-photon- resonant excitation to an np or nd vibrational levels of parent Rydberg
states followed by one-photon excitation to metastable, superexcited molecular states
(CH3Br#) which then dissociate towards CH3**(Ry; v1v2v3v4) + Br/Br*. This contribution dominates all but two excitation wavelengths used in this work. A correlation is
found between the angular momentum quantum numbers (l) of the resonantly excited
molecular Rydberg states, CH3Br** and the CH3 Rydberg states formed.
For the highest excitation energies, two additional channels are found to be present.
The first channel is a dissociation of the metastable, superexcited CH 3Br# states towards CH3(X; v1v2v3v4) + Br/Br* which generates fast CH3+ and Br+ ions. The second
channel is the formation of CH3(X; v1v2v3v4) + Br/Br* assigned as a one-photon photolysis via the A band with angular distributions of CH3 and Br/Br* fragments agreeing well with the literature.
The results of this analysis add to information relevant to the energetics and fragmentation processes of the methyl halides. It will hopefully render further theoretical interpretation of the characteristic processes involved in the very interesting dynamics
observed here. Furthermore, the content of this paper is of relevance to various intriguing fields. The observed involvement of high energy superexcited molecular states
in the formation of halogen atom radicals and fragment ions and electrons is of relevance to further understanding of atmospheric photochemistry as well as plasma
chemistry/physics. Selective photoexcitation to form the reactive electronically excited state of the CH3, as identified, could be of interest for organic photosynthesis purposes.
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3 Production of highly excited Rydberg Iodine atoms from photolysis of CH3I: a Rydberg series
dynamical analysis
3.1

Introduction
Methyl iodide (CH3I) is a very interesting molecule to study, due to its rich dynamics
and because of its role in atmospheric chemistry. It is present in the atmosphere and
the oceans1 and the products of its photodissociation, influence numerous atmospheric
processes. High energy CH3 or I radicals along with other types of highly reactive iodocarbons2 engage in redox reactions perturbing the natural cycles of chemical species from marine-atmosphere interfaces3,4 up to the troposphere5,6,7and the stratosphere7,8, increasing the overall reactivity of the atmosphere. Moreover, recently, iodine chemistry was shown to play an important role in ozone depletion.9,10 At even
higher layers of the atmosphere, towards the ionosphere, chemical species interact
with solar VUV radiation and formation of highly reactive species and ions takes
place. 11
Methyl iodide is a benchmark system in dynamics and has been explored experimentally12,13 and theoretically14,15, especially as a model system for non-adiabatic curvecrossing.16.Methyl iodide studies were focused mostly on two regions of its absorption spectrum, known as the A and the B bands. The A band (220-350 nm) displays
no structure, therefore is characterized by transitions between repulsive states. It was
studied in great depth by several groups in nanosecond and femtosecond timescales,
therefore a comprehensive image of its dynamics is established. 12,Error! Bookmark not
defined.,Error! Bookmark not defined.,17The B band (190-205 nm) displays vibrational

structure, thus has more bound character and it is also well studied.18,19,16,Error! Bookmark not defined.,Error! Bookmark not defined.,Error! Bookmark not defined. Overall,

photolysis in the A or B band leads to formation of CH3 radical in its ground electronic and vibrational states or vibrationally excited in the umbrella v2 or stretch v1 modes
with 1-4 vibrational quanta (X, v1=1-4 or v2=1-4) along with I in its ground state or
spin-orbit excited I(2P3/2)/I(2P1/2).
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Here, we report on the dynamics of higher excited states of CH3I. We probe the photoproducts following the two-photon resonant excitation of CH3I to selected states
from the Rydberg series in the energy range of 55000-70000 cm-1(See Table 3-1) as
shown at the high resolution absorption spectra recorded by S. Eden et al.20 Photoelectron Velocity Map Images and ion Slice images revealed that the excess photon
energy is channeled into the I photofragment resulting in the production of highly excited Rydberg Iodine atoms in various quantum states.

3.2

Experimental
In Table 3-1, the excitation wavelength of the specific states under study along with
their Rydberg term and the converging CH3I+ state is displayed. Each excitation is
assigned a number to facilitate subsequent reference in the text and several excitations
are classified in groups (A, B or C) according to the iodine state range produced after
the dissociation process (see further in the text).
Table 3-1 : CH3I Molecular Rydberg states selected for excitation including the number assignments used further in the text along with the Rydberg terms and the 1hv excitation wavelengths
and 2hv excitation wavenumbers.

No.

Laser wavelength λ/nm

2hv excitation
energy /cm-1

Rydberg Term

Converging
CH3I+ state

1

359.062

55700.63

6s(3/2)+v3

2

2

339.404

58926.84

6p(0…)#

2

E3/2

3

336.913

59362.38

6p(3/2)+ v3

2

E3/2

4a

336.357

59461

2

E3/2

4b

335.735

59531.76

2

E3/2

4c

333.902

59898

2

E3/2

6

324.481

61636.86

6p(3/2)+nv1

2

E3/2

7

317.095

63072.53

5d(0,…)#

2

E3/2

8

310.116

64492.07

6p(0,…)#

2

E1/2

9

309.111

64701.77

2

E3/2

10

298.793

66935.92

7s(3/2)+nv2

2

E3/2

11

294.185

67984.44

7p(0,…)#

2

E3/2

12

286.602

69783.06

7s(0,…)#

2

E1/2
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Group

E1/2

A

B

C

The VMI/Slice Imaging setup described in Chapter 1, was used for this work. Methyl
iodide molecules are prepared in their electronic ground state via a supersonic molecular beam comprised of CH3I vapor seeded in He. The beam is created via adiabatic
expansion through a home-made piezoelectrically-actuated nozzle valve (ø1mm orifice) and collimated by a skimmer (ø1.5 mm, Beam Dynamics) prior to entering the
interaction region. A stagnation pressure of P0 ~ 1 bar is used. The photolysis / ionization laser beam is focused (f = 30 cm) on the geometric focal point of a two electrode
repeller-extractor arrangement where it intersects the molecular beam at right angles.
The laser beam (typically 1 mJ/pulse) is generated by an excimer‐pumped (Lambda
Physik LPX, operating with XeCl) pulsed‐dye laser (LPD3000) and the appropriate
dyes were used to cover the whole excitation range.
For the slicing experiments, the repeller is pulsed ON at optimized time delays (∼300
ns) following the photolysis/ionization allowing the ion sphere to expand. The
charged photofragments traverse a field-free time-of-flight region (45 cm) and the
center slice of the ion sphere is selectively detected by a position-sensitive detector
(dual, imaging-quality MCP array coupled to a phosphor screen) coupled to a CCD
camera. The image frame is recorded asynchronously every second (∼10 laser shots)
by the camera and several thousand frames are averaged to form images such as those
shown in the Results section. Each final image is integrated over angle to extract the
speed and over radius to extract the angular distributions of the corresponding fragments. For the photoelectron images recording, the repeller is negatively charged and
both the repeller electrode and the detector are not gated (i.e. they are always ON).

3.3

Results
3.3.1

Photoelectron Velocity Map Images

Velocity map photoelectron images were recorded, mapping the quantum states of
ionized photoproducts following two-photon resonant excitation to selected Rydberg
states of CH3I (See Table 3-1) and subsequent processes. Representative raw photoelectron images are displayed in Figure3.1 and all images are available in Appendix C.
A colour map ranging from red to yellow is chosen to indicate regions of different
relative intensity, where bright yellow stands for high intensity. Labels of I states (see
below) are indicated in the images to draw attention to the fact that different states
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exhibit stronger signals in different excitations. A list of the energies and terms of the
relevant atomic iodine states is reproduced21 in Table 3-2. The photoelectron images
proved critical for the identification of the channels involved.

Figure3.1 : Photoelectron raw images from selected excitations no. 1, 2, 7 and 12. Colours have
been adjusted for all the features to be distinguishable. The main state of excited I produced in
each excitation is depicted in relation to the corresponding ring.
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Table 3-2 Relevant iodine atomic energy states (Reproduced from Ref 21.) along with the Rydberg excitation schemes (see Table 3-1)where they were observed.

Configuration
5s25p5

5s25p4(3P2)6s

Term
2 o

P

2

D

J

Level /cm-1

3/2

0.000

Notation No. of Rydberg excitaused
tion
I
9

1/2

7602.970

I*

9

5/2

54633.460

I (54)

2,3,4b,6,7,8,9,10,11,12

3/2

56092.881

I (56)

2,3,4b,6,7,8,9,10,11,12

5s25p4(3P0)6s

2

S

1/2

60896.243

I (60)

3,4a,6,7,8,9

5s25p4(3P1)6s

2

P

3/2

61819.779

I (61)

4a,4b,4c,7,8,9,10,11,12

1/2

63186.758

I (63)

4b,8,9,10,11,12

5/2

64906.290

I (64)

2,3,4c,10,11,12

3/2

64989.994

5/2

65644.476

I (65)

4a,4b,10,11,12

7/2

65669.988

1/2

65856.960

3/2

67062.130

I (67)

4a,10,11,12

7/2

66015.023

I (66)

2,3,4a,10,11,12

5/2

66020.469

3/2

66355.093

1/2

67298.328

I (67)

4a,4b,10,12

9/2

67726.415

7/2

68559.540

I (68)

12

3/2

68549.743

5/2

68587.859

1/2

68615.734

5s25p4(3P2)6p

5s25p4(3P2)6p

5s25p4(3P2)6p

5s25p4(3P2)5d

5s25p4(3P2)5d

5s25p4(3P2)5d
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Kinetic Energy Release spectra (KERs) were derived from the images and shown in
Figure 3.2 and Figure 3.3. Photoelectron spectra suggest the existence of highly excited

iodine in a range of states dependent on the initial excitation.
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Photoelectrons from the ionization of the neutral photoproducts (CH3 and I in several
excited quantum states) are produced via a one photon process.
𝐼 ∗∗ + 1ℎ𝑣 → 𝐼 + + 𝑒 − (1)
𝐶𝐻3∗∗ + 1ℎ𝑣 → 𝐶𝐻3+ + 𝑒 − (2)
The species CH3I(X), I (2P3/2) and I*(2P1/2) require three photons to get ionized:
𝐼/𝐼 ∗ + 3ℎ𝑣 → 𝐼 + + 𝑒 − (3)𝐶𝐻3 𝐼 + 3ℎ𝑣 → 𝐶𝐻3 𝐼 + ( 2𝐸3/2,1/2 ) (4)

We have separated the Rydberg states under study into three groups denoted as A, B,
C (see Table 3-2) based on the resulting quantum states of iodine produced. An energy shift relative to the photodissociation of CH3Ι taking place at 69783 cm-1 (the highest energy excitation) is introduced to the rest of the KERs to account for the change
in photolysis wavelength. In this way, common channels appear in the same position
in the x-axis (ΔKER/eV) and comparison between the different excitations is more
straightforward. Since the ionization processes of interest involved require one or
three photons, comparison using a 1hv and a 3hv relative energy shift is presented.
The maximum kinetic energy ionization thresholds for several I and CH3 states, in
each case, are indicated by vertical lines in the figure.
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Figure 3.2 : Photoelectron KER distributions for the Rydberg states belonging to Groups A, B
and C on a relative energy scale for 1hv ionization processes. The maximum kinetic energy
thresholds for the creation of relevant I and CH3 ions are indicated by vertical lines.
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Figure 3.3 : Photoelectron KER distributions for the Rydberg states belonging to Groups A, B
and C on a relative energy scale for 3hv ionization processes. The maximum kinetic energy
thresholds for the creation of relevant I and CH3I ions are indicated by vertical lines.
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Group A includes the states from #2 to #4a-c which lie on the lower energy part of the
region under study between 58927 and 59898 cm-1 . We have separated excitation no.4
into three subexcitations labelled as 4a, 4b and 4c, respectively. According to Eden et
al., only 4b is considered to be a molecular Rydberg state of CH3I but since we observed resonant signals, states 4a and 4c are included for a more complete picture of
the dynamics in the region.
Photodissociation followed upon excitation to Group A states results in excited I** in
quantum states spanning the energy region between 56000 to 67000 cm-1, according
to the PE spectra ((See Figure 3.2). The strongest photoelectron signals are observed in
states around 66000 cm-1, denoted as I (66). As one can see from the PE spectra, I or
I* are absent or negligible compared to the amount of the other I channels produced.
Similarly, no peaks corresponding to CH3 ground state or excited states are discernible
from the PE distributions, although photoelectrons from their ionization are well within the energy range detected. Therefore straightforward information about the CH 3
states involved cannot be extracted from the PE spectra. However, it is clear that there
is a propensity for available energy to be channeled into iodine atoms instead of the
CH3 radicals after the bond rupture.
Within the group, going from no.2 towards no.4 we observe more excited iodine being produced as the energy increases. The trend does not continue towards 4a-c. Signals of I** in the higher energy regions become harder to resolve since the iodine
atomic levels get denser (see Table 3-2). An alternative assignment for features of excitations no. 2 to 4 is that of CH3I+ vibrational levels (see Figure 3.3). Indeed, broader
features in excitations no.2 and no.3 can be assigned either to I(64) and I(66) (Figure
3.2) or to stretching vibrations ((⁓ 2000 cm-1) of the ion CH3I+ (2E3/2) (Figure 3.3). In a

