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Abstract

The focus of my Ph.D. work is on two separate, but closely related experimental subjects.
The first involves the recording of mass resolved two-photon resonance enhanced
multiphoton ionization (REMPI) spectra of the hydrogen halides HBr and HI. The REMPI
spectra of both molecules reveal extensive perturbation effects; line-shifts, intensity
alterations, and line broadenings. These are colloquially referred to as LS-, LI-, and LW-
effects, respectively. Measuring these effects quantitatively and qualitatively allows data
extraction regarding state interactions (perturbations) between Rydberg and ion-pair states.
These interactions include fragmentation via repulsive valence states and subsequent
ionization of the fragments. The presence of hidden states is also deduced and they are
assigned based on observed perturbation effects.

Velocity map imaging (VMI) experiments are performed on HBr. Such experiments
measure the angular distributions of photofragmentations and the total kinetic energy
release of the imaged fragments. These experiments allow the roles of photofragment
channels in the photodissociation and photoionization to be deduced, where Rydberg and
ion-pair states act as intermediary states prior to ionization/fragmentation.

Utdrattur

Pungamidja doktorsverkefnis mins snerist um tvd adskilin en naskyld vidfangsefni. Hid
fyrra snyst um melingar & samhrifsstyrktum fjolljéseindajonunar (REMPI) réfum
vetnihalidanna HBr og HI. Skrdd rof beggja sameinda leiddu i ljos umtalsverd
truflunarahrif; linuhlidranir, breytingar & linustyrkjum og linuvikkanir. pessi ahrif eru til
styttingar kollud LS-, LI- og LW-ahrif. Ad mala pessi ahrif hlutbundid og eigindlega gerir
gagnasofnun vardandi vixlverkanir & milli Rydberg og jonparaastanda mogulega. bessar
vixlverkanir fela m.a. i sér ljéssundrun i gegnum frahrindandi astond og jénun
atdmbrotanna sem Ur peim myndast. Dulin astond eru somuleidis fundin i gegnum
truflanadhrif.

Hradavigurskortlagningar (VMI) eru framkvaemdar & HBr. Slikar tilraunir meela stefnu og
hreyfiorku jénadra atombrota. Med nidurstddum pessara tilrauna ma finna hvada
ljésbrotsferlar koma vid ségu i ljésrofnunar- og jonunarferlum sameindarinnar par sem
Rydberg og jonparadstond taka patt sem midbiksastond.
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Preface

This work is the accumulated work which | have done for the previous 4 years as a PhD
student at the University of Iceland. After starting in a M.Sc. program in January 2012, |
opted for an upgrade to a full doctorate during the summer of 2013. This upgrade was
accepted by the department of natural sciences in accordance with Article 2 of the
University of Iceland’s set of rules #642-2011. The law states that such an upgrade is
allowed only if the student has not has not defended his or her M. Sc. Thesis and not more
than two years have passed since the students inital registration. Since | met both of these
criteria, | was eligible for an upgrade to a full doctorate.

It should be noted that the work started out as a continuation of work which | did as a B.Sc.
student, as a part of my B.Sc. research project under the supervision of Prof. Agust Kvaran,
entitled “2D-REMPI of HBr: Study of singlet and triplet states and the ion-pair state”. In
the first months of my postgraduate research, | finished and polished some of the work
which | did as part of my B.Sc. project and is therefore justifiably a part of this thesis.
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Abbreviations

2D — Two dimensional

3D — Three dimensional

BBO — Beta Barium Borate (5-BaB,0,)
Br, — Molecular Bromine

C,Hsl — lodoethane

CCD - Charge Coupled Device
CCly — Tetrachloromethane

CFsl - Trifluoroiodomethane

CH — Methylidyne

CH;Br; — Dibromomethane

CH;l, — Diiodomethane

CH3Br — Bromoform / Bromomethane
CHjsl — lodoform / lodomethane
CH4 — Methane

CH,Br4_x — Bromomethane family
Cl, — Molecular Chlorine

CO - Carbon Monoxide

DBr — Deuterium Bromide

DCI — Deuterium Chloride

DF — Deuterium Fluoride

DI — Deuterium lodide

FCF — Franck-Condon Factor
HBr — Hydrogen Bromide

HCHO - Formaldehyde
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HCI — Hydrogen Chloride

HF — Hydrogen Fluoride

HI — Hydrogen lodide

I, — Molecular lodine

IBr — lodobromide / Bromoiodine
ICI — lodochloride / Chloroiodine
10 - lodooxide

LCAO - Linear Combination of Atomic Orbitals
LI — Line intensity

LS — Line Shift

LW — Line-width

MCP — Micro-channel Plate

MO — Molecular Orbital

0O, — Molecular Oxygen

O; - Ozone

PES — Potential Energy Surface
RDA — Retro-Diels-Alder

REMPI — Resonance Enhanced Multiphoton lonization
SFe — Sulfur Hexafluoride

SHG — Second Harmonic Generator
TOF — Time of Flight

VMI - Velocity Map Imaging

VUV — Vacuum Ultraviolet
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Glossary

Ab initio — Rigorous computational methods to calculate energies, configurations, potential
curves, etc. of molecules.

Anisotropy — Alignment dependent photofragmentations are often anisotropic, which
means they are direction dependent. This dependency originates from the symmetry of the
orbitals involved in the relevant photofragmentations.

Auger electron — Electrons emitted by the Auger effect, the effect where the filling of an
inner shell valency of an atom or molecule (inner relaxation event/s) is accompanied by the
emission of an electron.

Branching ratio — The ratio of the amounts of different products formed by molecular
dissociation. In this work, branching ratio usually refers to the ratio between the amounts
of spin-orbit excited halogen atoms vs ground state halogen atoms from repulsive states.

Dynamics — Classically, dynamics refer to the effects of force and/or torque upon the
motion of a system. In this thesis, dynamics refer to effects of the absorption of photons in
the process of excitation, ionization, and fragmentation.

Heavy Rydberg states — Heavy Rydberg states consist of a weakly bound positive and
negative ion orbiting a common center of mass. The bond strength is very low and the
resulting bond length is approximately 10° times larger than in a typical diatomic molecule.

Hund’s cases — Hund’s cases are idealized combinations of quantum numbers that are
considered good for a specific molecule. The designation of good quantum numbers
implies that they can be measured simultaneously. Hund’s cases, therefore, provide basis
sets that can be applied to the total Hamiltonian of that molecule to extract energies for
each set of good quantum numbers.

lonic states — The ground state and excited states of the molecular ion are commonly
referred to as ionic states.

lonization potential — The minimum energy required for a molecule to lose one of its
electrons and form the ground state of the molecular ion.

lon-pair state — An excited state of a covalently bound molecule described best as a pair
of ions. They are usually described in terms of an electron being excited from a bound
orbital to an antibonding orbital.

Perturbations — Interactions between excited states are commonly resolved with
perturbation theory which describes the interactions in terms of state mixing. Perturbations
are manifestations of the resultant state mixing and appear as line shifts, intensity
alterations and line broadenings in spectra.
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Potential energy curves — Potential energy curves give descriptions of how the atomic
nuclei in an electronic state of a molecule, move in tandem with one another. If the curve
exhibits a minimum the electronic state is a bound state. If the only minimum is found
when the internuclear distance approaches infinity, the state is a repulsive state.

Quantum theory — To accurately describe very small particles like electrons, protons, and
molecules, a theory beyond classical mechanics must be employed, namely quantum
theory. Quantum theory utilizes wave mechanics to describe electrons orbiting atoms and
molecules and gives results in the form of probabilities of finding electrons within orbitals
that are designated by quantum numbers.

Rovibrational coupling — Within every bound state of a molecule, both vibrational and
rotational sub-levels exist. The vibrational levels correspond to vibrations of the molecular
bond and within each vibrational level, there are rotational levels that are derived from the
rigid rotor model. Rovibrational coupling refers to when vibrations change the bond length
and hence the moment of inertia, which affects the rotational levels.

Rydberg state — A Rydberg state is an excited state of a molecule where an electron has
been excited from a non-bonding orbital to a higher Rydberg orbital associated with one of
the atoms in the molecule.

Selection rules — Selection rules govern which transition or perturbations are allowed. For
transitions they originate from the law of conservation of total momentum when a
molecule absorbs a photon. For perturbations they stem from the non-zero off-diagonal
matrix elements that arise from the total Hamiltonian of specific system.

Spin-orbit coupling — Spin-orbit refers to interactions between a particle’s spin and its
motions. The best known spin-orbit effect is when an electron’s spin interacts with the
magnetic field that is generated by the electron’s motion around an atom. E.g. the halogens
have five electrons in their valence p shell, where one electron is unpaired. The ground
state (X) corresponds to that electron having spin ‘up’. The spin-orbit excited state (X*)
corresponds to that electron having spin ‘down’.
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1 Introduction - A brief history of
hydrogen halides

The hydrogen halides are among the most meticulously studied diatomics in the field of
spectroscopy and ab initio calculations. As an example their UV photodissociations have
been studied for over a century.® 2 In recent decades, with the development of the resonance
enhanced multiphoton ionization (REMPI) and the velocity map imaging (VMI) techniques,
the hydrogen halides have proved to exhibit very interesting characteristics relevant to
photofragmentation pathways. These techniques, among other experimental approaches
have been used to record a vast body of knowledge of the inner electronic workings of these
molecules, including and not limited to electron configurations, perturbations of excited
states, rovibrational progressions of their molecular and ionic ground states, branching ratios
of photodissociations, etc.

The work of this thesis seeks to characterize and clarify some of the mysteries surrounding
the state interaction mechanisms of excited Rydberg and valence states in the heavier
hydrogen halides, HBr and HI, by implementing the REMPI and VMI techniques. What
follows in chapters 1.1 — 1.6 is a historical review of the spectroscopy of the hydrogen halides
and an overview of the work of this thesis is presented in chapter 1.7.

1.1 Pioneering experiments

The very first rotational band spectra belonging to the hydrogen halides were infrared spectra
of HCI and HBr published by W. Burmeister in 1913.% The initial impetus for the study of
the rotational spectra of such molecules was twofold. Firstly, these spectra provided
researchers with information relevant to the electronic structure of the molecule and hence,
its dynamics. Secondly, during this period, quantum theory was being fully realized and
these studies gave stimuli to find viable utilizations of some of quantum theory’s predictions.
One of these utilizations was the extension of quantum theory towards the study of rotational
energies of molecules.

Continued experimental results included the HCI infrared absorption curve, which was a
little later recorded with greater resolutions by E. Von Bahr* and J. B. Brinsmade & E. C.
Kemble,® respectively. The work was then extended to include HBr and HF by E. S. Imes,®
which included the first published rotational spectrum of HF. Subsequently, between the
years 1920 and 1935,* several papers were published on the rotational spectroscopy of the
hydrogen halides, many of which included an in-depth spectral analyses, yielding the first
measured molecular constants of the hydrogen halides.”*® This includes the very first

A 1t is noteworthy that during the quantum boom of the 1920’s and 1930’s, the German publications
Verhandlungen der Deutschen Physikalischen Gesellschaft and Zeitschrift fir Physik, were benchmarks for
young quantum physicists (and spectroscopists) to make their mark and included historical publications by
Heisenberg, Jordan, Pauli, Wigner and others. Hence, many of the referenced papers from this time period are
entirely in German.
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publication of the rotational spectrum of HI by M. Czerny.* The first band spectrum of
hydrogen halide cations was recorded in the ultra-violet for HCI* by B. A. Brice & F. A
Jenkins!® and was further developed in terms of detailed rovibrational assignments by M.
Kulp.2% 2

1.2 Antecedents of modern spectroscopy

During the 1930’s two monumental figures presented their work on the hydrogen halides.
First, the Nobel laureate R. S. Mullikan published several papers,?2® where he described
electron configurations of excited states, predicted ionization potentials, described the
properties of ion-pair states (initially theorized by another historic figure, L. Pauling?’),
calculated potential energy curves of excited states, explicitly applied perturbation theory to
molecular spectra, etc. Second, following the measured UV photodissociation of HBr and
HI1,%8-32 the first discrete absorption measurements of the neutral hydrogen halides were
performed by W. C. Price in 1938.3% He presented the very first absorption spectra of HCI,
HBr, and HI, in the ultra-violet part of the spectrum. These spectra showed clear correlations
with similar spectra of the alkyl halides, also recorded by W. C. Price.3* % In 1943, L. H.
Woods observed a many line emission spectrum from a hollow-cathode discharge with
hydrogen fluoride.®® Although the spectrum was not analyzed, she theorized that the
spectrum belonged to a 2% - 2IT transition in HF*, analogous to systems of HCI* and HBr*
that were previously described by F. Norling.3”-3 The first rotational lines of HI were
observed J. P. Cooley & J. H. Rohrbaugh in 1945% and in the late 1940’s, the work of J.
Romand & B. Vodar extended the previous spectroscopic studies of HCI, HBr, and HI to
include the Schumann region (120 — 185 nm) of the molecular ion where most of the
absorption stems from unresolved discrete transitions of highly excited states.**4

Over the next few decades absorption and emission spectroscopy of the hydrogen halides,
their deuterated counterparts as well as the cations, and anions were continually explored
with different levels of resolution.**5* Most of that work was co-authored by R. F. Barrow
who went on to become a chief editor of a complete six volume overview of molecular
spectroscopy.®® Notable publications by R. F. Barrow during this period include i) a detailed
survey of the ultraviolet spectra of HF, DF, and their cationic species with J. W. C. Johns,*®
49,52 the first description of the ion-pair states of HCI with J. K. Jacques®® and HBr with J.
G. Stamper,*® and a detailed spectroscopic survey along with detailed spectral analyses of
excited states in the Schumann region of HBr with J. G. Stamper.>* %

The ab initio calculation method, pioneered by Kolos & Wolniewicz, was first applied to the
calculation of energy levels of the Hydrogen molecule.®® Thusly, experimentalists received
a new weapon in their arsenal for spectral assignments, i.e. computational calculations based
on quantum mechanics. Indeed ab initio calculations have turned out to be of immeasurable
significance to the field of spectroscopy where the hydrogen halides are no exceptions with

varied computational techniques and approaches applied to HF %798 HC|,58.89.92,99-119 Ly 89,
92, 120-126 and H|.89’ 121, 126-136

1.3 Encompassing absorption measurements

The first in a series of papers coherently documenting and assigning the Rydberg and ion-
pair states of the hydrogen halides HCI,**” HBr,'*® and HI'* as well as their deuterated
counterparts were published in 1970 and 1971. Initially, studies were performed on the
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lowest lying bound Rydberg states b%IT; (i = 0, 1, 2) and CII1. Studying all three hydrogen
halides simultaneously allowed attested comparisons of their electronic behaviors i.e. the
differences between A, S couplings and Q, ® couplings. These comparisons revealed that
the heavier hydrogen halides HBr and especially HI, showed increasing tendencies towards
Hunds case ¢ behavior, rather than Hunds cases a and b.

These same authors continued their documentation of excited states of the hydrogen halides
for HCI,**® HBr!*! and HI'**2 and the deuterated counterparts. They did so with emphasis on
analyses of Rydberg states of (c?r®)npn Rydberg character, where n = 4 for HCl and DCI, n
=5 for HBr and DBr, and n = 6 for HI and DI. The exploration of Rydberg states at higher
energies, found that the appearance of state mixings and perturbation effects started to
become prevalent in the spectra. Thus, for example, the appearance of the f°As state in HI,
made observable via rotational mixing of a Q = 2 state, which in turn is rotationally mixed
with a Q = 1 state.’*?

These absorption studies culminated in the extensive assignments of Rydberg and ion-pair
states for HCI between 82 800 cm™ and 93 500 cm,*3 for HBr and DBr between 79 500
cm and 83 900 cm,**4 and for HI and DI between 67 800 cm and 74 400 cm.145 146
Going from HCI to HI one can intrinsically come to the conclusion that the frequency of
spectral perturbations will increase since, as the ionization potential decreases, the density
of excited states will increase. Indeed, just under 20% of the reported bands for HCI were
reported as perturbed to a certain extent in comparison with over 40% of those for HI. No
perturbation analyses or deperturbation procedures were performed in these studies, but at
the time, perturbations in molecular spectra were viewed more begrudgingly than they are
today and hence, their utility went unrealized.

Whereas the excited states of the heavier hydrogen halides were being catalogued during
this era, spectroscopic interest in HF was by no means dwindling. During the 70’s and
continuing onwards to the 80’s, the configuration of the electronic structure of HF and its
ionic states were being probed with a multitude of techniques including photoelectron
spectroscopy, > 147149 Auger electron  spectroscopy,’®®  transmission  electron
spectroscopy,’® 152 electron coincidence spectroscopy,®” %% 154 overtone emission
spectroscopy,® magic-angle dipole spectroscopy,*®® K-shell fluorine atom spectroscopy,*®®
and ultraviolet spectroscopy.t®” 1% In recent years, however, the emphasis on HF seems to
have faded to a certain extent, with only a handful of studies performed. These will be
discussed briefly below.

The heavier hydrogen halides were also subject to various other experimental techniques.
Thus, HCI was analyzed in terms of e.g. VUV cross sections of HCI,*>® emission spectra of
the H33CI*, D®CI*, H¥'CI*, and D¥’CI* isotopologues,®® absorption in the 1400 — 2200 A
excitation region,*®! electron scattering for 5 — 19 eV,6? photoelectron spectroscopy,'®® and
VUV fluorescence.’® HBr was studied via further absorption measurements,'®® high
resolution IR spectroscopy,'®® photoabsorption VUV fluorescence,*®” and threshold
photoionization over the 11.5 — 31.5 eV range.'®® Dipole spectroscopy was used as well to
measure the absolute photoabsorption cross-sections of HCI, HBr and HI.1%° HI was studied
even more extensively than HCI and HBr by absorption measurements in the 32 000 cm™ —
50 000 cm* range,'’® photofragment spectroscopy,'’* photoionization mass spectrometry,'’?
angle resolved photoelectron spectroscopy,'’”® Doppler spectroscopy,’#1® and by two
photon induced fluorescence of iodine atoms.'”” In particular, the ionic states of HI have
been studied with a multitude of techniques.’®*% Furthermore, the hydrogen halides HCI,
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HBr, and HI were utilized as sources of fast H atoms in collision measurements with CO
through excimer laser excitation.*®

1.4 Multiphoton excitation — Bending the rules

Standard absorption measurements, though extremely useful, are limited by the principles
of quantum theory. The absorption of a single photon by diatomic molecules is governed by
selection rules, derived from approximate solutions of the time-dependent Schrédinger
equation for simplified molecular models. These selection rules (whose rigidity depends on
the importance of deviations from the simplified models) are maintained for all additionally
absorbed photons. Thereby, by further exciting the molecule with additional photons, the
one-photon selection rules can be transcended and excited states characterized by a greater
variety of quantum numbers than observed in standard one-photon absorption
measurements, may be explored.

The REMPI-TOF technique for molecular systems was first described by P. M. Johnson et
al. in 1975 1% and has subsequently become one of the most utilized spectroscopic
technique available (e.g. see 1%, ¥ and references therein). The first REMPI measurements
of the hydrogen halides were performed by Arepalli et al.’® 1% and involved the detection
of excited Cl and Br atoms along with a few molecular bands of HCI**® and HBr.1® However,
these measurements were rather loosely focused on the hydrogen halides and were more
focused on a slew of chlorine and bromine containing molecules. Spiglanin et al., however,
were the first to coherently analyze the REMPI spectrum of HCI with respects to the EXx*
state in 1987.2%° During the next few years, several papers were published which emphasized
the utility of REMPI spectroscopy for the hydrogen halides. These include momentous,
encompassing work such as the first multiphoton and two color study of HF,?%! a detailed
two photon REMPI survey of HCI by Green et al.,?%>?% and the first and extensive REMPI
study of HBr by R. Callaghan & R. J. Gordon.?%® These papers in turn pioneered further
REMPI related studies of HCI including a REMPI PES study of several Rydberg states, 2’
extensive analyses of the F*A; state,?®® 20° REMPI coupled with pulsed field ionization of
the F*A2 and f3A; states,?!? delayed pulsed field threshold photoionization of Rydberg states
of 4pm ancestry,?!* and REMPI coupled with ab initio calculations to investigate the
branching ratios through the photodissociation continuum (often referred to as the A
band).?*2 REMPI has also been used to inspect photo-catalyzed reaction dynamics of the
hydrogen halides (e.g. see J. Xie & R. N. Zare and references therein??). More recently,
however, REMPI experiments on HF have revealed hyperfine splitting in the B1X" state.?!*

The first REMPI study of HI was reported in 1994 by S. A. Wright & J. D. McDonald.?'
Therein, REMPI spectra of several Rydberg states were reported in the energy range of 64
600 — 71 000 cm™t. Unfortunately, the resolution of the spectra were poor, resulting in few
visible rotational lines in the spectra. Thus, for example, the respective Q branches of several
of the states were completely unresolved. In 1995, however, a more detailed and thorough
investigation of the same spectra, encompassing an even greater energy range, of about 69
600 — 73 600 cm™, was reported by S. T. Pratt & M. L. Ginter.?'® Therein, a multitude of
Rydberg and ion-pair states were observed, several of which were previously unobserved.

In 2001, Ascenzi et al.?!’” performed an in-depth three photon excitation study of HBr.
Therein, REMPI spectra for the three photon excitation region of 81 900 — 94 900 cm™*, were
recorded and assigned to (A, S) and (Q, ) coupling schemes. Both linearly and circularly
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polarized radiation schemes were employed for spectral assignments. A total of 34 bands
were analyzed and assigned to transitions from the ground electronic state of HBr to Rydberg
states belonging to the sc, po, do, pr, dt and dd manifolds, correlating with the ground
electronic state of HBr",

1.4.1 Mass resolved REMPI of hydrogen halides - Kvaran
group “s expertise

After a comprehensive overview of Q = 0* Rydberg states in HCI, HBr, and HI,2%8 2% A
Kvaran’s research group has specialized in REMPI spectroscopy of the hydrogen halides,
resulting in numerous publications involving HF,?2% HCI,2212%0 HpBy 218, 221, 222, 230-233 5
H1,2342%7 respectively. The growing catalog of REMPI studies of the hydrogen halides by A.
Kvaran et al. includes a study of Honl-London factors for transition strengths in three photon
excitations in HBr,?*! two and three photon REMPI of several Rydberg states and ion-pair
states of HCI and HBr,?2122% two- and three-photon REMPI study of the L'®s; and m°IT
Rydberg states in HCI and DCI,?%4 22> REMPI of the HF dimer,??® REMPI study of the state
interactions between Rydberg states and ion-pair states in HCI?2% 227:229 gnd HBr,?%° and new
states observed in two-photon REMPI of HCI??® and HBr.?%

Beyond the hydrogen halides the Kvaran group has also specialized in other molecules
related to the photochemistry of the atmosphere and interstellar medium such as the
molecular halogens,?® 2324 interhalogens,?® 247249  promomethane family,?50-252
bromofluorocarbons,>* 2 and acetylene.?®

1.5 Imaging photofragments — Changing the
game

Since the original work by R. S. Mulliken,?? ?° the repulsive valence states of the hydrogen
halides have greatly intrigued the investigations of branching ratios of their
photodissociations. An abundance of studies have delved into relevant branching ratios of
HF,2% HCI 14 117, 212, 257-260 gy 175, 261,262 g 4| 175 263-267 regpectively, to elucidate the
intricacies of their photodissociation mechanisms.

The first two-dimensional imaging experiments, performed on CHsl by D. W. Chandler and
P. L. Houston,?®® catalyzed a surge in technical improvements and opened up a new world
of analyzing photofragmentation processes and photo-catalyzed reaction pathways. Since
the experiments suffered from low resolution, then in order for the technique to achieve its
concurrent monumental status within the field of reaction dynamics, improvements were
needed. These resolution problems were amended by A. T. J. B. Eppink and D. H. Parker
who utilized an improved imaging technique for the photodissociation of the O, molecule.?%®
270 Since then, the velocity map imaging technique has been extensively applied to a myriad
of molecules and has been further developed and expanded upon, to include the possibility
of three-dimensional images of photofragments (see Refs.2* 272 and references therein).

The beauty of the velocity map imaging technique is that it allows the determination of
energy thresholds as well as alignments or symmetries relevant to molecular
photodissociation pathways. Since the 1990’s this technique has become the benchmark for
photodissociation analyses resulting in numerous publications involving the hydrogen
halides.
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In a 1995 review of imaging techniques, A. J. R. Heck and D. W. Chandler?” reviewed a
previous outline of the ultimate study of molecular reaction dynamics,?’* by stating: “In the
ultimate experiment one would like to determine the total cross section at specified collision
energies; measure the internal-state, angular and velocity distributions, and alignment of the
products, and prepare selectively the internal state, alignment, and orientation of the
reactants.” One can argue that no other experimental technique has come closer to this
objective than REMPI coupled with VMI.

In the same publication, A. J. R. Heck and D. W. Chandler also reviewed the progress of
imaging studies of HI and DI citing papers already mentioned above.?* 131 171,176,263

1.5.1 HCI & HBr

Arriving into the new millennium, a torrent of VMI applications for the hydrogen halides
were reported. Baumfalk et al. reported on the UV photolysis of HBr molecules and
clusters?”® and between 2002 and 2004, Rakitzis et al. reported i) on the slice imaging of
HCI and HBr in order to assess the relative contributions of the A'TT; and a®I1; states in the
193 nm photodissociation region,?? ii) on the spin polarization of atoms in molecular
photodissociations of HCI,?® and iii) on the orientation and alignments of Br
photofragments, and branching ratios HBr.?’” In 2004, two more important papers were
published on the VMI applications for HCI and HBr. The first, by Manzhos et al.?’8 reported
angular distributions of H atom photofragments of HCI and HBr via two-photon REMPI
state selection. Therein a formalism for the description of angular momentum polarization
produced by two-photon absorption was presented and applied to a theoretical analysis of
angular resolved data from single photon photodissociation of the E'=* and H'Z* Rydberg
states in HCI and HBr. The second paper from 2004, by Romanescu et al.?’® presented
REMPI and VMI experimental results of the E'X* state and ion-pair states of HCI, in order
to inspect the superexcited states involved in the photofragmentations processes of HCI
above the ionization potential. Therein, branching ratios between autoionization and
dissociation channels for different intermediate states were explained in terms of their
electron configurations. This was the first time that competition between autoionization and
dissociation into H*(n = 2) + Cl and H + CI*(4s, 4p, 3d) was observed.

The year 2006 was another momentous year for VMI studies of HCI and HBr. Besides a
paper on computed potential energy curves, transition dipole moments, and spin-orbit
coupling matrix elements for HBr, by A. G. Smolin et al.,'*> several other noteworthy
publications appeared in the literature. Firstly, C. Romanescu and H.-P. Loock reported on
the photodissociation and photoionization dynamics via photoelectron imaging following 2
+ 1 REMPL.?° Therein it was found that the (relatively) unperturbed F*A; and i*A, Rydberg
states autoionize directly into the ionic state whilst excitation via the EZ*, g®%-, H!Z* and
VIZ* intermediate states results in the formation of vibrational progressions of HBr* as well
as electronically excited photofragments. A. I. Chichinin et al.?®* probed both wells of the
adiabatic B'Z" state, i.e. the E state and the ion-pair states, by two-photon REMPI and VMI
to uncover various information about the photoionization processes, including symmetries
of the superexcited states involved, and velocity distributions of formed H* fragments.
Furthermore, A. I. Chichinin et al.?®? published a detailed theoretical description of the
intermediate state polarization and angular distributions of photofragments in REMPI
experiments, by correlating their findings with their previous experimental work on the B'Z*
state. Building on this, C. Romanescu & H.-P. Loock?® reported an in depth examination of
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the proton formation pathways in both HCI and HBr comprising superexcited states and their
photodynamics.

In 2010, Kauczok et al.® examined selected Q lines of the F1A2(1) and fA,(0) Rydberg
states and the VX£*(14) ion-pair vibrational states spectra for HCI with REMPI coupled with
3D-VMI. These rotational lines were selected because they had been studied by mass
resolved REMPI by the Kvaran group,??” who found evidences of perturbations between the
Rydberg states and the ion-pair states. Those observations as well as interpretations,
regarding the involvement of gateway states in the photodynamical process, were
corroborated with these results.

After a comprehensive and concise overview article on the electron structure and
photodynamics of the HCI molecule by Maul et al., the majority of the published papers
on the photoexcitations of HCI as well as HBr have been published by Kvaran’s group?*
230,232,233 though a couple of additional articles are noteworthy. Firstly, Poretskyi et al.,2%
by using HCI as a benchmark molecule, managed to image both positive and negative
product ions to study the photoion-pair formation process via REMPI and thus to identify
the gateway states leading to photoion-pairs. Since the 3D-VMI technique provides complete
information about fragment quantum states, momentum vector distributions as well as
spatial fragment anisotropies, the simultaneous detection of positive and negative ions
greatly facilitates the data analyses of ion-pair formation and relevant fragmentation
processes. Secondly, Broderick et al.?®” demonstrated that two-color Rydberg state
excitation of hydrogen atoms using a circularly polarized tagging laser can be combined with
pulsed-field ionization to allow for direct VMI of the hydrogen atom spin polarization. This
technique was used to measure the coherent spin polarization in HBr photodissociation.?®

1.5.2 HI

The HI molecule has been the subject of study by a number of experimental techniques as
previously mentioned. Whereas a majority of these techniques (including VMI and ab initio
calculations) have been utilized to study the direct photodissociation band,*32 135 136,288-293 5
few more have been focused on the high energy excitation dynamics. As a matter of fact, HI
was one of the first molecules to be inspected with the coherent control technique in which
the molecule was simultaneously excited above its ionization potential via two competing
pathways.?**2% These paths were absorption of three ultraviolet photons of frequency w1
and one ultraviolet photon of frequency w3 = 3w1. Through several implementations of this
technique, mechanisms involving autoionization and predissociation were proposed.294-2%

In 2000 Regan et al.>® were among the first to incorporate the VMI technique into the
REMPI experimental scheme. They employed three-photon REMPI excitation, achieving
higher excitation energies than previous absorption'®® 142145 and REMPI experiments.?!> 216
218 They reported mass resolved REMPI spectra, and H* ion images for several new Q = 0
and Q = 3 Rydberg states and obtained their corresponding rotational constants. This study
revealed two different mechanisms for H* formation. One through autoionization to high
vibrational levels of the ionic states and one through repulsive superexcited states to form
H*(n = 2) atoms. These routes are analogous to those revealed later for HCI and HBr.2"® 280

A year later, Loock et al.®* employed the VMI technique to image the iodine fragments that
were formed via two-photon resonances to the F*A2(0) and 1'A>(0) Rydberg states, followed
by immediate excitation of a third photon above the dissociation continuum of the ionic
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states. These images allowed Loock et al. to clarify some of the fragment formation channels
involved in high energy excitations of the molecule. Furthermore, it was found that
nonadiabatic interactions between the AL* excited ionic state and repulsive ionic states take
place in this excitation region and thus, mechanisms based on these interactions were
proposed.

Although not VMI based, but involving 2D imaging, Y. Hikosaka & K. Mitsuke contributed
as well to the knowledge of electronic structure and the photodynamics above the ionization
potential of HI by using two-dimensional photoelectron spectroscopy.3%? They managed to
identify a [A?L*]5dn superexcited state which acts as an intermediate state prior to
autoionization.

1.6 Exploring the utilities

1.6.1 Hydrogen halides and astrophysics

In the cosmic context, the lighter hydrogen halides HF and HCI have proven to be
omnipresent in interstellar clouds.’®® 3% Although their presence was initially merely
theoretically predicted,3*>%%7 their presence has now been firmly established. Furthermore,
the chemical properties of HF and HCI in the interstellar medium have been studied
extensively (e.g. see Refs.3% 30° and references therein for HF and Ref. *** and references
therein for HCI). The intrigue of these molecules to the astrophysical community stems from
the uniqueness of their thermochemical properties. These properties involve two distinct
thermochemical considerations. Firstly, the dissociation energy of the neutral hydrogen
halide (HX) determines whether the neutral halogen (X) can react exothermically with H» to
form HX. Secondly, the dissociation energy of the hydrogen halide molecular ion (HX")
similarly determines whether halogen cations (X*) can react exothermically with H. to form
HX*. In the interstellar medium F is the only atom that fulfills the first consideration whilst
CI" is the only ion that fulfills the second.3°

The heavier hydrogen halides HBr and HI, on the other hand, have not been found in
interstellar molecular clouds, but have been tentatively suggested as sources of bromine and
iodine atomic lines in spectra of white dwarfs.3!

There is, however, another interesting utility of these species in the astrophysical context,
which is that of spectra calibrations in the search for extrasolar planets. Early designs of
absorption-cell spectrographs used HF as the absorbing medium, but due to its lethality and
corrosive nature, it was abandoned for a more practical, less toxic molecule, namely I,.3'2
The absorption spectrum of 1> can only be described as a forest of absorption lines originating
from molecular and atomic transitions, but using these lines in specifically designed iodine
cells to calibrate stellar spectra,®'® 31 has resulted in the discovery of a wealth of extrasolar
planets.3t

1.6.2 Hydrogen halides in the atmosphere

Though not by any means abundant in the atmosphere, the photochemistry of the hydrogen
halides is of enormous importance to our species. The importance stems from the
photochemically induced catalytic cycles involving chlorine and bromine atoms which result
in ozone destruction in the stratosphere.’'® In the troposphere, however, chlorine and
bromine atom reactions are of minor importance due the efficient formation of the relatively
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stable HCI and HBr molecules which are formed by reactions of the halogen atoms with
CH. or HCHO, respectively, and subsequent rainout.3!” This is not the case for iodine due
to the low H-I bond energy. The major reaction pathway of iodine atoms in the atmosphere
is likely to be with ozone (O3) to form 10 and molecular oxygen (O2)%'® but a plethora of
other reactions are involved in the photochemistry of iodine containing molecules which
have to be considered during modelling of halogen involved ozone depletion.3'7-31

Whereas the Cl and Br atoms in the atmosphere usually originate from sea salt,*? the iodine
atoms are largely derived photochemically from several biogenic alkyl iodides such as
CHzlz, C2Hsl, CHsl, which are released from the sea. (see Refs.3?1:322 and references therein).

1.6.3 Enhancements in physical constants

Another intriguing potential for this work may also be found in the search for strong effects
of the variation of fundamental constants. It has been suggested that the molecular ions of
the heavy hydrogen halides, namely HBr* and HI* and their deuterated counterparts, are
suitable candidates for future studies of variations of the fine structure constant, a = e?/#c,
and the proton to electron mass ratio, x = mp/me.*?® Molecular spectra are namely quite
sensitive to both of these fundamental constants and it is possible to search for variations in
the values in cases of near-degenerate energy levels (see discussion below concerning
perturbation theory).

1.6.4 Heavy Rydberg states

A novel approach to the utility of studies on ion-pair states, are heavy Rydberg states. Heavy
Rydberg states are positive-negative ion-pairs at large internuclear separation which are
weakly bound by the Coulombic electric force. While traditional ion-pair states have been
known since the original work of L. Pauling,?’ the existence of heavy Rydberg states have
only recently been theorized®?* and their existence experimentally verified.32°32°

The most recent works on heavy Rydberg states are twofold. Firstly, dynamics and lifetimes
of intermediate states formed in the reactions of excited Rydberg K atoms with several
halogen containing molecules such as SFs and CCl4*%, as well as CH2Br, and CFsl.3%
Second, quantum defect analysis of ion-pair states (obtained from various spectral
techniques) have been used to locate the effects of heavy Rydberg states in the diatomic
halogens and interhalogens I, ICI, Cly, IBr,%?” and Br.3%®

On the horizon, REMPI experiments on HCI and DCI are being prepared in cooperation with
R. J. Donovan and K. P. Lawley who have expressed a keen interest in further collaboration
on investigating heavy Rydberg states in the hydrogen halides with the REMPI technique.

1.6.5 Chemical Synthesis

The final but perhaps the most tentative utility of this work involves molecular
photosynthesis via state selection with multiphoton absorption. By reaching an electronically
excited state, the molecule’s electron configuration (and hence, the electron distribution)
significantly changes. Thereby, the reactivity of the molecule can change dramatically and
the reaction spectrum of a family of compounds can be considerably broadened.®® In some
instances, using photochemical steps significantly shortens the timescale of syntheses but
overall, by photochemically activating a substrate is usually performed without additional
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reagents which diminishes the formation of dangerous byproducts. Axiomatically, light
activated syntheses are a subject of great interest to the field of green chemistry.33!

The utility of the VMI technique has is also being explored in terms of photo-catalyzed
organic reactions. E.g. Diels-Alder (RDA) reactions of cyclohexene, 1-methylcyclohexene,
and 4-methylcyclohexene following photoexcitations at 193 nm, have been inspected in
terms of product angular distributions and translational energy distributions to elucidate the
dynamics of the RDA process.3%

1.7 Summary of this work

1.7.1 REMPI of HBr

In Article 1% entitled: “Photofragmentations, state interactions, and energetics of Rydberg
and ion-pair states: Two-dimensional resonance enhanced multiphoton ionization of HBr via
singlet-, triplet-, Q = 0 and 2 states”, the two-photon resonance excitation region 79 040 —
80 300 cm™ was analyzed. It yielded characterizations of state interactions between the
F!A2(v" = 1) Rydberg state and V!Z*(v" = m + 7) ion-pair state, on the one hand, and on the
other, interactions between the EXX*(v" = 1) and H'Z*(v" = 0) Rydberg states, and the ion-
pair vibrational states.

Large varieties of J° dependent line widths, line intensities, and line positions in mass
resolved REMPI spectra, were found to be indicative of a number of different predissociation
channels connected via quantum inference effects. Observed bromine atomic lines were
found to support the significance of Rydberg state predissociation channels. Finally, a new
Rydberg state was observed and assigned to the k3ITo(0) progression.

1.7.2 REMPI of HI

Four articles on HI are included in this thesis whose main purpose is to elucidate and catalog
energetics, state interactions, and photofragmentation processes relevant to the high energy
region of the molecule.

In Article 2% entitled: “New REMPI observations and analyses for Rydberg and ion-pair
states of HI”, the two-photon excitation region 69 600 cm~ — 71 500 cm™* was explored and
cataloged in terms of Rydberg and ion-pair states. Therein, the E'X* and H!Z* Rydberg states
were re-assigned. Furthermore, new states were discovered or observed in REMPI for the
first time, and more. Unfortunately, the paper suffers from minor errors which are corrected
in chapter 6 and will be published as an erratum.

In Article 3% entitled: “Photofragmentation, state interaction, and energetics of Rydberg

and ion-pair states: Resonance enhanced multiphoton ionization of HI”, spectral
perturbations, previously observed in article 2 are addressed and interpreted in terms of state
interactions. The spectral perturbations are classified according to line-shifts, line-intensity
and line-width alterations, and an overall dynamical scheme, describing the interacting
systems, is presented.

In Article 5%°° entitled: “State interactions and illumination of hidden states through
perturbations and observations of new states: High energy resonance enhanced multiphoton
ionization of HI”, Rydberg and ion-pair states in the excitation region of 72 300 cm™ — 74

10
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600 cm™ are analyzed and catalogued in terms of interacting systems. Furthermore,
observed perturbations are utilized to assign hidden (non-observable) states.

In Article 6% entitled: “Revealing photofragmentation dynamics through interactions
between Rydberg states: REMPI of HI as a case study”, interactions between the j*£~(0) and
k®1(2) Rydberg states are thoroughly analyzed. The relative yield of ionized fragments is
utilized to illuminate the photodissociation and photoionization pathways present in
multiphoton ionization of HI following the resonance excitations.

1.7.3 REMPI coupled with VMI of HBr

In Article 4% entitled: “Rydberg and valence state excitation dynamics: a velocity map
imaging study involving the E-V state interaction in HBr” the photoexcitation dynamics of
the E(0) Rydberg state and the V(m + i), i =4, 5, 6, 7, 8, 9 ion-pair states are investigated by
the velocity map imaging technique. Images relevant to resonance excitations to several
rotational levels of these states were recorded and the kinetic energy releases (KER) and
angular distributions determined. Analysis of the data and comparison with mass resolved
REMPI spectra allowed detailed descriptions of the excitation dynamics involved.

Article 7 is presented as a “manuscript in progress”. The final draft of the article requires a
little more work but the essential results and analyses have been performed and are presented
here. The article is entitled: “Rydberg and valence state excitation dynamics: One and two
color VMI study of singlet states in HBr”” and presents one and two color VMI experiments
on HBr where the H(0) and E(1) Rydberg state and V(m + 7) and V(m + 8) ion-pair states
are explored. One color H* images reveal the effects of state interactions on
photofragmentations and two color Br* images give insights into the dynamics of one-photon
diss?ciations as well as predissociation in the two-photon energy region 79 100 — 80 700
cm.

11






2 Theory

The advent of quantum mechanics signified a momentous paradigm shift for the field of
chemistry. Armed with a calculated description of electronic configurations within atoms,
scientist were able to predict various physical properties of atoms and molecules.

Soon after the original publication by E. Schrodinger,®* and its complementary matrix
representation by W. Heisenberg,®*® the theoretical aspects of electronic behavior were soon
manipulated to include atoms as well as molecules.

The Schrddinger equation is uniquely formulated to extract the energies and properties of a
given system. Or

HY =E¥Y (1)

where E denotes the energy of the corresponding wavefunction, ¥, and # denotes the
Hamiltonian operator, which in three dimensions takes the form

hZ
}[z—%V2+UO (2)

where h is Dirac’s constant (h/27), m is the mass of the particle, V is the gradient operator,
and Uo is the potential energy of the particle.

Later inducted by P. A. M. Dirac, the Dirac notation amalgamated the quantum notations by
Schrédinger and Heisenberg, respectively, with so-called brackets (i.e. brahs and kets). In
Dirac notation, the Schrédinger equation is written as

H|W,) = En|¥p) (3)
The Dirac notation will be utilized throughout most of the following text.

Whereas the Schrodinger equation can be solved exactly only for a few systems, solutions
to most molecular systems require approximate methods. One of the most common methods
used is perturbation theory.

2.1 Perturbation theory

“Most quantum problems cannot be solved exactly with the present resources of
mathematics, as they lead to equations whose solutions cannot be expressed in finite terms
with the help of ordinary functions of analysis.” This is how P. A. M. Dirac opened his
discussion about perturbation theory in the very first textbook written on quantum
mechanics.®* There is a subtle elegance embedded in the concision of Dirac’s phrasing of
the problem. i) It explicitly realizes the enormity of the problem of applications of quantum
mechanics to larger systems (such as molecules) and ii) it expresses a somewhat optimistic
opinion that mathematical rigor may eventually find solutions to some of those problems.

13
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In short, perturbation theory consists in splitting up the Hamiltonian into two parts, one of
which is considered as the Hamiltonian of a simplified or unperturbed system and another;
an additive factor that requires small corrections depending on the nature of the perturbation.
Explicitly, perturbation theory is a systematic procedure for obtaining approximate solutions
to perturbed systems by building on the exact solutions to the corresponding unperturbed
system.

In the context of this thesis, it turns out that more sophisticated mathematics are not required
since the perturbation theory adequately allows us to approximate the interaction strengths
between excited states of the hydrogen halides.

2.1.1 Non-degenerate perturbation theory
For perturbed systems, we write the Hamiltonian as the sum of two terms
H=H"+AH' (4)

where H' is the perturbation term, HC represents the unperturbed system and 2 is a small
numerical factor. We then write the wave function, ,,, and the energy, E,,, as power series
inl

Yn = P2 + Ay + 2] + - (5)
E, = EX + AEL + AE2 + - (6)

where ¥} and E} are the first order corrections to the nth eigenfunction and eigenvalue,
respectively; 2 and E? are second order corrections, etc. Furthermore,

Ex = (WIIH'[Y) (7)

i.e. the first order correction to the energy of a perturbed state equals the expectation value
of the perturbation, in the unperturbed state. The first-order correction of the eigenfunction,
P}, becomes

AL
P = (om|H' [ >l/J?n 8)

n = 0 _ 0
£ (En — Em)
For a full derivation of these results see e.g. Ref.3%.

Further corrections to the wavefunction and the energies are possible but are not necessarily
useful in praxis (at least for this thesis). For higher order corrections see Refs.33 and 3%°.

This approximation is only valid when m # n, i.e. when the unperturbed energies are non-
degenerate. This approximation is, therefore, often referred to as “non-degenerate
perturbation theory”. If m = n, this approximation becomes invalid (as we divide by zero) so
in those cases a different method is used, namely “degenerate perturbation theory”.

14
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2.1.2 Degenerate perturbation theory

If the unperturbed states are degenerate, for example if two distinct wavefunctions (12 and
Py) share the same energy (or eigenvalues), then our previous expressions fail. Hence,

HoYQ =E°%Q,  HW) =E°y),  (Qlyp) =0 (9)
We can choose any linear combination of these wavefunctions
V0 = ayg + piy (10)

that is still an eigenfunction of HC, with an eigenvalue E°. If we substitute 1)° and E° into
equations (5) and (6) and insert into equation (4), we obtain

HOYO + A(H'Y° + HOY') + -+ = EOY° + A(E™° + E%T) + - (11)
which simplifies to
H'Y° + HoY' = E'Y° + E%?! (12)
By taking the inner product with 2
WalH'Y®) + (g HOPY) = EXly®) + E°(alp?) (13)
which, since (W2|H%Y1) = EO(y2|y?), simplifies to
aIH'[YQ) + BWE|H'[¥p) = aE* (14)
Similarly by taking the inner product with 1.
a(|H'[wQ) + BWh|H'[wh) = BE* (15)

Now, since (¥3|H'[2) and (3 |H’ [15) give the zero-order level energies, ES & Ey, for the
unperturbed states 92 & 9, and (2 |H'|p9) & (W5 |H'|2) give the interaction strengths
(or matrix elements) between the states of concern we can compress equations (14) & (15)
into the generalized matrix form:

0
(Viza Ml;z’b) (g) = £ (g) (16)

Where W,,,* = W, represent the interaction strength parameter or the off-diagonal matrix

elements. Now the eigenvalues of the Hamiltonian matrix equal the energies of the perturbed
a
states with eigenkets ( ﬁ)' expressed as

1
=g B+ 5+ [(62 - D + i (a7)

Finally, in cases of three interacting states the matrix equation takes the form

15
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ES Wy, W\ /a a
Wya EP Wy (ﬁ) =E! (ﬁ) (18)
cha ch Eg Y 14
and for N interacting states,
EQ - Wy /@ a
: : (E>=E1(E) (19)
Wya - EY ) \w w

2.2 Quantum numbers

2.2.1 Commutation - quantum communication

Some of the deepest mysteries of quantum mechanics can be traced to a single factoid:
“Position and momentum do not commute!” Commutation is a way for us to assess how well
certain quantum properties “communicate”. Simply written, the commutation of two
operators, A & B, is expressed as

[A,B] = AB — BA (20)

If [A, B] =0, then the operators commute and their relevant properties can be simultaneously
measured. However, if [A, B] # 0, then the operators do not commute, in which case the
corresponding properties cannot be simultaneously measured. Thus, as made famous by the
Heisenberg uncertainty principle, you cannot simultaneously measure the position and
momentum of a particle, since the relevant operators do not commute. In other words, they
have dissimilar eigenstates and there is no communication between the two on a quantum
scale basis.

2.2.2 Principle characters and operators in the monatomic &
diatomic show

Solving the Schrodinger equation for the hydrogen atom yields solutions which depend on
guantum numbers that determine the electron distribution (orbitals) around the nuclei and
the corresponding energy. The quantum numbers (n, I, m;) that determine the states of the
hydrogen atom are defined in Table 1.

Table 1 Quantum numbers obtained from the Schrddinger equation for the hydrogen atom and
their values.

Quantum

number

n 1,2,3, ... The principle quantum number
| 0,1,2,...(n—1)  The azimuthal quantum number

mj 0, £1,£2, ...(xl) The magnetic quantum number
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A combination of quantum numbers provides a probability function for finding an electron,
hence an overall shape and symmetry of a given electron orbital in an atom. The principle
quantum number, n, describes the size of an orbital, i.e. the size of the orbital increases with
n. The azimuthal quantum number, I, describes the number of orbital nodes and hence, the
shape of the orbital. It also gives the orbital angular momentum, L,

L=hn/I0+1D) (21)

The magnetic quantum number, my, specifies the orientation in space of an orbital and refers
to the projection of the angular momentum onto the z axis (L) for any given direction.

L, =m;h (22)

For quantum systems, angular momentum is of major importance. For atoms in general, the
essential quantum numbers are the principal quantum number (n), the total spin quantum
numbers (S), the orbital angular momentum quantum number (L), the total angular
momentum quantum number (J), and the magnetic quantum number (Mj). These quantum
numbers are considered good quantum numbers since the corresponding Hamiltonian
operators commute and thus, their relevant properties can be measured simultaneously (see
above). The commutation is based on the symmetry properties of the wavefunctions and
orbitals involved. Therefore, the spherical symmetry of atoms makes these quantum numbers
good (see Figure 1).

For diatomic molecules, however, we lose symmetric properties by replacing the spherical
symmetry with cylindrical symmetry. During this process good quantum numbers are lost
and therefore, new quantum numbers need to be specified. Specifically for diatomic
molecules the following quantum numbers are considered to be “good”.

L : for electronic orbital angular momentum

S : for electronic spin angular momentum

J : for total angular momentum (J =L + S)

N : for total angular momentum excluding electron spin (N =J —S)

R : for nuclear rotational angular momentum (R =N —L)

Furthermore, we can express the corresponding angular momenta as vectors and relevant
operators,

A% = A% + A5 + A2 (23)

where A=L, S, J, N, R are expressed in terms of their three spatial components.

17
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AL AL

v

Figure 1 The spherical symmetry of atoms makes the magnetic quantum number, mi, good. For
diatomic molecules which exhibit cylindrical symmetry, the spherical symmetric properties are lost and
thence, new good quantum numbers need to be defined.

It is also important to introduce the heightening and lowering operators who, when applied
to a specific quantum system, either increases of decreases that quantum number of the
system by one. Thus, if we apply the operators A* or A~ (who correspond to heightening and
lowering operators of the quantum number A) to a quantum system, we get

AT|A) =|A+ 1) (24)

AT|4)=1A-1) (25)
These operators are expressed as

AT =A,+iA, (26)

Furthermore, we need to define the following important quantum numbers and
corresponding angular momenta, which are tied to the molecule-fixed frame of reference.
(The quantum numbers we have hitherto dealt with have all been defined in the space fixed
reference.)

A : for electronic orbital angular momentum
X : for electronic spin angular momentum
Q : for total electronic angular momentum (Q = A + %)

Their vectorial forms are A, X, and Q, respectively, which include the same three spatial
components as well as heightening and lowering operators mentioned above.

2.2.3 Term symbols & symmetry

An abbreviated description of the angular momentum quantum numbers in a multi-electron
system is commonly used. Term symbols are used to describe states with respect to good
guantum numbers. Thus, the symbols

18
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2S+1
L

22+1A
0]

are used for atoms and molecules, respectively. However, instead of the numerical values
for L and A, classical orbital designations are used (see Table 2).

Table 2 Orbital designations according to electronic angular momentum quantum numbers.
L Atomic orbital Y| Molecular orbital
0 § 0 >
1 P 1 II
2 D 2 A
3 F 3 ()

The term symbols provide us with all of the information necessary to deduce the symmetry
of the electron orbital in question. Therefore, for future reference, term symbols will be
widely used regarding discussions involving symmetry or symmetry properties. l.e.
symmetry and term symbols will be used interchangeably.

2.2.4 Lambda doubling - Parity

Molecular states in diatomic molecules with A # 0 (IT states, A states, @ states, etc.) are
doubly degenerate in the absence of rotation. l.e. these are doubly degenerate states, that
differ in the direction of the projection of the orbital angular momentum onto the internuclear
axis. This phenomenon is commonly referred to as lambda doubling.

Diatomic molecules with A = 0 (2 states), however, are not changed upon reflection through
the internuclear axis. X states are, therefore, nondegenerate. If the wavefunction of the
state is not altered by the reflection operation, then the state is classified as a X* state. If the
wavefunction changes sign, however, then the state is classified as a £~ states.

2.3 Diatomic energy distribution

In this theoretical overview we now, logically, present expressions for the unperturbed
energies, E%. In 1932 J. L. Dunham showed how a generalized description of the energy
levels of molecules could be extracted from solutions to the Schrédinger equation by
applying the W.K.B method on a vibrating rotor,3*® 3! which since has been coined the
Dunham expansion.

lmaxMimax

E,, = Z Y, (w%)l UJ + D™ (27)

1,m;=0
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Here, v denotes the vibrational quantum number of a molecule, J denotes the rotational
guantum number, Ey,jdenotes the v and J dependent energies (i.e. the rovibrational energies
of the molecular system in question), | is the azimuthal quantum number, m; is the magnetic
guantum number, and Yim are the Dunham parameters (see Table 3). The Dunham parameters
are usually derived with spectroscopic techniques, employing a least squares analysis to fit
analytical functions to experimental data.

Table 3 Dunham parameters appropriated towards the sign conventions used in the book by K. P.
Huber and G. Herzberg.3%

=0 Yo,0 = Eet Yo1 = Be Y02 = —D. Yo3 = He Yo0 = Le
=1 Yio = we Yi,=—-a. Yio=-F
=2 Y20 = —wex, Y21 =7e

=3 Y3,0 = WeYe

I = 4 Y4_’0 = (l)eze

Energies in diatomic molecules can be separated according to the three types of internal
excitations, which correspond to the electronic, vibrational, rotational energies.

2.3.1 Electronic energies — Rydberg and valence states

The electronic energy of a molecule depends on the internuclear distance. For the average
internuclear distance (re), the electronic energy is commonly referred to as Te. For molecular
Rydberg states, a simplified formalism is utilized. Rydberg states are typically the result of
an excitation of an electron in a molecular orbital (MO) to a high energy atom-like orbital.
The energies of Rydberg states that converge to the ground state of the molecular ion can be
formulated with the modified Rydberg formula

R

where IE is the ionization potential of the molecule, R is the Rydberg constant, n is the
principal quantum number and § is the quantum defect of the excited molecular orbital. The
guantum defect value arises from the shielding effects of the core electrons. Thus, Rydberg
electrons, with a low value of the orbital angular momentum, penetrate relatively easily
through the core electron density close to the atomic nuclei which results in significant
lowering of the energy levels. In order to account for this deviancy in the electron’s behavior,
the quantum defect is introduced. Its values typically range from almost zero for f orbitals to
about n — 2 for s orbitals.

When using LCAO in its simplest form, two atomic orbitals are combined to form molecular
orbitals. The molecular orbitals vary in energy in accordance with the nature of the atomic
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orbitals involved. E.g. two s orbitals combine to make a ¢ orbital but two p orbitals can
combine in two different ways to form either a ¢ or a m orbital. To keep track over the
different combinations, it is handy to specify the type of atomic and molecular orbitals
involved as A (see Table 4).

Table 4 Possible LCAO molecular orbitals formed by combining specific atomic orbitals.
Atomic orbitals, | Bonding molecular orbitals, /.
S So
p po, pr
d do, dr, dd
f fo, fr, 5, f

Whereas Rydberg states are typically accessed by exciting electrons to high energy atomic-
like MOs, valence states are the result of excitations of electrons within MOs formed by
linear combinations of valence atomic orbitals. Logically, this weakens the bond between
the two atoms of concern, resulting in i) the complete dissociation of the molecule (repulsive
or continuum state) or ii) the average internuclear distance between the atoms being largely
increased. An example of the latter distinction is referred to as an ion-pair state which in the
case of the hydrogen halides, corresponds to an electron density transfer from the hydrogen
atom (H) to the halogen atom (X), represented as H*X".

2.3.2 Vibrational energies

The vibrational energy is described empirically by a truncated series, in v + 1/2.

: Ly hy’ L' 29
G(V)=w2<v+§)—a)exe<v+z> +a)eye<v+z> +weZe<V+§) +... (29)

G is traditionally used to denote the vibrational energy, v is the vibrational quantum number
(v=0,1,2,...), weis, to the first approximation, the harmonic vibrational wavenumber,

__1 |k (30)
2mc U

We

where K is the force constant of the molecule, formulated as the second derivative of the
internuclear potential energy function U(R), as dictated by Hooke’s law for springs.

d?U(R)
k= W (31)
R=r,

—le

21



PhD thesis Helgi Rafn Hrédmarsson

2.3.3 Rotational energies

Classically, rotational energies, denoted by F, are described empirically by a truncated power
series in J(J + 1), where J symbolizes the rotational quantum number.

F)=BJU+1D-D,JU+ D +H[JU+DP+LJU+D]*... (32)

By is the rotational constant and Dy is the centrifugal distortion constant for the vth
vibrational level, both represented empirically by a truncated power series in v + %.

2

BV=Be—a(V+%>+y(v+%) + - (33)
DV:De—ﬁ(v+%)+~- (34)

The constants Be and De are the rotational and centrifugal distortion constants of the
individual electronic states, respectively. Be is dependent on the reduced mass,

mpm,
=— 35
u my+m, (35)
and equilibrium internuclear distance, re.
h (36)
¢ Amcur,?

2.3.4 Summary

Having found the total energy (E%) of a diatomic molecule to consist of electronic (E®),
vibrational (G(v)), and rotational (F(J)) energies, we can write

E2=E+GW)+F() (37)

to represent the unperturbed / zero order energy of a molecule. Therefore, the total
Hamiltonian of a diatomic molecule can also be separated into three separate components,
as will be dealt with in the next subsection.

2.4 The Born-Oppenheimer approximation

A year after the publication of the Schridinger equation, M. Born and J. R. Oppenheimer
published a paper on molecular quantum mechanics in 1927.3* In this historical paper,
approximations to the Schrddinger equation were proposed which went on to become the
theoretical foundations upon which essentially everything that is known about the structure
of bound states in molecules is based.

In essence, the Born-Oppenheimer (BO-) approximation exploits the disparity between the

masses of atomic nuclei and electrons. The estimation is made that the electrons move very
rapidly in comparison with the nuclei such that the energies of the electrons can be
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determined for stationary nuclei. For a comprehensive historical perspective of the BO-
approximation and its derivations see Ref.3*,

Without going into specific details, the BO-approximation reduces the total (or exact)
Hamiltonian of a diatomic molecule into the following form

H = H® + TY(R) + HROT 4+ H5° (38)

Here, H® essentially gives rise to the potential energy, as a function of the internuclear
distance (i.e. the potential curve), of the molecule. It describes how the nuclei move in
tandem with one another but is not representative of a physical observable. It is, therefore,
more conceptual as a pedagogical tool to understand the bounds of molecular motions.
TV (R) is the radial variable of the Hamiltonian which gives rise to vibrational motions as
function of R, the internuclear distance. H?T is the angular variable which gives rise to
rotational motions, and HS originates from the relativistic treatment of the Hamiltonian to
give spin-orbit interactions.

This form of the Hamiltonian can be applied to an approximation of the total wavefunction
of the molecule (via the Schrédinger equation) in order to obtain satisfactory expressions of

the energy levels. The wavefunction (wff,’) is a product of two functions

iy = Pinss (T R)xy(R,6,9) (39)

Here, ®; 4 s »(r; R) represents the electronic wavefunction and yx, (R, 8, ¢) is the vibration-
rotation wavefunction. 8 and ¢ specify the orientation of the internuclear axis (molecule-
fixed coordinate system) relative to the laboratory coordinate system and r represents all the
electron coordinates in the molecule-fixed system.

2.4.1 A closer look at perturbations

Having found a simplified expression of the molecular Hamiltonian for a diatomic system,
we can now take a closer look at perturbations. As already mentioned in chapter 2.1, the off-
diagonal matrix elements of the Hamiltonian represent the strength of a given perturbation
between two interacting states (also called state mixing). Using the Dirac notation the
Hamiltonian matrix can be represented as

<¢L’,A,S,2Xvi H|¢j,A',S',E'ij> (40)
Since the Hamiltonian can be split up, as mentioned above, we can evaluate the off-diagonal
matrix elements of each individual part where the off-diagonal matrix elements of H¢ give
the electrostatic perturbations, those of TV (R) give the nonadiabatic perturbations, those of
HROT give the rotational perturbations, and those of H5? give the spin-orbit perturbations.

2.4.2 Diabatic vs adiabatic

The terms diabatic and adiabatic refer to the use of different potential curves to represent
excited states corresponding to certain electron configurations. Considering their Greek
origins, these terms are appropriately utilized. In Greek the word diabatos means “able to be
crossed” whereas adiabatos means “incapable of being crossed”. In relation to potential
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curves, the term diabatic means that a certain potential curve is calculated with a single
electron configuration in mind so it can “cross curves” of states with different electron
configurations. The term adiabatic, therefore means that a certain potential curve cannot
cross to follow a path of an unchanged electron configuration, whereas the electron
configuration changes. Depending on which representation (diabatic or adiabatic) is used,
perturbations arise from different operators in the total Hamiltonian. For the hydrogen
halides the EZ* Rydberg state and the V!Z* ion-pair state are commonly represented either
as separate diabatic curves or adiabatic B'Z* state (see Figure 2).

If a diabatic potential is used, then perturbations arise from the off-diagonal matrix elements
of the H® operator. This is to be expected as the diabatic potential is expressed in terms of
asingle electron configuration and, therefore, perturbations are expressed in terms of mixing
with another electron configuration. These types of matrix elements can only appear between
states with different symmetry and give rise to so-called heterogeneous perturbations.
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Figure 2 For the hydrogen halides, the potential curves of the respective E'X* Rydberg state and the

VIZ* ion-pair state are either represented as two distinctive diabatic curves (left) or the amalgamated

BX* state (right). The figures represent the potential curves of excited and superexcited states of HCI
and are reproduced from Refs. 2! and 22, respectively. Internuclear distances are presented in A.

If an adiabatic potential is used, then perturbations arise from the off-diagonal matrix
elements of the TV (R) operator as it does not act on the electronic wavefunction. These type
of matrix elements can only appear between states with identical symmetry and give rise to
so-called homogeneous perturbations.

2.4.3 The spin-orbit factor

Taking account of relativistic effects into the Hamiltonian allows the inclusion of electron
spin-effects. These include both spin-orbit effects from HSY, but also spin-spin effects,
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which arise from HSS which is neglected in this discussion because for the hydrogen halides
in particular, it gives rise to much smaller matrix elements than those of H5.

The electronic angular momentum quantum numbers that are well defined for the system are
A, Z, S, and Q (= A + X) (see chapter 2.5). Non-zero off-diagonal matrix elements of

(@4,50[H|®) 4 507) (41)
arise between states of different A and S, but identical Q.

When taking relativistic effects into the Hamiltonian, the electronic part is defined by adding
H5° to HE!. Curiously, the quantum numbers S, X, and A cease to be classified as good, and
thusly the only good quantum number left, is Q.

2.4.4 Gyroscopic perturbations
Gyroscopic or rotational perturbations arise from off-diagonal matrix elements of the HXOT

operator or rotational part of the Hamiltonian. The operator can be expressed in terms of the
nuclear rotational angular momentum operator, R.

1
HROT = TiRE (R?) (42)

Furthermore, the nuclear motion is bound to the plane that includes the internuclear axis (R2
= 0). Now, using the expressions from chapter 2.2.2 and

RZ=]2-1%2-8§? (43)
A%+ A% =A% — A2 (44)
for A =J, L, S, the expression for the Hamiltonian becomes

1

HROT —
2UR?

(RZ +R2)

1
= 2uR? (0% —)2) + (12 —12) + (S2 — S) + (L*S~ + L-s*) )

—(JL 4 L) - (ST +)7SY)

The first three terms of this equation have only diagonal values. Therefore, when they are
applied to a specific basis set (see chapter 2.5) for a molecule, they yield its unperturbed
rotational energies. The last three terms, however, correspond to the coupling of spin, orbital
momentum, and the total angular momentum operators, respectively. These terms make up
the off-diagonal matrix elements of the Hamiltonian and are responsible for the rotational
(or gyroscopic) perturbations between excited states. Each coupling of operators corresponds
to different perturbations as:

1 +—
2UR?

between states that have the same value of Q and S, but different values of A and X.

(L*S™ + L~S™) causes homogeneous (Q = 0) spin-electronic perturbations
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1

2. — TAR? (J*L™ +J7LY) causes heterogeneous (Q = =£1) electronic rotational
perturbations between states of the same € and A, but different values of S and X.
3. L_(J*S™ +]S*) causes heterogeneous (Q = =I) electronic rotational

T 2uRr?
perturbations between states of the same Q and X, but different values of S and A.

2.5 Hunds cases

There are two different ways of looking at Hunds cases. The first is by inspecting vector
precession diagrams which offer a valuable insight into the reliability of quantum numbers
in coupling schemes. The second is by comparing the hierarchical contributions of the
operators H®, HS?, and HROT in terms of the total Hamiltonian.3* But first it is important
to define basis functions.

2.5.1 Basis functions

Working with a Hamiltonian operator requires a specification of the relevant wavefunction.
For a diatomic molecule, such as a hydrogen halide, the wavefunction is usually expressed
in terms of a set of quantum numbers, each representing electronic and orbital properties of
the molecule that commute with the Hamiltonian operator, hence a measureable quantity.
Depending on the size and shape of the molecule, the reliability of these quantum numbers
(or commutation with the Hamiltonian) may vary. It is, therefore, desirable to construct
different basis sets of quantum numbers to represent which electronic properties of the
molecule are measurable and which are not. The Hunds cases correspond to different basis
sets of quantum numbers which are good (or reliable) for molecules. Thus, molecules are
classified according to which set of quantum numbers are measureable. The basis sets of
Hunds cases a — e are presented in Table 5.

Table 5 Basis sets of good quantum numbers and the relative importance of the operators
corresponding to the electronic, spin-orbit, and rotational contributions, to the total Hamiltonian for
Hunds cases a — e. The table is reproduced from the book by H. Lefebvre-Brion and R. W. Field.3*

Basis set Relative importance of operators

Hel HSO HROT

[nJSNAY) Strong intermediate Weak
b [nJSNA(SR)) Strong Weak Intermediate
© [nJ[J.]2) Intermediate Strong Weak
d |nJSN (Sg)JTNtSTATI(lgsg)) Intermediate Weak Strong
e [nJJt[J¥orStand AT]02F(jR)) Weak Intermediate Strong
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2.5.2 Vector precession

Vector precession diagrams are figures that provide the reader with useful insights into the
conserved quantities and dynamics that describe a particular scheme of coupled nuclear,
rotation, electron spin, and electron orbital angular momenta.*> For the purpose of this
thesis, we will only focus on vector precession diagrams for Hunds cases a and c. Classically,
the ground state and excited states of HF and HCI are always represented as Hunds cases
a.52: 62,63, 77, 200, 201, 203-205, 207, 209 Thg glectronic states of HBr and HI, on the other hand,
correlate better with Hunds case c classification, but are traditionally represented with Hunds
case a assignments, 139 142, 145,215, 216, 234-237 £, rthermore, it has been shown that superexcited
states of HI correlate with Hunds case e classification.'®? Vector precession diagrams of
Hunds cases a and ¢ are presented in Figure 3.

Hunds case a Hunds case ¢

Figure 3 Vector precession diagrams for Hunds cases a (left) and c¢ (right)

2.6 Molecular alignments

A molecule is said to be polarized with respect to a particular coordinate system, e.g. the
laboratory or the molecule fixed system, if any of its internal angular momenta are either
aligned or oriented. Alignment corresponds to an inequality in the populations of the M,
levels for a given J, whereas orientation corresponds to an inequality in the M; populations
for any one of the |[M;| values.®*

These identies are firmly anchored in various vector couplings. It is therefore useful to
introduce so-called Clebsch-Gordan (CG) coefficients which will now be defined.
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2.6.1 Clebsch-Gordan coefficients

CG coefficients can be interpreted as giving the probability amplitude (C) that two vectors,®
jr and j2 (each with projections m1 and my onto the z-axis), at any instant couple together to
form the resultant vector j = j1 + j2 with the projection m = my + m.

(jimy, jompljm) = (jm|jymy, jomy) = C(jijzj, mymym) (46)

These CG coefficients are, however, most commonly rewritten as Wigner 3-j symbols

. . . o 1 ' |
(#1 11122 Tle) = (D72 + 1D 2(imy, jomelj —m) (47)

and

R
Gl m) = (~Dhme ez (2 T ) (48)

The squares of the CG coefficients represent probabilities whose values range from 0 to 1.

2.6.2 Tensorial form, rotation matrix, Euler angles

The polarization of the molecule can be expressed in tensorial form. According to R. N.
Zare3#® a spherical irreducible operator of rank k can be assumed to be a set of (2k + 1)
functions T (k, q) with components q = -k, —k + 1, ..., k that transform under rotation of the
coordinate frame as

RT(k, )R = ) Dl (RIT (K, ) (49)
ql

Here, R denotes the active rotation of any physical system of our choosing. It is also
commonly noted as R(¢, 8, x), representative of i) rotation about an angle 6 about the z axis,
ii) rotation about an angle ¢ about the N axis, and iii) rotation about an angle y about the Z
axis (see Figure 4).

Under rotation of the Euler angles, T(k,q") is transformed into a closed set of (2k + 1)
operators T(k,q"), and the coefficients of this expansion are the Wigner rotation matrix
elements D% (R). l.e.

D, ($,6,x) = (kq'IR($,6, 1)l kq) (50)

are the elements of a (2k + 1)*(2k + 1) unitary matrix for R; the rotation matrix. In fact, the
tensor operators T (k,q) are proportional to the spherical harmonics, Yim, of the classical
atomic orbitals.

B The corresponding ,Dirac-ian* ket notation for the j; and j, vectors are |j;) and |j,), respectively.
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RV ($, OR™ = > Dl (6,0,20 Yo (9,0) (51)

where the expansion coefficients can be reduced to the form

DLin(,0,) =e"9™dl, (e ™ (52)

Z
A

Figure 4 Euler angles ¢, 0, and y, relating the space fixed (xyz) and molecule fixed (XYZ) frames.
Figure credit: L. Brits.3¥

Suppose that R transforms the state [JM) in a diatomic molecule from the xyz space fixed

frame to the XYZ molecule frame with a common origin. The probability of finding J
making the projection M” onto the Z axis in the molecular frame is

2 2
Il (.00 =d, )] (53)
Hence, leq,M(dx 0, x) denotes the probability amplitude of the vector J making a projection
M on the space fixed z axis will be found making a projection M” on the molecule fixed Z
axis.

The connections between uncoupled |J; M;)|J,M,) and coupled |JM) representations under
rotational transformations are given by Clebsch-Gordan series
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D1{41{M1(¢’9'X)D1{42£M2(¢'9’X) (54)
= D UsMy, ] My M) (M5, s M3 IMOD s, (6,6, 0
J

or the inverse Clebsch-Gordan series

D} (6,6,
= > GaMy oMo IM) G ML M3 IMODS (6,0,00D0, 8.6,0 (59

My Mj

2.6.3 Alignment of a rigid rotor

The wavefunction of the rigid rotor can be represented with the spherical harmonic [JM) =
Y;m (¢, 0). The probability of finding the rotor axis pointing into the angle element
sin(6) dfd¢, is given by

Pia(8) = |V (e, B)|” sin(6) dod¢p (56)
Now, by utilizing the spherical harmonic addition theorem34
41 .
P (eos(8y)) = 5747 . Yin B 0% (6,,9)) (57)
M

In the case of an absorption of plane a polarized photon (J, = 1, M, = 0), the probability
amplitude is proportional to the CG coefficients

"_ o1
"M",10|/JM) = (=1)/" M2 +1 z(] ) 58
y /M) = (-1) @/+1 M0 -M (58)
where |J""M"") is the initial state of the rigid rotor. It can be shown3*® that

1+ Ao())P,(cos(6))

59
yp (59)

where

3cos?(0) — 1
2

P,(cos(0)) = (60)

Here, Ao is the alignment parameter which ranges from +2 for a pure cosine distribution to
-1 for a pure sine distribution. These are more commonly referred to as parallel (+2) and
perpendicular (1) distributions, respectively. The numerical restrictions of the alignment
parameter are derived by rewriting the previous expression for P;(6) as

P;(6) = asin®*(6) + b cos *(6) (61)

in which case
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_2(b-a)

= 62
Ao 2a+b (62)

where Ap = +2 for a = 0 (pure cosine distribution) and Ao = -1 for b = 0 (pure sine
distribution).

2.6.4 Angular distribution of photofragments

If we denote the dipole moment of a molecule by u# and the electric vector of a linearly
polarized light beam by E, the probability of a successful one photon excitation to a repulsive
(dissociative) state is proportional to |u - E|2. Furthermore, we can denote the final recoil

distribution of the fragment in the molecular frame as an expansion in the complete set of
spherical harmonics

f B ) = D big¥iq (O ) (63)
k.q

where (6,,, ¢.,,) are the polar and azimuthal angles about the direction of # and the expansion
coefficients are given by

21 T
by = f Ay, f Sin(0) 0 Yiig Orms br) f By ) (64)
0 0

If we now let 1(6,,, ¢,,) denote the angular distribution of the fragment in the lab frame
where 6, ¢ are the polar and azimuthal angles about the direction of E, we can show that
it takes the form34¢

1O, ) = 7= 11+ P2 (cos(6,))] (65)

where o is the total cross section and f is the anisotropy parameter, which ranges from +2 to
-1.
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3 Excitation dynamics

Before reviewing the experimental apparatus, it is useful to account for the actual dynamics
involved in the excitation processes of the hydrogen halides. Here we will review some
important points concerning photoexcitation processes which are involved in the
experiments.