similar manner, in excitation no. 4a small peaks around 1.5 eV ((1hv scale) or 2.8 eV
(3hv scale) could be I(54) to I(61) or vibrations ( ⁓ 800 cm-1) of the ion CH3I+ (2E1/2)
as in no.4c where there is competing assignment between I(56) and I(61) and CH 3I+
(2E1/2). In light of what we observe at higher excitation energies, where CH3I+ photoelectrons generate broader distributions rather that sharp peaks, we believe that the excited I assignment is more likely, but the reader should keep in mind this CH 3I+ possibility.
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In group B’s (excitations no.6 to no.9) photoelectron KERs (See Figure 3.3), it is clear
that low KER photoelectron peaks match well the ionization of I (54) and I (56) excited states. Even though, the energy given to the system compared to Group A is higher, it seems that less energetic iodine is produced, covering every atomic state from
54000 to 63000 cm-1. Stronger signals are displayed for I (54) and I(56) with I(60)
and I(61) states following .Within the group, the same iodine states are produced with
little variation in the relative intensities.
Faster photoelectrons are also observed at ΔKER(1hv)>1.8 eV as a broad distribution
of lower intensity rather than distinct sharp peaks. We assign these to ground state and
vibrationally excited v2 (umbrella mode) CH3I+ (2E3/2) rather than more excited I**
that also could fit energetically, as seen in Figure 3.3. The argument is further confirmed by the lack of these photoelectrons in peak #8 which converges to CH 3I+
(2E1/2) instead of CH3I+ (2E3/2).
It is interesting that the excitation no.1 (of group A) displays features more similar to
those of Group B than Group A. The I** states of I (60), I(61) and I(63) seem to be
present along with a broad high KER feature that could be assigned to vibrationally
excited CH3I+ vibrationally excited in a mode with vibrational frequency equal to
1613 ± 806 cm-1, possibly the v2 umbrella mode.
Group C consists of the higher energetic Rydberg states of the range under study, excitations no.10 to no. 12. As seen in Figure 3.3 the peaks are not very consistent with
CH3I+ generation unless this is combined with substantial rovibrational excitation.
Photoelectron peaks here resemble those of group A in KER which suggests that increase in excitation energy, does not lead to more energetic iodine (>68000cm-1). The
peaks are wider, which can be attributed to populating more atomic I states in the
64000 to 68000 cm-1 region. In fact, we observe highly excited I all over the range
from 64000 to 68000 cm-1 in different ratios and small production of I(54) and I(56)
(See Figure 3.2 : Photoelectron KER distributions for the Rydberg states belonging to Groups
A, B and C on a relative energy scale for 1hv ionization processes. The maximum kinetic energy
thresholds for the creation of relevant I and CH3 ions are indicated by vertical lines.Figure

3.2).
To summarize, PE distributions suggest the production of highly excited iodine in
various quantum states after excitation to any chosen state of the CH 3I Rydberg series.
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Given the fact that a variety of Rydberg states, converging to either CH 3I+(2E3/2) or
CH3I+(2E1/2), were selected as intermediate steps, the preferential I excitation does not
seem to be a Rydberg-feature-dependent effect, but it characterizes the dynamics in
the whole 55000 to 70000 cm-1 excitation region. This highlights a preference of the
CH3I system to partition energy in the iodine atom as the C-I bond breaks. The lowest
excitations (Group A) produce I** mostly in states close to 66000cm-1, while the
highest excitations (Group C), exhibit a wider I** state distribution spanning from
54000 to 68000 cm-1. In between, Group B excitations display intense peaks for I (54)
and I(56) along with vibrationally excited CH3I+(3/2).
3.3.2

Ion Kinetic Energy Release Distributions

CH3+ slice images were recorded following the excitation to selected molecular Rydberg states converging to both ground ionic state X( 2E3/2) and spin-orbit excited state
X(2E1/2) in the two-photon excitation region between 54600 to 69783 cm-1 (see Table
3-1). Images of iodine and methyl ions for all excitations studied are shown in Appendix C.
The corresponding kinetic energy release distributions were extracted from the images. Similar to PE analysis, an energy shift relative to the photodissociation of CH 3Ι
taking place at 69783 cm-1 (excitation no. 12) is introduced to account for the change
in photolysis wavelength in each KER. Given that the excitation step is a two-photon
process, we tested for processes of one, two or more photons in order to interpret the
energy distributions. Processes with a total of 3 or 4 total number of photons agreed
with the primary observations in the KERs, consequently the energy shift shown is for
a total of 3hv or 4hv processes. The corresponding maximum kinetic energy thresholds for several channels are indicated by vertical lines at each figure.
All CH3+ KERS of Group A (See Figure 3.4Error! Reference source not found.)
display a broad kinetic energy distribution spreading in a range from 0-2 eV of translational energy. For excitations no.2 and no.3, in agreement with the PE spectra, one
could propose the following photodissociation steps:
𝐶𝐻3 𝐼 + 2ℎ𝑣 → 𝐶𝐻3 𝐼 ∗∗ (𝑅𝑦𝑑 ) (5a)
𝐶𝐻3 𝐼 ∗∗ (𝑅𝑦𝑑 ) + 1ℎ𝑣 → 𝐶𝐻3 𝐼# (5𝑏)
𝐶𝐻3 𝐼# → 𝐶𝐻3 (𝑋) + 𝐼 ∗∗ (5c)
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CH3I molecules are resonantly excited with 2 photons to the selected Rydberg state
CH3I**(Ryd). Then the CH3I in the Rydberg state absorbs one additional photon producing superexcited CH3I (henceforth denoted CH3I#). CH3I# subsequently dissociates
to CH3(X) + I**.
CH3+ KERs for Rydberg transitions no.2 and no.3 display two broad shoulder-like
peaks (see Figure 3.4) that correspond to dissociation channels leading to CH 3(X)
along with I(64) and I(66), respectively. Kinetic energy distribution of CH 3+ for transition 4a suggests that it follows the same dynamics as transitions no.2 and no. 3.
However, spectra from excitations 4b and 4c display features resembling a vibrational
progression. These could be assigned to channels producing vibrationally excited
CH3(X,v1=0-5) potentiantly in the stretch mode and a more limited range of I**
states.
Overall, group A excitation leads to the production of I** in several excited quantum
states with I (64), I (65), I (66) being more pronounced:
𝐶𝐻3 𝐼 + 2ℎ𝑣 → 𝐶𝐻3 𝐼∗∗ (𝑅𝑦𝑑 ) (6𝑎)
𝐶𝐻3 𝐼∗∗ + 1ℎ𝑣 → 𝐶𝐻3 𝐼# (6𝑏)
𝐶𝐻3 𝐼# → 𝐶𝐻3 (𝑋, 𝑣) + 𝐼 (64), 𝐼(65), 𝐼(66) (6𝑐)
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Figure 3.4: CH3+ KER distributions for the Rydberg states belonging to Group A ((2, 3,4a-c) on a
relative energy scale for the total of 3hv excitation processes. The maximum kinetic energy
thresholds for the creation of CH3(X) + I** are indicated by vertical lines. Notation: [X]→
CH3(X), [54] → I(64).

I+ ion slice images/KERs for excitation transitions no.2 and no.3 confirm the channel
assignments for CH3+ and do not display any additional features. However, I + KERs
for 4a and 4c display an intense peak that could be assigned to the non-resonant channels (Fig.5 bottom):
𝐶𝐻3 𝐼 + 2ℎ𝑣 → 𝐶𝐻3 (𝑋) + 𝐼/𝐼 ∗ (7)
Analysis of the same peak in the 3-hv scale (Figure 3.5, top) does not energetically
match any channel very well, unless one assumes that the third photon energy is
channeled into internal degrees of freedom of the photofragments.
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Figure 3.5 : I+ KER distributions for the Rydberg states belonging to Group A ((2, 3,4a-c) on a
relative energy scale for the total of 3hv (up) and 2hv (down) excitation processes. The maximum
kinetic energy thresholds for the creation of CH3(X) + I** is indicated by vertical lines. [X]→
CH3(X), [54] →I(64),[3/2+]→CH3 from CH3I+(2E3/2).

Group B CH3+ KERs (Figure 3.6), extracted from slice images of the product CH3
ions, exhibit the broadest kinetic energy distributions of our analysis covering a range
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of approximately 3 eV of kinetic energy. As in group A, CH3I molecules are resonantly excited with 2 photons to the selected Rydberg state and then after absorbing one
additional photon superexcited CH3I# is produced. However, CH3I# dissociates to
CH3(X,v) + I**(54,56) and CH3(X,v) + I**(60,61,63), producing a different set of I**
states than Group A along with ground state or vibrationally excited CH 3. These two
different groups of channels can be assigned to the two shoulder-like maxima of the
KER. In the higher excitations (no.8 and no.9) another type of channel is becoming
accessible in which CH3 appears in its first excited state ((3s 2A1’) along with I(54)
and I(56) at a Δ(4hv)<2eV. Thus, group B excitation namely leads to the production
of I** in many quantum states with a preference towards I (54) and I(56).
𝐺𝑟𝑜𝑢𝑝 𝐵 (6 − 9):
𝐶𝐻3 𝐼 + 2ℎ𝑣 → 𝐶𝐻3 𝐼 (𝑅𝑦𝑑 ) (8𝑎)
𝐶𝐻3 𝐼 (𝑅𝑦𝑑 ) + 1ℎ𝑣 → 𝐶𝐻3 𝐼 # (8b)
𝐶𝐻3 𝐼 # → 𝐶𝐻3 (𝑋, 𝑣) + 𝐼 (54), 𝐼 (56) (8𝑐 ) 𝑎𝑛𝑑
𝐶𝐻3 𝐼 # → 𝐶𝐻3 (𝑋, 𝑣) + 𝐼 (60), 𝐼 (61), 𝐼(63) (8d)
𝐺𝑟𝑜𝑢𝑝 𝐵 (8,9):
𝐶𝐻3 𝐼 + 2ℎ𝑣 → 𝐶𝐻3 𝐼 (𝑅𝑦𝑑 ) (9𝑎)
𝐶𝐻3 𝐼(𝑅𝑦𝑑) + 2ℎ𝑣 → → 𝐶𝐻3 (3𝑠 1𝐴1 , 𝑣) + 𝐼(54), 𝐼(56) (9𝑏)
Vibrational spacing of CH3(X) and the spacing between the iodine atomic levels being
at the same order of magnitude ((around 1500 cm-1) provides additional complexity to
the assignments. This is why the PE spectra proved to be very critical suggesting that
I** states are produced rather than vibrationally excited CH3.
The sharp peak around 2.5 eV only appearing at KER no.9 can be assigned to 1hv
photodissociation through the A-band.
𝐶𝐻3 𝐼 + 1ℎ𝑣 → 𝐶𝐻3 (𝑋) + 𝐼(𝑋)/𝐼 ∗ (10)
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Figure 3.6: CH3+ KER distributions for the Rydberg states belonging to Group B ((6,7,8,9) on a
relative energy scale for the total of 3hv (up) and 4hv (down) excitation processes. The maximum
kinetic energy thresholds for the creation of CH 3(X) + I** are indicated by vertical lines.

Group B I+ ion KERs (Figure 3.7) are consistent with the observations of CH3+ and PE
distributions. Low KER I+ is assigned to highly excited I** states, while higher KER
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I+ is consistent with CH3I+ dissociation (see PE spectra). CH3I+(2E3/2) is formed by a
total of 3hv process resulting to :
𝐶𝐻3 𝐼 + 4ℎ𝑣 → 𝐶𝐻3 (𝑋) + 𝐼/𝐼 ∗ (11)

Figure 3.7:I+ KER for group B (transitions 6-9), showm shifted at 3hv energy
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Group C I+ KERs (excitations no.10 and no. 11), obtained from slice images of I+,
consist of a broad structureless distributions which can be attributed to the same
channels as the previous groups (Figure 3.8).
𝐺𝑟𝑜𝑢𝑝 𝐶 (10,11):
𝐶𝐻3 𝐼 + 2ℎ𝑣 → 𝐶𝐻3 𝐼 (𝑅𝑦𝑑 ) (12a)
𝐶𝐻3 𝐼 (𝑅𝑦𝑑 ) + 1ℎ𝑣 → 𝐶𝐻3 𝐼 # (12b)
𝐶𝐻3 𝐼 # → 𝐶𝐻3 (𝑋, 𝑣) + 𝐼 (54), . . , 𝐼(67) (12𝑐)
Peak no.10 displays an additional intense band which can be attributed to dissociation
of the parent ion via 1 photon.
𝐶𝐻3 𝐼 + 1ℎ𝑣 → 𝐶𝐻3 (𝑋) + 𝐼

(13)
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Figure 3.8: I+ KER distributions for the Rydberg states belonging to Group C ((10,11,12) on a
relative energy scale for the total of 3hv excitation processes. The maximum kinetic energy
thresholds for the creation of CH3(X) + I** are indicated by vertical lines.
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Figure 3.9: CH3+ KER distributions for the Rydberg states belonging to excitations no.11 and
no.12. The maximum kinetic energy thresholds for the potential channels are indicated by vertical lines.