3.1 Ground state & excited states

3.1.1 Electron configuration

The electron configurations of the electronic states of hydrogen halides can be easily derived
from LCAO. According to molecular orbital diagrams (see Figure 5) the valence electrons
of a ground state hydrogen halide molecule are in one bonding o orbital and two non-bonding
7 orbitals, i.e. o>r*. This electron configuration gives rise to the 1" symmetry because, i) -
the total spin of the system equals: X = 0, ii) -A = 0, and iii) -the total wavefunction is
unaffected by the reflection operation, giving rise to a + parity.

An excitation to a Rydberg state is elicited in Figure 5a. An electron is excited from a non-
bonding orbital to a higher Rydberg orbital associated with the halogen atom. Since the
bonding orbital is unaffected by this process, the binding energy of Rydberg states is similar
to that of the ground state. In Figure 5b, the excitation process to an ion-pair state is presented
where an electron is excited from the bonding orbital to the antibonding orbital. This
weakens the binding potential of the molecule because the antibonding orbital is located
away from the center of the molecular bond. Since the antibonding electron is more attracted
to the halogen atom than the hydrogen atom, the atoms exhibit ion-like properties (H* and
X7) and the molecule remains bound through electrostatic effects.

Excitations of the non-bonding electrons to the antibonding orbitals can, on the other hand,
give repulsive states, which result in dissociation of the molecule. Such states are also
referred to as continuum states and are classified along with ion-pair states as valence states.

3.1.2 Morse Potentials

The Morse function is useful to describe the potential energies of the bound states of the
hydrogen halides.

VMorse(r) =T+ D.(1— e—B(T—Te))Z (66)
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Figure 5 Molecular orbital diagrams and two-photon excitation processes for HI. a) Excitation to a
Rydberg state. b) Excitaion to an ion-pair state.
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Figure 6 Pictorial diagram of potential curves of the hydrogen halides. Highlighted are couplings
between diabatic Rydberg states with i) the adiabatic BXL* state and ii) repulsive states which yield the

neutral atomic fragments.

Here, Te is the zero point energy of the excited state (for the ground state Te = 0), and De is

the binding energy of the molecule (or the well depth), defined as

wg

e =
4wex,

/3 depends on the well depth, and the reduced mass, u.

2m2cu
D.h

B = we

and re is the equilibrium bond distance determined from

_ h
fe = 8m2ucB,

(67)

(68)

(69)

where Be is the corresponding rotational constant at the equilibrium distance, defined in

chapter 2.3.3.
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3.2 Selection rules

3.2.1 Transition moment integral

For a transition to take place between two electronic states, the following condition must be
fulfilled, namely

(1ul0) # 0 (70)

Here, u is the transition moment operator and |0) and |1) are the wave functions of the two
states involved in the transition. If the value of this bracket is zero, the transition is forbidden.
In practice, it suffices to determine the symmetry of the transition moment function to
decipher whether a transition is allowed or forbidden.

3.2.2 Transitions in terms of electron configurations

In terms of electron configurations, the excitations from the ground state to a Rydberg state
are

(o2n*) + hv - (o?n3)nlA

where nil are the quantum numbers that describe the Rydberg orbital. The corresponding
excitation to the ion-pair state is

(o?n*) + hv - (ont*)o*

3.2.3 Basic selection rule

The origin of selection rules for electronic transitions can be traced back to the conservation
of orbital angular momentum during the excitation process of atoms. l.e. during the
absorption of a photon. The rigorous selection rule which arises from this process is

Al =41 (71)

This rule satisfies the transition moment integral, eq. (70), since a transition between states
of different orbital angular momentum inherently involves a change in the dipole moment.

3.2.4 One-photon selection rules for molecules

When a molecule absorbs a photon, in classical terms, the total angular momentum must be
conserved. This requirement, gives rise to the following selection rules

A =+1,forA=0
(72)
A =0,1£1,forA+0

The AJ = 0 selection rule does not hold for X states (A = 0) because such a transition does
not involve a change in the dipole moment due to the symmetry properties of the orbitals
involved. Therefore, the transition moment integral yields zero transitional probability
amplitude, hence a forbidden transition.
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States of A > 0 (i.e. IT states, A states, etc.), on the other hand, exhibit degeneracies
which allow rotational transitions between states with the same value of A, i.e. II €> II, A
&> A, etc. These transitions fulfill the AJ = 0 condition when AS = 0 (keeping in mind that
J =1L+ S and A is the projection of L onto the molecular axis) and they fulfill the AJ = 1
condition when AS = *1. Therefore, triplet states are readily observable in one-photon
excitation schemes.

3.2.5 Two-photon selection rules for molecules

When two photons are absorbed by a molecule, both excitations are scrutinized by the one-
photon selection rules to yield

A] = 0,42 for AQ =0
(73)
A] =0,4+1,+2 for AQ # 0

Numerous excited states accessible by two-photon excitations of HI, expressed in both term
symbols and electron configurations are presented in Table 1 in Article #2. Similar
presentations of a myriad of excited states of HBr can be found in Refs.2% and 7.

3.3 Step 1: Virtual states

Two-photon excitations of the hydrogen halides to Rydberg and ion-pair states, can be
considered to occur in two steps, first of which involves a transition to a so-called virtual
state. The virtual state can involve the repulsive valence states to give

(o?n*) + hv > (o?n3)o*
and/or
(c?n*) + hv - (ont*)o*

The first electron configuration gives rise to the excited states AT, aTl210. Since this
process involves the excitation of an electron from a & orbital to a ¢ orbital, in terms of
alignment, this is classified as a perpendicular transition. The latter gives rise to the excited
states t°£*10 (see Figure 7), where an electron is excited from a o orbital to a 6* orbital
(parallel transition). The perpendicular transitions are generally found to be dominant (see
Article #4 and Ref.%?),

The transition via a virtual state can also be viewed, roughly, in terms of a transition of an
electron from a sp® orbital, in which case the excitation can be construed as a transition of a
mixed (approx. 1:3) o/m orbital to a 6* orbital. This would imply that the virtual state is also
mixed (see Figure 8). This is, however, an overly simplified picture and should be taken as
such.
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The figure is reproduced from Ref.13
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Figure 8 Alignment of transitions from the ground state to a virtual state, assuming the ground state
is sp* hybridized.
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3.4 Step 2: Bound states - characteristics

For the hydrogen halides, absorption of two photons via virtual states can yield two types of
bound states. i) Rydberg states with electron configurations (o2 3)nlA or ii) ion-pair states
with the electron configuration (om*)o*. Several factors govern the characteristics of the
spectra, such as transition probabilities, state interactions etc. Here, these characteristics will
be explored with regards to their underlying theoretical background and how they can be
discerned from molecular spectra.

3.4.1 Spectral appearance

A transition to an excited state exhibits several different branches in its multiphoton
spectrum. These branches stem from transitions between states with the same or different J
quantum numbers. They arise from transitions from certain rotational levels in the ground
state (each denoted with J") to rotational levels in the excited state (denoted with J). (See
Figure 9). The rotational branches arising in two-photon excitations are presented in Table
6.

J=3- Excited state
J'=2- rotational levels
J=1-
A
J=0-
—P J">J2 — Olines
{) J">J“1---Plines
[) J">J - Qlines
b "> J+1 - Rlines
[) J"> J42 --- Slines
J=3 Ground state
J'=2- rotational levels
J=1-
J"=0-

Figure 9 The origin of the O, P, Q, R, and S line series in two-photon REMPI spectra of the hydrogen
halides.
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Table 6 Rotational transitions and matrix elements for the O, P, Q, R, and S branches in the two-
photon REMPI spectra of the hydrogen halides.

Branch Transition Bracket notation
0 J >J -2 J'ulj —2)#0
P J ' =>J -1 J'lulf’ —1)#0
0 J > U pel]y # 0
R J >J +1 J'\ulf +1)#0
s J> U +2 G By +2) % 0

Not all branches are visible for all excited states. Rydberg states and ion-pair states which
exhibit the 1=* symmetry only produce O, Q, and S lines as mentioned in chapter 3.2.5 above.
Furthermore, the lowest observable rotational J* level of an excited state (i.e. the eigenstate
with the lowest value of J) equals its value of the Q quantum number. Thus, for example,
the lowest observable J* level of k’Tois J° = 0, of k®IT1 is " = 1, and of K’z is J° = 2.

3.4.2 Line strengths, i) The Franck Condon principle

As mentioned above, the transition moment integral yields the probability amplitude for a
transition between the states involved.

a? = (1|p]0)? (74)

A common approximation method to estimate relative transition probabilities is to evaluate
Franck-Condon (FC) factors. These are defined as the square of the vibrational overlap
integral of the two vibronic wavefunctions involved,

q = (v, [xvo)” (75)

According to this the transition probability increases with an increasing overlap of the two
vibrational wavefunctions (Figure 10). To a first approximation, the FC factor is not affected
by the rotational excitations within the same vibrational state.

In the case of two-photon transitions, a representation of the transition probability is given
by the resonance excitation cross section (ores) Which is directly proportional to the transition
rate (K) which is calculated with first order perturbation theory.?1% 348,349

2
(76)

Ores~ K =

(1]g - pliXile - ul0)
Eo; — hv +C(I})
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Here, iv is the photon energy and Eqi is the energy difference between the intermediate state,

|i) and the ground state, |0), and |1) is the resonance state. C(I}) is a factor dependent on

the lifetime of the intermediate state.

Energy

Franck-Condon Principle:

Vibronic Transitions

Intermuclear Distance

Figure 10

Vibrational overlaps between different vibrational levels of two fictional states, Eo and E:.
Assuming transitions from the ground vibrational state (Eo: v** = 0), the greatest overlap, hence the

largest FC factors are found for v =2 -5,
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3.4.3 Line strengths, ii) Rotational effects

A general expression for two-photon transition strengths (S) as a function of J°, J”, Q’, and
Q" for linearly polarized radiation has been derived by R. G. Bray and R. M.
Hochstrasser.348

S(AQ,]',]7) = souf + 5245 (77)

Here, so and sz can be written in terms of zeroth order and second order Clebsch-Gordon
(CG) coefficients as shown by J. B. Halpern et al.®* For the hydrogen halides, with Q" =0,
these factors can be expressed in terms of J* for different Q" states and the various rotational
branches (O — S; see Table 7). Furthermore, the factors u2 and uZ, are sum and product
functions of the one-photon transition dipole moments that correspond to the transition via
the virtual intermediary states

W = (2|e- pl|2) (78)
u, =(Q+1e-ul) (79)
Table 7 Two-photon transition strengths for transitions from a X ground state (Q"" = 0).
Q=0 Q =1 Q' =2(A)
S0 s2 $2 S2
0 1jg-1 1/0-2) 10-20-3
302/ — 1) 15(2] — 1) 30 (2/—-1)
J">2] =0 J'=3;]=>1 J'=4] =2
° ° U+ ZU=-2)
J"=2] =1 J'=3;]'=2
1(2]+1) 1j@+ng+n 1 @2+ 1@/ +DH0J+2) -1
9 452/ +3)(2/—1) 102/ +3)@2/-1) 5 (2J+3)(2-1)
J"=0;J’=0 J'=17 =1 J"=1] =1 J"=z2] 22
° ° 3 £0+3)
J"=z1] =2 J"z1]'=2
0 1(+1D0+2) 1+ +3) 1U+3)0+4
30 (2/+3) 15 (2J +3) 30 (2/+3)
] >0 =2 J'=0;] =2 J'=0;] =2

For further discussions on factors governing line intensities in two-photon REMPI of the

hydrogen halides see Refs.?!8 219 and Avrticle #6.
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3.4.4 Line strengths, iii) Laser power

Intensities of spectral lines (1) in REMPI are also affected by the laser power (Plaser). The
laser power, being the photon energy per time unit, is associated with the density of photons
as well as the photon energies used in the ionization process. This relationship can therefore
be described as

I~Pigser (80)
where n is the number of photons required for the ionization.

3.4.5 Line strengths, iv) Populations

The final factor that affects the line strengths in REMPI spectra are the rotational level

populations in the ground state (Ny- ). Rotational populations of excited state are generally

formulated with Boltzmann distributions,
—E]II’VH

Nw.vfr=1voe( ket >(2/"+1)

(81)

No is the total number of molecules in the ground state, (2J°" + 1) is the degeneracy, Ej-v
is the rotational energy, ks is the Boltzmann constant, and T is the temperature.

By cooling the gas sample, a greater number of molecules will populate the lower
rovibrational levels which decreases the chances of excitations from higher energy levels.
This simplifies the spectra and their analyses.

3.4.6 State interactions - perturbation selection rules

State interactions in HBr and HI are omnipresent. They affect the spectra in several ways,
namely in terms of line positions (energies), line intensities, and line widths. These effects
will all be dealt with in chapter 5. Here we present a brief overview of the types of state
interactions involved and their origins.

As already mentioned in chapter 2.4, perturbations arise from off-diagonal matrix elements
of the Hamiltonian for an excited state. Each spectral line corresponds to a particular
eigenvalue of an eigenstate, to which the total Hamiltonian is applied. It is described in terms
of the electron configuration as well as the vibrational and rotational motions. The eigenstate
can be described in terms of more than one excited state, i.e. a mixed state.

Interactions between states arise from rotational operators according to the BO-
approximation. Interactions between states with different symmetries arise from different
operators. The nature of the different state interactions are presented in Table 8, derived from
Ref113

As seen from Table 8, not all excited states couple together / mix. There are limitations to
state interactions which are commonly presented as perturbation selection rules. The
perturbation selection rules are presented for all the different parts of the Hamiltonian in
Table 9.
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Table 8 Couplings between excited states. Abbreviations are used for spin-orbit (SO), spin-spin
(SS), L-uncoupling (JL), S-uncoupling (JS) and electrostatic (E) interactions.

o E JS SO SO SO SO

’m SO JS E JS SO JL SO
2 JS E JL JL
¥ JL SO E SO

3% SO JL E JS SO JS
3% SO SO JL JS E JS SO
¥+ JL SO SO E

3% SO JL SO JS E JS
¥ SO SO JL JS SO S E

A2 JL SO

3A1 SO JL SO

A2 JL SO SS SS

State interactions are further divided into bound-bound interactions, for two bound states,
and bound-continuum interactions, for interactions between bound and repulsive states. The
former case involves quantum level-to-level interactions, whereas the latter case involves
predissociation via a repulsive state. Predissociation will affect the lifetime of the bound
states, which can appear as bandwidth alterations (see chapter 5).

3.4.7 Hidden states

Excited states may not appear in REMPI spectra for to a number of reasons. Firstly, the
resonance transition probability may be so small that no lines are visible. Second, an excited
state may couple strongly with a repulsive state, leading to dissociation prior to ionization.
This latter process is particularly common amongst states of same symmetry. (In that case
the couplings are via electrostatic interactions.)

Excited states that are not observed in spectra for one of these reasons are termed hidden or

dark states. In this work the term hidden state is used because it has the subtle indication that
it may be found.
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Table 9 Off-diagonal elements of the different parts of the total Hamiltonian, leading to selection
rules for state interactions. It is customary to further classify the interactions as homogeneous (AQ = 0)
and heterogeneous (AQ #0).

Operator Interactions Selection rules including 4J = 0

He! Electronic 0 0 0 0
(homogeneous)

TV Vibrational 0 0 0 0
(homogeneous)

H2Z Spin-orbit 0,1 0, +1 0, +1 0
(homogeneous)

1 L L-uncoupling +1 0 0 +1
"~ 2uR? J (heterogeneous)

1 S S-uncoupling 0 *1 0 *1
"~ 2uR? J (heterogeneous)

One of the peculiarities that have been observed in the REMPI spectra of the hydrogen
halides is that in some cases, observed state interactions seem to violate the perturbation
selection rules. Such interactions are usually indicative of a hidden state that acts as an
intermediary state; a remote perturber. It couples/interacts/mixes, via allowed interactions,
with two or more states to allow the observed interactions.

A clear example can be found for HI in Article #3, where the m®[1, Rydberg state interacts
with the H!Z* Rydberg state and the V!Z* ion-pair state. In accordance with Table 8, these
interactions are forbidden. Thus, Table 8 can also be used to theorize what type of hidden
states are present that mix with states to allow the observed interactions. E.g. °II, states
interacts with °TI; states (via JS coupling), and ®I1; states interact with I1; states (via SO
coupling). 1Ty states interact with 'X* states (via JL coupling) and thus, *IT, states can interact
with 1X* states through interactions with hidden states that have *IT; and IT; symmetry.

Further information about hidden states can be derived from known vibrational progressions.
(See Articles #3, #4, and #6, for details and more examples).

3.5 Step 3: Fragmentations and ionization
Once a bound Rydberg or ion-pair state is accessed, there are a number of additional

excitation pathways in REMPI. These excitation pathways can yield i) atomic lines, ii)
superexcited states, or iii) molecular ions.
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3.5.1 Predissociation — atomic line formation

First, predissociation of a Rydberg state yields the neutral atomic fragments. The halogen
atoms are formed in the ground state or their spin-orbit excited states. These can be further
excited to atomic Rydberg states by two photons; a subsequent third photon ionizes the atom.
This process yields (2 + 1) atomic REMPI lines which are useful for spectral calibrations
since the energies of these lines are well documented for HBr and HI.3*® The step-by-step
process of predissociation via Rydberg states is typically:

HX(o?n*) + 2hv > HX**(02m3)nld — resonance excitation
HX*(o?m®)nid > H(n = 1) + X(*Py);) / X*(*Py ;) — predissociation
X( 3P3/2) /X ( 3P1/2) + 2hv - X**(25+1L]) — resonance excitation
X (**'L)) + hv - X* — ionization

For ion-pair states the process is similar with the exception of the first step which yields
HX**(on*)o*. Predissociation of ion-pair states has, furthermore, been shown to include
various interaction with gateway states allowing the ion-pair states to interact with repulsive
states indirectly (see Articles #1 and #3).

3.5.2 Autoionization — Superexcited and ionic states

Superexcited states are defined as neutral excited states with energies higher than that of the
ground state molecular ion. For the hydrogen halides, the molecular ion ground states are
X2ITz, and X?MIi, with the electron configuration (c?r°). Since the removed electron
originates from a non-bonding n orbital, the bonding character of the molecular ion, is
comparable to that of the molecular ground state. Superexcited states are either bound or
repulsive states with a Rydberg electron (n/1) orbiting an excited ion core. The electron
configuration of the excited ion core is the same as that of an excited state of the molecular
ion. Thus, series of superexcited states correlate with a particular ionic state. An example is
the bound [A?Z*]5dn superexcited state in HI that correlates with the A2Z* ionic state (see
Article #6).

Repulsive superexcited states dissociate to form electronically excited fragments, e.g. (from
Avrticle #4)

HBr*[B25*nld > H*(n = 2) + Br(*Ps,3)

Here, a superexcited state (HBr*#[B2X*]nlA) correlates with the B2Z* repulsive ionic state
and converges to H*(n = 2) and Br(*Ps2). If the molecule dissociates via this
photofragmentation pathway, H*(n = 2) requires only one additional photon to ionize.

Superexcited states can also autoionize to form either of the ionic ground states. The
dynamics of autoionization can be described in terms of the Auger effect, where an
antibonding electron is ejected while a Rydberg electron relaxes to yield the configuration
that correlates with the ionic ground state. E.g. (from Article #4)
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HBr*[*32([*1,0'n30*]5pn?)] > HBr* /HBr** [*I31(0*n3)] + e~
272

Here, an electron is ejected from the o* orbital and the electron in the 5pr orbital relaxes
back into the ground state configuration.

3.5.3 Summary of photofragmentation pathways

The major photofragmentation processes, following two-photon resonance excitations, of
the hydrogen halides to Rydberg and/or ion-pair states are summarized in Table 10.

Table 10 Summary of photofragmentation mechanisms following two-photon excitations to
Rydberg (Ry) and ion-pair (V) states.

hv hv

HX(z" - -

i h h
() HX™(Ry,V) = HX* + e~; HX* = H* + X/X*
(i) pre¢ 3hv _
HX™(Ry,V) =5 H + X/X*; X/X* > X* + e
(iii) » hv ol
HX™Ry,V) S H+X: X" S X" +e
(IV) hv hv
HX™(Ry,V) = H* + X/X*; H* S H* + e~
h
v) HX™ (V) S H* + X~

Process (i) describes the formation of H* where the molecular ionic ground state acts as an
intermediate state. Excitation from the ionic state allows the molecule to access repulsive
ionic states that correlate with H* and X/X*. Process (ii) describes predissociation which
yields the neutral atomic fragments H + X/X*. The halogen atoms, X/X*, then require three
photons to ionize. Process (iii) describes excitations to repulsive superexcited states which
correlate with H + X**, where X** is a Rydberg state. X** requires one photon to ionize.
Process (iv) describes a similar pathway as (iii), whereas these yield the neutral hydrogen in
an excited state, n > 1. The hydrogen atom is subsequently ionized upon absorption of one
additional photon. Process (v) describes the formation of an ion-pair, H* + X". This process
has been found in HCI by the observation of negative ions,?® whereas negative ions have
not been detected for HBr? or HI.1&

3.6 Direction dependence - Anisotropy

For linearly polarized laser excitations in REMPI experiments, the photofragment angular
distributions are cylindrically symmetric and can be expressed, to a first approximation, as®*

€ Here, predissociation is abbreviated as “pre*.

47



PhD thesis Helgi Rafn Hrédmarsson

1(0) = A(1 + B,P,(cos(8)) + B4P,(cos(8)) + BePs(cos(0)) (82)

where A is a normalizing constant, f2, f4, fs are the anisotropy parameters, and P denotes
Legendre polynomials.

dn
T npldxt

Fu(x) [(x* = 1)"] (83)

For (2r + nrij) REMPIP, the observed angular distribution of the photoproducts can be
expressed, more precisely, as the product of the anisotropy of the two-photon resonance
excitation, and the two-photon fragmentation.

1(6) = Al (6)I,n(6) (84)

Here, I¢(0), and I,,(8), represent the angular distribution of the resonance step and the
fragmentation step, respectively.

I;(8) = 1+ B ,P,(cos(0)) + B aPs(cos(6)) + BraPs(cos(8)) (85)

Lyp(8) = 14 Bpp,2P2(cos(0)) + BynaPs(cos(8)) + Bpn,ePs(cos(6)) (86)

3.6.1 Anisotropy of the two-photon resonance excitation

Chichinin et al.?® introduced a way of estimating the anisotropy parameter for two-photon
transitions from the X!T* ground state to the B!T* state in the HCI molecule. This
approximation has also been used for HBr (see Article #4). Therein, the two-photon
absorption intensity was estimated by

I = FolgoPo (87)

where F, is the excitation matrix, p,, is the ground state multipole,E and P, is the line
strength factors, which for the O, Q, and S lines are

2] +1 2 "+ 1
vy 1 SO +D o (88)

Q _ 2 4
Fo = 3 IS0l +5(2]"—1)(2]"+3)
J2J"+1 "+ 2" +1
ps =Y LT D s (39)

5 (@7 +D@/"+3)

P REMPI experiments will be dealt with in chapter 4. Here, 2, refers to the two-photon resonance excitation of
the parent molecule and ny; refers to further n photons required for resonance and/or ionization excitations. The
fragment ions can be formed by further resonance or non-resonance excitations of the neutral fragments.?%?

E For complete derivations / calculations of the excitation matrix and state multipoles, see the original paper
by A. I. Chichinin et al.?®
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2" +1_ J'U" -1
5 (7 -DE"+1)

Poo = |520|2 (90)

Here, |Soo|? and |S,q|? are the zeroth and second rank tensors which contain the transition
matrix elements and the energy denominator of second order time-dependent perturbation

theory.
50 Z (1 1 0)*Z(lle'ﬂqz|i)(i|€'ﬂq1|0> o1)
2 q 0 . Eoi —hv+C(I})
q1,92 i
_ 1 1 2 (1|€'”42|i)(i|£'”%|0)
S20 = qzq: \/g(‘b q1 0) i Z Eoi —hv + C(I}) (92)
142

Thus, the intensity ratios of rotational line series for the same initial state, J°*, can be written
as

lo_10@"+Df ,@"+3) 1 _J" 5)
Is 3 (J"+2) J+1 5(2"—1)
Iy, 10@)"+1f ,@"-1) 1J"+1)
E_ 3 UII_ [lbl // g(z II+3) (94)

for the b parameter, which includes the contributions of the parallel (X - £ - X; D)) and
perpendicular (£ = IT = X; D, ) transitions,

SOO D - D”
(95)
\/_520 DJ_ + 2D||
In the case of linearly polarized light, the excited state multipoles can be written as
2C"|Sp0]? 2
poo = 20y 4 2) (96)
3V3 25

2C'|S50|?
P20 = — %\/7(1—101? [b]) (97)

to give

V2p,y 2 —20Rel[b]

- (98)
Poo 2+ 25|b|?

ﬁf,z = -

Finally, the alignment parameter, Ao, of the angular momentum J°, can be calculated as
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2]+ 3)(2)" — 1) Re[pyo]
Ay = \] 570" + 1) o0 (99)
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4 Experimental

4.1 Experimental apparatus I. Resonance
enhanced multiphoton ionization (REMPI)

In the case of the mass resolved REMPI experiments performed on HBr?% and HI2%42%¢
tunable laser radiation was generated via a Coherent ScanMatePro dye laser, pumped by a
Lambda Physik COMPex 205 excimer laser. The excimer laser utilizes the emission from
the XeCl exciplex created by an electrical discharge from high voltage electrodes. The laser
radiation at 308 nm follows a bound-to-free electronic transition from the B ion-pair state to
the repulsive ground state of the XeCl molecule (e.g. see Ref.*> and references therein). The
excess energy from this process is exported via a 308 nm wavelength photon.

The radiation from the excimer laser was directed into two dye cells in the dye laser
containing various dye solutions depending on the region being scanned (see Table 11). The
bandwidth of the generated tunable dye-laser radiation was about 0.095 cm™. The radiation
from the dye laser was then frequency doubled with a second harmonic generator (SHG).
For our experiments, an interchangeable BBO-2 crystal was placed in the radiation pathway
to achieve the frequency doubling. Thus, the generated radiation provided data resolution of
approximately: 4 x 0.095 cm™ = 0.4 cm™.

The laser beam was directed into a vacuum chamber containing electric platings designed to
direct any ions formed into a TOF (time-of-flight) tube. The platings consist of a single
repeller which is a highly charged positive plate and several extractors which, having less
positive charges, serve as focal and directional lenses for the ions. The laser beam was
focused by a 20 cm focal length lens.

Table 11 Wavelength and wavenumber ranges of photons used for specific dyes and relevant
references.

Molecule Wavelength range [nm]  Wavenumber [cm™] Dyes
HBr 498.13 — 506.07 79 040 — 80 300 C503 233
HI 534.05 - 579.71 69 000 — 74 900 R-590, 234-236
C540A

A jet-cooled molecular stream was directed through a nozzle orthogonally with respect to
the radiation beam. The vacuum chamber was pumped by a diffusion pump backed by an
Edwards mechanical pump whereas the TOF tube was pumped by a Pfeiffer turbo pump also
backed by an Edwards mechanical pump.

The HBr gas sample (99.8% purity) was acquired from Merck-Schuchardt whereas the the
HI gas sample (99.5%) was obtained from Matheson gas products Inc. Undiluted gases were
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pumped through a 500 pm nozzle from a sample backing pressure of about 2.0 — 2.5 bar into
the vacuum chamber. The pressure inside the chamber never exceeded 10°% mbar during
experiments. The nozzle opening time was kept between 150 and 200 ps and the delay time
for laser excitation was between 450 and 550 ps. Typical repetition rates were 50-100 pulses
for each frequency point. Figure 11 shows a schematic of the experimental setup.

REMPI-TOF data for jet-cooled gas were sampled by detecting ions formed at the focal
point after separation in the TOF tube, and detection by MCPs (micro channel plates).
Signals from the MCPs were fed into a LeCroy WaveSurfer 44MXs-A, 400 MHz storage
oscilloscope and stored as a function of the ion time-of-flights and the laser radiation
wavenumbers.

Excimer Dye Laser SHG, Autotracker

Prism

{e

Diffusion

Pump
—
Oscilloscope/PC
N~
Turbo _/ Z i MCP Connected to
Pump A. Power supply

Figure 11  Schematic figure of the REMPI-TOF experimental equipment.
4.1.1 Analysis Methodology

The described equipment allowed simultaneous measurements of all ions within a defined
mass range. The data was collected by use of a Labview program which was also used to
control the wavenumber scanning and further data acquisition.

Individual ion signals were integrated as a function of the recorded wavenumbers to yield
REMPI spectra for H*, X*, and HX* (X = "Br, 81Br, 1271). The mass spectrum is an intensity
vs m/z (mass-to-charge ratio) but the time-of-flight principle (see chapter 4.1.3) allows the
mass spectrum to be recorded as intensity vs the ions* time-of-flight. See Figure 12 for mass
spectra and Figure 13 for REMPI spectra of HBr and HlI.

Igor Pro version 6.373%% was used to process and analyze the compiled spectra.
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Figure 12  (Above) Compiled mass spectra of HBr from 79330 to 79350 cm~. The strongest observed
peaks correspond to ion counts of H*, °Br*, H®Br*, 8Br*, and HBr*, as marked. Other peaks
correspond to impurities such as C* and C.*. (Below) Compiled mass spectra of HI from 70756 to 70778
cmL. The strongest observed peaks correspond to ion counts of H*, 2’1, and H'?"Br*, respectively.
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Figure 13  (Above) A mass resolved REMPI spectrum of HBr for the fragments H*, °Br*, and H°Br".

Displayed are some of the rotational branches of the F*A2(0) Rydberg state and the V:X*(m + 7) ion-pair
state. Nota bene, the O lines of the VIX*(m + 7) state have not been reported. (Below) A mass resolved
REMPI spectrum of HI for the fragments H*, *?’I*, and H'?’I*. Displayed are some of the rotational
branches of the H'X*(1) and m®II2(0) Rydberg states and the V*EX*(m + 6) ion-pair state. Also presented
is an unassigned (hidden) Rydberg state, responsible for forbidden perturbations between the m3[2(0)

Rydberg state and the V'E*(m + 6) ion-pair state.
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4.1.2 Simulations

In some cases, spectra simulations were performed to assist with peak assignments. In order
to simulate the perturbed spectra (though rudimentarily), the program PGOPHER developed
by C. M. Western®* was used. The program allows for a wealth of input parameters. For
rotational assignments, as emphasized in this thesis, the key input parameters were the
rotational and centrifugal constants, band origins, and off-diagonal matrix elements, as well
as the symmetries of the states involved. An example of a simulation of a spectrum showing
the effects of near-degenerate perturbations, is presented in Figure 14.

Ll
12 119 8&10 1

4 3 2 1

Relative Intensity /a.u.

—— REMPI spectrum
—— pgopher simulation

L L
10 9 8 7 6 5 4 3 210
|

I | T | I I I 1
73.10 73.12 73.14 73.16 73.18 1 73.20 7322 7324 7396:10°
2hv /cm

Figure 14  Example of a simulation by PGOPHER of a REMPI spectrum due to two-photon
resonance excitations to the j*£~(0) and k°M1(2) Rydberg states of HI, which was utilized in Article #6.
The simulation includes a perturbing 3%~ state with origins at about 73 200 cm™ and the ion-pair
vibrational states VZ*(m + 12) and V1Z*(m + 13).

4.1.3 Time of flight analysis

When a molecule (or atom) is ionized in an electric field, it gains momentum in the direction
of the field. The relationship between the ion masses (Mw) and the time-of-flight (t) for our
equipment is

t=a My +b (100)

The constants a and b vary between experiments and are evaluated for each measurement.
Using eg. (100), calibration of the mass spectra (i.e. evaluation of a and b) normally is
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relatively easy for two reasons: i) The number of expected ion peaks arising from fragment
ions of the hydrogen halides is small and easily distinguishable, and ii) additional peaks, due
to impurities such as C* and C.*, are frequently present, which further validate the
calibration.

4.1.4 Equipment control

The experimental control is based on a sequence of triggers directed through the LabVIEW
program. REMPI data are thusly sampled by scanning the dye laser over specific spectral
ranges with a wavelength appropriate dye.

To initiate an experimental procedure, commands are sent to the dye laser to move its grating
to the position of the inital wavelength, /1. The dye laser control unit typically generates a
chain of 30 to 100 pulses at 10 Hz, each of which triggers the opening of the nozzle. Each
pulse is delayed and fed to the excimer pump laser. Subsequently, the dye laser changes the
wavelength from A1 to A2 by previously specified step sizes. This process is repeated until
the total wavelength range is covered. During a scan, the laser output energy is kept at a
maximum by turning the SHG crystal through auto-tracking.

4.2 Experimental apparatus II. Velocity map
imaging (VMI)

When photofragments dissociate, they do so via repulsive states. The repulsive states
converge to fragments, whose energy is somewhat lower than the energy obtained from the
(three) photons absorbed. The excess energy is translated into Kinetic energy of the atoms
that fly apart from each other. The direction of the fragmentation is governed by the
alignments of the molecules against the laboratory frame, the polarization of the laser
radiation, and the symmetry of the orbitals involved in the photodissociation.

The experimental apparatus used for velocity map imaging experiments on HBr is presented
in Figure 15 and has been described in detail elsewhere.%5-% |t consists of two differentially
pumped chambers. Firstly, a source region which is pumped by a Leybold, DI 3000 diffusion
pump. Secondly, a detection region which is pumped by a Leybold, Turbovac 600 turbo-
molecular pump. The valve design is based on original work of D. Proch & T. Trickl®*® with
a modification similar to the work of F. Dong et al.**° and Q. Ran et al.*®

The detection chamber is equipped with an ion optics assembly. It is described in detail in
Ref.3%" A schematic of the ion optics used in these experiments is displayed in Figure 16.
Focusing is achieved by translating the laser position along the TOF axis, i.e. when the
starting position along the TOF axis is at a specific distance from either the repeller or the
extractor.

A supersonic molecular beam, typically of a 15% HBr mixture in He, was formed by
expansion through a home-made piezoelectrically actuated nozzle valve before being
skimmed prior to entering the detection chamber. A stagnation pressure of Po <1 bar and a
nozzle diameter of 1 mm was used. A skimmer (g1.5 mm Beam Dynamics) was positioned
approximately 5 cm from the nozzle orifice.
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Figure 15  Velocity map imaging experimental apparatus. Laser radiation perpendicularly intersects
with the molecular beam from the pulsed nozzle. lonized photofragments are accelerated onto a
phosphorescent screen which is imaged by a charged coupled device (CCD) camera.
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Figure 16  Scaled schematic of the ion optics (numerical values are in mm). Dimensions are optimized
for a TOF length of about 45 cm. Panel a) shows the dimensions for when a flat grid is placed on the
extractor and panel b) shows when the grid is removed. In both cases velocity mapping is achieved with
the presented dimensions as shown on the figures below the ion optics assembly. The figure is reproduced
from Ref.%’

A photolysis/photofragment ionization laser beam is focused (f = 20 cm) on the geometric
focal point of the repeller and extractor plates where it intersects the collimated molecular
beam at right angles. In one-color experiments, the laser beam is generated by a pulsed
Nd**:YAG (Spectra Physics Quanta Ray Pro 250) pumping a master oscillator - power
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oscillator system (Spectra Physics MOPO 730-10) set at the appropriate wavelength. In two-
color experiments, a second excimer-pumped (Lambda Physik LPX300, operating with
XeCl) pulsed-dye laser (Lambda Physik LDP3000) pulses are also used with an appropriate
dye and a BBO crystal to achieve (2 + 1) REMPI of the quantum-state-selected
photofragments generated by the MOPO system. In the latter case of two-color experiments,
the two lasers are counter-propagating and focused onto the collimated molecular beam by f
=30 cm lenses. The photolysis laser is used to generate neutral fragments and after a suitable
time delay, the probe laser is used to ionize one of the quantum-state-selected fragments by
REMPI.

The probe laser pulses are delayed with respect to the photolysis pulse, in order to allow a
sufficient density of photofragments to build up prior to REMPI detection. Moreover, the
time delay between the photolysis and photoionization pulses had to be carefully adjusted in
order to avoid photofragment “fly-out”. Typically, the delay is set at about 10 ns.

In a one-color experiment, the photolysis laser pulse is also used for the REMPI of the
nascent photofragments. The laser power is kept relatively low; below 3 mJ/pulse in order
to minimize space-charge effects from excessive ion production in the interaction region.

lons produced are accelerated into a field free space of the detection chamber, where they
fly towards a position-sensitive detector located approximately 45 cm from the molecular
beam / laser pulse interaction point. Due to the mass difference of the possible
photofragments (H* and "®81Br*) only one fragment mass is imaged at a time while the others
are separated by the time-of-flight during their field-free trajectory on route to the detector.

The velocity distribution of the photofragments produces a Doppler broadening in the
resonant transition used for their REMPI which is larger than the probe-laser bandwidth.
Therefore, for VMI experiments the laser wavelength has to be scanned, so that all
photofragments are ionized with equal probability.

The imaging detector consists of a dual, imaging-quality MCP array coupled to a P47-
phosphor-coated anode (Proxitronix) with an effective diameter of 40 mm. After passing
through the TOF region, ions hit the surface of the front MCP, which is pulsed between 0
and —700 V. For each ion detected, the MCPs produce a large amount of electrons (~10°) at
the rear side, which is kept at positive voltage (+1200 V). These electrons are accelerated
onto the phosphor screen (kept at +6 kV) to create phosphorescence spots. lon selection is
achieved by “gating” the front MCP from O (ho detection) to —700 V with a fast (<20 ns)
high voltage switch circuit. The timing of the experiment is controlled by using a pulse
generator (Berkeley Nucleonics 565 Series) and is optimized by monitoring the ion signal
on an oscilloscope (Hameg HM1007; 100 MHz). During the “gated” operation, scope signal
monitoring is stopped, as the high voltage pulse will capacitively couple to the monitoring
oscilloscope.

Images appearing on the phosphor anode are recorded asynchronously every second (~10
laser shots) using a charge-coupled-device (CCD) video camera (Unibrain Fire-1 702),
equipped with a 50 mm f1.4 lens, with on-chip integration capabilities and connected to a
PC through Firewire (IEEE1394) interface. Typically, several thousand such frames are
averaged to form images. 2D slices of the 3D ion distributions from a final image were
extracted by an inverse Abel transformation. Those images (see Figure 17) were integrated
from their centers over angle to obtain the velocity distribution and over radius to extract the
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angular distribution of the fragments. Background images were obtained either by tuning the
photoionizing laser off-resonance or by changing the delay timing of the laser pulses so that
the probe pulses arrived at the interaction region long after the molecular beam pulse has
crossed this region or by turning the molecular beam off. The background images are
subtracted from the signal images.

M(measured) = 235.935 nm
A =235.906 nm
2hv=84779.5 cm’!
J=J"=17

Figure 17  An Abel transformed H* velocity map image for resonance excitation to the J° = 7
rotational line of the 3Z-(6pm)(v" = 0) Rydberg state. The kinetic energy release (KER) spectrum is
superimposed on the image. On the right, a close-up of the innermost ring is presented. The data is
unpublished.

4.2.1 Analysis methodology

A typical 2D image is shown in Figure 17, Along with the KER spectrum (red line) obtained
by integrating the image over angle. For the simple case of no focusing fields (ion imaging),
the kinetic energy (E) of mass (m), if the time-of-flight (t) is known (from the scope or the
detector gate setting), is

2

= ()

where R is the radius (distance from the center) on the image. However, in VMI focusing
fields (i.e. einzel lens or the two-electrode slicing scheme of Papadakis et al.®®") are
employed, which add a magnification factor, M, to the above formula
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1 R\?
E:—mM(—) (102)
2 t
If we set
. 103
the formula becomes
E = M' % R? (104)

M’ is dependent upon the repeller voltage and has to be determined for the pixel-to-energy
transformation. Therefore, for a VMI image, energy calibration for each repeller voltage is
required; the R for a mass of known kinetic energy E is measured at the required repeller
voltage and the M” is determined from the last formula. In HBr we have done so by using
the energy difference in the H images of the two spin-orbit states of Br (P2 and 2P12) which
should differ by the spin orbit splitting (2685.24 cm™1).3%°

To assign each individual KER peak, the expected KERs for various channels were

calculated and compared with the observed KER peaks. These analyses are described in
detail in Article #4.
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5 Spectroscopic analysis

As the two experimental setups discussed in chapter 4 yield different data, different
analytical approaches are adopted. Here we will briefly discuss i) the analysis of mass
resolved REMPI data, and ii) analysis of velocity map images.

5.1 Analyzing mass resolved REMPI spectra

For most of the analyses of mass resolved REMPI data, emphasis was placed on the
identification of perturbation effects resulting from state interactions. As previously
mentioned, perturbations are categorized as homogeneous (AQ = 0) and heterogeneous (AQ
# 0). In the literature, these interactions were frequently referred to as off-resonance and
near-resonance interactions, respectively, based on their appearance in the spectra. At later
stages, to avoid confusion with “resonance transitions” these were expressed as non-
degenerate and near-degenerate interactions, respectively.

Other naming conventions were also introduced in this work to distinguish the three major
types of perturbation effects, notable in the REMPI spectra. These are LS-effects, LI-effect,
and LW-effects, which refer to line-shift effects, line intensity-effects, and line-width effects,
respectively. Here, these effects will be outlined, as well as quantum defects, which have
been useful in spectral assignments.

5.1.1 LS-effects

Perhaps the most common appearance of perturbation effects take the form of LS-effects
where spectral lines are shifted because of quantum level shifts due to level-to-level state
interactions. In the case of homogeneous perturbations, the interaction strength parameters,
W’ (i.e. the off-diagonal Hamiltonian matrix elements), are independent of J°, whereas in
case of heterogeneous perturbations, the W’s are J° dependent,

w=w.Jj(J +1) (105)
where W’ is a constant.

Two useful methods to identify LS-effects in the spectra were applied, i) -plotting graphs of
AEy, y+1 vs J's, where AEy, y+1 is the energy difference between “neighboring quantum
energy levels J” and J° + 1 (i.e. LS-plots), and ii) —making reduced term value plots.

In accordance with theory, LS-plots for unperturbed spectra should yield approximately
linear graphs. Observed deviations from such behavior have proved useful in identifying a
multitude of level-to-level interactions between excited states of the hydrogen halides.?2¢ 22"
229,230, 232-237 Reduced term value plots are useful for the same reason but are even more
sensitive to level-to-level interaction effects. Reduced term values are calculated as the
energetic difference between measured energies (E) and the fitted or deperturbed energies
foragive J'.
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AE=E—-(°+BJ(J +1)-DJ?(J + 1)? (106)

Examples of non- and near-degenerate interactions, resulting LS-plots and reduced term
value plots, are presented in chapter 6.5.1 (supplementary material for Article #5).

To obtain deperturbed values of the rotational constants, as well as interaction strengths, the
observed line positions were fitted to the appropriate equations as presented in chapter 2.1.
Igor Pro version 6.37°%% was used for the procedure. Known rotational constants of HBr and
HI were used as input parameters.

5.1.2 LI-effects

Formation of molecular ions is the likeliest result of an excitation via a “pure”/unmixed
Rydberg state. On the other hand, if Rydberg states are readily mixed with ion-pair states,
the increased ion-pair character will result in excitations at longer internuclear distances, to
a greater extent. This frequently results in excitations to repulsive superexcited states or
repulsive ionic states to produce excited photofragments or atomic ions. Thus, highly mixed
Rydberg states yield a greater amount of H* and X* ions in their respective REMPI spectra.

By using these characteristics of ion formations, the weight factors (c?) for the mixing of
Rydberg and ion-pair states can be evaluated. If we denote the eigenfunctions of the
perturbed states as 1,and 1,, and of the unperturbed states as ¥ and 2, the perturbed
levels can be represented as

[Y1) = C1|1/1i)) - Cz|¢g>

(107)
[2) = c1¥?) + c2|¥3)
for the weight factors
1 AE|? — 4|W,|?
Ci2=_i | | | 12| (108)
2 2|AE]|

Where AE = E1 - Eo.

Based on the above assumptions, the X* intensities are proportional to the fraction of HX**
molecules in the Rydberg state (c%) and the ion-pair state (c3).

1(XY) = ayc? + Byc? (109)
Similarly, the HX* intensity are derived as
I(HX™Y) = ayc? + By (110)

If we set a = aoloa, y = frlaz, 6 = 1 — (Bolas), and c? = 1 — c3, the ratio between the ion
intensities is

X9 _ G+ c;(1-v))
I(HXY) (1-45¢2)

(111)
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This expression can be further simplified by assuming that HX* produced by excitation from
a “pure” (diabatic) ion-pair state is negligible, in which case the factor f» is assumed to
approach zero and thus, d = 1 — (B2/a1) = 1. This assumption leaves the parameters a and y,
as suitable variables for fitting observed intensity ratios as a function of energy levels, J".

The y factor measures the relative rate of formation of X* from the diabatic Rydberg state
(B1) to that of its formation from the diabatic ion-pair state (a2). As the latter is the major
formation channel for X, the value of y is expected to be small, but non-zero and serves as
a measure of the relative importance of the two dissociation channels.

The o factor measures the relative rate of the main formation channel of X* from the ion-
pair state (a2) to the main formation channel of HX* from the Rydberg state (a1). Therefore,
in the case of Rydberg resonance excitations, o factor increases with state mixing.

Combined, the multiplicative factor ay = f1/a1, measures the relative contributions to the X*
formation and HX* formation from the Rydberg state. Further discussion about comparison
of these results for HCI, HBr, and HI is presented in chapter 8.

The I[X*]/I[HX"] intensity ratios as a function of J° were used throughout as a measure of
evidences of state interactions. More explicitly, these gave evidences of hidden states (see
Articles #5 and #6).

5.1.3 LW-effects

Line-widths are strongly influenced by bound-to-bound and bound-to-continuum state
interactions. This instability results in decreased lifetimes, hence line-width broadenings.
These effects are referred to as LW-effects.

Lower limit lifetimes (tmin) can be derived from the line-widths (1) by#
Tmin(ps) = 5.3/ (cm™") (112)

In the absence of Doppler broadening, the line shape can be assumed to be Lorentzian. The
Lorentzian function () is dependent on the frequency (v)

r/2n
v—vo)? + (I'/2)?

x(,vo) = ( (113)

for any line position v,. Otherwise, the line shapes can be described by a Gaussian.

41n(2)(v—vy)?
K = 5 (28T (114)
s

Generally, the broadest peaks observed, correspond to highly perturbed rotational levels of
ion-pair states. They were better fitted by Gaussian line shapes rather than Lorentzian. lon-
pair states, however, do not predissociate directly?® 232 233 byt observed line-width
alterations due to interactions with one or more predissociating Rydberg states.

If we let z be the total lifetime of a perturbed state (the perturbation can both be in the form
of bound level-to-level interactions or bound-continuum interactions) and ki(J"), k2(J), ..,
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kn(J7), are the J° dependent predissociation rates of relevant Rydberg states, then the number
of molecules that dissociate from the perturbed state during a time interval, dt, is given by

dN = Z k)Nt (115)

with the solution

n n

N(t) = N, He"‘i(]')f =N, ne‘f/f (116)

L L

where No is the initial population. The total lifetime can, subsequently, be expressed in terms
of the sum of predissociating rates of interacting Rydberg states and a J” dependent coupling
rate (fi(J")) for the Rydberg to ion-pair interaction.

1 < C 1
2= D AUGY = ) 00T (117)

5.1.4 Quantum defects

To a first approximation, quantum defect values (8) are constant for a series of converging
Rydberg states. Therefore, determinations of quantum defects has proven useful in
assignments of Rydberg state spectra for both HBr and HI. From eq. (28), the quantum
defect, 8, can be derived as

(118)

for v dependent ionization energies IE.

5.2 Analyzing a VMI image

Analysis of velocity map images are discussed in Article #4. A short summary, in terms of
kinetic energy release spectra, alignment parameters, for HBr will be presented here.

5.2.1 Kinetic energy release (KER) spectra

Rings or a set of rings in a velocity map image correspond to different formation routes of
the photofragment being imaged. For H*, typically four or five formation paths were
observed. These correspond to i) formation through repulsive superexcited states (i.e.
pathway (iv) described in chapter 3.5.3) and ii) formations through the ionic ground states
(i.e. pathway (i) in chapter 3.5.3). In the majority of the cases of H* formations in (i) the
H*(n = 2) fragment was involved. For the resonance Rydberg state (*X 6pm) a pathway
involving H*(n = 3) was also observed.

64



Spectroscopic analysis

The assignments of the KER spectra were based on calculations of the expected KERs for
the various channels, by using the relevant energetic parameters. These calculations are
presented in detail in Article #4.

5.2.2 Anisotropy parameters

Significant alterations in the angular distribution of the H* ions were observed for the various
fragmentation channels as a function of J” resonance excitations, in tandem with perturbation
strengths. Thus, in Article #4, the angular distributions of the so-called Br (via H* + Br) and
Br* (via H* + Br*) channels seem to switch character. The Br channel is found to become
increasingly more parallel with J°, whereas the Br* channel becomes increasingly more
perpendicular. For the highest observed value of J° for the Br* channel, the anisotropy
parameter is measured as almost zero.

Different fits were used to estimate the anisotropy of the relevant photofragmentation (ph)
channels. To a first approximation, a “single step” fitting procedure was used (see €q. (82)),
but with the fs parameter omitted since it gave no extra improvements to the evaluation of
the principle g2 parameter. The limitation of the single step is that it estimates the anisotropy
of the entire ionization process based on a one step procedure. As an improvement, a “two-
step” fitting procedure was implemented where the intensity ratios between the Q, O, and S
lines, in mass resolved REMPI spectra, were used to obtain the b parameter in egs. (93) and
(94). The b parameter was subsequently used to extract the St parameter for the resonance
excitation. Egs. (84) — (86) were used to fit the Sph2 parameter (as well as fra and Sona
parameters) for the photofragmentation processes.

Angular distributions of all rings were found to exhibit parallel or perpendicular character. The
angular distributions data was derived as intensities as a function of scattering angles (0 — 180).
Examples of angular distribution data along with fits from the two-step analysis are presented in
Figure 18 along with the relative contributions of the alignment of angular distributions in the
resonance state (P«(0)) and the photofragmentation (Ppn(8)).

b) E(v'=0),J=9;
H* + Br*

a) E(v'=0),J=1;

H* +Br*

T T -
150 0

T
SDScatts:ring Anugle /Deg

T
EDScattering An'E;"|e /Deg

Figure 18  Angular distributions of H* for resonance excitations to the E ‘Z* (v'= 0) Rydberg state
followed by photoexcitations to form H* (n = 2) + Br*(1/2) for J” =J'=1 (a) and J'=J= 9 (b):
Experimental dots, least square fit curves (P(6);dotted curves) for two-step excitation mechanism and
calculated “step-contributions”, Pr(8) (red) and Puyn(8) (blue). The processed data is from experiments
presented in Article #4.
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Photofragmentations, state interactions, and energetics of Rydberg
and ion-pair states: Two-dimensional resonance enhanced multiphoton
ionization of HBr via singlet-, triplet-, 2 = 0 and 2 states

Jingming Long, Helgi Rafn Hrédmarsson, Huasheng Wang, and Agust Kvaran?®
Science Institute, University of Iceland, Dunhagi 3, 107 Reykjavik, Iceland

(Received 15 March 2012; accepted 16 May 2012; published online 7 June 2012)

Mass spectra were recorded for one-colour resonance enhanced multiphoton ionization (REMPI) of
H'Br (i = 79, 81) for the two-photon resonance excitation region 79 040-80 300 cm™! to obtain two-
dimensional REMPI data. The data were analysed in terms of rotational line positions, intensities,
and line-widths. Quantitative analysis of the data relevant to near-resonance interactions between the
F'Ay(v' = 1) and V' T+(v/ = m + 7) states gives interaction strengths, fractional state mixing, and
parameters relevant to dissociation of the F' state. Qualitative analysis further reveals the nature of
state interactions between ion-pair states and the E' £+ (v/ = 1) and H' ¥ (v = 0) Rydberg states in
terms of relative strengths and J' dependences. Large variety in line-widths, depending on electronic
states and J' quantum numbers, is indicative of number of different predissociation channels. The
relationship between line-widths, line-shifts, and signal intensities reveals dissociation mechanisms
involving ion-pair to Rydberg state interactions prior to direct or indirect predissociations of Rydberg
states. Quantum interference effects are found to be important. Moreover, observed bromine atom
(2 + 1) REMPI signals support the importance of Rydberg state predissociation channels. A
band system, not previously observed in REMPI, was observed and assigned to the K*TTo(v' = 0)

<< X transition with band origin 80 038 cm™!

and rotational parameter B, = 7.238 cm™!.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4723810]

INTRODUCTION

Photofragmentation (photodissociation and photoioniza-
tion) studies of small volatile molecules is a vast research
field associated with a number of intriguing and contempo-
rary fields such as atmospheric chemistry,' astrochemistry,’
and photochemical synthesis.> Although the literature in the
field of molecular photodissociation is abundant, it is limited
in terms of excitation energy ranges studied and energy- and
time-resolution used in experiments. Most work deals with
processes following excitations to low energy repulsive va-
lence states. Photodissociation processes of neutrals in the
less explored high energy regions largely occur via excita-
tions to Rydberg states* followed by state interactions and
curve crossings to repulsive and/or ion-pair states.>”

The hydrogen halides are ideal molecules to study molec-
ular photodissociation processes via Rydberg state excitations
on a quantum energy level basis. The UV, VUV, and multipho-
ton excitation spectroscopy of these compounds show clearly
resolved rotational structures due to excitations to Rydberg
and ion-pair states.®~'! The spectral structures are found to be
rich in intensity anomalies due to state interactions and predis-
sociation processes.” '>~!* Since the pioneering work of Green
et al. on HCI in 1991 (Ref. 9) and Callaghan and Gordon on
HBr in 1990 (Ref. 10) a large emphasis has been on spectro-
scopic studies of these compounds as well as on HI to deter-
mine its high energy state properties.!!~13-13-1® More recently

) Author to whom correspondence should be addressed. Electronic mail:
agust@hi.is. Telephone: +354-525-4672/4-354-525-4800. Fax: +354-552-
8911.
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an increased emphasis has been on studies of state interactions
and photofragmentation (photodissociation and photoioniza-
tion) processes in HCI. Resonance enhanced multiphoton ion-
ization (REMPI) techniques have proven to be powerful tools
in this respect. Photofragment imaging techniques coupled
with REMPI (Refs. 17 and 18) have shone light on a num-
ber of photodissociation and photoionization processes in HC1
and HBr. Detailed studies of spectroscopic anomalies, such
as line shifts and signal intensity irregularities, in one-colour
REMPI spectra have revealed state interaction strengths
as well as importance of photodissociation processes in
HCL.">-?? Theoretical ab initio calculations to determine ex-
cited state potential energy surfaces for HCI (Ref. 23) have
proven to be very helpful for interpreting experimental data.

Most recent work, relevant to state interactions and
photofragmentation processes in the hydrogen halides, in our
group, has been on a number of Rydberg states and the V! =+
ion-pair state for HCI (Refs. 19-22) by the one-colour REMPI
technique. Our observations can be grouped into categories
depending on the strengths of Rydberg to ion-pair state inter-
actions as follows:

a) Very weak near-resonance state interactions, distinguish-
able by negligible rotational line shifts but significant al-
terations in signal line intensities,”® observed for triplet
Rydberg states and A2 > 0 state interactions.

b) Weak near-resonance state interactions, distinguishable
by localized line shifts, (hence energy level shifts), as
well as alterations in signal line intensities,'*22 observed
for singlet states and A2 > 0 state interactions.

© 2012 American Institute of Physics
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¢) Medium to strong off-resonance state interactions, dis-
tinguishable by large scale line/energy level shifts, as
well as alterations in signal intensities,?>2* observed for
triplet and singlet states and AQ2 = 0 state interactions.

Whereas quite an extensive study, relevant to photofrag-
mentations via Rydberg states of the hydrogen halides, re-
lating to HCI has been performed, as mentioned above, lim-
ited emphasis has been placed on the heavier compounds HBr
and HI. State assignments for HBr and HI resemble those for
HCI. Energies for analogous states decrease with increasing
molecular masses. Vibrational assignments (v') for the ion-
pair states, V! T* are uncertain and marked as v/ = m + i,
where i is integer numbers starting from i = 1 for the lowest
energy level observed and m is an unknown integer. Based on
the resemblance in the energetics of the HX’s (X = Cl, Br,
I) there is a reason to believe that the major photofragmenta-
tion processes in one-colour (2 4 n) REMPI of the hydrogen
halides is similar to that summarized, pictorially, for HCI in
Ref. 20. Thus the major photofragmentation processes follow-
ing two-photon excitations to rovibrational (v/, J') quantum
levels of Rydberg (HX " (Ry)) and ion-pair states (HX"(V))
will typically be

) HX"(Ry) + hv — HX* +e7;

(i) HX* 4+ hv — HY +X;

(iiiy HX™(V)4+hv - HX* +e7;

(iv) HX'+h — H" +X;

~v) HX"*WM4+h->H+X X" +h— Xt 4e;
vi) HX"(V)+h —->H" +X;H"  +hv—> HN +e;
(viiy HX™(V) 4+ hv — HY + X~

(viii) HX™(Ry) — H+X/X*; X/X#+ 3hv — Xt +e7;
(ix) HX"Ry)+hv - H+X" X" +hv — Xt +e.

H™ and X™ are atomic Rydberg states but X and X* refer
to the ground (3P3)) and the spin-orbit excited (2Pyp) states,
respectively. Channels (i) and (v—vi) typically dominate. The
number of photons in the excitation processes (i—ix), however,
may vary, depending on the photon energies. The initial Ry-
dberg or ion-pair state excitations may either occur by direct
two-photon excitations or via J' quantum number dependent
state mixing.

In this paper, we present a REMPI work on HBr with
main focus on photofragmentation and state interaction
processes involving singlet Rydberg and ion-pair states.
Quantitative and qualitative multiparameter analysis of
line-shifts, signal intensities, and line-widths illuminate state
involvements and interactions in photodissociation processes.
Furthermore, observations of new spectral features will be
presented.

EXPERIMENTAL

Two-dimensional (2D) REMPI data were recorded for
a HBr molecular beam, created by jet expansion of a pure
sample through a pulse nozzle. Apparatus used is similar to
that described in Refs. 16 and 25. Excitation radiation was
generated by a pulsed excimer laser-pumped dye laser sys-
tems, using a Lambda Physik COMPex205 excimer laser and
a Coherent ScanMatePro dye laser. Frequency doubled radi-
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TABLE 1. Typical
experiments.

equipment/condition  parameters for REMPI

HBr gas sample Merck Schuchardt, Germany, Purity: 99.8%

Laser dye C503
Frequency doubling crystal BBO-2
Laser repetition rate 10 Hz
Dye laser bandwidth 0.095 cm™!
Laser intensity used 0.1-0.3 mJ/pulse
Nozzle size 500 pm
Sample backing pressure 2.0-2.5 bars
Pressure inside ionization chamber 107% mbar
Nozzle opening time 150-200 us
Delay time for laser excitation 450-550 ps
Excitation wavenumber step sizes 0.05-0.1 cm™!
Time of flight step sizes 10 ns

ation was focused on the molecular beam inside an ioniza-
tion chamber between a repeller and an extractor plate. Ions
formed by multiphoton excitations were directed into a time-
of-flight tube and detected by a micro-channel plate (MCP)
detector. Signals were fed into a LeCroy WaveSurfer 44MXs-
A, 400 MHz storage oscilloscope and stored as a function of
ion time of flights and laser radiation wavenumbers. Average
signal levels were evaluated and recorded for a fixed num-
ber of laser pulses. The data were corrected for laser power
and mass-calibrated to obtain ion yields as a function of mass
and excitation wavenumber (2D-REMPI data). REMPI spec-
tra for certain ions as a function of excitation wavenumber
(1D-REMPI) were obtained by integrating mass signal inten-
sities for the particular ion. Care was taken to prevent sat-
uration effects as well as power broadening by minimising
laser power. Laser calibration was based on observed (2 + 1)
bromine atom REMPI peaks. The accuracy of the calibration
was typically found to be about 2.0 cm™! on a two-photon
wavenumber scale. Equipment condition parameters are listed
in Table L.

RESULTS AND ANALYSIS
Spectra

2D-REMPI data corresponding to resonance transitions
to the F1A,(v = 1), E'S+(V = 1), H'E*(/ = 0), V!'Z*+(/
=m+7),and V' ET(/ = m + 8) states of H'Br (i = 79, 81)
(see Fig. 1) in the two-photon wavenumber region 79 040-80
300 cm™~! were recorded, assigned, and analysed in terms of
rotational line-shifts, signal intensities, and line-widths. These
are hereafter named F(1), E(1), H(0), V(m + 7), and V(m + 8),
respectively. Figure 2 shows 1D-REMPI spectra for the H,
81Br*, and H3! Br+ ions. Within experimental error, no signif-
icant difference in rotational line positions are observed for
the two isotopes, i = 79 and 81. Rotational line positions are
listed in Table II. Several new rotational lines, not previously
reported, ' are observed. Most other peak positions agree rea-
sonably well with those given by Callaghan and Gordon.'?
In addition to the above-mentioned resonances, weak peaks
due to transitions to a Rydberg state, previously unobserved
in REMPI, are observed in the region 80 028-80 040 cm™!
(see Fig. 2 and Table II). Furthermore, three Br atomic
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FIG. 1. HBr energetics. Potential energy curves, asymptotic energies (right),
photon excitations (red arrows; left) corresponding to two-photon resonance
excitation to the F' A5(v/ = 1) state and relative absorption intensity of the
A-band (Ref. 33) (tilted to the left). Potential curves other than the repulsive
states are derived from Fig. 1 in Ref. 18. Repulsive potentials (A, t and the
a states) are derived from Fig. 1 in Ref. 34. Threshold energies are derived
from atom energy levels.>

(2 4+ 1) REMPI resonances, due to transitions from ground
state Br(>P3),) to the excited states *S3,, (79 178 cm™1), 2P3)
(79 696 cm™"), and 2Py, (79 868 cm™!), were identified in
the spectral region.

Analysis of the spectrum near 80 040 cm™!, based on
the assumption that the peaks are Q lines, gave rotational
constants B, =7.238+0.070cm™~! and D, = —0.016
4+ 0.005 cm™~! and band origin value of 80 038 + 2 cm™! for
the Rydberg state. Based on comparison with absorption data
given by Ginter et al.,”® the state of concern is assigned kK*IT,
' =0).

Energetics and line-shifts vs. state interactions

Rotational level energies for all five states were derived
from the line positions (Table II) and the rotational level en-
ergies of the H¥'Br ground state?” (see Fig. 3). To a first ap-
proximation an unperturbed state will show linear behaviour
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FIG. 2. 1D-REMPI spectra for H*, 8!Brt, and H*' Br" and J/ assignments
for rotational peaks corresponding to two-photon resonance excitations to the
F'AyW =1, VIt =m+7),H'ZT (v =0), V' = m + 8), and
E'S$% (v = 1) states. New, previously unreported spectrum in REMPI, as-
signed to two-photon resonance transition to the I3TIo(v' = 0) state is marked
in figure (d). Three atomic lines due to (2 + 1) REMPI of Br are also marked
(see Table VI).
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TABLE II. Rotational lines for H'Br (i = 79, 81), due to two-photon resonance transitions to the V!S+(v' = m + 7), VISH(V = m + 8), E'S*(/ = 1),

F'Ar(vV = 1), H'SH (v = 0) and “New” (K*T1o(v' = 0)) states (see text).

V(im +7) V(m + 8) E(1)
J Q N o Q N (0] S
0 79 481.3 79 975.5 80 029.0 80 166.3
1 79 472.5 79934.8 80021.8 80 162.0
2 794554 79 508.8 79 887.3 80 006.6 80 058.5 80 153.8 80203.1
3 79431.7 79 520.0 79 836.0 799824 80 069.3 80 142.2 80228.3
4 79 399.6 79 525.6* 79 949.7 80 070.9 80 129.1 80245.2
5 79 343.4% 79 909.0 80 063.3 80 116.4 80261.6
6 79 282.1* 79 860.5 80 045.5 80 101.2* 80 278.0*
7 79 218.1* 79 801.8* 80 083.5* 80 296.3*
8 79 144.2* 80 314.6*
9 79 064.5*

F(1) H(0) New

J o P Q R N o (0] S (0]
0 79 595.6 79 645.6 80 039.8*
1 79 559.5 79 642.9 80 037.5"
2 79 191.2 79 258.2 79 309.6 79 343.0 79 358.6 79 520.9 79 637.7 79 686.8 80 033.8*
3 79 155.2 79 236.6 79 307.3 79 356.6 79 386.5 79 480.1 79 630.2 79712.9 80 028.8*
4 79 120.1 79216.9 79 304.1 79 368.6 79417.0 79 438.6 79 621.8 797373
5 79 077.1* 79 196.6 79 300.2 79 379.7 79 445.8 793955 79611.8 79 761.7
6 79 047.0 791755 79 296.7 793912 794727 79 350.5 79599.8 79 782.0
7 79 153.9 79 290.4 79 403.1 79 505.2* 79 301.6* 79 583.7 79 800.0
8 79 133.2* 79 283.9 79 532.4* 79 250.6* 79 565.4 79 814.8
9 79 111.0* 79 276.1 79 539.7 79 823.2%
10 79 086.2* 79 265.7 79 505.2*
11 79 058.9*

“New, previously unobserved peaks in REMPI.

for the energy spacing between neighbour energy levels,
AEy y_1 (= E(J)) — E(J' — 1)) as a function of J with a
slope value 2B,/, where By, is the v'-dependent rotational con-
stant. Irregular, nonlinear, shape of AEy y_, vs J plots is
a clear indication of perturbation effects due to state interac-
tions (see Fig. 4) showing as level-to-level repulsions between
levels with same J/ numbers.'>2® The shift of an energy level
of a perturbed state (1) (AE; (1) = E;(1) — Eg,(l), where
Eg,(l) is the zero order energy for the unperturbed state) de-
pends on the interaction strength (W),) between that state (1)
and the perturbing state (2) and the observed energy level dif-
ference, between the two states, for same J' (i.e., AEy(1, 2)
=Ey(1) — E;(2)),

1
NE;() =5 (AEm, 2 J(AE, (1,22 — 4 \W|2|2) .
(la)
Equation (la) is derived from the classical expression

given by Herzberg?® for energies in case of level-to-level in-
teractions,

1
2
i=12

AES(1,2) = ES.(1) — ES.(2).

1
Ex(@) = 5 (ES(D+ES ) 45 /4 1WiaP + (AES.(1, 2%
(1b)
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Small, but significant, positive deviation of the AEy y _
value from linearity for J/ = 6 (slight negative deviation for
J' =7) in F(1) is an indication of near-resonance interactions
between F(1) and V(m + 7) (Ref. 13) (see Fig. 3(a)). Strictly,
interaction between the F' A, and V' £+(0%) states violates
the selection rule AQ2 = 0, 1. Most probably, however, the
F-state is a mixed state analogous to HCI, where the F-state
wave function is believed to be a linear combination of
= 1, 2, and 3 components, and F to V perturbations ob-
served therefore due to heterogeneous (AQ = 1).'%2° The
larger irregularities in energy levels, observed for the V(m
+ 7) state, however, (Fig. 4(a)) indicates further involve-
ment of larger homogeneous (A2 = 0) state interactions with
Q = 0 states, of which interaction with the E(1) state, slightly
higher in energy, will dominate. Involvement of the closer in
energy H(0) state, however, will also be affective. A posi-
tive deviation in AEy y _; values vs. J' observed for E(1)
(see Fig. 4(a)) acts in accordance with a large negative de-
viation observed for V(m + 7) near J' = 4-6. The E(1) state
does, however, “experience” still stronger interactions from
the “closer in energy” V(m + 8) and V(m + 9) states which all
together will affect the observed irregularities in AEy y 4 Vs.
J' for E(1). Whereas almost a linear behaviour of AEy y 4
vs. J' is observed for H(0) (Fig. 4(b)), in the low J' region,
large negative deviation is observed for high J' (/' > 6). The
major perturbation effects on H(0) will be due to interactions
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FIG. 3. Rotational energy levels, derived from observed REMPI rotational
peaks for the F'A>(v = 1)), VIZH(V = m+7)((a) and (b)), H'S+
(/' =0)b), V'E+( = m + 8)((a) and (b)) and E 'ZF (v = 1)(a) states.
Observed level-to-level near-resonance interactions between F(1) and V(m
+ 7) and off-resonance interactions between the V(m + 7) and V(m + 8)
ion-pair states and the E(1) and H(0) Rydberg states are indicated by bro-
ken lines. Strength and alterations in state mixings are indicated, roughly, by
varying thickness of broken lines.

with the V state. These observations, therefore, suggest that
overall effects due to level-to-level interactions with the
V(m + 7) and V(m + 8) states “cancel”, such that a decreas-
ing level repulsions with J' by V(m + 7) matches an increas-
ing repulsions with J' by V(m + 8) (Fig. 3(b)), resulting in an
effective lowering in the slope, hence the rotational constant.
The growing negative deviation for high J', on the other
hand, is due to increasing near-resonance-interactions with
V(m + 8) also observed as positive deviation in the AEy y _
vs. J' plot for V(m + 8).

Assuming only level-to-level interaction with V(m + 7)
to be responsible for the energy deviations observed in F(1)
(Fig. 4(a)), the interaction strength for J' = 6 could be evalu-
ated from Eq. (1) as W}, = 4.4 & 0.4 cm~'. Furthermore, by
assuming the heterogeneous interaction to change with J' as

Wiz = Wi,(J'(J 4+ )2, 2

Wi, = 0.68 & 0.07 cm™~' was derived and W, values for J'
= 2-7 evaluated (Table III). The fractional contributions

J. Chem. Phys. 136, 214315 (2012)
N
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FIG. 4. H'Br: Spacings between rotational levels (AEy y _ ) as a function
of J' for F' As(v' = 1)(a), E'SH(V' = 1)(a), V!ET(/ =m + T)(a), H =T/
=0)(b), and V' £+(+/ = m 4 8)(b). Dots connected by solid lines are derived
from Q rotational lines. Broken lines are line fits for, J// = 3-5 and 8 values
for F(1), J' = 1-3 values for E(1), J' = 1-6 values for H(0), and J' = 1-5
values for V(m + 8). The broken line for V(m + 7) joins the dots for J' = 1
and 9 to guide the eye.

to the state mixing, cf and c%, for the states 1(F(1)) and
2(V(m + 7)) respectively can now easily be derived from

1 AEp(1,2)? — 4|Wp|?
2oLy YOE (20— 4wl

2 2[AE (1, 2)] ’

2 _ 2
c;=1—¢cj

3

(see Table III).

Signal intensities vs. state interactions

Rotational lines were fitted by Lorentzian functions
to obtain integrated intensities as well as line-widths.
Brt* signal intensities relative to H'Br* signal intensities
(I(Br)/I(H'Br*)) as a function of J/, for the Rydberg state
spectra (see Fig. 5) show certain resemblance to analogous
plots of ICCI*)/I(H'CI*) for H'Cl (Refs. 19-22) where an
increase in the ratio has been shown to indicate an acces-
sion of state mixing and stronger interaction with the V' X+
ion-pair state. Thus the plot of the Q line intensity ratios
for the F(1) state shows a weak but significant increase for
J' = 6 (Fig. 5(a)) corresponding to the near-resonance
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TABLE III. Parameters derived from line-shift and intensity-ratio interaction with V(m + 7) (see Fig. 3(a)). This near-resonance
(I(Br)/I(H'Br™)) analysis of the F(1) << X system (sce Figs. 4@), 6@, effect also displays itself as alterations in absolute ion signals.

and 6(b) Thus the P line series for H'Br* displays minimum for J' ~ 6
J AE = E(F(1) - E(Vin + 7)) Wi o &2 (see Fig. 2(a)) and the J' = 6 peak for H in the 0 line.sen'es
exhibits enlargement. The intensity ratios (/('Br™)/I(H'Br™))
2 —145.9 1.67 1.00 0.000  for the E(1) state gradually decrease with J' (Fig. 5(c)), in-
3 —1244 2.36 1.00 0.000 dicating less off-resonance interactions with V(m + 8) as the
4 —95.5 3046 1.00 0.000 spacing between the levels (AEy(E(1),V(m + 8))) increases
5 —43.2 3.73 0.993 0.007 . . . . e .
with equal /' (Fig. 3(a)). There is, however, a slight indication
6 14.6 4.41 0.898  0.102 ¢ h d rati 7 — 6 (Fie. 5 The intensit
7 73 5.0 0995  0.005 9 an enhanced ratio near = ( ig. 5(c)). The .1n ensi y ra-
" tios for H(0) show clear effect of “double” state interactions,
Wi 0.68 £ 0.07 cm

v (Brlery) o1 showing decreasing values with J' for low J' (for J' > 0) but
o (o) 13 increasing values with J' for high J', with minimum at J'~ 5
ay (Brlar) 0.14 (Fig. 5(d)). This is due to a decreasing interaction with V(m

+ 7) but increasing interaction with V(m + 8) as a function of
J' and the AE;(H(0),V)’s increase and decrease for V(m + 7)
and V(m + 8) respectively (Fig. 3(b)).

I(Br)/I(HBr)
I(Br)/I(HBr)

3.5
@ - 79‘
3.0 81

N
&
q

I(Br)/I(HBr")

J'

FIG. 5. Relative ion signal intensities, /(Brt)/I(H'Brt) (i = 79, 81) vs. J' derived from Q rotational lines of REMPI spectra due to two-photon reso-
nance transitions to the Rydberg states F(1) (a), E(1)(c), and H(0)(d). (b) shows simulation for (a), assuming J' level-to-level interactions between the
F(1) and V(m + 7) states (black columns) for W1, = 0.68 cm™!, @ = 1.26, and y = 0.11 as well as calculated ratios for same W2, @ = 2.67, and y
= 0 (white columns) (see text).