The methyl signal for excitation no.10 was negligible. The CH3+ distribution for no.11
matches the I assignments (Figure 3.9).
Even though, group C states seem to follow similar dynamics judging solely from the
iodine and photoelectron images, the CH3 image/KER of peak no.12 displays, in contrast with KER from no.11, three distinct sharp rings/peaks. Given the similarity of
the rest of the KERs, one could assign these peaks to CH3+ and I- produced from CH3I
forming an ion-pair. Negative iodine ions were not observed, so we suggest that I rapidly converts to I(54). The electron ejected has similar KER with the electron
ejected from I(54) ionization(0.61 vs 0.65 eV). Specifically, the slower peak (A in
Figure) can be assigned to CH3 ion produced from the following process:
𝐶𝐻3 𝐼 + 4ℎ𝑣 → 𝐶𝐻3+ 𝐼 − (14𝑎)
𝐶𝐻3+ 𝐼 − → 𝐶𝐻3+ + 𝐼 − (14𝑏)
𝐼 − → 𝐼 (54) + 𝑒 − (14𝑐 )
The two faster peaks can be assigned to CH3+ produced from ‘hot’ vibrationally excited CH3I in a combination vibrational mode denoted as vx+ vy at 3500 cm-1. Two possible combinations could be v1 + v2 ((CH-stretch and umbrella mode) or v1 + v3 ((CHstretch and C-I stretch modes).22
𝐶𝐻3 𝐼 (𝑣𝑥 + 𝑣𝑦 = 3500𝑐𝑚−1 ) + 4ℎ𝑣 → 𝐶𝐻3+ + 𝐼 − (15)
𝐼 − → 𝐼(54) + 𝑒 − (12)

3.3.3

Angular Distributions

Anisotropy parameters were extracted from angular distribution analysis of the ion
raw images. Even though the photodissociation mechanisms proposed here involve
multiple steps, the distributions of the polarized photofragments were fitted with the
simplified expression for a single step photodissociation process thus resulting in beta
parameters that are an average of the processes involved. The expression consists of
the even expansion of Legendre polynomials, 23as discussed in Chapter 1:
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𝐼 (𝜃) = 𝐴[ 1 + 𝛽2 𝑃2 cos 𝜃 ] (16)

where P2 is the 2nd order Legendre polynomial and β2 the spatial anisotropy parameter.
In this way, underlying trends in the nature of the transitions (parallel or perpendicular) involved can be identified. The calculated β2 values for the methyl and iodine ions
are presented in Figure 3.6 as a function of the total translational energy in a relative
3hv shift to account for the change in the excitation wavelength, as in the previous
sections. Overall, we observe mostly positive β2 values ranging from 0 to 2, with the
majority of them lying between 0 and 1 for both ions. Positive values, close to the +2
(value for a pure parallel transition), suggest that the processes dominating the dynamics are mostly parallel but some mixing of transitions with perpendicular character occurs. The values vary for different excitations, therefore there is some dependence on the first step of the photodissociation process.
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Figure 3.10: Spatial anisotropy parameter β2 values for CH3 (up-circles) and I((down-squares)
for the different excitations (1-12) as a function of the total translational energy with a 3hv shift.

The β2 values of the CH3 ion raw images of Group A(2,3,4a-c) vary between 0 and
0.75 displaying isotropic surface patterns. There is a slight increase of the values,
suggesting more parallel character, towards the channels producing faster CH 3 (less
excited I) (Figure 3.10 up or Figure 3.11).
However, transitions with perpendicular character dominate the fast iodine sharp
peaks observed for states 4a and 4c (dark yellow and dark cyan points in Figure 10)
where we have β2 parameters with negative values around 0.6 with ΔTKER around
5.65 eV. This suggests the involvement of a perpendicular channel in I+ generation
that is compensated by parallel channels in the course of its CH 3+ counter fragment
production.

Figure 3.11 Spatial anisotropy parameter β2 values for CH3 for the excitations 3 and 4a, b, c as a
function of the Kinetic Energy Release with a 3hv shift.

The β2 values of the iodine ion raw images of Group B extracted for the transitions
involved in excitations no.6 to no.9 are very close to isotropic (0.3) for the whole energy range. Values from the CH3 corresponding to the slow iodine regions is similar
for all the excitations around 0.75 to 1.75. The sharp peak only present in #9 CH3 dis71

tribution has the total isotropic value of zero ((See Figure 3.9Error! Reference
source not found.) .

Figure 3.12 Spatial anisotropy parameter β2 values for CH3 for the excitations 6 to 9 as a function
of the Kinetic Energy Release with a 3hv shift.

For excitations 10-12, Group C, for total kinetic energy release < 1.7 eV the β2 values
for I are similar to the other groups (around 0.4). For higher energies, there is an increase and the values reaching values around +1.5 for each excitation and for both of
the ions . Finally, the three sharp distinct peaks for #12 describe pure parallel transitions with β2 values very close to +2(Figure 3.9Error! Reference source not found.).

3.4

Discussion
As described in the previous section, we observe the production of highly excited iodine in various quantum states from the photodissociation of CH 3I. This discovery
implies that there is a completely different dynamical picture in higher energies than
the one extensively explored for photolysis upon excitations in the A, B and low lying
3s Rydberg state region. In lower excitation energies (see Introduction), the photon
excess energy is not partitioned to the iodine atom but preferentially to vibrational
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degrees of freedom of the CH3 fragment, limiting the iodine produced solely to
ground and spin-orbit excited quantum states.
Production of highly excited iodine (or any halogen) as the one observed here is not a
common outcome in methyl halide photolysis. In fact, a preliminary literature search
showed that no other methyl or hydrogen halides exhibit such behavior. Energetically,
one would expect photodissociation (exit) channels involving electronically excited
halogen or electronically excited methyl photofragments or both to manifest themselves at sufficiently high excitation energies. The photon energies employed here allow such channels, but only those with iodine excitation are observed. This suggests
that electron excitation in CH3I is mainly concentrated on the I atom or that there are
significant barriers in channels involving electronically excited CH3 production.
However, as excitation energy increases moving from Group A to Group B states, we
observe the production of less excited I with iodine excitation region shifted from
60000 cm-1 to 54000 cm-1(See Figure 3.2). This observation could imply that at the energy window spanning Group B’s excitations energy is also focused to the CH 3 fragments . Theoretical calculations could shed light into this problem.
Comparing CH3I results with CH3Br results24 (see Chapter 2), where CH3 photofragment is the one that is electronically (and rovibrationally) excited, while Br remains in
its ground electronic or spin-orbit excited state, is an interesting deviation from the
rule that elements in a group of the periodic table exhibit similar behavior. Here it
seems that going from Br to I in CH3-X switches CH3 excitation off and X excitation
on. One explanation could be that the larger and more polarizable iodine atom is more
likely than CH3 to “store” the high excess energy in CH3I photolysis, while the smaller and less polarizable Br atom does not provide much more stabilization than CH 3,
therefore the excess energy there ends up in the methyl fragment. If this idea is correct, we expect that in CH3Cl and CH3F photolysis at high energies the dynamics will
resemble that of CH3Br. One could suggest that electronically excited CH 3 was not
observed here due to fragmentation into CH2+, CH+ and C+. Indeed, in a similar
study24 for CH3Br (see Chapter 2), we observed various CH3 fragments like CH2, CH,
C.. etc. in comparable signals with CH3. However, such signals were not observed in
the TOF spectrum in the current study.
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Generation of multiple excited states of I originating from a single Rydberg state of
CH3I provides some insight into the dynamics involved. If further excitation of the
Rydberg state to a single “superexcited” CH3I# state involved only one exit channel,
then a single quantum state of I** would be produced. However, what we observe is
production of several I** states at one excitation energy and the production of the
same I** state (for example I (54) or I (56)) at different excitation energies, i.e.
through different Rydberg state origins. In lack of theoretical data in the region, we
can conclude that following excitation to the designated Rydberg state, CH3I absorbs
a photon and ends up in one or more CH3I# state(s) coupling (directly or through
curve crossing to repulsive states) to the exit channels observed. The different beta
parameters measured for Br+ and CH3+ suggest that these crossings are closer to the
excitation region rather than the exit region of the PES and are the cause of the nearly
isotropic angular distributions observed in most excitation energies.
In the Rydberg region, after two-photon-resonant excitation to specific states we observe no fragmentation that would be an indication of a predissociation mechanism.
Instead, in most cases, CH3I absorbs at least one more photon forming highly excited
metastable CH3I# before it dissociates. This implies that the Rydberg states do not
cross with any repulsive states. That said, it is worth to note that for transitions no.4a
and no.4c we do observe 2hv photolysis of CH3I (see figure) but these transitions are
not part of the Rydberg series, as far as we know. In few excitations, mostly in higher
energies (Group B and Group C), the parent ion is formed instead of the superexcited
species.
From a practical point of view, CH3I photolysis with the scheme used in this work
could be used as a source for photolytic production of electronically excited iodine. A
rough control over which iodine states will be produced can be implemented by
choosing different excitation transitions. This can be easily seen from the PES spectra
of the different excitation groups denoted as A, B, C where a different range of states
is preferentially produced in each group and excitation energy. A second practical
conclusion of this work seems to be that iodine could be used as a “lightning rod” in
molecular excitation “absorbing” the excess energy and protecting sensitive chemical
moieties. Of course much work is needed in other systems to confirm that this could
be the case.
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4 Highly nuclear-spin-polarized deuterium atoms
from the UV photodissociation of deuterium iodide.
4.1 Introduction
It has been shown that photodissociation of hydrogen halides with laser sources can
produce highly polarized H atoms1,2,3,4,5. First, the photodissociation process polarizes
the electron spin, up to 100% (for photofragment velocities parallel to the propagation
direction of the circularly-polarized dissociation laser light).6 Subsequently, due to the
hyperfine interaction, the polarization oscillates back and forth between the electronic
and the nuclear spin on the 1 ns timescale. By terminating this polarization exchange
appropriately, for example by ionizing the atom, one can isolate the polarization in the
electronic or nuclear spin.
This pulsed production of hyperpolarized H, is here extended to the production of hyperpolarized D atoms that can be used to study polarized D fusion reactions at high
density, with much larger signals than conventional beam methods. The D atoms can
be used to produce pulsed ion beams, allowing the possibility of measuring polarized
fusion reaction cross sections over a large energy range. The pulsed production can
also be combined with Inertial Confinement Fusion (ICF), where fusion is induced by
an intense short laser pulse.7 The photolysis and fusion pulses can be timed so that the
D nuclei are maximally polarized when fusion occurs; such a combination can offer a
straightforward method for measuring the effect of polarization in the D reactions, at
densities close to 1018 cm−3, and at collision energies of ∼ 10 keV.
Theoretical calculations of the photofragment polarizations, over a range of UV photodissociation energies, have been performed for nearly all the hydrogen halides:
HF/DF 8, HCl/DCl9, HBr10, and HI/DI11. At least two competing dissociation mechanisms occur: excitation to a dissociative state followed by adiabatic dissociation producing hydrogen atoms with spin-down electrons, or excitation to another dissociative
state followed by adiabatic dissociation producing hydrogen atoms with spin-up electrons (also non adiabatic transitions between dissociative states can change the H at78

∼

om polarization). Therefore, depending on the contribution from each mechanism, the
hydrogen electronic spin polarization Pe can range from fully spin up (Pe=1) to fully
|
spin-down (Pe = −1), and anything in between,
including unpolarized (Pe=0). Calcu|
lations predict that Pe can take on values over this complete range, and depends
strongly on the photolysis energy, on the halide cofragment (F, Cl, Br, or I), and the
hydrogen isotope. For example, near maximal H polarizations (Pe = 1) are calculated
at some energies for photodissociation of the hydrogen halides HCl, HBr, and HI (of
which HCl and HBr have been measured at 193 nm1,3 ), and the deuterium halides DF
and DI (which have not been measured previously). Here we determine the polarization of the D and I photofragments from the photodissociation of DI molecules at 270
nm, demonstrating a source of highly-polarized-high-density D atoms.
Nuclear-spin-polarized D atoms are important for the study of numerous nuclear reactions12. For example, controlling the nuclear spin polarization in fusion reactions offers important advantages, such as larger reaction cross sections, control over the
emission direction of products, and in some cases suppressing unwanted neutron
emission.13,14 For the reactions D + T → n + 4He and D + 3He →p + 4He, it is well
known that the cross sections increase by ⁓50% when the nuclei have oriented nuclear
spins.14,15 However, the experimental inability to produce Spin-Polarized Deuterium
(SPD) in sufficient quantity has not allowed the realization of polarized fusion in a
plasma. This lack of SPD has left the three most important questions of polarized fusion unanswered:14
(1) Does the nuclear polarization survive the plasma long enough to benefit fusion?
Theoretical calculations16,17 indicate that it likely does, however, experimental
demonstration is lacking (although proposals for such demonstration have been made
recently18,19).
(2) What is the polarization dependence of the D-D fusion reaction? Over the last 30
years, several theoretical predictions, from 10 to 100 keV, range from enhancement,
suppression, or no effect on reactivity20,21,22,23,24,25, leaving a longstanding need for
experimental resolution.
(3) Assuming (1) is positive, can sufficient SPD be produced for a nuclear reactor,
⁓1021 s-1 ?3 For current methods, either the SPD production rate or polarization is too
low. For example large-scale magnetic (Stern-Gerlach) separators are limited to pro79

duction rates of ⁓ 1017 atoms s-1,3 and polarized solid deuterium targets are produced
where densities reach ⁓3 x 1019spins/ cm3, but at a low polarization26 of ⁓10% .
In this Chapter, we demonstrate the production of SPD from the photodissociation
of
∼
deuterium iodide, which can offer sufficient SPD densities∼and production rates to
help answer open questions (1-3). Magnetic separation methods require low beam
densities to avoid collisions on the ms timescale of the separation process, which limits densities to 1012 cm−1 .3 In contrast, the DI photodissociation method requires
only 1.6 ns (the D-atom hyperfine-beating time) to polarize the D nuclear spin, which
is 106 times faster than magnetic separation, allowing densities larger by a similar factor, of order 1018 cm−3. In addition, one photodissociating photon produces one SPD
nucleus; industrial scale kW UV lasers can therefore achieve SPD production rates of
at least 1021 s−1. Below we discuss how SPD pulsed densities of 1018 cm−3 can be
combined with pulsed laser fusion to study D-T, D-3He, and D-D polarized reactions.