76



214315-7 Long et al.

By analogy with the observations for HCI, as men-
tioned before, in case of level-to-level interactions between
two states (1) (Rydberg state) and (2) (ion-pair state),
I(Brt)/I(H'Br*) can be expressed as

I(Brt) oy +a(1—y)] -

I(HBrt) (1-¢3)
where
I(Brt) = aac? + picd;  I(HBrh) = aic? + foc3
a=aw/a; y=pHi/aa; ay =Bi/o

o; and B; (i = 1, 2) are ionization rate coefficients for the
excited molecular states (1) and (2). By least square fitting
the expression on the right side of Eq. (3) to the experimen-
tal intensity ratios, as a function of J/, derived from the F(1)
state spectra (Fig. 5(a)) using the Wi, values obtained from
the line shift analysis mentioned above and the energy level
differences (AEy(1, 2); Table III), « = 1.26, y = 0.11, and
ay = 0.14 values were obtained (see Fig. 5(b)). y, hence ay,
are measures of ‘Br* ion formations via dissociation of the
Rydberg state, relative to that of the formations of ‘Br* via
exciations of the ion-pair state and relative to that of the for-
mations of H'Br* via excitation of the Rydberg state respec-
tively. Whereas no y and ay values have been reported for
HBr before, y derived for HCI are found to be in the range
y = 0-0.03 (Refs. 20 and 22) depending on Rydberg states.
The significance of the nonzero and relatively high y value of
0.11, derived here, can be deduced from the dramatic effect
of replacing it with y = 0 in the calculations (see Fig. 5(b)).
This suggests that predissociation of the F(1) state to form H
+ Br/Br* is important.

Line-widths and fragmentations vs. state interactions

Rotational line-widths vary a lot depending on the
resonance excited states and rotational levels as seen in
Fig. 2, indicating a large variation in lifetimes of states.
Figure 6 shows rotational line-widths (I") as a function of J'.
Lower limit lifetimes (7) derived from®3°

7(ps) = 5.3/ T(cm™") (5)

are listed in Table IV. The line-widths for the Q lines of
the H(0) spectrum (Fig. 6(f)) show close correspondence to
the intensity ratios as a function of J' (Fig. 5(d)) previously
explained to reflect interactions with both V(m + 7) and
V(m + 8). For F(1), line-widths as a function of J', derived
from the line series P, Q, R, and S all show small but
significant maxima, hence lifetime minima, near J' = 5 (see
Figs. 6(a)-6(c)). The V(m + 7) state, showing very broad
peaks, also exhibits maximum bandwidth (minimum lifetime)
for J/ ~ 5-6 and much shorter lifetimes than F(1) (Fig. 6(d)).
Due to very weak intensity and breadth of the V(m + 7),
Q line, J/ = 5 peak line-width could not be determined.
Line-widths for the E(1) state are in range between those
for F(1) and V(m + 7), also reaching maximum for J'
= 5 (Fig. 6(e)). This further indicates close interactions
between the states involved in agreement with previous
interpretations of line shifts and intensity ratios. There are,

J. Chem. Phys. 136, 214315 (2012)

however, considerable, important correlation differences
between the various observation parameters for F(1) and
E(1). The maximum line-shifts and I(Brt)/I(H'Br) inten-
sity ratios, for F(1), are observed for J/ = 6 whereas the
maximum bandwidths (minimum lifetime) are found for
J' = 5. Furthermore, line-widths of the Q lines for E(1)
(Fig. 6(e)) show significantly different behaviour with J'
compared to that of the intensity ratios (Fig. 5(c)). The expla-
nation lies in the fundamental differences in the observation
parameters. Line-widths, hence lifetimes, are primarily deter-
mined by the rates of crossing from the bound excited states
to continua (i.e., predissociation), whereas the line-shifts and
intensity irregularities are primarily indicative of bound-to-
bound state interactions. However, predissociation can occur
via interacting gateway states, thus making the lifetimes state
interaction dependent. Figures 3(a) and 3(b) summarize the
major level-to-level state interactions of concern. The large
average internuclear distance of the V state makes crossing
to repulsive states, for which the repulsive walls are at much
shorter internuclear distances (see Fig. 1), highly improbable.
The Rydberg states, on the other hand, are either in close
vicinity of or crossed by repulsive states to make predissoci-
ation processes more probable. Therefore, we believe that the
short lifetimes observed, are mainly due to predissociation of
Rydberg states, either directly or via Rydberg gateway states
analogous to that assumed to hold for HC1.20-2231 Hence, the
particularly short lifetimes, observed for the V(m + 7) state
are due to predissociation processes following crossings from
V(m + 7) to Rydberg states such as the E(1), F(1), and H(0)
states. This is demonstrated schematically in Fig. 7 for the
V(m + 7), E(1), and F(1) states. Based on a coupling scheme
given by Alexander et al>' a summary of state couplings
due to spin-orbit-(SO) and rotational-(JL and JS) interactions
between relevant states are shown in Table V. SO couplings,
generally, are the strongest interactions with coupling
strengths independent of rotational energies, whereas weaker
rotational interactions will increase with rotational energies.
It should be noted, however, that in both cases the bound-to-
bound state mixing (c;?) will depend on the spacing between
the rotational levels with same rotational quantum numbers
(AEy) (Eq. (3)) making the effective interaction in both

TABLE IV. (Lower limit) lifetimes (ps) of rotational states (J') derived from
REMPI spectra line-widths (see text). The values were derived from Q lines
of H'Brt (i = 79, 81) signals for E(1), F(1), and H(0) but from Q lines of H*
signals for V(m + 7).

J Vim+17) E(0) F(1) H(0)

0 1.69 + 0.34 2.29 4 0.07 1.96 + 0.38
1 1.64 +0.28 2.50 4 0.04 3.86 4+ 0.38
2 1.41 £0.07 1.86 +0.04 3.96 + 0.05 3.6540.15
3 1.16 +0.12 1.39 + 0.04 4.01 +0.07 378 +0.13
4 0.65 % 0.06 1.24 +£0.07 3.10 + 0.08 438 +0.15
5 1.08 +0.11 23740.16 4.524+0.16
6 0.48 £0.13 1.36 £ 0.34 3234022 4.10 +0.17
7 0.59 + 0.03 1.46 + 0.63 3.84 4027 3.63+0.15
8 0.86 + 0.05 4.05 +0.74 2.99 4031
9 1.03 + 0.07 3444223 3214 1.46
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FIG. 6. Rotational line-widths vs. J' derived from REMPI spectra for (a) F(1), P lines, H'Brt (i = 79, 81), (b) F(1), Q lines, H'Brt, (c) F(1),
S lines, H'Br*, (d) V(m + 7), Q lines, H*, (¢) E(1), Q lines, H'Br", (f) H(0), Q lines, H'Br*. The line-width derived for F(1), P line, J
=7 (a) is overestimated due to overlap of peaks P(J' = 7) and O(J' = 4) (see Fig. 2(a)). Due to very weak intensity and breadth of the V(m + 7), Q line,
J' =5 peak line-width could not be determined (d).
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FIG. 7. Semischematic figure, showing the H'Br energetics, state interac-
tions, and transfers of relevance. Rotational and spin-orbit couplings are
marked JL and SO, respectively. States marked G and R are gateway and
repulsive states, respectively. States and couplings inside brackets are exam-
ple cases believed to be of importance. Relative importance of couplings and
transfers are indicated by different boldness of arrows. Quantum interference
effects between states are indicated by arrows marked Q1.

R(t*z*)

R(A'T, a°IT)

cases rotational energy dependent. Furthermore, interaction
strengths will depend on Franck-Condon-overlaps, favouring
interactions between Rydberg states and repulsive states
close to curve-crossings. Involvements of the repulsive states
% (see Fig. 1) are therefore expected to be important in
predissociation processes. Considering all these factors, the
E(1) and F(1) states (hence the mixed V(m + 7) state) could
be largely affected by SO couplings of the C'IT;-gateway
state with the repulsive X T state following rotational
(JL) couplings with the C-state. Direct predissociation of
the E(1) and F(1) states by the A and the a states will also
be involved but to a less extent (see Fig. 7). Furthermore
the C to F state mixing will be important in enhancing the
rotational/heterogeneous (AQ = 1) coupling between the
V(m + 7) and the F(1) state. The bound-bound rotational
couplings (JL) will have the greatest effect on the rotational

TABLE V. State couplings based on correlation diagrams from Ref. 31.
Spin-orbit couplings are marked SO. Rotational couplings, L uncoupled and
S-uncoupled, are marked JL and JS, respectively.

Bound states

State interactions EHYV F CD'II} b’y b’M, g%y~

Al JL JL

a*Tl, SO

a1, SO Js s JL
@Ty~(e) SO SO
£xt SO JL
A¥ot () SO

CD'm, JL

b’ SO

b1, SO

%0 Ne)

Continuum states

Bound states
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energy dependence of the line-width/lifetime. The close cor-
relation observed between the E(1) and F(1) states, in terms
of the J'-dependent line-widths, showing as maxima for the
same J' (J' ~ 5) strongly suggests that quantum interference
(QI; Fig. 7) effects apply, involving the Rydberg states E(1),
F(1), and C'TI. The slight increases observed in the intensity
ratios (I('Br*)/I(H'Br+)) both for the E(1) and F(1) states at
J' = 6 (Figs. 5(a) and 6(c)) further demonstrate this.
Considering interaction schemes such as the one pre-

sented in Fig. 7, an approximation expression, relating
lifetimes of the V(m + 7), E(1), F(1), and H(1) states, can
be derived. The basic idea is that the lifetime of V(m + 7)
is determined by the lifetimes of the Rydberg states, which
V(m + 7) couples with. Assuming the rate of dissociation
of V(m + 7), due to a coupling with a Rydberg state, to be
proportional to the rate of dissociation of that Rydberg state
and the state mixing the following approximation expression,
relating rate coefficients (1/t;), can be written,

L o o+ i+ faa——. (©)

Tv7 TE1 TF1 THO Tother
where 1; (i = V7, E1, F1, HO, other) are the lifetimes of the
V(m + 7), E(1), F(1), H(0), and other states, respectively. The
fi’s are proportionally coefficients, depending on coupling
rates. Since the rate of dissociation of V(m + 7), via coupling
with a particular Rydberg state, cannot exceed the rate of
dissociation of that Rydberg state the corresponding f;-factor
cannot be larger than one, hence 0 < fi < 1. Consistent
variations in the bandwidths with J/, observed for all mea-
surements in ranges larger than our detection limit of about
0.3 cm™!, make us believe that the lifetime values for the V(m
+ 7), E(1), F(1), and H(0) states (Table IV) are reasonable
estimates for the absolute values within uncertainty limits.
There is a reason to expect that the states E(1), F(1), and
H(0) contribute the most to the observed dissociation rate of
V(m + 7) and that contributions from other states are less
or minor in the case of the shortest lifetimes. For J/ = 4, 6,
and 7 the rate of dissociation for V(m + 7) (1/ty7) derived
from the lifetimes in Table IV is in fact found to be close to
or only slightly higher than the sum of the dissociation rates
of the E(1), F(1), and H(0) (1/tg, + 1/tp1 + VUtpo), within
uncertainty limits. This suggests that the corresponding f;
factors are close to unity. Analogous comparison could not
be made for J/ = 5, since its bandwidth for V(m + 7) could
not be determined (see figure caption 6(d)). Assuming fi = 1
(i = El, F1, HO) and foner = O the lifetime for J' = 5 is
estimated to be about 0.64 ps, hence the line-width about
83cm~!.

Bromine atomic lines

Generally it is believed that Br atomic lines observed
in REMPI of HBr are primarily due to REMPI of Br atoms
following one-photon photodissociation via the repulsive
state A'TI.'"® Considering the number of evidences for
photofragmentations via Rydberg states, mentioned above,
these must also be, partly or largely, due to REMPI of
Br atoms formed by predissociations of Rydberg states
following two-photon excitations. Thus it will resemble
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TABLE VI. (2 4+ 1) REMPI bromine atomic lines and closest H'Br rotational lines.

Bromine atomic lines

H'Br rotational peaks

Two-photon transitions v (em™1), our values Relative intensity Rotational transition v (em™1), our values Av (em™)
483 << 2P3p 79 178.70 573 F(1,J =6) <« X(0J"=17); P 79175.5 32
2Py =< 2Py 79 693.67 1000 H(O,J =2) << X(0,J" =0); 79 686.8 6.8
2Pip << %P3 79 867.67 319 V(m + 8,J' = 6) <<« X(0,J" = 6);0 79 860.5 72

analogous findings for other Br-containing compounds.®
The three strong bromine atomic lines observed in the spectral
region discussed here (see above) are all observed in an exci-
tation region corresponding to the low energy tail of the weak
A-band spectrum where one-photon absorption cross section
is very low, of the order 107! cm? molecule™! at room tem-
perature (to be compared with the cross section of about 2.5
x 107! cm? molecule™! for the maximum of the A-band*?)
(see Fig. 1). The two-photon excitation wavenumbers for
these lines happen to be very close to HBr molecular reso-
nances (see Fig. 2), the closest of which are listed in Table VI
along with details concerning the observed atomic lines.
These two-photon absorptions will involve small but nonzero
molecular excitations corresponding to the tails of the closest
molecular bands. Based on the analysis above all these molec-
ular resonances correspond to excitations to predissociating
states which will form bromine atoms. The atom resonance
signals will depend on uncertain transition probability pa-
rameters, for the molecule and the bromine atom, as well as
the density of bromine atoms formed. The relatively largest
signal due to the 2P3;, << 2P3; atom resonance could be
mainly associated with favourable selection rules (AL = AS
= AJ = 0) whereas the significantly larger signal for the 43/,
<< 2Py (AL = AS = 1, AJ = 0) resonance compared
to that for the 2Pyp << 2P3yp (AL = AS =0, AJ = 1)
resonance could be associated with the smaller difference in
molecular vs. atom resonances in the former case (Table VI).

CONCLUSIONS

The analyses presented in this paper shine important light
on mechanisms of photodissociation processes for H'Br in-
volving Rydberg and ion-pair state interactions. One colour
REMPI spectra for atom- and molecular ions of H'Br (i = 79,
81) in the two-photon excitation region 79 040-80 300 cm™!
have been analysed in terms of rotational line positions, inten-
sities and line-widths. The analyses reveal state interactions of
varying strength between Rydberg and ion-pair states. Quan-
titative analysis of the data relevant to near-resonance interac-
tions between the F' A>(v/ = 1) and V' ZT(V = m + 7) states
give interaction strengths (W),) and fractional state mixing (c%
and c%) as a function of rotational quantum numbers and pa-
rameters characteristic for the degree of state mixing («) and
dissociation () of the F(1) state (Table III). Qualitative anal-
ysis further reveals the nature of state interactions between the
ion-pair states V(m + k) (k = 7,8) and the E'Z*(v/ = 1) and
H'S+(v = 0) Rydberg states in terms of relative strengths
and J' dependences. A great variety in line-widths, hence life-
times (Table IV), depending on electronic states and J' quan-
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tum numbers, is indicative of a number of different predis-
sociation channels. Correlations between those observations
and line-shifts and signal intensities reveal dissociation mech-
anisms involving ion-pair to Rydberg state interactions prior
to direct or indirect (via Rydberg gateway states) predissoci-
ations of Rydberg states. Major channels are summarized in
Fig. 7. The interaction between the V(m + 7) and F(1) states
is made possible via heterogeneous coupling(s) of the F(1)
state, of which mixing with the C'TI; state is believed to be
important. The C'TT; state is likely to be a gateway state prior
to predissociating by the £ X repulsive state, both for the F(1)
and the E(1) states. Furthermore, quantum interference effects
between states clearly play an important role. Thus lifetimes,
of the E(1) state, hence the V(m + 7) state, as well as in-
teractions between these states as a function of J' are found
to depend on the interaction between the V(m + 7) and F(1)
states. Observed bromine atom (2 + 1) REMPI signals sup-
port the importance of Rydberg states predissociation chan-
nels. A band system, not previously reported in REMPI, is as-
signed to the Q branch of the K*TT(v' = 0) <— <« X' T+ tran-
sition and analysed to give the band origin 80 038 £+ 2 cm™!
and the rotational parameters B, = 7.238 & 0.070 cm™! and
Dy = —0.016 & 0.005 cm™! for the & state.
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Two-dimensional REMPI data, obtained by recording ion mass spectra for HI as a function of two-photon
wavenumber were recorded and analyzed. Several previously observed spectra due to resonance
transitions to Q =0 states were (re)assigned. The spectral data revealed several previously unobserved
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parameters of Rydberg and ion-pair states. Perturbation effects, showing as line-shifts and/or signal
intensity alterations, were found to be helpful in spectra assignments.

Keywords:

Rydberg states
lon-pair states
REMPI

State interactions
Photoionization
Photofragmentation

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Rotational and vibrational structures in electronically excited
states of the hydrogen halides are of great spectroscopic interest.
Since the original work by Price [1] on the hydrogen halides, an
abundance of spectroscopic data and identities have been derived
and studied. These studies include standard absorption measure-
ments [2-6], fluorescence studies [6] and resonance enhanced
multiphoton ionization (REMPI) experiments [7-22]. A majority
of previous studies of the hydrogen halides has placed emphasis
on HCl [2,4,6-13,15,16,23-29], whereas the other halide counter-
parts HBr [5,15-17,22,29-36] and HI [15,16,37-41] have been
studied to a lesser extent.

An extensive study of HI and DI was reported by Ginter et al.
[38,42] in 1982. Therein, a broad band of excited states was re-
ported and a large number of spectral lines assigned from single
photon absorption spectra. Numerous perturbations due to state
interactions were observed but none were analyzed quantitatively.
Observations were restricted by single-photon selection rules. La-
ter, Wright and McDonald [40] and Pratt and Ginter [41] published
REMPI data for resonance two-photon excitations of HI and pro-
vided additional spectroscopic information about the molecule.
Thus, for example, spectra due to previously unobserved
Q=0"-X'T" and I'A, — X'T* transitions to excited Rydberg
states were observed. However, the Q = 0" state was not character-
ized any further. Previously identified states of HI as well as states
dealt with in this work are characterized in Table 1.

* Corresponding author. Fax: +354 552 8911 (main office).
E-mail address: agust@hi.is (A. Kvaran).

0022-2852/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jms.2013.06.007

Different notations for the excited states of the hydrogen ha-
lides are adopted by Ginter et al. [38]and Callaghan and Gordon
[32]. In Table 1 we use the notation adopted by Callaghan et al.,
where the nature of the excited molecular orbital is specified
(0,m,0) as well as the halogen atom orbitals involved (s,p,d) along
with the ion core configurations. A clear exception to this rule is
the V-state which is an ion-pair state.

Whereas most of the studies of HI have focused on spectral
assignments and the energetics of the Rydberg and ion-pair states,
no emphasis has been placed on spectral perturbations. All the
hydrogen halide spectra are rich in intensity deviations and line
shifts due to perturbation effects. This makes them ideal for the
study of state mixing and photo-fragmentation processes. Further-
more, perturbation effects have been shown to be valuable in spec-
tra assignments [35]. In recent years, a number of papers have
been published, which place emphasis on state interactions, energy
transfers and photo dissociation processes, in HCI [24,27-29,43-
48] and HBr [29,35,36]. Interactions between ion-pair vibrational
states and Rydberg states can be organized into three main
categories:

(a) Very weak near-resonance state interactions, distinguish-
able by negligible rotational line shifts but significant alter-
ations in signal line intensities [27,35], observed for triplet
Rydberg states and A2 > 0 state interactions.

(b) Weak near-resonance state interactions, distinguishable by
localized line shifts (hence energy level shifts), as well as
alterations in signal line intensities [24,26], observed for sin-
glet states and A2 > 0 state interactions.
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Electron configurations and corresponding electronic states for HI.

Configurations

Corresponding singlet

Corresponding triplet

Callaghan et al. states states
132]
(anh) X'T*(0) None
(a*n)o” A'TI (1) @M (2,1,0%)
(en¥)a” Vst (0) £2*(1,0)
(a?m)6sa (1) b1 (2,1,0%)
(a?n®)6pa D' (1) A1 (2,1,0%)
(o?n%)6pm E'T* (0%) ezt (1,07)
F'A (2) £A(3,2,1)
G'=(07) £ (1,0
(a*n*)5dn H'Z* (0%) Rz (1,07)
I'A (2) A (3,2,1)
J'=(00) 721,07
(6?n*)5da N'TI (1) n’M (2,1,0%)
(6?n)5ds K'I (1) K11 (2,1,0%)
L'd (3) P ®(4,3,2)
(6*n3)7sa M'I (1) m’M (2,1,0%)
(a?73)7pa R'I (1) I (2,1,0%)
(a?n®)afn 0'=" (0) 3% (1,0)
TA (2) A (3,2,1)
=7 (0) 3% (1,0M

(c) Medium to strong off-resonance state interactions, distin-
guishable by large scale line- and energy level shifts, as well
as alterations in signal intensities [26], observed for triplet
and singlet states and AQ = 0 state interactions.

We will now present two-dimensional REMPI data within the

two-photon excitation region 69600-71500 cm™! for HI and inter-
pretations relevant to new spectroscopic identifications. An energy
level diagram of all known states, including new states presented
in this paper, is given in Fig. 1.
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2. Experimental

Mass resolved REMPI data, referred to as “Two dimensional
(2D) REMPI data” (see below) were recorded for a HI molecular
beam, created by jet expansion of a pure sample through a pulsed
nozzle. Apparatus used is similar to that described elsewhere [24-
28,49,50]. Excitation radiation was generated by pulsed excimer
laser-pumped dye laser systems, using a Lambda Physik COMPex
205 excimer laser and a Coherent ScanMatePro dye laser. Fre-
quency doubled radiation was focused on the molecular beam in-
side an ionization chamber between a repeller and extractor plates.
Ions formed by multiphoton excitations were directed into a time-
of-flight tube and detected by a micro-channel plates (MCP’s)
detector. Signals were fed into a LeCroy WaveSurfer 44MXs-A,
400 MHz storage oscilloscope and stored as a function of ion
time-of-flights and laser radiation wavenumbers. Average signal

Table 2
Typical equipment/condition parameters for REMPI experiments.

HI gas sample Matheson gas products Inc.

Laser dye C540A
Frequency doubling crystal Sirah BBO-2
Laser repetition rate 10Hz

Dye laser bandwidth 0.095 cm™!
Intensity repetition used 0.1-0.3 mJ/pulse
Nozzle size 500 pm
Sample backing pressure 2.0-2.5 bar
Pressure inside ionization chamber 10~ mbar
Nozzle opening time 150-200 ps
Delay time for laser excitation 450-550 ps
Excitation wavenumber step sizes 0.05-0.10cm™!
Time of flight step sizes 10 ns
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Fig. 1. Energy level diagram of all the known electronic states for HI. The ion-pair states and the X and A Rydberg states with = Rydberg electrons are presented in (a).
The "IT Rydberg states with ¢ and 6 Rydberg electrons are in (b). Red lines correspond to previously detected bands [38] whereas blue lines correspond to states observed in
this work, some of which have been detected before (see text). Dotted lines correspond to states that have been previously detected in single-photon spectroscopy but not in
REMPI whereas dashed lines correspond to bands that have neither been detected in single-photon spectroscopy or in REMPI. Vibrational numberings are shown in
parenthesis on top of every line for the Rydberg states. Vibrational levels for the V states are labeled as v =m +1i; i=0,1,2,.. .. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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levels were evaluated and recorded for a fixed number of laser
pulses. The data were corrected for laser power and mass cali-
brated to obtain ion yields as a function of mass and excitation
wavenumber (2D-REMPI data). REMPI spectra for certain ions as
a function of excitation wavenumber (1D-REMPI) were obtained
by integrating mass signal intensities for the particular ions. Care
was taken to prevent saturation effects as well as power broaden-
ing by minimizing laser power. Laser calibration was based on an
optogalvanic spectrum, obtained from a built-in neon cell as well
as on observed (2 + 1) iodine atom REMPI peaks [51]. The accuracy
of the calibration was typically found to be about +0.5cm~' on a
laser wavenumber scale, hence about 2.0 cm™! on a two-photon
wavenumber scale. Equipment parameters are listed in Table 2.

3. Results and analysis

Most HI spectra, previously detected in the excitation region
69600-71500 cm™!, were identified and assigned. Spectra which
have been assigned [38] to resonance transitions to the E'* and
H'S* Rydberg states were reassigned (see below). Partly unas-
signed spectrum at v°=71295cm™! was fully assigned (see be-
low). In addition, several “new spectra” and/or “new lines” were
observed and assigned. These can be categorized into four main
groups (see Table 3 and Fig. 2):

(i) Spectra due to two-photon resonance transitions to Rydberg
states not previously detected in REMPI [41] but identified in
single-photon absorption studies [38].

(ii) Spectra due to two-photon resonance transitions to Rydberg
states, not previously detected.

(iii) Spectra due to two-photon resonance transitions to ion-pair
states, not previously detected in REMPI [41] but identified
in single-photon absorption studies [38].

(iv) Spectra due to two-photon resonance transitions to ion-pair
states not previously detected.

Spectroscopic parameters of all observed states are summarized
in Table 3. Newly observed states are marked specifically according

Table 3

to the categories mentioned above (i-iv). Corresponding rotational
lines are listed in Table 4. In Fig. 2, the relevant 1D-REMPI spectra
for parent and fragment ions are shown. The k*IIg(v' = 1) Rydberg
state spectrum, which previously has been identified in single-
photon absorption spectroscopy [38], but not in two-photon REMPI,
is shown in Fig. 2a along with some of the R and S lines of the nearby
F'A,(v' = 0) spectra. Another Rydberg state spectrum, also identified
previously in single-photon absorption, for the k*IT;(' = 1) state, is
shown in Fig. 2b as well as the previously undetected d>*IIo(v' = 1)
band, which Q lines in the I* spectrum coincide partly with a strong
atomic iodine line at 70988.2 cm™'. In Fig. 2c the previously unre-
ported V'=* (v = m + 7) ion-pair state spectrum is shown along with
the Slines of the 0'=* (v’ = 0) state spectrum [41]. The ion-pair states
spectra for V'=* (v =m+8) and V'Z* (v = m + 9) were detected in
the spectral region shown in Fig. 2d, where the I' Ay(v' = 0) spectrum
also appears [41]. For clarity reason, the H* fragment spectrum from
Fig. 2d is enlarged in Fig. 2e.

3.1. Spectra due to resonance transitions to the H'>* and E'>*
Rydberg states; reassignments

Ginter et al. [38] assign the v° = 70850.5 cm ™' and 72650.8 cm ™"
bands to the E'=*((¢?7%)6pm), v =0 and 1 Rydberg states respec-
tively and the v* =68277.3 cm™!, 70242.1 cm ! and 72217.6 cm™!
bands to the H'Z*((¢?n%)5dn, v = 0, 1, and 2 Rydberg states respec-
tively without any clear arguments. This we believe that should be
reassigned such that the v°=68277.3cm™!, 70242.1cm™! and
72217.6 cm™! bands correspond to the E'=*((¢%n%)6pm), v =0, 1,
and 2 Rydberg states, respectively and that the v° = 70850.5 cm™!
and 72650.8 cm~! bands belong to the H'~*((¢?n>)5dn), v = 1 and
2 states, respectively, for the following reasons (a-c):

(a) Based on comparison with HCI [8-11] and HBr [32] the ener-
gies of the E states are lower than those of the corresponding
H states. Thus the band origin differences (Av°) between the
v =0 states (VO(H(¢ =0)— v%E(¢/ =0)) are found to be
4905 cm~! and 1706 cm~! for HCl and HBr respectively.
We therefore believe that the lower energy Q=0" serie

HI: Band origin (v°) and rotational parameters (B, and D,) for all states observed in the 69600-72100 cm ™! excitation region. The identifications (i)-(iv) are according to a

categorization specified in the text.

States® v (em™) B, (cm™1) Dy x 10* (cm ™) Identification
This work® Others This work Others This work Others
FA(0) 69699.9 69687.0° 6.31+0.02 6.135 46+1.0 1.92
vis* (m+4) 69903.3 69909.9° 2.94+0.18 3.27 10+ 40 6,5
F'A, (0) 70223.6 70228.3* 6.32+£0.01 6.30 2.6+0.6 1.2
E'z* (1)¢ 70236.1 70242.1% 6.34+0.01 5.95 1100 +20 125
KT, (1) 70310.8 70320.4% 5.13+0.03 5.058 —-4+9 -21.0 (i)
VIZ* (m+5) 70511.0 70512* 3.66 +0.02 3.800 83+4 -70.2
m>I; (0) 70841.5 70837.6% 6.21+0.04 6.11 125 1.94
H'>* (o) 70866.3 70850.5% 5.94+0.17 6.00 -11%21 128
VIZ* (m+6) 70952.3 70948.6% 3.56+0.10 4.09 24+10 44
M (1) 70988.2 - 5.79+0.12 - —290+40 - (ii)
K11, (1) 71126.4 71125.0° 6.22 +0.02 6.30 -26%1.6 4.82 (i)
m°I, (0) - 71287.3* - 6.254 - 3.18
0'z* (0)? 71294.7 71301.9" 6.25+0.22 5.82 33+26 -
D'M (1) - 71382.4° - 6.052 - 1.92
Vit (m+7) 71478.4 - 2.95+0.10 - —4+5 - (iv)
N'II (0) - 71526.2° - 6.163 - 1.74
£AQ) - 71780.5% - 5.957 - 9.73
Vit (m+8) 71924.4 71920.3% 4.17£0.17 3.97 270+70 158 (iii)
I'A; (0) 71989.4 71990° 6.31+0.01 6.312 24+0.1 2.7
ViZ* (m+9) 72023.2 72022.4° 2.84+0.03 2.792 1+4 —4.61 (iii)
¢ Ref. [38].
b Ref. [41].
€ Term symbol (vibrational quantum numbers).
4 (Re)assigned.
e

0 for Q =0 states equal observed v for the J' = 0 —« J’ = 0 transitions; v° for Q >0 were derived from fitting of observed rotational lines (J/ > 0).
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Fig. 2. 1D-REMPI spectra for H*, I*, and HI* and J assignments of rotational peaks corresponding to two-photon resonance excitations to F'Ay(v' = 0) (a), K’TIg(v' = 1) (a),
ETlo(v =1) (b), K*TL(V =1) (b), 0'Z* (v =0) (c), V'E* (v =m +7) (c), V'E" (v =m + 8) (d and e), I'Ay(v' =0) (d), and V'=* (v =m+9) (d and e). In Fig. 2e, the H" spectrum
from Fig. 2d is intensified to show the presence of the ion-pair states V'=* (v' =m+7) and V'=* (v' = m + 8) more clearly.

(v°=68277.3cm™!, 70242.1 cm™! and 72217.6 cm™! bands)
belongs to E'=*((¢?n®)6pn) whereas the higher energy serie
(v°=70850.5cm ' and 72650.8 cm™!) is for H'=*((¢?n®)5-
dm). If, on the other hand, the v°=68277.3cm™! band
belongs to E(# =0) and that the °=70850.5cm ' is for
H(v =0), Av°=2573.2 cm™!, which contradicts a decreasing
AV° as the halogen atom increases (see above). We therefore
assign the v% = 70850.5 cm~! band to H(# = 1) in which case
v0 for H(¢ = 0) should be close to 69000 cm~" and Av° about
720 cm'. No spectrum for an © = 0" state in that region has
been found yet. Judging from the information concerning the
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(b)

spectral intensities for the v° = 70850.5 cm™~! band [38,41],
which are marked vvw (very very weak) there is a reason
to believe that the spectrum for H(¢ = 0) is still weaker.

For HCland HBr it has been found that the interaction strength
between E and V states is stronger than any other Rydberg to
ion-pair interactions, including the H and V interactions,
showing in the form of large line, hence energy level shifts
as well as intensity irregularities [24,27-29,35,36]. Thus,
characteristic large irregularities in energy gaps between
ion-pair vibrational states are found closest in energy to E
states for HCl and HBr [15]. This shows as enhancements in
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Fig. 2 (continued)

energy gaps between ion-pair vibrational states closest in
energy to E states and corresponding lowering in the energy
gaps above and below in energy (see Figs. 3 and 5 in Ref.
[15]). As shown in Fig. 3 the same effect is seen for HI for the
reassigned E state. Thus the energy gaps between V(v = m)
and V(v =m+1), V(vV=m+4) and V(v =m+5) as well as
between V(v' = m +9) and V(v' = m + 10) which are closest to
the E(v =0), E(¢ =1), and E(¢/ =3) states, respectively, all
are enhanced whereas the energy gaps between
Vv=m+1)and V(v'=m+2),V(v'=m+3)and (V' =m +4),
V(v=m+5) and V(v =m+6) as well as V(v'=m+8) and
V(v =m +9) all are reduced.

(c) lon intensity ratios, I(X")/I(HX") (X=Cl, Br), for Rydberg
states, are found to be clear indications of interaction
strengths between Rydberg and ion-pair states. Largest values
have been found for the E state spectra [29,36]. This also holds
for the reassigned E state spectra in the case of HI. Thus, these
ratios are typically found to be about 4 for the E state spectra
but only about 1 for the reassigned H state spectra.

(d) Quantum defect analysis [35] and comparison with iodine
atomic Rydberg states [51] with np' and nd' configurations
further support this assignment.

3.2. The 71295 cm™! spectrum; assignment

The spectrum observed near 71295 cm ™! has been assigned to
an Q=0" state without any further specifications [41]. The

spectrum shows dominating HI* signals but also significant frag-
ment ion signals (I and H*) for large range of J' levels (see S lines
in Fig. 2b). This is characteristic for an ©=0('<*) Rydberg state
showing strong homogeneous, off resonance, coupling with ion-
pair vibrational state [28,35,36]. Spectral analysis give a rotational
constant B'=6.25+0.22 cm™! and band origin v’ =73294.7 cm™!
(see Table 3). This state can neither be a vibrationally excited E
or H state, since it does not fit into the corresponding vibrational
state series. Quantum defect analysis [36] show that this state can-
not be a '=* state in the E and H Rydberg state series corresponding
to excitations to orbitals with higher principal quantum numbers
(i.e. not (s?p®)7pp and (o %7 )6dn states. Such analysis and com-
parison with quantum defect values () for iodine atomic Rydberg
states [51], on the other hand, suggest that this state could corre-
spond to an excitation to the 4f orbital, v' = 0 (§ ~ 1.0). We there-
fore assign the v°=73295cm~' state to O'Z*(v' =0) with the
electron configuration (¢27°)4fr.

3.3. Spectra due to two-photon resonance transitions to Rydberg states
not previously detected in REMPI but identified in single-photon
absorption studies

The k*TI Rydberg states correspond to an electron excitation to a
6ds Rydberg orbital (Table 1). Several vibrational bands for these
states have been identified (see Fig. 1b) and analyzed (Table 3
and Ref. [38]). However, in the two-photon REMPI experiments,
performed by Pratt and Ginter [41], only k*IT Rydberg bands for
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Table 4

Rotational lines for HI due to two-photon resonance transitions to the k*Ig(V' = 1),
PIL(v = 1), dPHg(v =1), V'Z*(v=m+7), V'X*(v=m+8), and V'Z* (v =m+9)
states.

J Ty k1, d*1l,
Q Q P Q R
0 70310.8 70989.5 70998.5
1 70308.6 71125.4 70973.7 70989.3 71009.2
2 70304.0 711241 70967.4 70988.0 71024.6
3 70296.4 71123.1 70986.8 71039.4
4 70286.1 71121.6 70985.7 71051.5
5 70274.7 71120.4 70984.6 71059.0
6 71118.4 70983.0
7 71115.9 70981.5
8 71113.2
9 71109.7
10 71106.9
11 71107.2
VIZ* (m+7) VIZ* (m+8) VIZ* (m+9)
0 Q Q Q
0 71478.4 71924.4 72022.7
1 71471.8 71918.8 72015.5
2 71443.7 71458.6 71908.7 72001.0
3 71402.8 71437.5 71890.2 71979.2
4 71364.4 71408.2 71871.4 71950.6
5 71321.5 71374.3 718312 71912.4
6 71265.9 71334.3 71875.0
7 71214.3 712917 71820.8
8 71240.6 71769.9
9 71186.8 71706.8
10 71631.7

@ Uncertainty of peak positions is +5 cm .

the k*ITo(v' =2) and k3TI;(v' =2) states were observed. Now the
IPTIo(v' = 1) and k*IT;(v' = 1) vibrational bands have been observed
in REMPI for the first time (see Fig. 2a and b), centered at
v?=70310.8 cm ! and 71126.4 cm™! respectively. Spectral analy-
ses give values of rotational constants, B, and D,, in good agree-
ment with previously determined values (see Table 3).

No perturbations are observed for the k*IIo(V' = 1) state in terms
of line shifts or intensity alterations, in good agreement with the
findings of Ginter et al. [38]. For the k*IT;(v' = 1) Rydberg state,
on the other hand, Ginter et al. reported that it “may be perturbed
at high J”. We observe line shifts for high J values as well as I(I")/
I(HI*) intensity ratios for J'=8-11 (Fig. 4) which is characteristic
of near-resonance interactions with an ion-pair state [25-
28,35,36] (see Section 3.6).

3.4. Spectra due to two-photon resonance transitions to Rydberg
states, not previously detected

A new, previously unobserved spectrum is seen in the two-pho-
ton excitation region 70970-71070 cm™! (see Fig. 2b). Clear peaks
are observed on the high wavenumber side of a strong iodine
atomic line (79991.6 cm™"; 3[3];, <« *Py;, transition) in the I*
spectrum and in the HI* spectrum. These peaks are assigned to R
lines, whereas the structure in the HI* spectrum in the region of
the atomic line is assigned to overlapping Q lines. On the short
wavenumber side, two P lines are observed. The I* signals are
found to be stronger than the parent ion signals whereas the H*
signals are very weak. Furthermore, no significant line shifts or sig-
nificant changes in the intensity ratios or bandwidths of the spec-
tral lines, as a function J', are observed. This is characteristic of a
predissociating IT state. Analysis of the rotational structure re-
vealed an Q = 0 state, which excludes 'A or >A states. Furthermore,
appearance of R and P lines, rules out a X state. We therefore be-
lieve that the “new spectrum” corresponds to transitions to a >ITy
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Fig. 3. Vibrational energy levels for the E, H, and V ('X*) states and vibrational level
spacings between the V states vs. energy.

state, which could either belong to the b3II, or the d°I1, Rydberg
series (see Fig. 1b). The third vibrational band for b°I1, state has
been observed at energies approximately 4000 cm~' lower than
the “new state” [38], whereas the first vibrational band (v’ = 0) of
d*I1, has been observed at 69157.8 cm™". If the “new band” be-
longs to the second vibrational level (v’ = 1) of the d*II, Rydberg
state, the energy spacing between the vibrational levels is
1830.4cm™!, which one might expect for a Rydberg state of
HI (see Fig. 1). We therefore assign the “new band” at
v0=70988.2 cm™! to the d*TIy(v' = 1), (6*n>)6pa Rydberg state.

3.5. Spectra due to two-photon resonance transitions to ion-pair
states, not previously detected in REMPI but identified in single-photon
absorption studies

The ion-pair states V'Z*(v'=m+8) and V!Z*(v' =m+9) have
not been detected in two-photon REMPI before. In the REMPI spec-
tra shown in Fig. 2d and e, weak structures are observed which are
assigned to the ion-pair states V'Z*(v=m+8) and V'Z'(-
v =m+9). Strongest signals are found for H*. Spectral analyses re-
veal rotational constants, B, and D,, as well as spectral origin, °, in
good agreement with previously determined values [38] (Table 3).

In the work by Ginter et al. [38] the V!Z*(V' = m + 8) spectrum
was found to be perturbed and very diffuse for low J's whereas
the VIZ*(v' = m + 9) spectrum showed sharp lines. This agrees with
our findings (see Fig. 2e). The J' = 0, Q-line for V!Z* (v =m +8) is a
sharp peak at 71924.4 cm™!, whereas all other subsequent peaks
exhibit clear line broadenings (see Fig. 5). By analogy with HBr
and HCI this is most probably associated with interactions with
predissociating Rydbergs states [29,35,36]. Several state interac-
tions, involving the V states can be of importance in this energy
region (see Fig 6). Thus the V'Z*(v=m+9) will experience
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evidence of a strong off-resonance interaction with another '=*state.

off-resonance interactions mainly with the E'X*(v'=2) state
resulting in energy level lowering of the V!Z*(v =m+9) state
whereas the V'Z*(v' =m +7) state (see text below) will mainly
experience off-resonance interactions with the 0'X*(v' = 0) state
resulting in an increase in the energy levels of the V'=*(v' =m + 7)
state. The V!Z*(v' = m + 8), on the other hand, state may experience
significant off-resonance interaction both with the 0'X*(v' = 0) and
the E'S*(v' = 2) states. As a result, the V!=*(v' = m + 8) state will be
“clenched” between the two ion-pair states, V'=*(v' =m + 7) and
V'=*(v' = m +9). This explains the small vibrational energy spacing
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Fig. 6. Rotational energy levels, derived from observed REMPI rotational peaks for
the O'* (v =0), VIZ* (V=m+7), V'E" (v =m+8), V'E* (v =m+9) and E'T*
(v =2) states. The rotational energy levels for the E'=* (v = 2) state were derived
from rotational constants reported by Ginter et al. [38]. Proposed off-resonance
interaction between the 0'=* (V' = 0) and the ion-pair states V'=* (v' =m +7) and
VIZ* (v =m+8) is indicated by red broken lines by varying thickness as an
indication of an alternating state mixing. Likewise, off-resonance interactions
between the E'S* (v'=2) and the ion-pair states V'E* (v =m+8) and V'=*
(v =m+9) is indicated by black broken lines by varying thickness. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

between these states (Table 3). Furthermore, the ion-pair state V'~
(v =m+9),is found to experience some near-resonance interac-
tion [52].

3.6. Spectra due to two-photon resonance transitions to ion-pair states
not previously detected

The ion-pair state V'Z*(v' = m + 7) for HI has not been detected
or analyzed before. A structure characteristic for an ion-pair state
spectrum is observed (Fig 2c) close to the O'=* (V' = 0) state spec-
trum (between the V!Z*(v' =m+ 6) and V'=*(v' = m + 8) states). It
shows medium to strong H* and I* signals and weak to very weak
HI"* signals as to be expected for an ion-pair state spectrum [25,27-
29,35,36]. Spectral analysis give a small rotational constant
(By=2.95cm™!; see Table 3) of the same order of magnitude as
for other ion-pair states. We therefore, assign this newly observed
structure to the V'Z* (v = m + 7) ion-pair state. As mentioned be-
fore, the V'=* (v = m + 7) state will experience off-resonance inter-
actions with the 0'=* (v = 0) Rydberg state, which will result in
upwards energy level shifts for V(v =m+7). Furthermore, the
V(v =m + 7) state must be the perturbing state for the near-reso-
nance interaction effects observed for the k°IT;(v' = 1) state. J' =8
- 11, mentioned before (see Section 3.3 and Fig. 4).

4. Conclusions

Several spectra features, observed in (2 + n) REMPI of HI, for the
excitation region 69600-71500 cm ', were assigned and analyzed.
Perturbation effects, seen as line-shifts and/or intensity anomalies,
due to interactions between Rydberg states and ion-pair states or
repulsive states, proved to be helpful in assigning spectra. Rota-
tional parameters and band origins were determined. Previously
observed spectra due to resonance transitions to the E'=* and
H'>* Rydberg states were reassigned and the band spectrum cen-
tered at v*=71295cm™' was assigned to the O'=* (v =0),
(o?m)4fn state. Several new spectra were identified and assigned.
(i) Firstly, spectra due to resonance transitions to the Rydberg states
ITIo(v' =1) and K3TI;(v' = 1), not previously observed in REMPI,
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were identified. Near-resonance interactions are identified for the
K’TIy(v' =1) state. (ii) Secondly, a new spectrum at
v0=70988.2 cm ™!, not previously observed, showing characteris-
tics of predissociating Il Rydberg states is assigned to the
d*To(v' = 1), (6%n>)6po state. (iii) Thirdly, two vibrational bands
of the ion-pair state V'Z*, V(v =m+8) and V(v' =m +9), which
have not been detected in REMPI before, were identified and (iv) fi-
nally, a new spectrum due to resonance transition to the
V(v =m + 7) vibrational state was observed. All the V state spectra
in (iii) and (iv) (v =m+ 7, m + 8, m + 9) show characteristic effects
of strong off-resonance interactions with the E'X* (v = 2) and the
0'T* (v = 0) states.
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Mass resolved resonance enhanced multiphoton ionization data for hydrogen iodide (HI), for two-
photon resonance excitation to Rydberg and ion-pair states in the 69 600-72 400 cm™' region were
recorded and analyzed. Spectral perturbations due to homogeneous and heterogeneous interactions
between Rydberg and ion-pair states, showing as deformations in line-positions, line-intensities,
and line-widths, were focused on. Parameters relevant to photodissociation processes, state interac-
tion strengths and spectroscopic parameters for deperturbed states were derived. Overall interaction
and dynamical schemes to describe the observations are proposed. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4883900]

I. INTRODUCTION

Spectroscopic and photofragmentation studies of
the hydrogen halides have proven to be very valuable
to various contemporary fields of photochemistry such
as atmospheric chemistry,"? astrochemistry,>* and pho-
tochemical synthesis.> The UV, VUV, and multiphoton
excitation spectroscopy of these compounds is very rich
in structure showing clearly resolved rotational bands due
to excitation to Rydberg and ion-pair states.®'! Spectral
perturbations showing as line shifts”-%1%12-20 and/or as
line intensity fluctuations’310:12-19.21-23 " are  frequently
observed as effects of state interactions and/or predis-
sociation processes.”!%131821 These are seen both in
absorption®>?42° and REMPI spectra.”$10:12-20,23,30-32
Pronounced ion-pair to Rydberg state mixing have been
observed  experimentally”10-12-14,16-20.22,24-26,30.31.33 34
predicted theoretically.>'>* Furthermore, perturbation effects
have been shown to be valuable in spectral assignments.'”

The spectroscopy of the hydrogen halides has proven to
highlight clearly the effects of various perturbation terms ne-
glected in the Born-Oppenheimer (BO) approximation, par-
ticularly in the cases of interaction between electronically ex-
cited Rydberg states (2 =0, 1, 2, ...) and ion-pair vibrational
states (2 = 0), where both homogeneous (A2 = 0) and het-
erogeneous (A2 > 0) couplings are observed. In the rota-
tional part of the Hamiltonian, Hrot, there are three terms that
are neglected in the BO approximation, which are responsible
for perturbations between different electronic states. These
terms are the following:

(i) (1/2uR?)(L*S™ + L~S7T), which causes spin-electronic
homogeneous (A2 = 0) perturbations.

(i) —(12uR?)J+S™+ J~S*), which is the S-uncoupling
operator.

) Author to whom correspondence should be addressed. Electronic mail:
agust@hi.is. Telephone: +354-525-4672, +354-525-4800. Fax: +354-
552-8911.
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(iii) —(1/2uR?)J+L~ + JL*), which is the L-uncoupling
operator.

The last two terms are responsible for the heterogeneous
(A2 > 0) perturbations.

Interpretations of observed perturbation effects have in
turn allowed distinctions between various photodissociation
and photoionization pathways.'®2°

A number of papers have been published, which place
emphasis on state interactions, energy transfers, and pho-
todissociation processes, in HC1'%:18:30.31.35-40 apq HBr.18-20
Whereas most of the studies of hydrogen iodide (HI) have
focused on the spectral assignments and the energetics of the
Rydberg and ion-pair states, little emphasis has been placed
on spectral perturbations for HI. Apart from statements con-
cerning perturbation observations,'”-2%33 no detailed analyses
of the spectral perturbations for HI have been reported. In this
paper we will emphasize the perturbation effects, involving
both homogenenous and heterogenenous state interactions,
between the following Rydberg and ion-pair states:

(i) The H'S+(v' = 1) and the m*I1,(v’' = 0) Rydberg states
and the V! (1" = m + 6) ion-pair state.

(ii) The O'=*(v' = 0) and K*I1,(v' = 1) Rydberg states and
the V! Z*(v' = m + 7) ion-pair state.

(iii) The I' A,(v' = 0) Rydberg state and the V' T+ (V' = m
+ 9) ion-pair state.

Ginter et al.>> have reported perturbation observations in

the absorption spectra due to transitions to the V! Z+(v' = m
+ 6, m + 9) and K1, (v = 1) states and Pratt and Ginter®
mention intensity anomalies in a REMPI spectrum for a res-
onance excitation to the I' Ay(v/ = 0) state. (Vibrational lev-
els of the V state are labeled as vV =m +i,i =0,1,2, ...
where m is an unknown integer.) Here line-shifts (LS) as well
as line-intensity (LI) and line-width (LW) alterations, here-
after referred to as LS-, LI-, and LW-effects, respectively, are
considered. Quantitative and qualitative information, relevant
to photodissociation processes, state interaction and spectro-
scopic parameters for HI are derived.

© 2014 AIP Publishing LLC
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Il. EXPERIMENTAL

Mass resolved REMPI data were recorded for a HI
molecular beam, created by jet expansion of a pure gas sam-
ple through a pulsed nozzle. Ions were directed into a time-
of-flight tube and detected by a microchannel plate (MCP)
detector, to record the ion yield as a function of mass and
laser radiation wavenumber.

The apparatus used is similar to that described in
Refs. 16, 18, 30, 32, and 41-43. Therefore, only a brief de-
scription is given here. The radiation was focused onto the
HI molecular beam (HI gas sample obtained from Matheson
Gas Products, Inc.) by a lens with a 20 cm focal length in-
side an ionization chamber between a repeller and extractor
plates. The number of photons per pulse inside the chamber
is estimated to be about 10'* and the photon density about
10" cm~2. The gas sample was pumped through a 500 pm
pulsed nozzle from a typical backing pressure of about 2.0-
2.5 bar. The pressure inside the ionization chamber was
around 10~® mbar during experiments. The nozzle was kept
open for about 200 us and the laser beam was typically fired
500 ps after the nozzle was opened. lons were extracted into

1.+

J. Chem. Phys. 140, 244304 (2014)

a time-of-flight tube and focused on a MCP detector, from
which the signals were fed into a LeCroy WaveSurfer 44MXs-
A, 400 MHz storage oscilloscope and stored as a function of
ion times-of-flight and laser radiation wavenumber. Average
signals were evaluated and recorded for a fixed number of
laser pulses. The data were corrected for laser power and mass
calibrated to obtain ion yield as a function of mass and exci-
tation wavenumber. REMPI spectra for certain ions as a func-
tion of excitation wavenumber were obtained by integrating
mass signal intensities for the particular ion. Care was taken
to prevent saturation effects as well as power broadening by
minimizing laser power. Laser calibration was based on ob-
served (2 + 1) iodine atom REMPI peaks.** The absolute
accuracy of the calibration was typically found to be about
+2.0 cm™! on the two-photon wavenumber scale.

Ill. RESULTS AND ANALYSIS

Mass resolved (2 + n) REMPI spectra of HI were
recorded for the two-photon resonance excitation region
69 600-72400 cm~'. Figs. 1(a)-1(c) show spectra for the
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FIG. 1. REMPI spectra for HY, I, and HI* and J' assignments of rotational peaks corresponding to two-photon resonance excitation from the ground state to
H'SH = 1) (), VISH =m + 6) (), W’ T1h(V =0) (a), 0'TT(W =0) (b), VISHW =m+7) (b), 'As(v' =0) (), VIZT( =m +9) ©). 2+ 1)
REMPI iodine atomic lines are also marked.** The H* spectrum in (c) is intensified (x30).
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excitation regions 70 710-70 960 cm~ !, 71 100-71490cm ™!,
and 71930-72 030 cm™!, respectively. Peaks due to the two-
photon resonance transitions from the ground state X' =+ to
H'ZH(0 =1),m’ L,V =0), VIZTW =m + 6) (a), BT, (v
=1),0'St0' =0), VISt =m+ 7) (b), I' Ay(v' = 0),
and V!ZH(v' = m + 9) (¢) (hereafter named H(1), m(0), V (m
+ 6), k(1), 0(0), V(m + 7), I(0), and V (m + 9), respectively)
are assigned.'”? Tt should be noted that the original assign-
ment of the H(1) state by Ginter et al.>>3 to the E'X (V'
= 0) state was reassigned recently.!” All the major types of
spectral perturbations (line-shift (LS), line-intensity (LI), and
line-width (LW)-effects) are observed in the spectra. In par-
ticular, severe LS-effects are seen in the Q line series for the
H(1) and O(0) spectra, where irregular orders of J' quantum
numbers are observed (see 1(a) and 1(b)). Analogous effects
have been observed for HCL.!>!® Less severe but clear LS-
effects are seen in the Q line series for the V (m + 6) spectrum
(Fig. 1(a)) and in the S line series for the O(0) spectrum
(Fig. 1(b)). Other spectral perturbations, which will be dealt
with in more detail below, are less obvious, but significant.

LS-effects refer to deviation of line positions from reg-
ular patterns due to rotational energy level shifts because of
excited state interactions. This typically shows as nonlinear-
ity in plots of the energy level spacing (AEy y_y = E(J') - E(J'
—1)) vs. J.16:18-20 Regular patterns of rotational line positions
are determined by transitions to regularly arranged rotational
energy levels according to standard energy expressions for un-
perturbed states, depending on rotational (B,) and centrifu-
gal distortion (D,) constants as well as on J' quantum num-
bers. As an attempt to evaluate the spectroscopic constants,
hence the unperturbed energy levels, as well as state inter-
action strengths (W), from the observed data, simplified de-
perturbation calculations were performed. Either interactions
between one Rydberg vibrational state (1) and one ion-pair
vibrational state (V (v'); (2)) closest in energy or between two
Rydberg states (1a and 1b) and one ion-pair state (2) were
considered. The diagonal matrix elements were expressed
by the standard energy expressions for the unperturbed en-
ergy levels depending on the spectroscopic parameters (see
Table I).*>%¢ The off-diagonal matrix elements are the interac-
tion strengths (the W’s; Table I). The perturbed energy levels
were derived from the observed spectral lines and known en-
ergy levels for the ground state. The spectroscopic parameters
for the states involved as well as the W’s were searched for
in the deperturbation procedure. In the cases of homogeneous
(AQ = 0) interactions, the W’s were assumed to be indepen-
dent of J', whereas for heterogeneous (A2 # 0) interactions,
W =W (J (J + 1)), where W’ is a constant.

LI-effects appear as abnormal enhancements or drops in
ion signal intensities as a function of the /' quantum number.
Frequently, “mirror effects” have been observed in the inten-
sity alterations for HCI and HBr,'$2 in such a way that the
ion signal intensity via resonance excitation to one interact-
ing state decreases whereas the ion signal intensity via exci-
tation to the other interacting state increases. This is associ-
ated with different ionization processes for the two interacting
states. Therefore, ionization of Rydberg states is dominantly
found to produce parent molecular ions, whereas ionization
of ion-pair states mainly forms fragment ions.?3%3! There-

J. Chem. Phys. 140, 244304 (2014)

TABLE I. Hamiltonian matrix elements used to derive interaction strengths
(W) and spectroscopic parameters (v°, B, and D) by diagonalization for
two-state interaction (a) and a three-state interaction (b). In (a), 1 is a Rydberg
vibrational state and 2 is an ion-pair vibrational state (VIZH () (see text).
v? and v? are the relevant term values (band origins). B'; and B'» are the
rotational constants and D'; and D', are the centrifugal distortion constants.
W2 are the interaction parameters. In (b), 1a and 1b are Rydberg vibrational
states and 2 is an ion-pair vibrational state (VIZH () (see text). v?a, v?,),
and vg are the relevant term values (band origins). B'1a, B'1p, and B'; are
the rotational constants and D' 1, D'1p, and D', are the centrifugal distortion
constants. W,2 and Wy, are the interaction parameters.

(@

1 2
1 EY Wiz
2 Wiz EY
(b)

la 1b 2
la E?H 0 Wia2
1b 0 EY, Win2
2 Wia2 Wip2 Ej

E) =)+ B{J'(J + 1) = D{J?(J +1)?
EY =+ ByJ'(J + 1) — Dy + 1)?
EY, =0, + Bl J'(J + 1) = D} J2(J + 1
E), =, + B, J'(J + 1) = D}, J*(J + 1)
EY =)+ ByJ'(J' + 1) — DyJ*(J + 1)

fore, ion signal intensity ratios, such as I(XT)/I(HX™) vs. J/
(X = Cl, Br), have proven to be very useful measures of the J’
dependent Rydberg to ion-pair state interactions, '6-18,20,30.31
Furthermore, constant ratio values, independent of J', for
the Rydberg states are found to be indicative of dissociation
channels.!6-20:25.30,31,33,3540 A approximation expression
for the ion signal intensity ratio in the case of level-to-level in-
teractions for two states (1 and 2) has been derived.'¢ 820,30
The expression depends on the fractional state mixing (c?/c3),
state interaction strength (W),), and J' dependent energy level
differences (AEy) for the two states as
1xhH [y +a -y

IHxH ¢ (1-a3) =~ (1a)

1 AE ;) — 4Wpp)?
ng,_\/( ) ( 12); A=1-&, (1b)
2 2AES|

and

I(XT) = e} + Bick; I(HXT) = ay¢? + pack;

a=a/ag; y = Bi/az; ay = Bi/ay,
where 1, B1, a2, and B, are the ionization rate coefficients. y
and 'y are measures of X' ion formations via dissociation of
the Rydberg state, relative to that of the formations of X* via
excitation of the ion-pair state (y) and relative to that of the
formation of HX" via excitation of the Rydberg state (ay).
Fits of this expression to ion signal intensity ratios vs. J’ have
allowed evaluation of fractional state mixing as well as the
parameters y and o.'%18.20.30

The LS- and Ll-effects are found to measure the same
effects, namely, bound-to-bound state interactions. The LI-
effects, however, are much more sensitive to weak interac-
tions compared to the LS-effects. Thus, weak interaction of
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FIG. 2. Figures derived from analysis of REMPI spectra for the H' £ (v' = 1), VI £+ = m 4 6), and m>T1,(v' = 0) states (Fig. 1(a)): (a) Rotational energy
levels; near- and off-resonance interactions are indicated. (b) Spacing between rotational levels (AEy 1) as a function of J'; experimental values. (c) Relative
ion-signal intensities (/(IT)/I(HIT)) vs. J' derived from the Q rotational lines for the V (m + 6) state. (d) Rotational line-widths vs. J' derived from the Q lines

of the I'" signals for the H(1) and V (m + 6) states.

triplet states and ion-pair states in HCI were found to show
clear Ll-effects but no significant LS-effects.’

The LW-effects appear as J' dependent bandwidths of the
ion signals independent of whether it is a parent or a frag-
ment ion. The effects are primarily due to J' dependent life-
times associated with predissociation processes of Rydberg
states.!®20 These can involve one or more predissociating
gateway states in which case the LW-effects also will depend
on bound-to-bound state interactions. Thus ion-pair states,
which do not predissociate easily, directly,'®2° can show dra-
matic LW-effects due to interactions with one or more predis-
sociating Rydberg states in which case the lifetime, hence the
line-width, will depend on the Rydberg to ion-pair (bound-to-
bound) state interactions as well as predissociation processes
of the Rydberg states.’® Therefore, the rate of dissociation
(1/7) of an ion-pair vibrational state (2) has been expressed
as a sum of terms, each of which is assumed to be a product
of a predissociation rate (1/¢;;) for a particular Rydberg state
(1i) and a J' dependent coupling rate (f;;(J')) for the Rydberg

to ion-pair state interaction,? i.e.,
1 1
- = fil)—. 2
153 Z Ty

98

Lower limit lifetimes (t,;,,) can be derived from the line-
widths (I") by’

Tain(ps) = 5.3/ T'(em™). 3)

A. Off- and near-resonance interactions between
the H'x+(v' = 1) and m*II,(v' = 0) Rydberg states
and the V'Z+(v' = m + 6) ion-pair state

The clear LS-effects seen in the spectra of the H(1)
Rydberg state and the V (m + 6) ion-pair state, mentioned be-
fore, where the Q lines for H(1), J/ = 6 and 7 are found to
be “clenched” between the corresponding lines for the V (m
+ 6) state (Fig. 1(a)) is indicative of near-resonance inter-
actions. Fig. 2(a) shows the energy levels derived from the
rotational lines. Since the H(1) and V(m + 6) states share
the same symmetry ('), off-resonance perturbations are
also to be expected. Since the band origin (1°) of the V(m
+ 6) ion-pair state is higher than that for the H(1) state and
that the rotational constant for the ion-pair state is smaller,
the energy levels of the Rydberg state (H(1)) “catch up” with
those of the ion-pair state to exhibit the near-resonance inter-
actions for J/ = 6 and 7 (see Fig. 2(a)). The overall interaction
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TABLE II. Parameter values, relevant to state mixing, derived from peak intensity-shifts and intensity-ratios (/(I" /I(HIT)) as a function of J' (see text), as
well as spectroscopic parameters (see Table I) for the state systems H(1), V (m + 6), and m(0) (a), O(0) and V (m + 7) (b), and 1(0) and V (m + 9) (c).

(a)
H'$*t(v' = 1) Rydberg state/1a VISV = m + 6) ion-pair state/2 m*T,(v' = 0) Rydberg state/1b
J res® 6/7 6/7 6/7
|AEy|(cm™") for J' e 50.4/23.0 - 35.6/21.0
Wia2/ Wipa(cm™") 12.3 33
2 (c2) for J'res 0.93 (0.07)/0.67 (0.33) 0.98 (0.02)/0.95 (0.05)
vo(em™!) 70855.5° 70952.3° 70841.5°
70854.0° 70954.0°¢ 70840.0°
70850.5¢ 70948.64 70837.64
By(cm™!) 5.77° 4.16° 6.32°
5.94¢ 3.56° 6.21°
6.00¢ 4,094 6.11¢
D,(cm™!) 0.0022° 0.0031° 0.0025°
—0.0011¢ 0.0024¢ 0.0012¢
0.0128¢ 0.0044¢ 0.00019¢
(b)
0'=* (v = 0) Rydberg state/1 VIS+ (v = m + 7) ion-pair state/2
J res® 7/8
|AEy |(cm™") for J'res 32.8/32.8
Wia(em™") 11.0
3 (c3) for J'res 0.86 (0.14)/0.86 (0.14)
y 0.93
a 0.52
vO(em™) 71294.7° 71478.4°
71290.0° 71478.0°
71301.9°
By(cm™1) 6.25" 295"
6.31° 2.96°
5.82°
D,(cm™ ) 0.0023° —0.0023"
—0.0017¢ 0.0022¢
(c)
I' A>(v' = 0) Rydberg state/1 VIS+(' =m + 9) ion-pair state/2
J res® 2/3
|AEy |(cm™") for J'es 12.5/8.5
Wia(em™!) 1,1f
1,3

¢} (c3) for J'res

0.99.(0.01)/0.98 (0.02)
0.99 (0.01)/0.97 (0.03)

y 0.0040
o 69
vo(em™!) 71989.4° 72023.2°
71990.0° 72023.0°
71989.1¢ 72022.4¢
By(cm™!) 6.31° 2.84°
6.306° 2.85¢
6.312¢ 2.792¢
D,(cm™") 0.00024° 0.0001°
—0.00024¢ —0.0002¢
0.00027° —0.00046¢

2 es = J' levels closest to resonance interactions (see Figs. 2-4).

I"Df:penurbed values; this work.

“Undeperturbed (perturbed) values; this work.

9From Ref. 25.

¢From Ref. 33.

fSince the interaction strength, W), is J' dependent (see text), we present the values obtained from both rotational levels that experience the near-resonance interaction.
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effect shows very clearly by the graphs of AEy y_; vs. J' for
the states involved (see Fig. 2(b)). These show “near-mirror
image” effects, such that an increase in AEy y_;, for one of
the states, results in a decrease in the corresponding AEy y_;
value for the other state and vice versa. This can be explained
in the following way with a reference to Fig. 2(a). For the
low J's the rotational energies of the V (m + 6) ion-pair state
are “pushed” upwards and the rotational energies of the H(1)
Rydberg state are “pushed” downwards. For J' = 7, however,
where the energy of the H(1) state exceeds that of the V(m
+ 6) ion-pair state, the Rydberg state experiences a signifi-
cant increase in energy and the ion-pair state a correspond-
ing lowering in energy resulting in increases and decreases in
the corresponding AE; ¢ values, respectively. For J' > 8, off-
resonance interactions cause the H(1) levels to be “pushed”
upwards and the V (m + 6) levels to be “pushed” downwards.
Energy levels for the m(0) state, derived from the R spectral
lines, are shown in Fig. 2(a) and a corresponding AEy y_; vs.
J' plot is shown in Fig. 2(b). These also show weak but clear
effects of near-resonance interactions between the m(0) and
the V(m + 6) states for J/ = 6 and 7. Since the total elec-
tronic angular moment quantum numbers (£2) of these states
differ by two (A2 = 2) the interaction must involve a mix-
ing with an Q = 1 state.'>?%3! Deperturbation analysis for
three states interactions, based on the assignments shown in
Fig. 1(a), hence the energy level structure presented in 2(a)
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and 2(b), gave the rotational constants, B, and D, shown in
Table I1.

The presence of Ll-effects further evidences these state
interactions. The largest ion intensity ratios, (I(I")/I(HI™)),
are observed for the Q lines of the V(m + 6) state, show-
ing characteristic lowering in the values as the J's increase
from O to 6 and an increase for J/ = 7-8 (Fig. 2(c)). The cor-
responding ratios for the R lines of the m(0) state are much
smaller and constant for J/ = 2-5 whereas the value for J/
=7 is significantly larger.** The intensity ratios derived from
the Q lines of the H(1) state for /' = 0—4 are found to be
close to constant. Due to severe peak overlaps in the region
of the Q lines for the H(1) state, it is difficult to determine
the ion intensity ratios (/(I")/I(HI™)) for those J' levels which
exhibit near-resonance interactions, quantitatively. Neverthe-
less, there is a qualitative indication of enhanced ratio values
with J' for the J/ = 5-8 peaks. All in all, these observations
are indicative of near-resonance interactions for the J' = 6-7
levels and gradually decreasing mixing of the V (m + 6) state
with Rydberg states as the /' numbers deviate from J' = 6 and
7. Furthermore, the constant intensity ratio values, indepen-
dent of J, for H(1) and m(0) suggests that predissociation of
both Rydberg states is important (see above).

Line-widths derived from the Q lines for the H(1) and
V(m + 6) spectra are shown in Fig. 2(d). Line-widths for
the m(0) state (R and S series), were found to be constant,

—e-0'5(0)
e *- V(m+7)

—o— K'TI,(1)
L
T T T T T
2 4 6 8 10
Jl
(b)
s —e-1"-0(0)
o -&-HI"-0(0)
- 1.0
e
O 08
Sy
; 0.6+
i)
0.4+
0.2+
0.0+
T T T T T 1
0 2 - 6 8 10
(d) J'

FIG. 3. Figures derived from the analysis of the REMPI spectra for the K*TT;(v/ = 1), 0' £+ (v = 0), and V' £+ (v = m + 7) states (Fig. 1(b)). (a) Rotational
energy levels. Near- and off-resonance interactions are indicated. (b) Spacing between rotational levels (AEy y_1) as a function of J'; experimental values.
(c) Relative ion-signal intensities (/(I")/I(HIT)) vs. J' derived from the Q rotational lines for the O(0) state. (d) Rotational line-widths vs. J' derived from the Q
lines of the I'T and HI* signals for the O(0) state.
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independent of J', within experimental error, with an aver-
age value of about 0.5 cm™!.** The line-widths, hence the
lifetimes, of the H(1) and V(m + 6) states are comparable
in terms of the absolute values (0.6-1.9 cm™!) and its J' de-
pendence. By analogy with previous observations for HBr!®
this suggests that the lifetime of the H(1) state is primarily
determined by that of the V(m + 6) state following its state
interaction. Whereas the large average internuclear distance
of the V state makes crossing to repulsive states, hence pre-
dissociation, highly improbable,'®:2° Rydberg states, on the
other hand, are either in close vicinity of, or crossed by, repul-
sive states to make predissociation processes more probable.
Therefore, predissociation of the V(m 4 6) state is believed
to occur via gateway Rydberg states. The predissociating 7(0)
state is likely to be an important gateway state for the overall
H(1) and V (m + 6) states predissociation.

B. Off- and near-resonance interactions between
the O'x*(v' = 0) and K°I14(v' = 1) Rydberg states
and the V'S*(v' = m + 7) ion-pair state

In a previous work by Pratt and Ginter,>* a new Rydberg
state was observed at about 71300 cm™! with the '+ sym-
metry showing evidence of perturbation effects. This state has
been deduced to have a (o7%)4fr Rydberg orbital and was
given the notation O' X (1" = 0). It should be noted that the

3
e 1
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Rydberg parentage of all of the states mentioned in this paper
has been addressed before.!” It was noted that this Rydberg
state was experiencing some perturbation effects due to in-
teractions with the V(m + 7) ion-pair state.'” Here, we will
clarify, qualitatively and quantitatively, the nature of this in-
teraction. Furthermore, we will consider evidences for a pos-
sible interaction involvement of the k*T1;(v” = 1) state, which
is close in energy.

The REMPI spectra of the O(0) and the k(1) Rydberg
states as well as the V(m + 7) ion-pair state are displayed
in Fig. 1(b). The severe LS-effects seen in the spectrum of
the O(0) Rydberg state for the Q lines, J' = 7-8, which are
found to be “clenched” between the corresponding Q lines of
the V(m + 7) state are indicative of near-resonance interac-
tions. Fig. 3(a) shows the energy levels derived from the rota-
tional lines. It shows that a slight enhancement in the energy
gap, AEg 7, of the O(0) state matches a decrease in the corre-
sponding analogous gap for the V(m + 7) state. Slight off-
resonance interaction effects are also experienced between
levels for different J' values. These effects are clearly seen
by the plots of AEy y_; vs. J for the O(0) and V(m + 7)
states in Fig. 3(b), which exhibit “near-mirror image” effects.
Closer inspection of the plots reveals larger enhancement of
the AEgg value for the V(m + 7) state compared to that of
its corresponding lowering for the O(0) state. This could be
due to a near-resonance interaction between the J' = 9 levels

120
100
47y
£ 8-
(&)
—
= 60~
'_,
Llé 40
e - V(m+9)
20 S 1
pe -o— 1'2,(0)
Ed
= T T T T 1
2 4 6 8 10
(b) J
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25+ —v H -V(m+9)
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- 1.0
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0 2 4 6 8
(d) Jr

FIG. 4. Figures derived from the analysis of the REMPI spectra for the I' Ay(v = 0) and V! Z+(/ = m 4 9) states. (a) Rotational energy levels. Near-
resonance interactions are indicated. (b) Spacing between rotational levels (AEy ) as a function of J'; experimental values. (c) Relative ion signal intensities
(I(IT)/I(HIM)) vs. J' derived from the Q rotational lines for the /(0) and V (m + 9) states. (d) Rotational line-widths vs. J' derived from the Q lines of the H*

signals for the V (m + 9) state.
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of the V(m 4 7) and the k(1) states'” resulting in still larger
energy-gap, AFEqg, for the V(m + 7) state (see Fig. 3(a)) as
well as a lowering in AEgg for the k(1) state.!” Furthermore,
the drop in AEy g for the k(1) state is found to be compensated
by enhancements in AEjo and AE|; o for k(1).!” Due to the
lack of observed Q rotational lines for the V(m + 7) spec-
trum for J' > 9 the effect of a near-resonance interaction with
the k(1) state could not be taken into account in a depertur-
bation analysis. Deperturbation analysis for two-state interac-
tions, O(0) and V(m + 7), based on the assignment shown in
Fig. 1(b), hence the energy level structure presented in
Figs. 3(a) and 3(b), gave the rotational constants, B, and D,,
shown in Table II.

The near-resonance interactions between the O(0) and the
V(m + 7) states are further evidenced by LI-effects. The ion
intensity ratios, I(I")/I(HI"), as a function of J' (Fig. 3(c)) for
the O(0) state show slight but significant enhancements for J’
= 7-8. The calculated values, acquired from fitting the data
points, are presented in Table II. The relatively large nonzero
value derived for y indicates the importance of a predissoci-
ation for the O(0) state, either direct or indirect via gateway
Rydberg state(s).

mI1,(v'=0) HIZHv'=1) Ry ‘I

VIZH{v'=m+6)

i

©5)

(£2+,2°TT)

J. Chem. Phys. 140, 244304 (2014)

Finally, we consider LW-effects. The line-widths of the Q
lines of the O(0) state, derived from the I and HI" spectra,
are presented in Fig. 3(d). The line-widths for the k(1) state
are found to be virtually unchanged with J', within experi-
mental error and comparable in magnitudes to those for the
0(0) state.** The line-widths of the ion-pair state are found to
be larger,** hence lifetimes shorter, than those for the Rydberg
state. The line-widths of the O(0) system show resemblance to
that of the intensity ratios as a function of J' (Fig. 3(c)), both
showing a maxima for J' = 7. These observations, along with
the LI-effects suggest that the predissociation of the O(0) state
is partly determined by that of the V(m + 7) state'® follow-
ing the state interactions as described above. Predissociation
of the V(m + 7) state will occur via gateway Rydberg states
among which the k(1) state is likely to be important.