4.2 Experimental
The experiments are performed using a molecular beam set-up, to facilitate polarization sensitive detection. We measure the spin polarization of the iodine atoms via a
Resonance-Enhanced Multiphoton Ionization (REMPI) scheme and infer the deuterium polarization by angular momentum conservation; past experiments of direct
measurements of hydrogen spin polarization give excellent agreement with indirect
detection.19,5,27,28
The experimental set-up has been explained in detail in Chapter 1 and elsewhere.29,30
Briefly, deuterium iodide is mixed with He in a 50% ratio and expanded into the
chamber via a pulsed nozzle. The molecular beam is intersected at right angles 50 mm
∼
downstream by the focused photolysis and probe laser beams. The resulting ion
sphere is focused by a single ion lens on a gated position sensitive detector, thus performing velocity map imaging. 31
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4.3 Results

Figure 4.1 shows an image of the D ions produced by dissociation of DI at 270 nm and

243 nm in coincidence with I(2P3/2) and I(2P1/2) (henceforth denoted as I and I*, respectively). The D photofragments are ionized via 2+1 REMPI at 243 nm. From inner
to outer, the four rings correspond to dissociation channels:
(1) DI + 270 nm → D + I* (vD = 7242 m/s),
(2) DI + 243 nm → D + I* (vD = 10184 m/s),
(3) DI+270 nm → D+I (vD =12032 m/s), and
(4) DI + 243 nm → D+I (vD = 13880 m/s),
where vD is the velocity of the D atoms. Without the probe field at 243 nm, only
channels (1) and (3) are present.

3

Figure 4.1: a) Sliced ion image of the deuterium ions produced by the DI photodissociation. The
photolysis and ionization lasers counterpropagate along the 90 - 270o direction, while the direction of their
linear polarization is marked by the arrows. b) Angular distribution of the ions corresponding to DI+270nm
→ D+I(2P3/2)(points) and fit with Eq. 3 (orange solid line).
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Channel (1) is accessed by a parallel transition to the α 3 Π0+ state, and does not yield

SPD:
𝐷𝐼 (𝛺𝛼 = 0) → 𝐷(𝑚𝑆 = ±1/2) + 𝐼 ∗ (𝑚𝐽 = ±1/2) (1)
Channel (3) is accessed by a perpendicular transition to the A1Π1 state, and yields
SPD:
𝐷𝐼 (𝛺𝛼 = ±1) → 𝐷(𝑚𝑆 = ±1/2) + 𝐼(𝑚𝐽 = ±3/2) (2)
Circularly polarized photolysis light σ+ excites the ΩA =+1 state (or σ− excites the ΩA=
-1 ), only for photofragment recoil direction 𝑢̂ parallel to the propagation direction 𝑘̂
(θvk = 0; see Figure 4.2). Otherwise, a coherent superposition of the two ΩA = ±1
states is excited and SPD polarization falls as ˆv · kˆ = cosθvk . This loss in polarization
can be minimized by aligning the DI bonds using a strong nonresonant laser pulse 32,33,
along 𝑘̂ just before photodissociation, which also eliminates the unwanted unpolarized D+I* channel (1).

Figure 4.2: The angular momentum projection ΩΑ=+1 is prepared from the DI = 0 ground state, using ±
circularly polarized photolysis light, and is distributed to the angular momentum projections of the photofragments after photodissociation.

The angular distribution of the polarized photofragments along the quantization axis
can be expressed as an even expansion of Legendre polynomials 32,34 up to the fourth
order:
I(θ)/I0 = 1 + β2P2(cosθ) + β4P4(cosθ) (3)
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where Pn(x) is the nth-order Legendre polynomial. Fig. 4.1b depicts the angular distribution of the deuterium ions correlated with the production of I atoms at 270 nm, as
well as a fit using Eq. 3, for which β2 = β and

β4 = 0. The value of the spatial-

anisotropy β parameter extracted by this fit is β = -0.98±0.03, corresponding to an almost purely perpendicular transition, in agreement with theoretical predictions 11 .
Figure 4.3a-e show sliced ion images of I atoms produced by DI+270 nm → D + I
and detected via the 2P3/2 →→4P1/2 REMPI transition at 303.6 nm. The intensities of
the 6 ns dissociation and ionization laser pulses were ⁓1 and ⁓ 0.5 mJ, respectively,
and both were focused with f = 30 cm lenses. In Fig. 4.3a, both the photolysis and the
ionization laser pulses are right-circularly polarized (RCP); the angular distribution is
strongly anisotropic, with most of the photofragments recoiling preferentially along
the propagation direction of the laser beams. For Figure 4.3b, the photolysis laser has
opposite helicity: left-circularly polarized (LCP), and we see a very big change in the
angular distribution, as it is nearly isotropic. The ratio of the total intensities of the
images in Figure 4.3(a and b ) is I0(RR)/I0(LR) = 1.8 ± 0.2. Together, these measurements show that the I atoms are strongly polarized. Figures 4.3c-e show images using
linearly polarized photolysis and ionization lasers, aligned in the geometries (XX),
(XZ), and (ZX), respectively.
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Figure 4.3: Sliced ion image of I ions produced with the polarizations of the photolysis laser
(λ=270 nm) and the ionization laser (λ=303.6 nm) being a) both right circularly polarized (RCP),
b)left circularly polarized (LCP) and RCP c) both linearly polarized parallel to the image plane
X d) linearly polarized along X, and linearly polarized perpendicular to the image plane Z e) linearly polarized along Z, and linearly polarized along X.

The measured β are consistent with those of the dissociation mechanism predicted at a
significantly higher energy, 47.000 cm−1.11 However, at lower energies, the dissociation is predicted to switch to excitation and adiabatic dissociation via the a 3Π1 state,
producing mJ (I) = +1/2 and mS(D) =+1/2

11

; the energy of this mechanism switch,

predicted between 37.000-44.000 cm−1, is strongly model dependent.35 Our results at
37.000 cm−1 do not show this mechanism switch, indicating that the dissociation
models may need to be modified.
Highly polarized D, and likely T, can be produced by deuterium and tritium halide
photodissociation, respectively, using ps photodissociation and ionization lasers (DI
photodissociation is saturated by 5 mJ/pulse 270 nm, focused to 100 μm). Highly polarized 3He can be produced by spin-exchange optical pumping. 36,37 Subsequently,
using the conditions described above, laser fusion of D-T or D-3He will give neutron
or proton reaction products with angular distributions of the form α + sin2θ about the
spin quantization axis5 (where a = 0 for fully polarized spins; for D polarization
pz=0.55 and pzz=0
3

38

, α ⁓1 for reaction with T polarization of pz= 0.95, and a ⁓2 for

He with pz=0.7639 ). Such large spatial anisotropy contrasts can determine whether

spin polarization survives laser plasma (question 1). In addition, the neutron products
will be spin polarized5 and can be measured with neutron polarimeters.40 Finally, polarized D-D reaction cross sections can be measured by comparing (in a single laser
shot) the ratios of the total signal and angular distributions of the D-D and D-T (or D3

He) reaction products, for the cases of polarized, and unpolarized, reactants (question

2).
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5 Appendix A: Publications
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6 Appendix B: Ion Images of CH3Br
Methyl Ion Images

Figure: CH3+ ion images for excitations 1-6.
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Figure: CH3+ ion images for excitations 7-10.
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Bromine Ion Images

Figure: Br+ ions for excitations no.1,3,4,5.

92

Figure: Br+ ions for excitations no.7,8,9,10.
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7 Appendix C
CHMethyl
3I Ion Slice Images and Photoelectron Images
Ion Images for excitations no.1-4c

Figure 7.1
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Methyl Ion Images for Excitations no.1,2,3,4a-c
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Methyl Ion Images for excitations no.6-9,11-12
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Figure 7.2
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Methyl Ion Images for Excitations no.6,7,8,9,11,12
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Iodine Ion Images for excitations no.1-4c
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Figure 7.3 Iodine

Ion Images for Excitations no.1,2,3,4a-c
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Figure 7.4
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Iodine Ion Images for Excitations no.6,7,8,9

97

10

11

12

Figure 7.5

Iodine Ion Images for Excitations no.10,11,12
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Photoelectron Images

Photoelectron Images for excitations no.1-3,4a-c
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Figure 7.6 Photoelectron Images for excitations no.1,2,3,4a-c
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We report the production of highly spin-polarized Deuterium atoms via photodissociation of deuterium iodide at 270 nm. The velocity distribution of both the deuterium and iodine photodissociation products is performed via velocity mapping slice-imaging. Additionally, the angular momentum
polarization of the iodine products is studied using polarization-sensitive ionization schemes. The
results are consistent with excitation of the A1 Π1 state followed by adiabatic dissociation. The
process produces ∼100% electronically polarized deuterium atoms at the time of dissociation, which
is then converted to ∼ 60% nuclear D polarization after ∼ 1.6 ns. These production times for
hyperpolarized deuterium allow collision-limited densities of ∼ 1018 cm−3 , which is ∼ 106 times
higher than conventional (Stern-Gerlach separation) methods. We discuss how such high-density
hyperpolarized deuterium atoms can be combined with laser fusion to measure polarized D-D fusion
cross sections.
PACS numbers: 33.80.Gj, 32.10.Fn

Controlling the nuclear spin polarization in fusion reactions offers important advantages, such as larger reaction
cross sections, control over the emission direction of products, and in some cases eliminating hazardous neutron
emission [1, 2]. In the case of the five-nucleon reactions
D + T → n + 4 He and D + 3 He → p + 4 He, it is well
known that the reaction cross section increases by ∼50%
when the fused nuclei have oriented nuclear spins [3, 4].
For the 4-nucleon D+D reaction, over the important
energy range of 10-100 keV, the situation is unclear, since
several predictions range from enhancement of the reaction, suppression of the reaction, or almost no effect
at all [5–10]. The technical challenges of measuring fusion polarization dynamics limits the number of experiments which pursue this direction to two facility-scale experiments [11]. These experiments achieve nuclear spin
polarization by magnetically separating the nuclear spin
states via the Stern-Gerlach effect in molecular beams, a
process however which limits the achievable production
rates to ∼ 1016 atoms s−1 [2], and the projected D-D
fusion reaction rate to as low as ∼0.01 neutrons s−1 [12].
Polarized solid deuterium targets can be produced where
the densities can reach as high as 2.5 × 1019 spins/cm3 ,
albeit in much lower polarization close to 10% [13]. Another approach for the production of polarized sold fuel
involves accumulating the hyperpolarized deuterium in
specially coated storage cells [11].
Laser photodissociation of hydrogen halides has been
shown to produce highly polarized H atoms [14–17]. The
photodissociation process initially polarizes the electron
spin up to 100% (for photofragment velocities parallel
to the propagation direction of the circularly-polarized

dissociation laser) [18]; due to the hyperfine interaction,
the polarization oscillates back and forth between the
electronic and the nuclear spin on the ∼1-ns timescale.
By terminating this polarization exchange appropriately,
for example by ionizing the atom, one can isolate the
polarization on the electronic or nuclear spin. This ultrafast production mechanism allows the production of
spin-polarized H atoms at densities many orders of magnitude higher than the traditional Stern-Gerlach spinseparation method. This pulsed production of hyperpolarized H, if also extended to the production of hyperpolarized D atoms, can be used to study polarized D fusion
reactions at high density, with much larger signals than
conventional beam methods. The D atoms can be used
to produce pulsed ion beams, allowing the possibility of
measuring polarized fusion reaction cross sections over a
large energy range. The pulsed production can also be
combined with Inertial Confinement Fusion (ICF), where
fusion is induced by an intense short laser pulse. The
photolysis and fusion pulses can be timed so that the D
nuclei is maximally polarized when fusion occurs; such a
combination can offer a straightforward method for measuring the effect of polarization in the D reactions, in densities close to 1018 cm−3 , at collision energies of ∼ 10−50
keV.
Theoretical calculations of the photofragment polarizations (over a range of UV photodissociation energies) have been performed for nearly all the hydrogen
halides: HF/DF [19], HCl/DCl [20], HBr [21], and
HI/DI [22]. At least two competing dissociation mechanisms occur: excitation to a dissociative state followed
by adiabatic dissociation producing hydrogen atoms with
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spin-down electrons, excitation to another dissociative
state followed by adiabatic dissociation producing hydrogen atoms with spin-up electrons (also nonadiabatic
transitions between dissociative states can change the Hatom polarization). Therefore, depending on the contribution from each mechanism, the hydrogen electronic
spin polarization Pe can range from fully spin up (Pe =1)
to fully spin-down (Pe =-1), and anything in between,
including unpolarized (Pe =0). Calculations predict that
Pe can take values over this complete range, and depends
strongly on the photolysis energy, on the halide cofragment (X=F,Cl,Br, or I), and the hydrogen isotope (H or
D). For example, near maximal H polarizations (|Pe | =
1) are calculated at some energies for photodissociation
of the hydrogen halides HCl, HBr, and HI (of which HCl
and HBr have been measured at 193 nm [14, 15]), and
the deuterium halides DF and DI (which have not been
measured previously). Here we measure the polarization
of the D and I photofragments from the photodissociation
of DI molecules at 270 nm, with the goal of demonstrating a source of highly polarized high-density D atoms.
The experiments are performed using a molecular
beam set-up, to facilitate polarization sensitive detection. We measure the spin polarization of the iodine
atoms via a Resonance-Enhanced Multiphoton Ionisation
(REMPI) scheme and infer the deuterium polarization by
angular momentum conservation; past experiments of direct measurements of hydrogen spin polarization [16, 17]
give excellent agreement with indirect detection. Measuring directly the spin polarization in hydrogen (or deuterium) atoms, usually requires the use of Vacuum-UltraViolet (VUV) sources [16, 17, 23]. Non VUV detection
of spin polarized hydrogen has been reported, but using laser-induced fluorescence (LIF) detection and not
REMPI [24].
The experimental set-up has been explained in detail
elsewhere [25, 26]. Briefly, deuterium iodide is mixed
with He in a 50% ratio and expanded into the chamber via a pulsed nozzle, giving a molecule flux is ∼ 1017
molecules/s. The molecular beam is intersected at right
angles roughly 50 cm downstream by the focused photolysis and probe laser beams. The resulting ion sphere is
focused by a single ion lens on a gated position sensitive
detector , thus performing velocity map imaging. [27].
In Fig. 1 we see a characteristic image of the D ions
produced by dissociation of DI and subsequent ionisation
of the D photofragments via 2+1 REMPI at 243.16 nm.
From inner to outer, the rings are assigned as: (1) DI +
270 nm → D + I*(2 P1/2 ) (vD = 7242 m/s), (2) DI + 243
nm → D + I*(2 P1/2 ) (vD = 10184 m/s), (3) DI+270 nm
→ D+I(2 P3/2 ) (vD = 12032 m/s), and (4) DI + 243 nm
→ D+I(2 P3/2 ) (vD = 13880 m/s), where vD is the measured velocity of the D atoms. Notice that the deuterium
atoms correlated to the production of I* atoms (two inner
rings) have completely different angular distributions to
those correlated to the production of I atoms (two outer

FIG. 1: a) Sliced ion image of the deuterium ions produced by
the DI photodissociation. The direction of propagation of the photolysis laser is along the 90 − 270o direction and opposite for the
ionisation laser, while the direction of their linear polarization is
marked by the arrows. b) Angular distribution of the ions corresponding to DI + 270nm → D + I(2P 3/2) (points) and fit with
Eq. 3 (orange line).

rings), which in combination with the high velocity of
the photoproducts leads to their spatial separation in a
few ns assuming a laser focus of several tens of µm. Note
that the ions produced by 243 nm dissociation are not
produced when laser detection is not used.
The angular distribution of the polarized photofragments can be expressed as an even expansion of Legendre
polynomials [28–30] up to the fourth order:
I(θ)/I0 = 1 + β2 P2 (cosθ) + β4 P4 (cosθ)

(1)

where Pn (x) is the nth-order Legendre polynomial. In
Fig.1.b we see the angular distribution of the deuterium
ions corresponding to the production of I(2 P3/2 ) atoms at
270 nm, as well as a fit using Eq.1. In this case, as there
is no detection sensitivity to the D-atom spin, β2 = β and
β4 = 0. The value of the spatial-anisotropy β parameter
extracted by this fit is β = −0.98±0.03, corresponding to
an almost purely perpendicular transition, in agreement
with theoretical predictions [22].
The total intensity I0 of the iodine photofragments,
and the β2 coefficient, describing the angular distribution, are expressed in terms of the spatial anisotropy β
(1)
and a linear combination of the aq (p) parameters [31]:
i
√
β  (1)
s1 h
(1)
1−
a0 (⊥) + 2Re[a1 ])
(2)
I0 = 1 +
3
2
√
i βo
1 n 2s1 h
β  (1)
2
(1)
β2 =
1−
a0 (⊥)−
Re[a1 ]) −
(3)
I0 3
2
2
2
where s1 is the sensitivity factor of the REMPI transi√
(1)
tion to the aq (p) parameters,
given by s1 = − 3hG(1) i
√
for RCP and s1 = + 3hG(1) i for LCP probe light, and
hG(1) i ≈ 0.400 is the time-averaged k=1 hyperfine depolarization coefficient due to the iodine nuclear spin (I =
5/2). Thus, the only way that the intensity I0 and the
β2 can differ upon reversal of the probe (or photodissociation) laser polarization helicity, is for the iodine atoms
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FIG. 2: a) Sliced ion image of I ions produced with both the
photolysis and ionisation lasers right circularly polarized (RCP)
b) Sliced ion image of I ions produced the ionisation laser RCP
and the photolysis laser left circularly polarized (LCP) c) Sliced
ion image with the photolysis and the ionisation lasers linearly
polarized parallel to the image plane (X) d) Sliced ion image with
the photolysis laser linearly polarized along X, and the ionisation
laser linearly polarized perpendicular to the image plane (Z) e)
Sliced ion image with the photolysis laser linearly polarized along
Z, and the ionisation laser linearly polarized along X.

FIG. 3: Results for the parameter for the D and I(2 P3/2 ) atoms
from the photodissociation of DI at 270 nm, and the I(2 P3/2 )
(k)

polarization parameters aq (p), which give hmj (I)i ≈ 1.5 and
hms (D)i ≈ −0.5. Error bars are 2σ confidence intervals, and the
grey bars give the allowed range of the parameters. Theoretical predictions [23] are given for energies of 47,000 cm−1 (red diamonds)
and 37,000 cm−1 (grey circles).

(1)

to be polarized (i.e. the aq (p) parameters are not zero).
(1)
The a0 (⊥) parameter is proportional to the j projecp
(1)
tion hmj (I)i = j(j + 1)a0 (⊥), with j=3/2, while the
(1)
Re[a1 ] parameter is related to interference from multiple dissociating states accessed by parallel and perpendicular transitions.
In Figs 2a and 2b we see two sliced ion images of iodine atoms produced by the DI+270 nm → D + I(2 P3/2 )
and detected via the 2 P3/2 →→4 P1/2 REMPI transition
at 303.6 nm. In Fig.2a, both the photolysis and the ionisation lasers are right-circularly polarized (RCP); the
angular distribution is strongly anisotropic, with most
of the photofragments recoiling preferentially along the
propagation direction of the laser beams. For Fig.2b,
the photolysis laser has opposite helicity: left-circularly
polarized (LCP), and we see a very big change in the
angular distribution, as it is nearly isotropic. The ratio
of the total intensities of the images in Figs.3a and 3b is
I0 (RR)/I0 (LR) = 1.8 ± 0.2.
Figures 2c-e show images using linearly polarized photolysis and ionization laser light, aligned in the geometries (XX), (XZ), and (ZX), respectively (see Fig.2 for details). The β2 anisotropy parameter of the corresponding
geometries (determined from fitting the angular distribu(2)
(2)
tions using Eq. 1) can be related to the β, a0 and a2
parameters as:

β2XX


√ (2)
(2)
5a0 (⊥) − 4 6a2 (⊥)


=
√ (2)
(2)
1 − s52 a0 (⊥) + 2 6a2 (⊥)
β+

s2
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(4)

β2XZ

√


(2)
6a2 (⊥)


=
√ (2)
(2)
1 − s22 a0 (⊥) + 6a2 (⊥)
β+

β2ZX =

s2
3



s2
2



(2)

a0 (⊥) +


√ (2)
(2)
3a0 (⊥) + 6a2 (⊥)
√ (2)
1 − s32 6a2 (⊥)

(5)

(6)

where s2 = (−5/4)hG(2) i, and hG(2) i ≈ 0.233 is the average k=2 hyperfine depolarization coefficient. Fitting images in the geometries shown in Fig.2c-e with equations 4(2)
(2)
6 yields the a0 (⊥) and a2 (⊥) polarization parameters;
(2)
the a0 (⊥) gives an independent measure of hmj (I)i, as
(2)

3m (I)2

(2)

j
−1i, and a2 (⊥) gives the interference
a0 (⊥) = h j(j+1)
between perpendicular transitions excited with opposite
helicity.
In Fig.3 we present graphically the fitted values of the
β parameter, for the D and I(2 P3/2 ) photofragments from
the photodissociation of DI at 270 nm, as well as the
(k)
aq (p) parameters for I(2 P3/2 ), along with the corresponding values of hmj (I)i and the inferred D-atom electron spin-projection hms (D)i = 1 − hmj (I)i. The gray
histograms represent the physical ranges of these param(1)
(2)
eters. The value of each of the a0 (⊥) and a0 (⊥) parameters is maximal, meaning that hmj (I)i = 1.5 is also
maximal, constraining the D photofragment electron spin
polarization to be maximally polarized in the opposite direction, hms (D)i = −0.5 [22], as shown in Fig. 4. These
m-state values are explained by excitation of the A1 Π1
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polarized, and the nuclear spin is unpolarized. The electron spin polarization is transferred to the nuclear spin
and back, with a period of ∼3.2 ns. An interesting aspect
of these dynamics is that there exist times (for example
around 1.6 and 4.8 ns) where the electron spin polarization is opposite to the initial one, albeit with a much
smaller value. At the same times, the spin projection of
the D nucleus reaches a value of 60%.
FIG. 4: Angular momentum projection of Ω=+1 is prepared for
the DI molecules from the circularly polarized photolysis beam,
and is distributed to the angular momentum projections of the
photofragments after

state at 270 nm, followed by adiabatic dissociation:
DI(ΩA = ±1) → D(ms = ∓1/2) + I(mj = ±3/2) (7)
The measured β and polarization parameters are
consistent with those of the dissociation mechanism predicted at a significantly higher energy, ∼
47, 000 cm−1 [22]. However, at lower energies, the dissociation is predicted to switch to excitation and adiabatic
dissociation via the a3 Π1 state, producing mj (I) = +1/2
and ms (D) = +1/2 [22]; the energy of this mechanism
switch is strongly model dependent. Our measurements
here at ∼ 37, 000 cm−1 do not observe this mechanism
switch, indicating that the dissociation models may need
to be modified.
We note that Eq. 7 applies exactly only for photofragment recoil direction v̂ parallel to the photolysis polarization direction k̂ ; the photofragment polarization falls
as v̂ · k̂ = cosθvk . This loss in polarization can be minimized by preferentially aligning the HX bonds along k̂
just before photodissociation, using nonresonant molecular alignment with a strong laser pulse [32–34].
The photodissociation process initially polarizes the
electron spin S leaving the nuclear spin I initially unpolarized. The D atoms are found in a coherent superposition of the total angular momentum states |F, MF i,
defined by the coupling F= S + I, which are the eigenstates of the system. Therefore, the system evolves in
time, transferring the polarization of the electron spin
to the nuclear spin, and back [35]. Such a polarization
transfer has been experimentally demonstrated in several cases [36, 37]. Here, the polarization transfer can be
quantified [38] using Eqs. 3-6 in Ref. [39], giving:
16
∆E
sin2 (
t)
27
2~
1 16
∆E
mj (I) = − sin2 (
t)
2 27
2~
ms (D) =

(8a)
(8b)

where ∆E = 327.37M Hz is the hyperfine splitting in
the deuterium atom [40]. We show the polarization dependence of the D electron and nuclear spin, by plotting
Eqs. 8a and 8b in Fig.5. At t=0, the electron spin is fully

FIG. 5: Evolution of the spin projection expectation values of the
electron (dashed line), the nucleus (thin solid line) and sum (thick
solid line) due to the hyperfine interaction.

The main depolarizer of the D atoms will be the
halogen-atom cofragment, here I(2 P3/2 ). Thermal spinexchange rates of H/D with halogen atoms are not available, but are of order 10−9 cm3 s−1 for collisions with alkali atoms [41]. Using this rate, maximal densities of
∼ 1018 cm−3 of spin-polarized D atoms can be produced
over the needed time of 1 ns. However, for the photodissociation of DF near 193 nm, it is predicted that both the
D and the F(2 P3/2 ) cofragment will have the same polarization: hms (D)i = hmj (F )i = 0.5; there is even the
possibility of polarizing the F(2 P3/2 ) further via infrared
excitation of the DF before photodissociation [35–39]. As
all colliding species will have similar polarizations, the
depolarization rate of D atoms should be significantly reduced, and perhaps densities of greater than ∼ 1018 cm−3
spin-polarized D atoms can be produced.
Calculations using modified MEDUSA code [42] have
shown that the irradiation of 1018 cm−3 spin-polarized
D atoms with a 6 kJ (with λ ∼ 1 µm), 1 ps laser
pulse [43, 44], focused to 10 µm, will heat the resulting
ions to average collision (thermal) energies of ∼10 keV,
producing ∼100 neutrons/pulse from D-D fusion reactions. Past experiments have demonstrated a neutron
production in excess of 106 per pulse using a 62 J, 1 ps
laser pulse, focused to 20 µm, and D2 gas densities of up
to ∼ 1020 cm−3 [45]. These results show that the study
of D-D fusion with high signals is possible, using highdensity polarized D atoms and laser-initiated fusion.
The experimental work was conducted at the Ultraviolet Laser Facility at FORTH-IESL, supported in part
by the EC H2020 project LASERLAB-EUROPE (Grant
Agreement No. 654148), and the European Research
Council (ERC) Grant TRICEPS (GA No. 207542).
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Multiphoton Rydberg and valence dynamics of
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imaging†
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The multiphoton dynamics of CH3Br were probed by Mass Resolved MultiPhoton Ionization (MR-MPI),
Slice Imaging and Photoelectron Imaging in the two-photon excitation region of 66 000 to 80 000 cm 1.
Slice images of the CH3+ and Br+ photoproducts of ten two-photon resonant transitions to np and nd
Rydberg states of the parent molecule were recorded. CH3+ ions dominate the mass spectra. Kinetic
energy release spectra (KERs) were derived from slice and photoelectron images and anisotropy
parameters were extracted from the angular distributions of the ions to identify the processes and the
dynamics involved. At all wavelengths we observe three-photon excitations, via the two-photon resonant
transitions to molecular Rydberg states, forming metastable, superexcited (CH3Br#) states which dissociate
to form CH3 Rydberg states (CH3**) along with Br/Br*. A correlation between the parent Rydberg states
Received 12th April 2018,
Accepted 6th June 2018
DOI: 10.1039/c8cp02350f

excited and CH3** formed is evident. For the three highest excitation energies used, the CH3Br#
metastable states also generate high kinetic energy fragments of CH3(X) and Br/Br*. In addition for two
out of these three wavelengths we also measure one-photon photolysis of CH3Br in the A band forming
CH3(X) in various vibrational modes and bromine atoms in the ground (Br) and spin–orbit excited (Br*)
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states.