C. Near-resonance interactions between the /' Ay(v’

= 0) Rydberg state and V' X+(v' = m + 9) ion-pair state
REMPI spectra of the 1(0) Rydberg state and the

VIZ+(m + 9) ion-pair state show the /' = 2 and 3 Q lines

of the /(0) state to be “clenched” between the corresponding

Ry kI, (v'=1)

O!ZH{v'=0) Ry 'IT (b)

VIZHv'=m+7)

a’ll

prT (PE+,a°IT)

(©)

Ry, Q=1
'

11A,(v'=0)

FIG. 5. Semi-schematic figures showing the HI energetics, state interactions, and energy transfers of relevance to the data presented in this paper (see text) for
the H'ST(/ = 1), VIEH( = m + 6), and m*[1o(v/ = 0) states (a), the 0' S+ = 0), VIS =m + 7), and KBTI (v = 1) states (b) and the /' Ay(v/ = 0)
and V!Z( = m + 9) states (c). Electrostatic, rotational, and spin orbit couplings are marked E, JL, and SO, respectively. Red boxes represent the ion-pair
states. Blue boxes are Rydberg states and black curves are repulsive states. The boxes with solid lines represent Rydberg states, which couple with the ion-pair
states. The boxes with broken lines are gateway states with respect to predissociation. Relative importance of couplings and transfers is indicated by different
boldness of arrows and broken lines as well as by the use of brackets or not. The colored arrows indicate the major paths towards predissociation.
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Q lines of the V(m + 9) state.!” Energy levels derived from
the spectra are displayed in Fig. 4(a) and plots of AEy y_; vs.
J' are shown in Fig. 4(b). Although AQ = 2 for these states
near-resonance interactions might be expected to be found for
those levels in the case of a mixing with an Q = 1 state,
by analogy with the observation discussed in Sec. IIT A. No
significant line-shifts due to near-resonance interaction for J'
= 2-3 are observed, however, whereas an indication of near-
resonance interactions with the V(m + 9) state, J/ = 5-7, is
clearly found. Since no Rydberg state with near-resonances
for J' = 5-7 have been observed,'”-?>3* the corresponding
LS-effects must belong to an interaction between the V(m
+ 9) state and a hidden state. The hidden state could be ei-
ther a non-observable state due to selection rules for one- and
two-photon transitions or a state experiencing weak transition
probabilities for transitions from the ground state. Whereas no
significant LS-effects are observed for J/ = 2-3 due to V(m
+ 9) and /(0) interactions (Fig. 4(a)), LI-effects show as clear
ion intensity ratio (/(I")/I(HI")) alternation with J' for 1(0)
(Fig. 4(c)) indicating weak state interactions. This demon-
strates nicely the larger sensitivity of LI-effects compared to
that of LS-effects to weak state interactions (see above). Anal-
ysis of the intensity ratios, reveal weak interaction strength
(W},) and small y value (see Table 1I) compared to that de-
rived for the O(0) state (see Sec. III B). The small y value
suggests that predissociation of /(0), either direct or indirect
via gateway Rydberg state(s), is of minor importance. Fur-
thermore, there are indications of a slight decrease in the line-
widths with J' for J/ > 2 in the case of the I(0) state,** suggest-
ing that the lifetime of the /(0) state is primarily determined
by these states coupling and by an indirect predissociation of
the V(m + 9) state. Furthermore, there are also evidences for
enhancements in the linewidths of the H' ion signals for the
V(m + 9) state as a function of J' for J' = 2 as well as for
J' = 6 (Fig. 4(d)) further indicating the importance of the
state interactions in determining the lifetime of the ion-pair
state.

IV. SUMMARY AND CONCLUSIONS

Mass resolved REMPI spectra for HI, showing reso-
nance excitation to Rydberg states and ion-pair vibrational
states in the two-photon resonance excitation region 69 600—
72400 cm™!, were recorded and analyzed. Three sys-
tems of states, all of which have been shown to involve
perturbations,'”-233 were addressed independently in terms
of state interactions. This was done by interpreting observed
line-shifts, line-intensity alterations, and line-width effects. In
cases when the different observations depend on the same dy-
namical properties, the analysis results were found to be sup-
portive in nature. Quantitative analysis revealed interaction
strengths and spectroscopic parameters for deperturbed states
derived from analysis of the line-shifts and parameters (y
and «) relevant to photodissociation processes derived from
the line-intensity alterations. Small but significant changes
are derived for the spectroscopic parameters, since observed
line-shifts are near-resonance in nature, showing as local-
ized shifts of lines and energy levels but limited alterations
in overall trends. Nonzero y values, derived, are measure of

J. Chem. Phys. 140, 244304 (2014)

the significance of dissociation channels,!'¢-20-2%:30.31,33,35-40

These analyses as well as interpretation of spectral line-
widths, hence state lifetimes, allow proposition of state in-
teractions and energy transfers involved in photofragmenta-
tion processes for the three energy systems, with reference to
Fig. 5,46.47 a5 follows:

(i) Fig. 5(a): The H(1) Rydberg state couples mainly with
the V(m + 6) state by a strong electrostatic (E) interac-
tion to result in an effective energy transfer from the H(1)
state to the V(m + 6) state, followed by further transfer
to a manifold of predissociating Rydberg states. Among
those is the blended m(0) state, which can predissociate
via a strong electrostatic interaction with the repulsive
aT1 valence state. Energy flow via direct coupling of the
H(1) state with Rydberg states is small.

(ii) Fig. 5(b): The O(0) state couples moderately with the
V(m + 7) state by an electrostatic interaction (E) as well
as with a Rydberg state close in energy by a rotational
coupling (JL). Energy transfer from the O(0) state mainly
occurs via the V(m + 7) state to a manifold of predisso-
ciating Rydberg states including the k(1) state which pre-
dissociates via an electrostatic interaction with the repul-
sive @’ state. The direct coupling of the O(0) state with
a Rydberg state is likely to involve the a' IT Rydberg state
which can couple strongly to the repulsive A'TT state.

(iii) Fig. 5(c): The blended /(0) Rydberg state couples weakly
to the V(m + 9) ion-pair state whose lifetime is deter-
mined by further coupling to predissociating Rydberg
states. A near-resonance interaction between the V(m
+ 9) state and a hidden Rydberg state is observed.
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Table S1: Observed iodine atomic lines in the REMPI spectra of HI.

A, Kvaran, K. Matthiasson, and H. Wang, J. Chem. Phys. 131(4), 044324 (2009).
2). Long et al., J. Chem. Phys. 136(21), 214315 (2012).

Figure | Line position [cm™] Ground state Excited state Excited Excited
Configuration state/Term | state / J
la 70811.88 — 70813.11 | %P3 5s%5p*(CPo)6p | [1]° 1/2
P12 5s%5p*(*D2)6p | 2[1]° 32
P12 55%5p*Po)7s | ?[0] 112
1b 71128.95 2Py 5s25p*(P2)8p | A[2]° 5/2
1b 71177.07 P 5s25p*(P2)8p | A[1]° 1/2
1b 71251.79 2Py 5s%5p*(*P2)8p | ?[3]° 5/2
1c 71976.78 *Paj2 5s%5p*(CPo)ep | 2[1]° 32
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Photoexcitation dynamics of the E('E*) (' = 0) Rydberg state and the V(:=*) (/) ion-pair vibrational states of
HBr are investigated by velocity map imaging (VMI). H* photoions, produced through a number of vibrational
and rotational levels of the two states were imaged and kinetic energy release (KER) and angular distributions
were extracted from the data. In agreement with previous work, we found the photodissociation channels
forming H*(n = 2) + Br(?Ps/,)/Br*(?Py,,) to be dominant. Autoionization pathways leading to H* + Br(Ps,)/
Br*(Py,) via either HBr*([s,,) or HBrt*(Ily,) formation were also present. The analysis of KER and angular
distributions and comparison with rotationally and mass resolved resonance enhanced multiphoton ionization
(REMPI) spectra revealed the excitation transition mechanisms and characteristics of states involved as well as
the involvement of the E-V state interactions and their v/ and J' dependence.
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I. Introduction

In recent years there has been growing interest and emphasis
on studies of higher energy valence and Rydberg states, com-
plementing the vast amount of information on molecular
ground and low energy valence states. As the excitation energy
increases, the higher density of states gives rise to more
complex spectroscopy and dynamics involving state mixing,
predissociation, autoionization and other interesting state
interaction phenomena worth further study.

The hydrogen halides have turned out to be ideal candidates
for fundamental spectroscopy and photofragmentation studies
involving higher energy valence and Rydberg states.’™® Since
the original work by Price on the hydrogen halides (HX)," a
wealth of spectroscopic data has been derived from absorption
spectroscopy for HCL,>>*® HBr,>”° and HI* and from reso-
nance enhanced multiphoton ionization (REMPI) studies
(Hclylo—12,16,17,19—22 HBr’13,16—19,23 and HIl4_16'24). EXtenSiVe per_
turbations observed in spectra are clear indications of the
importance of state interactions involved. Photofragmentation
studies based on velocity map imaging (VMI) of H' following
one-colour resonance excitations in HCI**(v/, J')**>7*7:2%3%37 and
HBr**?” have been performed. Recently Kvaran and coworkers
have used mass resolved REMPI spectra to determine

“ Institute of Electronic Structure and Laser, Foundation for Research and
Technology-Hellas, Vassilika Vouton, 71110 Heraklion, Greece

b Science Institute, University of Iceland, Dunhagi 3, 107 Reykjavik, Iceland.
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quantitative and qualitative information relevant to state inter-
action, photofragmentation as well as energetics of HCI,*!3%3°
HBr,**?** and HI.*° The analyses are based on spectral pertur-
bations seen as alterations or irregularities in line-shifts, line-
intensities or line-widths. VMI studies and mass-resolved
REMPI spectra analysis have been found to give complementary
results in terms of Rydberg to ion-pair state interactions for
resonance states in HCL.>?" Particular emphasis has been laid
on studies of the strong homogenenous (AQ = 0) state inter-
action between the E'X" (Q = 0) Rydberg state and the V'Z*
(Q = 0) ion-pair state, which, together, form an adiabatic
double-well potential (B'S*) (see Fig. 1 for HBr).>* 2730337
Both photoionization and photodissociation processes are
found to be largely affected by this state mixing.

The above studies revealed the following major paths for H*
formation of the hydrogen halides (HX) following and depend-
ing on the resonance excitation.

(i) HX** photolysis followed by fragment ionization:

HX**(V', J') + hv > H* + X/X*; photolysis

H* + hv - H' + e7; photoionization

(if) HX** ionization followed by ion photolysis:

HX**(v/, J') + hv — HX"; photoexcitation
HX" - HX'(v')/HX"*(v") + e7; autoionization

HX'(v")/HX™*(v") + hv > H' + X/X*; ion photolysis

This journal is © the Owner Societies 2015
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Fig. 1 Potential curves of the states involved in H* formation following
two-photon excitation of HBr to the E and V states (mixed B'E* state),
including asymptotic energies of fragments*? (right). Potential curves for
the ion states (broken curves) are derived from ref. 38. The repulsive
Rydberg states, [BZZ]Ry and [ZH]Ry (solid blue curves) which correlate to
H*(n = 2) + Br and H*(n = 2) + Br* are similar in shape to the ion curves,
B2 and °II, (ref. 38) but shifted to the respective asymptotes. The
potential curve for the B state was derived from Fig. 1 in ref. 26. The
vertical arrow represents a possible transition following a resonance
excitation to the E(v/ = 0) state (see text).

(iii) Ion-pair formation:

HX**(V,J))+ hv - H" + X~ ion-pair formation

Here X and X* (and HX" and HX"*) denote the ground (X(*P3,)/
HX'(*I15),)) and spin-orbit excited (X*(*Py,)/HX *(*I1;,,)) species,
respectively. H* is the first excited state of hydrogen, H*(n = 2). In
the case of HBr the photoexcitation steps (i) to form H* + Br and
H* + Br* involve excitation to repulsive Rydberg states which
converge to the repulsive molecular ion states B*"(c”(mymy)o*")
and ’T(c'n’c*")*"*® labelled, in a simplified form, as [B*Z‘]Ry
and [PITRy (see Fig. 1), where the details inside the bracket
characterize the ion core and “Ry” represents the Rydberg elec-
tron. The [BZ']Ry state and the lower energy component of two
[PI]Ry states correlate to the assymptotic atom pair, H* + Br,
whereas the higher energy component of the [*IT]Ry states corre-
lates to H* + Br* as shown in Fig. 1. Considering one-electron

This journal is © the Owner Societies 2015
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transitions from the mixed E/V'E'(i.e. B'S") state(s), based on the
principal electron configurations of the E([c°m’]5pn') and the
V(c'n*c*") states, the Rydberg electron must occupy a 5pr orbital
in which case, the possible Rydberg states characteristics could be
D([B*L;0%(memy)o* 5pn') and ME(PIo'n’o*']5pn') (Fig. 1).
Although the selection rule for spin conservation favours the
involvement of singlet Rydberg states triplet states cannot be
ruled out (hence the notations »*IT and '*%). Three one-electron
transitions, two parallel (1 — prn; 6 - ©*) and one perpendi-
cular (1 - o*) transitions, could be involved, i.e.

(2) HBr**{V'E(c'n'c*")} + hv
— HB{"*2(*I;o'n’c*'|5pn')}; parallel transition

(b) HBr*~{E'Z([*IT;0°n*5pr )} + hw

— HBr{"*2([*;o'n’c*'|5pn')}; parallel transition

(¢) HBr**{E'S(I;6°n’]5pn")} + hv
— HBr'{"*I([B*Z";0%(mimy)o* ' |5pn);
perpendicular transition

one of which (a) involves the ion-pair component (i.e. largest
ion-pair/V state character) of the mixed (B) state. The weight of
the ion-pair (V) character will increase (hence the Rydberg (E)
character will decrease) gradually from the inner well of the
mixed/B state as the internuclear distance increases to reach a
maximum near the outer turning point of the outer well.

In this paper we present the results of a VMI investigation
involving the interactions between the E'X* Rydberg state and
the V'E' ion-pair valence state in HBr. KER and angular
distributions data are extracted from images of H' originating
from the E'S'(v' = 0; ]/ = 1-9), V'E" (v/ = m + 4; J' = 0-8), V'Z"
(' =m+5;J' =0-4)and V'Z" (V' =m +1,i=6-10; ] = 0) states of
HBr for J’ = J” (i.e. Q rotational lines). m is an unknown integer,
since the zero vibrational energy (v’ = 0) is not known for the
V'E" state.”® The contributions of paths (i) and (ii) above were
quantified, whereas channel (iii) was not detected. The relative
ratio of the two steps in (i) as well as the angular distributions
are found to change with J//v’. Trends coincide with the E-V
interaction strength measured in REMPI studies, indicating a
possible connection.

Il. Experimental

The VMI setup used in this work has been described pre-
viously***° and only a brief description will be given here.
A supersonic molecular beam of HBr seeded in He is formed
by a 15-30% HBr mixture in He supersonically expanding
through a homemade piezoelectrically actuated nozzle valve
(1 mm diameter) and being skimmed before entering the
detection chamber where the ion optics are positioned. After
passing through a ~2 mm diameter hole in the repeller
electrode, the molecular beam is intersected at right angles
by a laser beam focused at the geometric focus position of a
single-electrode repeller-grid arrangement. The laser beam is

Phys. Chem. Chem. Phys., 2015, 17, 10468-10477 | 10469
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Fig. 2 H™ velocity map images for (a) J' = 4,(0J =7,dJ =

9 levels of the E(v' =

O)andfor(e)v =m+5(fv =m+6(g v =m+8and(h) v

=m + 10 levels of the V(v' = m + i) states of HBr. The laser polarlzatlon is indicated by the double arrow. All the images show two intense rings for low and
medium kinetic energy releases and number of weaker rings for higher kinetic energy release.

generated by an Nd**:YAG pumping a master oscillator power
oscillator system (Spectra Physics MOPO).

For the VMI experiments reported here, the repeller is
always ON, ie. the apparatus is operated in “VMI mode”.
The photofragments traverse a field-free time-of-flight region
(45 cm) and a gated, position-sensitive detector (dual, imaging-
quality MCP array coupled to a phosphor screen) images the
photofragment sphere. The image frame is recorded asynchro-
nously every second (~10 laser shots) by a CCD camera and
several thousand frames are averaged to form images such as
those shown in Fig. 2. The 2D slice of the 3D ion distribution
from each final image is extracted by inverse Abel transforma-
tion and integrated from its center over angle to extract the
speed and over radius to extract the angular distributions of the
photofragments.

H' photoion images are recorded following HBr excitation to
different intermediate valence and ion-pair electronic and
rovibrational levels by appropriate tuning of the laser wave-
length (Table 1). Background images are recorded with the laser
on and the molecular beam off and subtracted from the signal
images.

Ill. Results

A. H' images and kinetic energy release (KER) spectra

H' images were recorded for two-photon resonance excitation
from the ground state X'X*(v' = 0;J”) to the E'S*(v’ = 0; J' =1-9)
Rydberg and the V'E'(v' =m + 4; J' = 0-8), V'E'(V' =m + 5; ] =
0-4) and V'Z'(v' = m +; i = 4-10; J = 0) ion-pair states of HBr for
J' =]J" (ie. Q rotational lines). The majority of the images
feature two intense rings surrounded by a number of weaker
ones at higher kinetic energy release (KER) as shown in Fig. 2.
Fig. 3(a) shows the H' KER distributions for the E state as a
function of rotational level (J' = 1-9) of v’ = 0, whereas Fig. 3(b)
shows the V state KER distributions as a function of vibrational

10470 | Phys. Chem. Chem. Phys., 2015, 17, 10468-10477

level (' = m + i, i = 4-10) for J' = 0. The two KER peaks around
0.1 eV and 0.5 eV, in the case of the E(v' = 0) state correspond to
the two intense rings in each image. The weaker rings in those
images have KERs in the 1.0-2.2 eV region.

Table1 HBrresonance excited states (term symbols, vibrational quantum
numbers (v/) and rotational quantum numbers (J) and two-photon
excitation wavenumber (v). NB: m is an unknown integer number

State v’ J Q lines; v/em™* Ref./comment
E'Z" 0 1 77938.8 13
2 77935.6 13
3 77931.6 13
4 77926.5 13
5 77920.6 13
6 77913.5 13
7 77905.4 13
8 77895.6 13
9 77883.0 13
viz* m+4 0 77830.0 This work
1 77821.0 This work
2 77803.0 This work
3 77778.7 Derived from ref. 9
4 77743.6 Derived from ref. 9
5 77700.1 Derived from ref. 9
6 77648.2 Derived from ref. 9
7 77587.9 Derived from ref. 9
8 77520.0 Derived from ref. 9
vzt m+5 0 78388.8 13
1 78380.2 13
2 78362.4 13
3 78338.6 13
4 78300.6 This work
viz* m+6 0 78940.2 13
vzt m+7 0 79480.3 13
vzt m+8 0 80029.7 13
vzt m+9 0 80638.0 This work
vzt m+10 0 81197.2 13

This journal is © the Owner Societies 2015
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Fig.3 (a) H* kinetic energy release curves (KER's) for resonance excita-
tion from the ground states X(v' = 0, J”) to the E(v' = 0; J’ = 1-9) states for
J' = J" (Qlines). Br, Br* and ionic channel peaks are marked (see H* + Br*,
H* + Brand HBr**/HBr"). The curves are normalized to the height of the Br
peak. Predicted KER's for the Br and Br* channels are shown as red bars.
Horizontal red broken lines in the region for the ionic channels are to
guide the eye. (b) H* kinetic energy release curves for resonance excitation
from the ground states X(v' = 0, J”) to the V(v = m + i; i = 4-10) states for
J' =J" = 0 (Qlines). The curves are normalized to the height of the peaks
for the Br (i.e. H* + Br) channel.

In order to assign each KER peak, we calculated the expected
KER’s for the various channels presented in Section I as follows:

KER(“Br”) = 3hv + E(J") — Do(HBr) — E(H*)

for channel “H* + Br”; (i) (1a)
KER(“Br*”) = 3hv + E(J") — Do(HBr) — E(H*) — SO(Br*)
for channel “H* + Br*”; (i) (1b)

KER(“HBr") = hv + IE(HBr'(3/2)) + Go(HBr'(3/2),v")
— Dy(HBr) — IE(H)
for channel “HBr'(v")”; (ii)

(1¢)

KER(“HBr™*") = hv + IE(HBr'(1/2)) + Go(HBr'(1/2),v")
— Dy(HBr) — IE(H) — SO(Br*)
for channel “HBr'*(v*)”; (ii) (1d)

This journal is © the Owner Societies 2015
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where hv is the photon excitation energy.”'*** Dy(HBr) is the
bond energy for HBr (30210 + 40 cm™'*”*!) E(H*) is the
electronic energy of H*(n = 2) (82258.95 cm '***) and
SO(Br*) is the spin-orbit energy of Br (3685.24 cm™'*7*?).
IE(HBr'(3/2)) and IE(HBr'*(1/2)) are the ionization energies of
HBr with respect to the formation of HBr'(3/2) (94150.672 cm ™)
and HBr'*(1/2) (96796.17 cm™ ') respectively.”’ IE(H) is the
ionization energy of H (109677.61 cm™'*”*?). E(J") is the
rotational energy for the rotational level of the ground state,
J", expressed as

E(j//) - B//(]//(J// + 1)) _ D//j//z(j” + 1)2 (2)

where B” = 8.348244 cm ™' and D" = 3.32 x 10" * ecm L1
Go(HBr'(3/2),v") and Go(HBr'*(1/2),v") are the vibrational energies
of the v" vibrational levels for HBr'(3/2) and HBr'*(1/2), respec-
tively, expressed as

Go = 0V + 1/2) — wex(v" + 1/2)* + ogv" + 1/2)°
— (0e(1/2) — wex (112" + wee(1/2)*) ®3)

where w, =2439.10 cm ™!, wex, = 45.18 cm ™', o = 0.126 cm ™

and w, = 2431.35 cm™ !, eXe = 44.05 cm™ Y, 0. = 0.0472 cm™ !
for HBr'(3/2) and HBr'*(1/2) respectively.*?

Based on the calculations above, the peak around 0.1 eV for
the E(v' = 0) state and from 0.1 to 0.7 eV (depending on v’) for
the V state is due to the H*(n = 2) + Br*(*Py;,) formation
followed by photoionization of H¥(n = 2). We will henceforth
refer to this channel as the Br* channel. The peak at ~0.6 eV
for the E(v’ = 0) state and from 0.5 eV to ~1.2 eV for the V state
is assigned to the formation of H*(n = 2) + Br(*P,) followed by
H*(n = 2) photoionization and will henceforth be referred to as
the Br channel. Finally, the “multi-peak structure” ranging
from 1.0 eV to 2.2 eV for the E(v' = 0) state and from ~1.0 eV
to 3.0 eV for the V state is due to photodissociation of several
vibrational levels, v*, of the ground HBr'(*I1,,) and the spin-
orbit excited HBr'*(°I1,,) molecular ions, formed after photo-
ionization of HBr**(v, J). Those H' photofragments are
produced with either a Br or a Br* co-fragment. This KER
feature corresponds to pathway (ii) of Section I and will
henceforth be referred to, collectively, as the “ionic channels”
(or the “HBr" ionic channel” and the “HBr'* ionic channel”
when referred to separately). The above assignments are in
agreement with the work by Loock and coworkers.”” We note
here that we scanned the laser over a broad range of wave-
lengths in this excitation region looking for Br~ (negative) ions
that would confirm the existence of an ion-pair pathway (path
iii in Section I), but without success.

The Br and Br* channel KER positions show only a slight
increase with J’ for the E(v' = 0) state but a clear upwards shift
with v' =m + i for the V state. The slight increase with J’ in the
E(v' = 0) state can be explained by the increase in E(J”) which
dominates over a decreasing photon energy (hv)”'*** (see
eqn (1a) and (1b)), whereas the clear shift for the V state is
due to the increasing photon energy. We note that the “double”
or “split” intense rings observed in some of the images that
result in “splitting” of the corresponding KER peaks, for the Br
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and Br* channels, for the V(' = m + i) states in particular, are
due to the recoil effect as the hydrogen atoms H* ionize to form
H' +e .

Comparing the various peak intensities in the E (Fig. 3(a))
and the V (Fig. 3(b)) state KER distributions, it is evident that
the Br and Br* channels dominate the H" production in both
states over the ionic channels. For the E(v’ = 0) resonance state,
the strongest H' signals are observed in the Br channel and the
Br*/Br ratio (Fig. 4(a)) reaches a minimum at J' = 6-7. For
the V(v' = m + i) resonance states, the relative intensities of
the various ion signals vary with v'. The Br channel dominates
at low v/ = m + i (i = 4, 5) whereas the Br* channel dominates
at higher v'. The integrated signal intensities reveal that for
the V state the Br channel contribution is smallest for i = 8
(not shown).

Whereas the Br and Br* channels produce the majority of
H', the ionic channels feature a number of HBr' vibrational
peaks. These peak positions remain virtually unchanged with J’

Br*/Br (HBr";HBr*)/Br

Relative total H' signals a Q
1

9. 1

1
1
1

0.2+ 075

0.20 .

% 070
0.18 Y ,

0.16 | ;] o065

0.14

0.12+

0.10

0.08

78.6x10°

78.4+ 7

- 6
5 7824
m

78.0+

7784 E's(v=0)

V'S (v=m+a)

Fig. 4 (a) Ratios of integrated H* signal intensities as a function of J":
signals for the Br* channel over signals for the Br channel (see (i) in Section
I; open circles, dashed fit curve; left axis) and signals for the ionic (HBr*/
HBr**) channels over signals for the Br channel (see (i) in Section [; filled
circles, dotted fit curve; right axis). (b) Rotational energy levels, derived
from observed REMPI rotational peaks for the E(v' = 0) and the V(v = m +i);
i = 4, 5 states. Level-to-level off-resonance interactions between the V(v' =
m + i) ion-pair states and the E(v' = 0) Rydberg state are indicated by broken
and unbroken lines.
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for the E(v' = 0) state, whereas, for the V state they exhibit beat
structures with increasing number of peaks as v/ = m + {
increases. The calculated KER peak positions for the ionic
channels (Section I, path (ii) and eqn (1c) and (1d)) are shown
above the respective peaks in Fig. 5. Furthermore, the energies
of the maximum vibrational levels observed in each spectra
(E(vmax)) are found to match closely the sum of the molecular
ground state internal energy (rotational energy) and the three-
photon excitation energy, ie.

4

E(max) & B(J") + 3hv

The intensity fluctuations observed in KERs for the ionic
channel are partly due to the effect of changing Franck-Condon
overlaps of the wavefunctions involved and partly due to over-
lapping of different peaks in the two vibrational progressions
for the H" + Br(°P;,) « HBr'(*Il;,) and H' + Br(*Py,) «
HBr'(’Il,),) transitions. The peak structure gradually fades
away as 1" decreases. The vibrational structures could easily
be fitted by sum of Gaussian functions, suggesting that each v*
peak corresponds to a single or few rotational transitions from
the resonance excited states (see Fig. 5(c)). Generally the band-
widths were found to be larger for the E Rydberg state than for
the V ion-pair state.

B. Angular distributions of H"

Significant angular distribution variations of the H" ions for the
E state vs. J' and for the V state vs. v’ can be seen in Fig. 2. As J’
increases from J' = 1 to J' = 9 for the E state, the Br* channel
distribution changes gradually from a shape corresponding to a
parallel transition towards a perpendicular one. The opposite
effect is observed for the Br channel. For the v/ = m + i
vibrational levels of the V state, the Br* channel exhibits a
parallel character for all i’s except for i = 6. The same is observed
for the Br channel with the exception of i = 5, ] = 0-4. The ionic
channel angular distribution shapes do not exhibit any signifi-
cant change as the excitation energy changes both for the E and
the V states.

In extracting quantitative information from the angular
distributions above, we were faced with a difficult dilemma.
In the simple case of a single-photon photolysis, followed by
photofragment ionization, the angular distribution (P(0)) can
be expressed*® as

P(0) = A(1 + BoPy(cos(0)) + fsP4(cos(0)) + PsPs(cos(0)))
(5)

where P,, P, and P, are the second, fourth and sixth order
Legendre polynomials. f5,, f, and f are the corresponding
anisotropy beta parameters and A is a scaling factor. The three
beta parameters can then be related to the transition state
symmetry and dynamics including vector correlation phenom-
ena such as alignment and orientation.

Whereas most angular distribution treatments associated
with VMI studies are based on such one-step direct process
analysis, some work on HCI and HBr has been based on two-
step processes, Le. a one-step resonance excitation followed by
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Fig. 5 Assignment and analysis of H* kinetic energy release curves for the ionic (HBr** and HBr*) channels (see (i) in Section ) for resonance excitation

from the ground states X(v' = 0, J)toV(vV' =m +i;i=4,56),J =J" =

O@),toVvV=m+i;i=728,10),J =J'=0(b)andto E(V' =0) J' = J" = 1 (c).

Predicted peak positions/peak assignments due to v* excitations are shown above spectra (a—c). Gaussian multi-peak fit of the spectral structure for the
resonance excited state E(v/ = 0) J’ =1 is shown in (c). Arrows in (c) indicate peaks which are dominantly due to HBr* (v* = 12; right) and HBr** (v* = 10;

left) formation.

a second ionization step.*”"*® Here, HBr absorbs two photons to
reach a specific v/, J’ level of the E or the V resonance states,
followed by two photons to produce H' via the pathways
described in Sections I and IIIA. Thus the overall process
involves the absorption of four photons. Hence, fitting the
angular distributions with a function such as eqn (5), will result
in “effective” beta parameters, which can be only loosely related
to the ones the reader is familiar with in single-photon cases. On
the other hand, the obvious change in the angular distribution
of the Br and Br* channels for the E resonance state, requires
some kind of quantification. We finally ended up using a form of
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eqn (5) limiting the fit to the , term and we discuss the resulting
“effective” beta parameters taking into account the multiphoton
nature of the H" production processes. Where possible, we
attempted a two-step analysis. The beta parameters resulting
from both approaches for the Br and Br* channels are plotted in
Fig. 6.

The f3, values for the Br* channel of the E state follow a
decreasing trend starting positive around 0.5 for J' = 1, chan-
ging sign at /' = 4 and reaching —0.6 for /' = 9. The opposite
trend is observed for the Br channel starting at —0.4 for J' = 1,
changing sign atJ’ = 4 and ending up at 0.27 for /' = 9 (Fig. 6(a)).
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|E| Anisotropy parameter, S,

Anisotropy parameter, /3,

G

H Anisotropy parameter,

Anisotropy parameter, 3,
@
1

Fig. 6 Anisotropy parameters extracted for the E(v' = 0) and V(v = m + i) states. Top: fi> (a) and 4 (b) derived by “single step analysis” (see text) for the H*
+ Br (blue) and H* + Br* (red) channels of the E(v' = 0) state vs. J'. Middle: fyn,» (C) and foni4 (d) derived by “two-step analysis” (see text) for the H* + Br
(blue) and H* + Br* (red) channels of the E(v' = 0) state vs. J’, bottom: f8, (e) and f4 (f) derived by “single step analysis” for the H* + Br (blue) and H* + Br*

(red) channels of the V(v = m + i) state vs. /.

The fourth Legendre polynomial coefficient (f,) was used more
in order to improve fits rather than to evaluate vector correla-
tion effects. It has mostly negative values, which fluctuate
around zero (ranging from —0.3 to 0) as /' changes from 1 to
9 for both Br* and Br channel (Fig. 6(b)). The Br and Br*
channels for the V(m + 4) state both exhibit a downward trend
in f8, as J' increases, with Br* having more positive values than
Br at any given J'.

To evaluate how much the crude beta parameters differ from
a more appropriate analysis taking into account the multi-
photon nature of the processes involved the data for the
angular distributions derived for the resonance excitation to
E(v' = 0, ') were analysed according to a more appropriate two-
step photoexcitation formalism given by Chichinin et al*®
corresponding to two-photon excitation to the E(v' = 0, J’) states
followed by one-photon excitation to superexcited states. The
observed angular distribution of the photoproduct, P(0), is
expressed as

P(0) = APH(0) Pyn(0) (6)
where P¢(0) is the angular distribution of the axes in the resonance
intermediate state and Pp,(0) is the photofragment angular dis-

tribution produced by the photolysis of the unpolarised inter-
mediate state. Pi(f) and P,,(0) are expressed as

10474 | Phys. Chem. Chem. Phys., 2015, 17, 10468-10477

Py(0) = 1 + PgoPs(cos(0)) + PraPa(cos(6))
Ponl0) = 1.+ BonaPa(c05(0) + i Ps(cos(0)
Expression (6) was used to fit the angular distributions for A4,
P4, Ppn,2 and fpn 4 as variables and for f¢, estimated from
2 —20Re[b]
=———0= 8
2+ 25b)2° (8)

(73)
(7b)

B2

where Re[b] represents the real part of the parameter » which
can be derived from intensity ratios of Q over S (i.e. Io/Is) and Q
over O (Io/lo) rotational lines from

Io 102" +1) Ihlz(zﬂ+3)+1 J"
(J/I+])

5277 —1)
Ig 100" + 1)[b|2(21” -1

Is 3 (J'+2)

Io 3 (7 —1)

7 5 3)

1 (J"+1)]

where J” is the rotational quantum number for the ground
state. Furthermore, the alignment parameter, 4, for J' = 1 can
be derived from

~ 10Re[p] — 1

Ay = ———4
05+ 2

(10)

Based on line intensity ratios evaluated from mass resolved
2 + n) REMPI spectra of HBr, for the E(V'= 0) state, >=1.2 (b= 1.1
P!
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was obtained by eqn (9). This gave 4, = +0.31 for /' = 1 by eqn (10)
and fig, = —0.62 by eqn (8). The A, value (+0.31) can be compared
with the extreme values of AR™ = +0.5 and AR™ = —1 for
dominating perpendicular and parallel transitions respec-
tively*®*® and the By, value (—0.62) can be compared with the
corresponding extreme values of —1 (perpendicular) and +2
(parallel). The results are plotted in Fig. 6(a) and (b). The >
parameters for both Br and Br* exhibit similar trends as in the
one-step analysis, however, their values are all positive, ranging
from 0 to ~1.4 (Fig. 6(c)). The S, 4 parameters fluctuate around

0 (Fig. 6(d)).

IV. Discussion

The trend seen in Fig. 4(a) for the Br*/Br ratio is similar to what
has been found in REMPI work® for the total ion signal
intensities of Br'(I(Br')) over that for the total ion signal
intensities of HBr'(I(HBr")) (i.e. I(Br')/I(HBr")) as well as line-
widths of ion signal intensities. Both, have been explained to be
associated with /' dependent state mixing between the E(v' = 0)
Rydberg state and the V(' = m + 4) and V(v' = m + 5) ion-pair
states.>® This similarity suggests that the relative ion signals for
the Br* and Br channels are also indicative of the state mixing.
The state mixing between a Rydberg state and an ion-pair
vibrational state depends on the state interaction strength,
which, to a first approximation, is proportional to the vibra-
tional wavefunction overlap. Furthermore, the mixing, which
holds for J’ levels of equal values only, increases as the energy
difference between the energy levels decreases (see Fig. 4(b)).
Thus, the mixing between the E(v' = 0) and the V(v' = m + 4)
states decreases as J' increases whereas the mixing between
E(v' = 0) and V(' = m + 5) increases with J'. By comparison,
therefore, we conclude that enhanced H' signals due to the Br*
channel (and also the ionic channels (Fig. 4(a))) relative to that
for the Br channel is an indication of a mixing of the E(' = 0)
and V (V(v' = m + 4) and V(v' = m + 5)) states or, in other words,
that an increased ion-pair character of the E(v’ = 0) state favours
the Br* and the ionic channels over the Br channel.

As can be seen in Fig. 1, favourable (Franck-Condon wise)
transitions to the Rydberg state(s) which correlate with H* + Br*
(Br* channel) might in fact occur close to the outer turning
point of the V well, i.e. to the higher energy component of the
3¥([*I;6'n*c*'|5pn') states. This could explain why the Br*
channel is favoured over the Br channel as the ion-pair character
increases. Transitions from shorter internuclear distances (hence
smaller V state character) to the “*II([B’L*;0*(mim;)c*']5pn")
Rydberg state correlating with H* + Br, on the other hand, might
play an important role in the Br channel (see Fig. 1). Considering
the close correlation seen in the behaviour of the H' signals for
the Br* and ionic channels (Fig. 4(a)), there is a reason to believe
that these channels originate from the same intermediate state(s).
We, therefore, propose that the major contribution to the stepwise
ionization via the ionic channel formations involves excitation to
the higher energy component of the *Z([*IT;6'm*c*"]5prn') state
by excitation (a) in Section I ((b) to a lesser extent) followed by
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autoionization according to the Auger effect, where the Rydberg
electron is removed and the o* electron transfers back to the o
orbital to form HBr" and HBr'™*/Ily, , 5(c’1), ie.