I. Introduction
The methyl halides play an important role in the chemistry of
the atmosphere.1–4 Although far less abundant than methyl
chloride in the stratosphere, methyl bromide is found to be
much more efficient in ozone depletion.4 Furthermore, bromocarbons are known to have a high global warming potential.5 This
has triggered a considerable interest in the spectroscopy3,6–11 and
photofragmentation dynamics11–19 of methyl bromide over the last
few decades. Additionally, the molecule is a simple prototype of a
halogen-containing organic molecule for fundamental studies of
photodissociation and photoionization involving formation of the
cornerstone fragment CH3.15,18,20
Photofragmentation studies of methyl bromide can be classified
into two groups. One group focuses on the characterization
of photofragments CH3 + Br(2P3/2)/Br*(2P1/2) resulting from
a
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photodissociation in the A band13–15,18,21–23 whereas the other
group concerns the involvement of higher energy Rydberg
and ion-pair states (‘‘the Rydberg state region’’).11,16,17,19,20 In
the first group, single-wavelength excitation studies (193 and
222 nm,12,23 205 nm,13 213 and 230 nm,15,24 and 216 nm15) as well
as wavelength range excitations (215–251 nm14 and 240–280 nm22)
have been performed by the use of time-of-flight12,22 and
imaging13–15,23,24 techniques. In the second group the emphasis
has been on the involvement of Rydberg and ion-pair states in
photodissociation processes to form ion pairs.11,16,17,20 Photoionization studies are focused on the lowest energies of the ion
and its breakdown.11,25,26 Multiphoton dissociation studies
focus on excitations to the lowest Rydberg states (5s) of the
molecule.19 The energetics of methyl bromide (CH3Br) in the
Rydberg state region have been studied quite thoroughly to map
the Rydberg state structure of the molecule both by absorption
spectroscopy7 and by Resonance Enhanced MultiPhoton Ionization (REMPI),11,20 as well as theoretically.27
Recently we have been exploring the eﬀect of state interactions within the Rydberg state region on photofragmentation
processes for the hydrogen halides.28–33 These studies have revealed
effect of Rydberg to valence as well as Rydberg to Rydberg state
interactions on both the photodissociation and photoionization
mechanisms within the molecules on a rotational and vibrational
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energy level basis. We now expand this approach to polyatomic
molecules, starting with methyl bromide (CH3Br). In this paper we
present (1) Mass-Resolved MultiPhoton Ionization (MR-MPI) for
both Resonance Enhanced MPI (REMPI) and Non-Resonant MPI,
(2) slice imaging and (3) photoelectron imaging data for excitation
of CH3Br involving two-photon resonant excitation to np and nd
Rydberg states of the molecule for the two-photon wavenumber
region of 66 000–80 000 cm 1 by a one-color excitation scheme.
Despite the use of two-photon resonances, three-photon excitations followed by dissociations to form Rydberg states of CH3 are
found to dominate the dynamics. For the three highest energy
excitations an additional three-photon channel opens, generating
translationally hot CH3(X) and Br/Br* and for two of these three
excitations one-photon processes are also observed. These results
are discussed in view of previous work on the low and high energy
excited state dynamics of CH3Br.

II. Experimental

PCCP

Rydberg states and m refers to the number of additional
photons needed to generate the observed ions) and spectral
assignments for CH3Br have been reported in ref. 20 and 11.
The (2 + m) REMPI spectrum for CH3+ ion detection from
ref. 11 for the two-photon resonant excitation region of
66 000–80 000 cm 1 is reproduced in Fig. 1 along with mass
spectra for selected molecular Rydberg state resonances normalized
to the CH3+ signal intensity. All the mass spectra show the CH3+ ion
mass signal (I(CH3+)) to be the strongest and the signal intensities
to vary as, CH3+ 4 CH2+ 4 CH+ 4 (Br+, CBr+). The relative ion
intensities, I(M+)/I(CH3+), for M+ = CH2+, CH+ and Br+ are found to
vary with wavenumber and to reach maxima as the wavenumber
values get closer to the ion-pair threshold (CH3+ + Br ; Fig. 1b).
Closer inspection of the REMPI spectra shows that these have two
major contributions, an underlying continuum, gradually increasing with excitation wavenumber and superimposed REMPI peaks.
The latter are due to transitions to discrete quantum levels and,
therefore, by definition, involve resonant transitions (i.e. REMPI).
They correspond to two-photon resonant transitions to the parent

The Velocity Map Imaging (VMI)/Slicing setup used in this work
has been described in detail before.34,35 Hence, only a brief
description will be given here. A supersonic molecular beam,
typically a mixture of 20% CH3Br in He, was formed by expansion
through a home-made piezoelectrically-actuated nozzle valve (+
1 mm orifice) and skimmed (+ 1.5 mm, Beam Dynamics) prior to
entering the interaction region of a slice imaging setup. A stagnation pressure of P0 B 1 bar was used. A photolysis/photofragment
ionization laser beam was focused (f = 30 cm) on the geometric
focal point of a single-electrode repeller-extractor plate arrangement
where it intersected the collimated molecular beam at right
angles. The laser beam (typically 1.5 mJ per pulse) was generated
by a pulsed Nd3+:YAG laser (Spectra Physics Quanta Ray Pro 250)
pumping a master oscillator–power oscillator system (Spectra
Physics MOPO 730-10) set at the appropriate wavelength.
For the slicing experiments, reported here, the repeller is
pulsed ON at the appropriate time delay (B300 ns) following
the photolysis/ionization. The charged photofragments traverse
a field-free time-of-flight region (45 cm) and a gated, positionsensitive detector (dual, imaging-quality Micro-Channel Plates
(MCP) array coupled to a phosphor screen) images the center
slice of the photofragment sphere. The image frame is recorded
asynchronously every second (B10 laser shots) by a ChargeCoupled Device (CCD) camera and several thousand frames are
averaged to form images. Each final image is integrated from
its center over angle to extract the speed and over radius to
extract the angular distributions of the corresponding fragments. For photoelectrons, the repeller is negatively charged
and both the repeller electrode and the detector are not gated
(i.e. they are always ON).

III. Results and analysis
A.

Mass resolved MPI

(2 + m) as well as (3 + m) REMPI spectra (where 2 and 3 refer to
the number of photons for resonant excitation to CH3Br

17424 | Phys. Chem. Chem. Phys., 2018, 20, 17423--17433

Fig. 1 Mass Resolved (MR) MPI for CH3Br: (a) CH3+ signal (MPI spectrum)
for the two-photon wavenumber range of 66 000–80 000 cm 1 and
CH3Br Rydberg state (CH3Br**) assignments. Separation of the spectrum
into resonant and non-resonant contributions is indicated. The numbers of
slice images recorded are indicated (see Table 1). (b) Mass spectra of
selected CH3Br Rydberg state resonances. Signals for masses larger than
78 amu have been expanded by a factor of 2.5.
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molecular Rydberg states as an initial excitation11,20 prior to further
excitation/dissociation/ionization processes (i.e. (2 + m) REMPI).
The continuum, on the other hand, involves transitions to nonquantized energy levels, i.e. non-resonant transitions (Fig. 1a), of
which initial one-photon transitions to repulsive molecular valence
states are the most likely.14,15,22 Such transitions are followed by
dissociation (i.e. one-photon photodissociation) to form CH3 in the
ground electronic state (X) and bromine atoms in their ground
(Br(2P3/2), henceforth denoted Br) or spin–orbit excited (Br(2P1/2),
henceforth denoted Br*) states, which are subsequently ionized by
(non-resonant) multiphoton ionization (MPI). From now on these
two contributions will be referred to as resonant and non-resonant
contributions to the MPI spectrum, respectively.

B.

Slice images and kinetic energy release spectra (KERs)

CH3+. CH3+ ion slice images (Fig. 2) were recorded for MPI of
CH3Br corresponding to (2 + m) REMPI for resonant excitation
to a total of ten molecular Rydberg states (with np and nd
Rydberg electron configurations and diﬀerent vibrational
states), converging to both spin–orbit components of the
ground ionic states X(2P3/2) and X*(2P1/2) in the two-photon
excitation region of 66 000–80 000 cm 1 (see Table 1). Kinetic
energy release spectra (KERs) were derived from the images (see
Fig. 3). Two major spectral components could be identified
from the images/KERs corresponding to the non-resonant and
resonant contributions mentioned above. Large non-resonant contributions are observed at two of the highest energy two-photon
resonant excitations only (77 165 cm 1 and 79 610 cm 1; transitions no. 8 and 10 in Table 1). The non-resonant MPI spectral
contributions (see Fig. 1a) appear as clear rings in the images/sharp
peaks in the KERs (Fig. 2 and 3) as to be expected for direct nonresonant photodissociation processes (see further discussion in
Section IV.B). Very small non-resonant spectral contributions
were also observed for the excitations 75 905 cm 1 (7) and
78 370/78 401 cm 1 (9). The MPI spectral contributions (Fig. 1a)
due to the resonant transitions are observed for all the data as
broad ‘‘underlying’’ KER spectral structures peaking at low KER
as to be expected for resonance excitations followed by delayed
dissociation processes (see further discussion in Section IV.A.
Vibrational structure is exhibited for the lowest four energy
excitations (66 019–68 684 cm 1) (Fig. 3).
The non-resonant contributions observed can be assigned to
the stepwise processes,
CH3Br + 1hn - CH3Br*;

Fig. 2 CH3+ slice images and the corresponding kinetic energy release
spectra (KERs) for excitation numbers 2 (a), 5 (b), 8 (c) and 10 (d) (see
Table 1). The image intensity scale has been adjusted to show all major
features. The KERs are normalized to the strongest peak in each spectrum.
The laser polarization is indicated by the double arrow in panel (a).

non-resonant transition

(1a)

CH3Br* - CH3(X; v1v2v3v4) + Br/Br*; dissociation

(1b)

CH3(X; v1v2v3v4) + 3hn - CH3+ + e ;

(1c)

photoionization

where CH3(X; v1v2v3v4) refers to the ground electronic state of
CH3(X) and vibrational levels v1,v2,v3,v4 and Br/Br* refer to the
ground (Br) and spin–orbit excited (Br*) states of bromine,
respectively. Since the kinetic energy release by the CH3+ ions

Table 1 Velocity map images for CH3+ and Br+ and the corresponding photoelectron images recorded for (2 + m) REMPI of CH3Br via resonant
excitation to specified molecular Rydberg states

Image no. CH3Br Rydberg states; [Oc]nl; o,(v1v2v3)a

One-photon excitation/nm Two-photon excitation/cm

1
2
3
4
5
6
7
8
9
10

302.943
300.738
297.287
291.188
274.059
269.364
263.487
259.185
255.199, 255.099
251.225

[3/2]5p; 0, (000)
[3/2]5p; 0, (001)
[3/2]5p; 0, (010)
[1/2]5p; 0, (000)
[3/2]4d; 0, (000)
[3/2]4d; 0, (010)
[3/2]6p; 0, (000)/[3/2]4d; 0, (100)/[1/2]4d; 0, (001)b
[3/2]6p; 0, (010)b
[1/2]6p; 0, (000)/[3/2]5d; 0, (000)
[3/2]7p; 0, (000)

66 019c
66 503d
67 275d
68 684c
72 977c
74 249d
75 905c
77 165d
78 370c, 78 401c
79 610c

1

CH3 Rydberg states detected
3p;
3p;
3p;
3p;
3d;
3d;
4p;
4p;
4p;
4p;

2

A2
A2
2
A2
2
A2
2 2
E/ A1
2 2
E/ A1
2
A2, 3d;
2
A2, 3d;
2
A2, 3d;
2
A2, 3d;
2

2

E/2A1
E/2A1
2 2
E/ A1, 4f; 2E
2 2
E/ A1
2

a
[Oc]: total angular momentum quantum number for the core ion. n: principal quantum number for the Rydberg electron. l: Rydberg electron
orbital (p,d). o: total angular momentum quantum number for the Rydberg electron. (v1, v2, v3): vibrational quantum numbers referring to
vibrational modes, n1 (symmetric stretch), n2 (umbrella) and n3 (C–Br stretch). b Spectral overlap. c Ref. 20. d Ref. 11.
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Fig. 3 CH3+ kinetic energy release spectra (KERs) derived from images
no. 1–10 (see Table 1 and Fig. 1a). The spectra are normalized to the height
of the lowest KER spectra contributions, corresponding to resonant
contributions (see main text) in each spectrum. The spectra are plotted
as a function of a relative scale D(1hn)*f (CH3) (a) and D(3hn)*f (CH3)
(for CH379Br) (b) (see explanation in main text) and tilted to the right (i.e.
plotted vertically). Common energy thresholds (energy maxima) for the
formation of CH3(X, v1v2v3v4) + Br/Br* after non-resonant one-photon
photodissociation of CH3Br are indicated in (a). Common energy thresholds (energy maxima) for the formation of CH3**(Ry, v1v2v3v4) + Br/Br*
after three-photon photodissociation of CH3Br via resonant excitation to
CH3Br Rydberg states are indicated in (b).

formed is determined by the initial step (1a) it is convenient to
compare the corresponding KERs contributions on a relative
one-photon energy scale (D(1hn) = 1hni 1hn0, where n0 and ni
are one-photon excitation frequencies of a reference spectrum
(n0) and a spectrum i (ni) for n0 4 ni) weighted by the mass ratio
factor for CH3, f (CH3) = m( jBr)/m(CH3 jBr) ( j = 79, 81), to take
account of the conservation of momentum. Thus, spectral peaks due
to the formation of the same species/thresholds, CH3(X; v1v2v3v4) +
Br/Br*, will match. This has been carried out in Fig. 3a, which shows
the KERs shifted by the weighted one-photon energy difference
(D(1hn)*f (CH3)) where the ‘‘zero kinetic energy released’’ for
the two-photon excitation to the [3/2]7p; 0, (000) CH3Br Rydberg
state (image/KER no. 10/79 610 cm 1; see Table 1) has been set
to zero (reference spectrum). Thresholds corresponding to the
‘‘maximum possible kinetic energy released’’ for formation
of the various CH3(X; v1v2v3v4) species (along with Br/Br*) are
also marked in Fig. 3a. All sharp peaks observed in spectrum

17426 | Phys. Chem. Chem. Phys., 2018, 20, 17423--17433
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no. 8/77 165 cm 1 are found to match peaks in no. 10/79 610 cm 1.
Some overlap of the peaks is observed in spectrum no. 10/
79 610 cm 1. The peaks observed in the region of D(1hn)*f (CH3) =
1.6 to 0.0 eV are due to excitations of CH3Br(X) in its ground
vibrational state, whereas those of D(1hn)*f (CH3) o 1.6 eV are
due to excitations of vibrationally excited CH3Br(X) molecules
(‘‘hot bands’’). We assign the peaks at about D(1hn)*f (CH3) =
1.49 eV (Fig. 3a), both in spectra no. 8 and 10 and at about
D(1hn)*f (CH3) = 1.13 eV in no. 10 to the formation of a
vibrationally excited CH3(X) in the out-of-plane bending
(umbrella) mode (v2 = 1), i.e. CH3(X; 0100) along with Br and
Br*, respectively. The peaks at about D(1hn)*f (CH3) = 1.27 eV
(Fig. 3a), both in spectra no. 8 and 10 are due to the formation
of a vibrationally excited CH3(X) in stretching modes (v1 = 1
and/or v3 = 1), i.e. CH3(X; 1000) and/or CH3(X; 0010), along
with Br.
Comparison of the KERs of the resonant contributions as
well as analysis of the corresponding photoelectron spectra
(PES, see below) reveals that the kinetic energy released by the
CH3+ ions is determined by a dissociation after an initial threephoton excitation step. Therefore, in Fig. 3b, the corresponding
KER spectra are compared on a weighted relative three-photon
energy scale (D(3hn)*f (CH3); D(3hn) = 3hni
3hn0). Furthermore, analysis of the PES (see below) suggests that electrons
are released by one-photon ionization of Rydberg states of CH3
(CH3**). We, therefore, propose that the overall excitation process
involves formation of CH3** along with Br/Br* by three-photon
photodissociation (two photons to an intermediate Rydberg state
(see Table 1) plus one additional photon to reach one or more
‘‘superexcited’’ repulsive state denoted here as CH3Br#) followed by
one-photon ionization of CH3** to form CH3+ as follows,
CH3Br + 2hn - CH3Br**(Ry; v1v2v3); resonant transition (2a)
CH3Br**(Ry; v1v2v3) + 1hn - CH3Br#; photoexcitation

(2b)

CH3Br# - CH3** + Br/Br*;

dissociation

(2c)

CH3** + 1hn - CH3+ + e ;

photoionization

(2d)

where CH3Br**(Ry; v1v2v3) represents vibrational levels v1, v2, v3 of a
parent molecular Rydberg state and CH3Br# represents one or more
superexcited state.
The vibrational structure with a progression frequency
corresponding to about 1300 cm 1 observed for the lowest
excitation KERs (no. 1–4; Fig. 3) resembles that to be expected
for transitions to vibrational levels of a CH3** Rydberg state of
an out of plane/umbrella mode.36,37 The position of the thresholds for CH3**(3p2A2) + Br/Br* formation following the threephoton excitation process (Fig. 3b; see also text above) in the
tail of the KER spectra on the high energy side of the vibrational
structure, as well as analysis of the corresponding photoelectron spectra (see below) suggests that the vibrational structure
corresponds to the formation of CH3**(3p2A2; v1v2v3v4) for
varying quantum levels of the out-of-plane bending mode (v2).
Structure analysis of the four lowest excitation energy KER
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Fig. 5 Br+ (black, above) and CH3+ (grey, below) kinetic energy release
spectra (KERs) as a function of total kinetic energy released. Common
energy thresholds for the formation of CH3(X, v1v2v3v4) + Br/Br* after nonresonant one-photon photodissociation of CH3Br are indicated.
Fig. 4 Br+ kinetic energy release spectra (KERs) derived from images
no. 1, 3–5, and 7–10 (see Table 1 and Fig. 1a). The spectra are normalized
to the height of the lowest KER spectra contributions, corresponding to
resonant contributions (see main text) in each spectrum. The spectra are
plotted as a function of a relative scale D(3hn)*f (Br) (for CH379Br) (see
explanation in main text of Section IV) and tilted to the right (i.e. plotted
vertically). Common energy thresholds for the formation of CH3**(Ry,
v1v2v3v4) + Br/Br* as well as CH3(X, v1v2v3v4) + Br/Br* after three-photon
photodissociation of CH3Br via resonant excitation to CH3Br Rydberg
states are indicated.

spectra in the two-photon region of 66 019–68 684 cm 1 revealed the
vibrational constants oe = 1311  5 cm 1 and oexe = 11  1 cm 1
for the out-of-plane (n2) vibrational mode of CH3**(3p2A2). This is to
be compared with the vibrational wavenumber value of 1323 cm 1
reported for CH3**(3p2A2) in NIST.36,37
Br+. Br+ ion slice images were recorded following CH3Br
resonance excitations to Rydberg states in the two-photon
excitation region of 66 000–80 000 cm 1 listed in Table 1 (except
for no. 2/66 503 and no. 6/74 249 cm 1). KERs were derived
from the images (see Fig. 4). All the KERs exhibit a broad
spectral structure peaking at low kinetic energies in the region
of about 0.2 eV KER. The peak shifts to lower KER as the
excitation energy increases. An additional broad peak is present
at around 1 eV KER for the excitations no. 8/77 165 cm 1,
no. 9/78 370 cm 1 and no. 10/79 610 cm 1 spectra (Fig. 4). For
the no. 10/79 610 cm 1 spectrum there is also a sharp peak at
about 0.27 eV KER.
We attribute the sharp peak in the no. 10/79 610 cm 1 KER
spectrum to the non-resonant contribution producing Br
ground state along with CH3(X; v1v2v3v4) by one-photon dissociation, i.e.
CH3Br + 1hn - CH3Br*;

non-resonant transition

(3a)

CH3Br* - CH3(X; v1v2v3v4) + Br;

dissociation

(3b)

Br + 3hn - Br+ + e ;

photoionization

(3c)

This journal is © the Owner Societies 2018

Comparison of the total KERs (see Fig. 5) derived from the no.
10 images of Br+ and CH3+ shows a sharp peak for Br to match
the strongest sharp peak for CH3, which corresponds to the
formation of CH3 with one quantum in the umbrella mode
(CH3(X; 0100)).
The broad low kinetic energy peak present in all KERs
(Fig. 4) fits energetically the production of Br/Br* along with
CH3** Rydberg states (channels (2a)–(2c)). As discussed for CH3
this is a three-photon process in two steps: First CH3Br is
excited resonantly with two photons (channel 2a) to a Rydberg state
(Table 1), which subsequently absorbs an additional photon towards
a superexcited CH3Br# state (or states; 2b) dissociating to CH3** +
Br/Br*. The broad, high kinetic energy contribution, only seen in the
no. 8/77 165 cm 1, no. 9/78 370 cm 1 and no. 10/79 610 cm 1 spectra
(Fig. 4), on the other hand, is due to Br/Br* formed along with
CH3(X, v1v2v3v4) after a three-photon photodissociation process
via the molecular Rydberg states ((2a) and (2b)). In both cases,
Br+ is subsequently generated by three-photon-MPI of Br/Br*.
Relevant energy thresholds for these two processes are shown in
Fig. 4 along with the KERs plotted on a D(3hn)*f (Br) scale.
C.

Angular distributions

CH3+. Significant variations in angular distributions are
observed for the CH3+ ions depending on the rings/channels
involved (see Fig. 2). Signals associated with the resonant
excitations mostly display shapes corresponding to parallel or
isotropic distributions, whereas those due to the non-resonant
excitations are found to display shapes corresponding to both
parallel and perpendicular transitions. In an attempt to quantify the anisotropy of the rings, angular distributions, in the
form of signal intensities as a function of the angle from 0 to
1801, derived from the images, were fitted by the simplified
expression corresponding to a one-step photodissociation,28
P(y) = A[1 + b2P2(cos(y)) + b4P4(cos(y))]

(4)

where P2 and P4 are the second and fourth order Legendre
polynomials and b2 and b4 are the corresponding anisotropy
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parameters. A is a scaling factor. The b2 parameter, which can
be in the range between +2 (purely parallel transition) and
1 (purely perpendicular transition), can then be related to the
overall transition symmetry and the corresponding dynamics.
The b4 parameter is usually associated with vector correlation
eﬀects, however considering the complexity of the processes
involved (see eqn (1)–(3) above) it is unrealistic to interpret
them in this way here, where it is better viewed simply as a
fitting parameter. b2 parameters derived for the various KERs
features can be found in the ESI.† 38
Fig. 6a shows b2 values plotted for the various rings detected
in images no. 8 and 10 (see Table 1) for the non-resonant
process. These are shown along with the corresponding KERs
plotted on a relative one-photon energy scale. A reasonably
good agreement is found between the parameter values derived
from the rings/KERs peaks of both images (no. 8 and 10) which
have been assigned to common channels (see above), which

Fig. 6 (a) Eﬀective anisotropy parameters b2 extracted from CH3+ images
no. 8 (red dots) and 10 (blue dots) (see Table 1) as a function of the kinetic
energy released (eV) along with the corresponding KER spectra plotted
on a relative energy scale (D(1hn)*f (CH3)) (see main text). Common
energy thresholds for one-photon photodissociation processes to form
CH3(X; v1v2v3v4) + Br/Br* labelled by (v1v2v3v4) are indicated. ‘‘Hot bands’’:
see Fig. 3a. (b) Eﬀective anisotropy parameters b2 extracted from CH3+
(grey dots) and Br+ (red dots) images as a function of two-photon resonant
excitations to CH3Br Rydberg states along with the corresponding CH3+
REMPI spectrum. Image numbers are indicated (see Table 1).
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further supports the validity of the assignments. The b2’s range
from a value near +2, corresponding to a purely parallel transition for the CH3(X; 0100) + Br* intermediates, to a negative
value of about 0.2 corresponding to a significant contribution of a perpendicular transition for CH3(X; 0100) + Br.
Positive values of b2 in the range of +0.8 to +1.6 obtained for
CH3(X; 1000/0010) + Br and high KER hot bands which form
CH3(X; v1v2v3v4) + Br suggest dominating parallel transitions
mixed with some character of perpendicular transitions. Since
the ion formation mechanism involves a simple one-photon
photodissociation step, the anisotropy will be largely determined by the symmetry change of the initial photoexcitation
step from the ground state of CH3Br(X; v1v2v3) to the repulsive
valence states 3Q1, 3Q0 and 1Q1 which correlate with
CH3(X; v1v2v3v4) + Br/Br*.22 Considering symmetry alterations
in possible transitions and the known shape of the potential
energy surfaces involved22 the following initial photoexcitation
processes are proposed:
(i) Formation of CH3(X; 0100) + Br*, where CH3 is vibrationally excited by one quantum in the out-of-plane bending mode
(n2), mainly occurs by a parallel transition to the 3Q0 state
followed by a dissociation on the same (i.e. the diabatic)
potential curve.
(ii) Formation of CH3(X; 1000/0010) + Br, where CH3 is
vibrationally excited by one quantum in a stretching mode
(n1 and/or n3), occurs largely by a parallel transition to the
3
Q0 state followed by a curve crossing, i.e. a dissociation on the
adiabatic potential curve.
(iii) Formation of CH3(X; 0100) + Br, where CH3 is vibrationally excited by one quantum in the out-of-plane bending mode
(n2), occurs to a significant extent by perpendicular transitions
to the 3Q1 and/or 1Q1 states followed by a dissociation on the
same/diabatic potential curve.
(iv) Formation of CH3(X; v1v2v3v4) + Br from vibrationally
excited CH3Br(X; v1v2v3) largely occurs by a parallel transition to
the 3Q0 state followed by a dissociation on the adiabatic
potential curve.
Since the resonant contributions to the CH3+ images and
KERs mostly involve three-photon excitations via molecular
Rydberg states prior to dissociation to form CH3** Rydberg
states (channel (2)) the anisotropy of the images will depend on
the two-photon resonant step as well as the one-photon dissociation step and possible mixing of states involved. Therefore, it cannot be easily interpreted. We observe a trend (Fig. 6b,
grey dots) of decreasing b2 parameter (more perpendicular
contribution) with increasing excitation energy. A correlation
with the symmetry of the parent Rydberg state seems to exist:
transitions through 5p and 4d Rydberg states of CH3Br generate
CH3+ with rather parallel distributions (b2 ranging between 1.3
and 0.7) whereas 6p and 7p Rydberg states of CH3Br generate
CH3+ with almost isotropic distributions.
Br+. Br+ images associated with the resonant excitations,
both low and high KER components (see above), mostly display
shapes corresponding to parallel transitions with positive
values of b2. Fig. 6b (red dots) shows the b2 values derived for
the broad low KER peaks of the resonant transitions along with
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the corresponding values for the CH3+ signals. Comparison of
the b2 parameters of the signals for Br+ and CH3+ reveals some
correlation (common trend and analogous values of b2)
between the signals. This is to be expected for fragments
formed by the same channel, prior to ionization, as proposed
for CH3** and Br/Br* (see eqn (2a)–(2c) above). Although close
in value they are not identical; this can be attributed to the
existence of some additional smaller contributions affecting
the CH3+ and Br+ distributions, such as dissociation of CH3+
(we do observe CH2+, CH+ and C+ ions as minor channels;
discussion of these results will be dealt with in a separate
publication).
The no. 10 excitation Br+ signal due to the non-resonant
transition cannot be separated from the underlying resonant
contribution of the same KER (B0.27 eV) which makes up
about 2/3 of the signal (Fig. 4 and 5). The total signal however,
is found to display a close to isotropic shape (Fig. 2d) with b2 of
about +0.24, suggesting that the non-resonant part of it (1/3 of
the total) is significantly perpendicular in nature. This matches
the observed angular distribution (and b2 = 0.2) of the
signal for CH3+ due to the formation of the corresponding
CH3(X, 0100) fragment which we believe to be the major
fragment produced along with Br prior to ionization (see above
and Fig. 5).
C.

Photoelectron spectra (PES)

Images of photoelectrons were recorded for the excitations
listed in Table 1. No negative ions were found to be present in the time-of-flight KER distributions (Fig. 7) derived
from the images. It is convenient to compare the photoelectron
spectra with respect to the non-resonant contributions on
a relative three-photon energy scale (D(3hn)*f (e); D(3hn) =
3hn0
3hni; f (e) = m(CH3+)/m(CH3) B 1; see text above for
comparison and definitions) and those with respect to the
resonant contributions on a relative one-photon energy scale
(D(1hn) = 1hn0 1hni).
Fig. 7a shows the photoelectron spectra plotted on the
relative one-photon energy scale, where the zero kinetic energy
release of no. 10/79 610 cm 1 has been set to zero (reference
spectrum). Thresholds corresponding to ionization of specific
CH3** states (formed along with Br/Br*) line up in the plot. One
photoelectron peak dominates the four lowest energy excitations (i.e. images/KERs no. 1–4; Table 1) which match in Fig. 7a.
The peaks correspond to the formation of the CH3** (3p2A2)
Rydberg state. These PES correspond to the images/KERs which
show vibrational structures (see above). Small satellite peaks
close by are indicative of vibrational excitations and hot bands
as shown in Fig. 7b for excitation no. 4. The next two excitations
(no. 5 and 6) generate photoelectron peaks that shift to higher
energy but also match each other, corresponding to one-photon
ionization of the CH3** (3d2E) and/or CH3** (3d2A1) states,
that lie close in energy. Finally, excitations no. 7–10 exhibit
several photoelectron peaks corresponding to ionization of
different CH3 Rydberg states (3p2A2, 3d2E, 3d2A1, 4p2A2) as
listed in Table 1. The PES structures of no. 8/77 165 and no. 10/
79 610 cm 1, which correspond to significant non-resonant

This journal is © the Owner Societies 2018

Fig. 7 Photoelectron spectra (PES), (a) derived from images no. 1–10 (see
Table 1), plotted as a function of a relative energy scale D(1hn) (see
explanation in the main text) and tilted to the right (i.e. plotted vertically).
Common energy thresholds (energy maxima) for ionization of Rydberg
states of CH3 (CH3**(Ry)) after its formation along with Br/Br* by threephoton photodissociation of CH3Br are indicated. The inset shows detail of
the PES no. (8) at high energy with thresholds for ionization of CH3(X;
v1v2v3v4) and its formation along with Br/Br*. (b) For image no. 4 plotted as
a function of the relative kinetic energy released (eV) tilted to the right (i.e.
plotted vertically). Energy thresholds (energy maxima) for specific onephoton ionization processes of CH3**(3p2A2; v1v2v3v4) states to form
CH3+(X; v1v2v3v4), after its formation along with Br/Br* by three-photon
photodissociation of CH3Br, are indicated by (v1v2v3v4) numbers. Assignments of ionization processes with respect to changes in vibrational
quantum numbers (Dvi) are shown, furthest to the right.

contributions, are less clear. However, there are some indications of ionization/formation of CH3(X; v1v2v3v4) species based
on weak high kinetic energy electron peaks as shown by the
inserted figure expansion for no. 8 in Fig. 7a.
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IV. Discussion
As noted in the previous section, REMPI, slice and photoelectron imaging data converge on the existence of two major
pathways when CH3Br is excited at wavenumbers corresponding to two-photon transitions to reach rovibrational levels
of molecular Rydberg states in the 66 000 to 80 000 cm 1 region:
(a) two-photon-resonant transitions, followed by one-photon
photolysis to give CH3(X)/CH3** + Br/Br* and (b) non-resonant,
one-photon photolysis towards CH3(X) + Br/Br*. These two
pathways will now be discussed.
A.

Resonant processes

The results relevant to the resonant spectra contributions, as
presented above, can be interpreted as being due to dissociations on excited state potential energy surfaces to form (a)
Rydberg states of CH3 (CH3**) along with Br/Br* or (b) ground
state CH3(X) along with Br/Br* prior to ionization of either CH3
or Br. This occurs after a total of three-photon excitation to
metastable superexcited molecular states (CH3Br#) via twophoton accessible Rydberg states (Fig. 8). Formation of
CH3(X) directly following the two-photon resonant excitation
(i.e. by predissociation of the resonance-excited molecular

PCCP

Rydberg states) was not detected. Whereas a minor contribution of such a channel cannot be ruled out, the results suggest
that its probability is low.
In the case of the metastable molecular state(s) (CH3Br#),
prior to a dissociation the excess energy can be redistributed
among the molecule’s internal degrees of freedom to form
fragments of relatively low translational energy but high internal (ro-vibrational) energy, typically appearing as broad KER
spectral peaks for the CH3 and Br fragments. The relatively low
KER, broad spectral structures of the KERs observed for the
resonant contributions suggests that step (2b) involves such a
mechanism. The CH3Br# state(s), being higher in energy than
the ionization limit, is (are) most likely one or more superexcited state(s) belonging to a Rydberg series converging to an
excited ionic state (i.e. CH3Br# = [CH3Br+*]nl;o). This involves a
one-photon excitation within the ion core of the resonant
Rydberg state (CH3Br** = [CH3Br+]nl;o) to make an overall
two-electron transfer to form CH3Br#.
Looking at a summary of the CH3** Rydberg states detected
(Table 1) there seems to be a correlation between the formation
of CH3**(Ry) and excitations to CH3Br**(Ry) with respect to the
Rydberg electron orbital symmetries (l quantum numbers).
Thus, the 3p Rydberg state of CH3 (CH3**(3p2A2)) is primarily

Fig. 8 Schematic energy diagrams for excitation processes of CH3Br leading to CH3+ (a) and Br+ (b) formation showing calculated potential energies as
a function of the CH3–Br bond distance18,27 as well as relevant energy thresholds and transitions. Red vertical arrows correspond to the two-photon
resonant transition of 66 019 cm 1 (excitation no. 1) and blue vertical arrows correspond to the two-photon resonant transition 79 610 cm 1 (excitation
no. 10) (see Table 1). Broken arrows indicate paths of photodissociation processes as marked in boxes (see main text). The two-photon resonance
scanning region is indicated by grey shaded boxes. The one-photon absorption spectrum3,9 is tilted to the right (i.e. plotted vertically) in figure (a).
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formed via excitation to the 5p Rydberg state of CH3Br and the
3d Rydberg state(s) of CH3 (CH3**(3d2E; 3d2A1)) is (are) largely
formed via excitation to the 4d Rydberg state of CH3Br. This
must be associated with a conservation of momentum during
the combined process of one-photon excitation of CH3Br** to
CH3Br# and its dissociation on an excited state potential surface to form CH3** and Br/Br*. Furthermore, an increasing
number and changing proportion of CH3** states are formed as
the excitation energy increases (Table 1 and Fig. 7a). This must
be associated with an opening of an increasing number of
channels to form CH3** + Br/Br* and/or changes in transition
probabilities along diﬀerent surfaces as the energy increases.
The disappearance of the vibrational structure assigned to the
CH3**(3p2A2) state (see Section III.B) for excitation energies
beyond that for no. 4 (Fig. 3) is a further indication of an
increasing contribution of CH3** states and overlapping vibrational structures.
Whereas, no multiphoton dissociation studies for resonant
excitations via p and d Rydberg states of CH3Br exist in the
literature, Wang et al. have reported studies of excitations via
lower energy 5s Rydberg states.19 Images and corresponding
KERs for CH3+ are found to show comparable structures to
those reported here, appearing as broad peaks with vibrational
structures at low KERs and sharp peaks at medium high kinetic
energies. These observations, however, are interpreted diﬀerently as being due to photodissociation of the parent molecular
ions CH3Br+(X) to form CH3+(X) along with Br* and Br, respectively. Furthermore, rings/sharp KER peaks observed at still
higher KERs are proposed to be due to two-photon resonant
photodissociations to form CH3(X) along with Br and Br*.
B.

Non-resonant processes

The results relevant to the non-resonant contributions, as
presented above, can be interpreted as being due to onephoton excitations to repulsive electronic valence states
(CH3Br*) followed by dissociation. This agrees with the
observed increase in the corresponding spectral continuum
with photon energy (Fig. 1a) in accordance with an increasing
absorption (i.e. one-photon) cross section in the excitation
region (see Fig. 8).3,9 Relatively large signals appearing as rings
in the images/sharp KERs peaks, due to the non-resonant
contributions were seen for the excitations which show relatively large underlying non-resonant contributions in the
REMPI spectra (see Fig. 1a), i.e. in images/KERs no. 8 and 10
for CH3+ (Fig. 3) and in no. 10 for Br+ (Fig. 4).
Photodissociation studies in the first continuum absorption
band (A band) of CH3Br have been performed by a number of
groups.13–15,21–24 The reported value for b2 of 1.9  0.1 for
CH3(X; 0100) formation along with Br* for 251.00 nm
excitation22 agrees with our value (1.9) for the corresponding
fragment formation for 251.28 nm one-photon excitation (no.
10/79 610 cm 1) and the value for b2 of 0.2  0.2 for CH3(X;
0100) along with Br for 251.00 nm excitation22 is of an intermediate size analogous to our values of 0.15 and 0.24 for the
corresponding fragment formation derived for the 259.23 (no.
8/77 165 cm 1) and 251.28 nm (no. 10/79 610 cm 1) excitations,
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respectively. Furthermore, our upper limit value of b2 = +0.24,
largely due to the formation of Br along with CH3(X; 0100) (see
Section III.C) for 251.28 nm one-photon excitation can be
compared with the values of about zero for excitations in the
region of 251–278 nm.22 Thus, the formation of CH3(X) in the
out-of-plane bending mode along with Br is found to display
isotropic to perpendicular fragment angular distributions,
whereas its formation along with Br* displays a parallel angular
distribution. This is in agreement with previous observations
and has been shown to be consistent with a strong nonadiabatic coupling between spin–orbit states of the parent
molecule.22

V. Summary and conclusions
CH3+ and Br+ ion slice images as well as photoelectron velocity
map images were recorded for multiphoton excitation of CH3Br
at ten wavelengths involving two-photon – resonant transitions
to np and nd vibrational levels of molecular Rydberg states
(CH3Br**(Ry; v1v2v3)) between 66 000 and 80 000 cm 1 (Table 1).
At all wavelengths CH3+ is the majority of the ion signal (Fig. 1).
Kinetic energy release spectra (KERs) as well as angular distributions and relevant fit parameters (b2 and b4) were derived
from the ion slice images. Photoelectron spectra were derived
from the photoelectron images.
The majority of the photoelectrons formed are due to onephoton ionization of diﬀerent Rydberg states of methyl photofragments (CH3**). These states are formed by two-photonresonant excitation to an np or nd vibrational levels of parent
Rydberg states followed by one-photon excitation to metastable,
superexcited molecular states (CH3Br#) which then dissociate
towards CH3**(Ry; v1v2v3v4) + Br/Br*. This contribution dominates all but two excitation wavelengths used in this work. A
correlation is found between the angular momentum quantum
numbers (l) of the resonantly excited molecular Rydberg states,
CH3Br** and the CH3 Rydberg states formed.
For the highest excitation energies, two additional channels
are found to be present. The first channel is a dissociation of
the metastable, superexcited CH3Br# states towards CH3(X;
v1v2v3v4) + Br/Br* which generates fast CH3+ and Br+ ions. The
second channel is the formation of CH3(X; v1v2v3v4) + Br/Br*
assigned as a one-photon photolysis via the A band with
angular distributions of CH3 and Br/Br* fragments agreeing
well with the literature.
The results of this paper add to information relevant to the
energetics and fragmentation processes of the methyl halides.
It will hopefully render further theoretical interpretation of the
characteristic processes involved in the very interesting
dynamics observed here. Furthermore, the content of this
paper is of relevance to various intriguing fields. The observed
involvement of high energy superexcited molecular states in the
formation of halogen atom radicals and fragment ions and
electrons is of relevance to further understanding of atmospheric photochemistry as well as plasma chemistry/physics.
Selective photoexcitation to form the reactive electronically
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excited state of the CH3, as identified, could be of interest for
organic photosynthesis purposes.
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