HB{"L(PILo'n’o*"|5pn')} — HBr'/HBr *{Ilsp,15(c°1%)} + €75

autoionization

As mentioned in the results section, the fi¢, value (—0.62)
can be compared with the corresponding extreme value of —1
for a perpendicular transition. This suggests that the resonance
transition corresponds to a dominating perpendicular two-
photon transition (i.e. £ « Il « X).** This is in agreement
with earlier observations by Loock and coworkers who came to
the conclusion that the transition involved about 20% contri-
bution of the parallel excitation pathway (£ « X « X).*7
Comparison of the i, and 1, values of Fig. 6 shows the effect
of performing a two-step excitation analysis rather than an
analysis based on a one-step excitation process only. Thus, the
p.’s, for the overall process, (Fig. 6(a)) for the signals derived for
the Br* and Br channels cross the border value of zero which
separates mostly parallel transitions (0 < f, < 2) from mostly
perpendicular ones (—1 < ff, < 0) as J' changes, whereas the
Ppn,2’s, for the second excitation steps are larger than zero in all
cases, corresponding to mostly parallel transitions for all J’s.
Clearly the contribution of a perpendicular transition increases
for Br* but decreases for Br in the second excitation step as J’
increases, whereas the corresponding transitions via HBr" and
HBr'* are virtually purely parallel in nature, independent of J'.
Judging from this and the arguments above, the parallel
transitions (Section I(a) and (b)) corresponding to the excita-
tions to the “*X(I;o'n’c*']5pn') states to form mainly
H* + Br* but to a lesser extent H* + Br, are dominant for J' =
1-9. The J' dependence of the f,,, values, however, suggests
that the contribution of the perpendicular transition (Section
I(c)) to M*II([B*Z*;0%(nymy)o*']5pn') to form H* + Br increases
with J'. Increasing contribution of a perpendicular transition
associated with the formation of H* + Br* as J' increases must
be associated with curve crossings.

Due to low rotational line intensities for the V(v' = m + i);
i = 4-10 states, hence inaccuracy in the evaluation of intensity
ratios Io/Is and Io/lo (eqn (9)), the corresponding angular
distributions could not be analysed according to the two-step
formalism described above and used for E(v’ = 0). Instead they
were analysed by the single step approximation method
(eqn (5)). There is, however, a reason to believe that the first
step involves a dominating parallel transition as in the case of
the resonance excitation to the E(v' = 0) state. Therefore, based
on the comparison of the two methods of analysis for the
E(v' = 0) state, the 8, parameters derived for the V(v' = m + i)
states can be viewed as lower limit values for the corresponding
dissociation steps (Bpn,2). > and f, values are plotted in Fig. 6
as a function of i for J' = 0. The plot of the anisotropy parameter,
B, vs. i (Fig. 6) for the Br channel reveals two minima (enhanced
perpendicular transition contributions) for i = 5 and 9. These
correspond to the V vibrational states, which, along with the
i=4 and 8 states, are closest in energy to the E(v’ = 0) and E(v' = 1)
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states respectively.'®!” This could be associated with an enhanced
E state character, hence increased contribution of the perpendi-
cular transition to the “*I([B’";0°(mym;)o*'5pn') state. The
sudden drop in f, vs. i observed for i = 6, (Br* channel), was a
bit of a surprise. REMPI spectra of HBr show weak peak structure
close to the V(' =m + 6; J' = 0) band which must be Q lines of a
Rydberg state. Ginter et al.’ as well as Callaghan and Gordon™
have assigned spectra in this region to the f *A, Rydberg state.
Most likely, therefore, the “sudden” enhanced perpendicular
transition contribution observed is associated with a V(v' = m + 6)
to Rydberg state interaction, either directly or via a gateway
Rydberg state. Finally, the transitions via HBr" and HBr'* are
found to be virtually purely parallel in nature analogous to that
found for E(v' = 0).

V. Conclusions

Proton photoion images were recorded following (2 + 1) REMPI
of HBr via the mixed E(*X") Rydberg and V('Z") ion-pair states
(the mixed B(*X") state) for v’ = 0 in the E state and v/ = m + i;
i=4-10 in the V state, for a number of rotational levels (J' = J'/Q
lines). Kinetic energy release and angular distributions were
derived from the data. Four major dissociation channels were
detected:

(ia) HBr**(B,v,J’) + hv > H* + Br; Br channel

(ib) HBr**(B,v,J’) + hv > H* + Br*; Br* channel

(iia) HBr**(B,y',J") + hv — HBr* — HBr*(v");
HBr'(v") + hv — H" + Br HBr" ionic channel
(iib) HBr**(By',J) + hv - HBr* — HBr'*(v');

HBr'*(v") + hv - H' + Br* HBr"* ionic channel

The KER and angular distributions for the different channels
vary largely, depending on v' and J’ for excitations to the V and
the E states. The KER spectra were assigned and found
to agree with previous work. Br*/Br KER peak ratios in com-
parison with mass resolved REMPI spectra data suggest that
channel (ia) is largely associated with the E Rydberg state
character of the mixed state whereas the other channels
(ia, iia and iib) are to a large extent associated with the V ion-
pair state character. Angular distributions were analyzed to
determine anisotropy parameters by a single as well as a two-
step photoexcitation formalism*® where possible. The analysis
revealed a dominating perpendicular transition for the reso-
nance excitation steps, but mostly parallel transitions for the
dissociation steps with some perpendicular contribution char-
acter for the dissociation steps, varying with J' for the E(v' = 0)
state and with v’ for the V(v' = m + i) states for channels (ia) and
(ib). Our results suggest that the corresponding major parallel
and perpendicular photoexcitation transitions, following the
resonance excitations, involve transitions to singlet or triplet
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superexcited Rydberg states, which converge to the excited
ionic states B’X" and *IT, 1, and which correlate to the neutral
fragments H*(n = 2) + Br(*P;,,) and H*(n = 2) + Br*(*Py),), i.e.

HBr*{V'Y(c'n'c*")} + hv — HBr'{"*I(*I;6'r*c*']5pn’)}

parallel transition (ib, iia, iib)

HBr**{E'X([*I];6°7*|5pn!)} + hv — HBr{M*T1([B*Z";

o’(mymy)o*']5pn')};  perpendicular transition (ia)

The major formation of HBr'(3/2,v") and HBr'*(1/2,v")
(iia, iib) then involves autoionization according to the Auger
effect,

HBI{"2(PI;o'r’co*']5pn')} — HBr'/HBr *{[1;/, 15(c°1°)} + e~
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Hydrogen iodide, a Hund’s case (c) molecule, serves as a benchmark compound for studying rich
molecular state interactions between Rydberg and valence states as well as between Rydberg states
at high energies (72 300-74 600 cm™") by mass resolved resonance enhanced multiphoton ionization
(REMPI). Perturbations in the spectra appearing as deformations in line-positions, line-intensities,
and linewidths are found to be either due to near-degenerate or non-degenerate interactions, both
homogeneous and heterogeneous in nature. Perturbation analyses allow indirect observation as well
as characterization of “hidden states” to some extent. Furthermore, new observable spectral features
are assigned and characterized. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922892]

. INTRODUCTION

The electronic spectra of the hydrogen halides are of
particular interest within the spectroscopic community due to
the clarity and resolution of their spectral structures as well as
the state interactions embedded within as perturbation effects.
The spectra provide clear examples of interactions between
Rydberg and valence states of varying strength and nature.
They provide information about various photofragmentation
and photoionization pathways which are of interest to a
variety of other related fields such as atmospheric chemistry, -
astrochemistry,* and photochemical syntheses.’

In addition to standard absorption spectroscopic studies
of the hydrogen halides,%'3 resonance enhanced multiphoton
ionization (REMPI) analyses have been widely used, allowing
states, which are regularly inaccessible by single photon
selection rules to be formed. Most REMPI experiments
have been conducted on HCL!®33 whereas a handful of
studies of HBr*%?733-3% and HI*** have been performed.
Furthermore, some REMPI coupled velocity map imaging
(VMI) studies have been performed on the hydrogen halides,
highlighting various photoionization and photofragmentation
pathways.*-52

The large atomic mass of iodine makes HI particularly
interesting amongst the hydrogen halides due to its strong
spin-orbit interactions. For the lighter hydrogen halides, such
as HF and HCI, the spin and electronic orbital motions are
coupled strongly to the molecular axis to give well defined
projections on the internuclear axis, which along with the
angular momentum of the nuclear motion (R) give the total
angular momentum, J according the to Hund’s case (a)
classification. For HI, on the other hand, the coupling between
L and S is stronger than the interaction with the internuclear
axis, which makes only Q well defined, resulting in the

2)Author to whom correspondence should be addressed. Electronic mail:
agust@hi.is. Telephone: +354-525-4672 and +354-525-4800. Fax: +354-
552-8911.
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Hund’s case (c) classification.”® Nevertheless, it has become a
custom in the literature to use analogous and comparable state
assignments, more appropriate for Hund’s cases (a) and (b),
for all the hydrogen halides.5~!3

The rotational spectroscopy of HI was first studied in
the pioneering work by Price.’ Later absorption experiments
constructed a coherent database of excited Rydberg and ion-
pair states of HI'>'5 as well as DI'*'>3 and addressed
several observed perturbations seen in the spectra. The first
REMPI spectra of HI were published in 1994-1995.4041
These studies included new observations of spectral structures,
but with some tentative assignments. These have recently
been revisited with an emphasis placed on new observations
as well as state interactions between Rydberg and valence
(ion-pair and repulsive) states.***> Among recent findings,
the utilization of perturbation effects was used to illuminate
interactions between an ion-pair state and a state that was
“hidden” from REMPI detection.*> The “hidden” state could
either be a non-observable state due to selection rules or a
state experiencing weak transition probabilities, which could
possibly be detectable by other means, such as in standard
absorption.

We will now present REMPI data of HI for the high energy
two-photon excitation region of 72300-74600 cm~' and
analyses relevant to state interactions between Rydberg and
valence states as well as between Rydberg states. Furthermore,
new observations both for observable and “hidden” states are
presented.

Il. EXPERIMENTAL

The experimental apparatus as well as relevant equipment
parameters are similar to that described in previous publica-
tions.3*#%5 Therefore, only a brief experimental discussion
will be given here.

Mass resolved REMPI data for a HI molecular beam
were recorded. The beam was created by a jet expansion
of a pure gas sample through a pulsed nozzle and ions

©2015 AIP Publishing LLC
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TABLE 1. Observed (2+1) REMPI iodine atomic lines used for laser
calibration.

Configuration Term J Ton core  Positions (cm™1)%
5525p*('Dy)6p 211 1/2 Py, 72098.6
5525p*(3P2)5g 2[5] 11/2 and 9/2 2Py)s 72285.0
5525p*(°P2)5g 24] 9/2 and 7/2 %Py)a 72285.1
5525p*('Dp)6p  [2]° 3/2 2Py )» 72436.8
5525p*(°P)6p 2121° 5/2 %P3/, 72529.2
5525p*C’P)6p 221 3/2 2Py, 72806.4
5525p*(*P2)9p 2121° 32 %Py)2 73013.2
5525p*(3P2)9p 212]° 5/2 Py)n 73021.5
5525p*(*P2)9p 23)° 5/2 2Py)2 73056.1
5525p*(3P2)9p 23]° 72 Pi)s 73058.3
5525p*(°P,)8d 1] 32 %Py )2 73 088.0
5525p*(3P,)8d 1] 12 Pi)s 73091.0
5525p*(°P2)9p 21p° 12 2Py)s 73117.9
5525p*(3P;)6p 21)° 12 2P3)n 73387.2

were directed into a time-of-flight tube and detected by a
microchannel plate (MCP) detector to record the ion yield
as a function of mass and laser radiation wavenumber. Mass
signals were recorded by a LeCroy Wavesurfer 44MXs-A,
400 MHz storage oscilloscope. Tunable excitation radiation
was generated by an excimer laser-pumped dye laser system,
using a Lambda Physik COMPex 205 excimer laser and
a Coherent ScanMatePro dye laser, applying a C-540 dye.
Laser power was minimized to prevent saturation effects and
power broadening. Laser calibration was based on observed
(2 + 1) REMPI iodine peaks (see Table I). The accuracy of the
calibration was found to be about +1.0 cm™! on a two-photon
wavenumber scale.

lll. PERTURBATIONS

For molecular systems, evaluation of the total Hamilto-
nian can be very onerous. In order to simplify its expression,
the Born-Oppenheimer approximation is commonly utilized
which involves omitting terms which are the source of
observed perturbations in recorded spectra.’® These are the
electronic operator, H., which is representative of interactions
between electronic states, the vibrational operator, TN, which
is representative of interactions between vibrational states,
and the spin-orbit operator, HSO, which is representative of
interactions between the electron spin and its orbital motion,
all of which are homogeneous (AQ = 0) in nature. The L-
uncoupling operator, (—1/2uR?)(J*L™+J°L*), and the S-
uncoupling operator, (—1/2uR*)(J*S™ + J~S*), are respon-
sible for heterogeneous (AQ # 0) interactions. The state
interaction strength (i.e., the perturbation matrix element, W5,
for electronic states, 1 and 2)°7 is independent of the total
angular momentum quantum number, J’, for homogeneous
interactions, but J’ dependent for heterogeneous interac-
tions.”® Such interactions appear as energy level repulsion
effects for levels of the interacting states with the same J’
values, the degree of which depends on the interaction strength

(W1,) and the energy mismatch (AEj/) of the interacting J’
levels,29:31-33.45,56,58

AEy = E;(1) — E;(2) (la)
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for
Ep(i) = % (ES.(1) + E0(2))

1 2 0 0 2 172 .
i§[4|W12| +(ES(D)-E ,(2))] , i=1,2,
(1b)

where Eg,(l) and Eg,(Z) are the zero-order energy levels for
the unperturbed states 1 and 2. Furthermore, the interaction
involves mixing of the states, fraction of which (c*(i)) also
depends on Wy, and AE,;2%31:32:45.36.58 55

1 VIAE = 4wy

200 = = P =
(i) = 5 + N , i=1,2. ?2)
Repulsion effects and the level of state mixing increase with
increasing W, and decreasing AE-. In the limit of AE;» = 0
where solutions are approximated by “degenerate state pertur-
bation theory”>*%° which yields very large energy level shifts
and state mixings, characteristic for the “near-degenerate” J’
levels. Hereby, we shall refer to such cases as “near-degenerate
interactions.” Furthermore, to distinguish between such cases
and cases where interacting levels are non-degenerate®
and perturbations will be less sharply J’ dependent, we
shall refer to “non-degenerate interactions.” We wish to use
these expressions to replace the less clear expressions “near-
resonance-" and “off-resonance-” interactions, respectively,
which have been used before,?%:31-33,39.44-46.58,61

Interactions between Rydberg and ion-pair states of the
hydrogen halides appear distinctively as perturbations in
rotationally resolved REMPI spectra, i.e., as deviations in
the expected spectral structure of unperturbed states. These
deviations can show as line shifts (LS-effects) as a result
of the energy level shifts and/or as line-intensity alterations
(LI-effects) due to the state mixing which can cause alterations
in ion formation paths.*> Furthermore, perturbations can
result in alterations in linewidths on account of different
predissociation processes of the mixed states (LW-effect).
Observed perturbations, in the spectra of the hydrogen halides,
can be classified in the following way:

(a) Weakest effects are found for heterogeneous (AQ # 0),
spin forbidden (AX # 0) interactions resulting in LI-effects
for near-degenerate interactions. 3444358

(b) Intermediately strong effects are observed for heteroge-
neous (AQ # 0), spin conserved (AX = 0) interactions,
which typically result in LS-effects for near-degenerate
interactions and Ll-effects for both near- and non-
degenerate interactions. 3?4433

(c) Strongest effects are seen among homogeneous interac-
tions (AQ = 0), which show both as LS- and LI- effects

both for near-degenerate and non-degenerate interac-
tions, 44:45.58

Rotational constants for ion-pair vibrational states gener-
ally are smaller than those for the interacting Rydberg states.
Hence, the energy spacing between J’ levels (AE; j—) for
the Rydberg states is larger than corresponding levels for
the ion-pair states.31-3344-46:58.61.62 Therefore, near-degenerate
interactions, for AE;: = 0, typically, are observed for one or
two J’ levels only, whereas non-degenerate interactions can
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be observed for a range of J’ levels both to higher and
lower energies with increasing |AE,/| as J’ deviates further
away from the near-degenerate levels.®? Therefore, the non-
degenerate interactions show as gradually decreasing LS- and
Ll-effects, as the J’s deviate further away from the near-
degenerate J's.

A. LS-effects

To a first approximation, a linear behavior is expected for
plots of energy level spacing (AE,+ -1 = E(J')— E(J' - 1))
vs. J’. Such linearity with a slope of 2B,,, where By is the v’
dependent rotational constant, implies an unperturbed state.
Deviations from linearity constitute LS-effects, which are
prevalent in (b) and (c) cases mentioned above. The presence
of curvatures or irregular shapes in such plots indicates
medium to strong state interactions. In order to visualize
irregular shapes due to effects of possible near-degenerate
interactions more clearly, “reduced term value plots” were
also made.®” These show the difference between observed level
energies (E;/) and energies, E?,, given by the expression
ES, =V +BJ'(J' +1)-D'J*J + 1) 3)

for parameters v°, B’, and D’ derived either by deperturbation
analysis or by the functional (Eq. (3)) fit to the data points.

B. Ll-effects

The REMPI data of the hydrogen halides for resonance
excitations to Rydberg or ion-pair states consist of ion signals
from both the parent molecule (HX*) and the atomic fragments
(X*and H*). The integrated signals of each respective ion mass
reveal relative fractions of the respective formation pathways.
The strengths of the ion signals are determined by rates of
formation of the resonance excited states, which can involve
interference effects as well as the rates of ionization. In the
case of a Rydberg to ion-pair state interaction, a relatively large
HX" signal evidences a large Rydberg state character of the
resonance state, whereas a relatively large X* signal evidences
its large ion-pair state character or an affinity for dissociation.
By exploring alterations in the intensity ratio, /[X*]/I[HX"]
rather than the absolute ion signals (I[X*],I[HX']) as a
function of J’, mixing/interactions of Rydberg and ion-pair
states, can be highlighted. Thus, an enhanced intensity ratio,
I[X*]/I[HX*], with J’, for Rydberg resonance states, gives
an indication of increased mixing/interactions with an ion-
pair state, whereas significant lowering in the ratio would,
on the other hand, evidence the opposite, i.e., decreased
mixing/interactions with an ion-pair state. It has been found
that the overall sensitivity of the LI-effects generally is greater
than LS-effects. Thus, for weakly interacting states, there may
be a distinctive lack of LS-effects, whereas significant LI-
effects may be observed.3!-32:43:61

C. LW-effects

LW-effects appear as J’ dependent alterations in the
linewidth of ion signals. To a first approximation, linewidths
are inversely proportional to the lifetimes of the resonance

J. Chem. Phys. 142, 244312 (2015)

excited states and provide a lower limit to their lifetimes.
Thus, LW-effects can give indications of lifetimes of rotational
levels prior to predissociation. Such predissociation is mainly
determined by the rates of crossing from bound to repulsive
states. Rydberg states are usually in close proximity to or
are crossed by one or more repulsive states whereas the
internuclear distance of ion-pair states is too large for curve
crossings between ion-pair states and repulsive states to
be possible. Therefore, ion-pair states require interactions
with Rydberg states, which act as gateway states prior to
predissociation.*>® Linewidths of ion-pair state spectra are
frequently found to be larger (hence lifetimes shorter) than
those of Rydberg states, close in energy, suggesting that
effective predissociation of ion-pair states can involve several
gateway Rydberg states. In REMPI studies of HI,*0:41:4445
there is a distinct lack of appearances of Rydberg states with
Q = 1. It has been suggested that these states play an important
role as gateway states for predissociation processes,* acting
as dark perturbers or hidden states.

It has been shown that the appearance of LW-effects is
intrinsically linked with the appearance of LS- and LlI-effects
for HBr>® and HI.*** Thus, the LW-effects are found to show
close, but not necessarily equivalent, correspondence to that
observed from LS- and LI-effects in terms of J” quantum level
dependences.

IV. RESULTS AND ANALYSIS
A. Spectral observations

Figure 1 shows assigned REMPI spectra for HI in the two-
photon resonance excitation region of 72 300-74 600 cm™'.
A number of new and reassigned Rydberg and ion-pair
vibrational states have been detected and analyzed (see details
below). The states’ characteristics are listed in Tables II and I11.
nl A type labels are used to characterize the Rydberg electrons,
where n is the principal quantum number and the / and A
quantum numbers are replaced by the relevant atomic and
molecular orbital letters, respectively. The ion core (o°m?)
involves two spin-orbit states, i.e., Q = 1/2, 3/2.

New Rydberg states were observed with band origins at
72324.0 cm™! and 73081.7 cm™! where weak, previously
unreported structures, were found in the HI* ion spectra (see
Figs. 1(a) and 1(b)). These are assigned to the F'Ay(v' = 1)
and P'A,(v' = 0) states, respectively. At 72945.0 cm™ (see
Fig. 1(c)), another weak structure was observed in the I*
spectra. This structure is assigned to the m’IT;(v' = 1) state.
Whereas, it has been detected in absorption,'® it has not
been seen in REMPI before. At 73384.2 cm™, a strong,
clearly resolved, rotational feature is observed. This feature
has previously been reported, unassigned in REMPL*' and
is here assigned to the O'S*(v’ = 1) state (Fig. 1(d)). At
72923.0 cm™! and 73110.8 cm™!, new spectral structures
were observed mainly in the I* and H* spectra. Both reveal
small rotational constants, By, and have been assigned to the
VIZHv = m + 11) and V'Z*(v' = m + 12) ion-pair states (see
Figs. 1(b) and 1(c)). It should be noted that m denotes an
unknown positive integer, since the absolute values of the v’s
are uncertain. All other subsequent numberings of previously
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Two-photon /cm-"

FIG. 1. REMPI spectra for H*, I*, and HI" and J’ assignments of rotational peak
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s corresponding to two-photon resonance excitation from the ground state to

FlANV' =1) (a), KTIo(v' =2) (a), VIEXV =m+10) (a); H'S* (v =2) (b), V'EXW =m+11) (b), m’ (v =1) (b); P'Ay(v' =0) (c), V'E*(V =m+12) (c);

J3E(v'=0) (d), O'TH(v' =1) (d), VIE*(V =m+13) (d), and V'E*(V = m +14)
portion of the REMPI spectrum in (c) is magnified (x5).

assigned ion-pair states,'> upwards from and including the
previously assigned V(m + 11) ion-pair state, are, therefore,
re-assigned as V(m + i + 2), where “i” is a positive integer,
representing the previous vibrational assignment made by
Ginter et al.,'”® e.g., V(m + 11) is re-assigned as V(m + 13)
and V(m + 12) is re-assigned as V(m + 14). Peak positions in
the REMPI spectra of all newly observed states are listed in
Table IV.

For the subsequent analyses of our observations, the
excited states, whose spectra display various types of state
interactions, are grouped into four interacting systems. These
are the following:

1. The F'Ay(v' = 1), KTo(v' = 2), VIZ*(v' = m + 10) sys-
tem.

(d). (2+1) REMPI iodine atomic lines are indicated (see Table I). The H*

2. The VIZ*(v' = m + 10), H'Z*(v' = 2), VIZ*(v' = m + 11),
m3T (v = 1) system.

3. The P'Ay(v' = 0) and V'EZ*(v' = m + 12) states.

4. The O'T*(v' = 1), VIZ*(v/ = m + 13), VIZ*(V = m + 14),
VIZH(V' = m + 15) system.

1. The F1Ax(v’ = 1), K3Mp(v’ = 2), VIZ*(v’ = m+10)
system

Fig. 1(a) shows assigned REMPI spectra for the states of
concern. Fig. 2(a) shows the rotational energy levels derived
from the spectra. The reasoning behind the assignment of
the 72324.0 cm™! band to the F'Ay(1) Rydberg state, as
mentioned above, is manifold. First, the rotational structure,
showing clear Q, R, and S lines for the lowest J’ quantum

TABLE II. MO configurations, term symbols, ion core configurations, band origins, rotational parameters, quantum defects, and relative intensities for all

Rydberg states observed in the 72 300-74 600 cm™! region.

v0 (em™h By (cm™h) Dy (cm™)
MO Term Ion Quantum defect,
configuration symbols core This work  Others'? This work  Others'®  This work Others'? S5 Intensity
(o*n)6pm F'Ax(1) M 2 72324.0 6.13 0.0003 . 3.16 w
(02m%)5dd k3Mo(2) 3, 72355.6 72353.1 5.86 5.650 0.0042 0.000 549 2.35 s
(0*7%)5dn H'E*(2) 3, 72654.3 72650.8 5.19 5.29 0.0000 0.000 396 2.32 vs
(0*%)7so m3M;(1) M3, 72945.0 72924.8 6.16 6.205 -0.0016 0.000463 4.09 vw
(’m)afn P'A50) M 2 73081.7 6.35 0.00022 .. 0.80 vw
(0%3)5dd K3,(2) M3, 73176.7 73180.7 6.13 6.034 0.0023 0.000872 227 m
(0*n%)5dn J327(0) M 2 73252.0 73254.9 5.63 5.706 0.0046 0.00475 1.77 vs
(o*)4fn 0'z*(1) M3, 73384.2 73383.6 5.70 5.819 0.000 0.000 446 1.04 s
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TABLE III. Band origins, rotational parameters, and relative intensities for all ion-pair states observed in the

72300-74 600 cm ™! region.

. 0 (em™) By (em™) Dy (em™)

Ion-pair state,

V(m+i) This work ~ Others'>  This work ~Others'>  This work ~ Others'>  Intensity
i=10 72508.8 72506.0 425 4.106 0.0080 0.001 47 N
i=11 72923.0 3.43 0.0019 m
i=12 73110.8 434 0.001 VW
i=13 73459.1 73457.8 4.52 3.177 0.0089  -0.00237 m
i=14 73590.8 73589.5 2.23 2.294 0.000 —-0.001 15 m
i=15 73831.8 738227 4.14 3.769 0.009 —-0.000225 m

level, J’ = 2, is a clear indication of an Q = 2 state. Second,
its band origin is 2100.4 cm™! higher than that for the F'A,(0)
state,* which is close to that to expect for an energy difference
between v/ =0 and 1 levels of a pure Rydberg state. For
comparison, the energy difference between the v/ = 0 and 1
levels of the ground state ion is 2140 cm™'.%% Third, spectral
analyses give a rotational constant By, (6.13 cm™") close to that
for the ground state (6.43 cm™!)* and slightly less than that for
the F'A,(0) state.** Finally, the REMPI spectral structure was
mainly found for the HI" ions, further supporting the claim of
a pure Rydberg state (see Sec. III).

a. LS-effects. Fig. 2(b) shows the spacing between the
rotational levels (AEy, ;) for the F'Ay(1) and k3TIy(2)
Rydberg states as a function of J’ (see also supplementary
material in Ref. 62). Whereas no significant deviation from
linearity is seen in the plot for the F IA5(1) state, a negative
curvature is observed for the k*ITo(2) state. This suggests that
the F'A,(1) state experiences negligible or very small state
interactions, whereas the k3I1y(2) state undergoes increasing
non-degenerate interactions with J’. An inspection of the
energy level diagram (Fig. 2(a)) reveals that such an effect
is to be expected for an interaction with the V(m + 10) state
as the spacing between quantum levels with equal J’ quantum
numbers gradually decreases as J’ increases from O to 8.

b. Ll-effects. The intensity ratio, I[I*]/I[HI"], derived
from the Q lines for the k’TIy(2) state, shows a gradual
increase with J’ from J’ = 0 to 8 with the exception of J' =7
(Fig. 2(c)). This indicates that the k°TIy(2) state experiences
increased mixing with the V(m + 10) state as J’ increases.

Furthermore, based on the rotational energy level diagram
(see Fig. 2(a)), a near-degenerate interaction between the
k3TTo(2) and the F'Ay(1) states might be expected for J' =7
(and for J’ = 8). Therefore, the drop in the intensity ratio
for J/ =7 is most probably due to mixing of the k’TIy(2)
and F'Ay(1) states, resulting in changed formation rates of
the I* and/or HI* ions, thus allowing weak near-degenerate
interactions, not detectable by line shifts, to be observed.
An interaction between the k°TTo(2) (Q = 0) and the F'Ax(1)
(Q = 2) states, however, requires mixing with an Q = 1 state
to fulfill the requirement of |AQ| = 1 state interactions.>®

c. LW-effects. Fig. 3 shows linewidths of Q rotational
lines of spectra for the k°ITp(2) state (for I* ions) and the
V(m + 10) state (H*). Similar looking graphs were obtained
for other ions (HI* for k*IIy(2), and HI* and I* for V(m +
10)). Significant line broadenings are observed for J' =5
and J' =7-8 in the case of k°IIy(2), and for J' ~4 and
J’ =7-8 in the case of V(m + 10). Generally, the linewidths
of the V(m + 10) state are larger than the linewidths of the
k3TIo(2) state for J’ = 0-6. They are, however, comparable for
J’ = 7-8 within experimental error. These observations can
be interpreted in the following way, assuming that variations
in the linewidths are determined by a combination of bound
state interactions and/or predissociation effects (see above
in Sec. III). First, based on the above interpretations of the
LS- and Ll-effects, the enhanced linewidth for J’ = 7(8) is
most probably associated with the J’ =7 near-degenerate
interaction between the k°TIy(2) and F'A,(1) Rydberg states
via a mixed Q = 1 state. Furthermore, as seen from Fig. 2(a),

TABLE IV. Rotational lines for HI due to two-photon resonance transitions to F'Ax(v'= 1), P'Ay(v' =0), V'E*(v' = m +12), and V'E*(v' = m + 13) states.

F'Ay(1) (em™) m3(1) (em™)

P'A5(0) (cm™)

VISt m+11) (cm™) VIStm+12) (cm™)

J Q R S Q 0 Q S Q

0 72850.5  72923.0 731108
1 72944.0 72807.6  72917.0 73104.6
2 723217 723453 723604 729432 73081.1 727712 729045 729513 730972
3 72320.1 723568  72382.8 72942.0 73080.4 727216 728863 729529 73086.2
4 723177 72367.1 724052 72939.6 73079.6 726678 728615 73069.0
5 723150 723793 72937.6 73078.6 72833.7 73046.7
6 723110 723872 72936.8 73077.5 72800.4

7 72306.7 72935.5 73076.0 72762.8

8 723023 729343 73074.9 727216

9 73073.1 72680.6

10 72644.7
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FIG. 2. (a) Rotational energy levels of the F!Ay(v'=1), k*[lo(v' =2), and
VIZ*(v' = m + 10) states, derived from the observed REMPI spectra. J/ de-
pendent state interactions are also indicated. (b) Spacing between rotational
levels (AE/, j+-1) as a function of J’; experimental values and fit curves for
the &3TTo(v'=2) and F'Ax(v'=1) states. (c) Relative ion-signal intensities
(I(I*)/I1(HI*)) vs. J’ derived from the Q rotational lines for the k3TIo(v' =2)
state.

a relatively large interaction between those states and the
V(m + 10) state might be expected for J' = 7-8, since the
J’ =8 levels for all the states (and the J' =7 levels to a
lesser extent) are near-degenerate. The linewidth increase in
J' =5 for the k°TIy(2) state is likely to be associated with
near-degenerate interactions. The rotational energy diagram
(Fig. 2(a)) signifies, however, that this can neither be due to
near-degenerate interactions with the F'A,(1) state nor with
the V(m + 10) state. We, therefore, propose that the k>TIy(2)
state undergoes a near-degenerate interaction, for J’ = 5, with
an Q = | hidden Rydberg state which plays a pivotal role in the
aforementioned interaction between the &3TIo(2) and F'Ax(1)
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states as well as interactions between the V(m + 10) (Q = 0)
and F'Ax(1) (Q = 2) states. Thus, the decreased lifetime for
k3TTo(2), J’ = 5 (larger linewidths), will be due to the Q = 1
state’s predissociation by one or more of the repulsive valence
states, namely, A'TI;, &°I1;, and/or £*L*. The Q = 1 state will,
then, act as a gateway state towards predissociation of the
k3T1(2) state. The broader linewidths for V(m + 10), J’ ~ 4,
could be associated with indirect predissociation of the ion-
pair state via interaction with the mixed k°TIy(2) and F'A,(1)
states. Finally, large linewidths, hence shorter lifetimes for the
V(m + 10) levels than for the &°TIy(2) levels, J’ = 0-6, suggest
that interactions of the V state with additional predissociating
gateway states are also of importance.

In light of the above observations and interpretations,
the hidden Rydberg state characteristics could be guessed.
Assuming the J’ =5 level of the hidden Rydberg state to
be close in energy to that of the J’ = 5 level of the k°TIy(2)
state and by using “typical” spectroscopic constants for a
HI Rydberg state, its band origin can be estimated to be
about v* ~ 72400 cm™ +5 cm™!. Among singlet or triplet
Q =1 Rydberg states, which could readily interact with the
repulsive valence states, higher vibrational levels of any of
the previously observed Rydberg states possessing 'TI; or TI,
symmetry, i.e., K'T1,, D1, N'I,, k°M,, d°1,, and m?I1,
states** could be excluded, energetically. We propose that the
hidden state, centered near 72400 cm™' is the n°II;(v’/ = 0)
((0*7*)5do) Rydberg state, which has not been observed
before and, furthermore, that the observed perturbation is due
to a weak S-uncoupling (JAQ| = 1) interaction.®

2. The VIZ*H(v' = m + 10), H'S*(v' = 2),
VIZ+v' = m+ 11), m®My(v’ = 1) system

Fig. 1(b) shows assigned REMPI spectra for the states
of concern. Fig. 4(a) shows the rotational energy levels
derived from the molecular spectra. The spectrum for the
H'X*(2) Rydberg state has been observed before.'? It should
be mentioned that the spectrum was re-assigned in a recent
publication.** The mass resolved spectra of the Q lines
(Fig. 1(b)) all reveal clear perturbations in the form of LS-
and/or Ll-effects for J’ ~ 3-5. The m>II;(1) Rydberg state,
previously observed in absorption,'® is now seen in REMPI
for the first time with band origin 72945.0 cm™'. Only
weak Q lines for the I* ion are significantly visible. Some
weak lines are observed between 72960 and 73000 cm™!
which could belong to the R and/or S series. These, however,
remain unassigned for the time being. With a band origin v°
=72923.0 cm™" and a rotational constant of By = 3.43 cm™!,
a rotational structure was observed mainly for the I* and H*
ions. This system has never been observed before, neither in
absorption nor in REMPI. The small rotational constant, the
band origin value, the dominating appearance of the structure
for the fragment ions, as well as the appearance of O, Q,
and S lines, only, make the assignment of the spectrum to the
V(m + 11) ion-pair state indisputable.

a. LS-effects. Figs. 4(b) and 4(c) show the spacing
between the rotational levels for the H'Z*(2), V(m + 10), and
V(m + 11) states as a function of J’ as well as the correspond-
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FIG. 3. Rotational linewidths vs. J’ derived from the Q lines of the I* signal for the k>TTo(v' = 2) state and of the H* signals for the V'E*(v/ = m + 10) state.

ing reduced term value plots. First, irregularities in the plots
for H'=*(2), appearing as a decrease of the AE3, and AEs 4
values but as an increase of the AE, 3 value relative to those of
aline fit (unperturbed values), are typical for a near-degenerate
interaction. Apart from these irregularities, the AEj j._; vs.
J' plot for H'X*(2) is close to linear. The corresponding plots
for the V(m + 10) and V(m + 11) states, on the other hand,
show negative and positive curvatures, respectively, suggesting
that the ion-pair states experience non-degenerate interactions
with the H'X*(2) Rydberg state, which is of energy in
between and close to those of the V(m + 10) and V(m + 11)
states (see Fig. 4(a)). Further inspection of the vibrational
energies of the ion-pair vibrational states (see Ref. 44 and
Fig. 5) reveals larger energy gap between the V(m + 10) and
V(m + 11) states, which is to be expected for vibrational
states closest in energy to an interacting Q =0 Rydberg
state.** To verify this and to determine the strength of the
interaction between the ion-pair states and the H'Z*(2) state,
a three-state deperturbation analysis was performed, which
has been described explicitly in previous publications.334>38
The deperturbation analysis only gave approximate interac-
tion strengths as Wy vy =13 £6 cm™! and WH v(m+12)
=15+8 cm™L. The deperturbation results, however, do not
explain the interaction effects observed at J’ =3-5 in the
H':*(2) state nor can they be ascribed to interaction effects
of the m3I1j(1) state, which is higher in energy. Therefore,
we propose that these effects are caused by interaction with a
hidden Rydberg state.

b. Ll-effect. Fig. 4(d) shows the intensity ratio, I[I*]/
I[HT"], derived from the Q lines for the H'Z*(2) state. Apart
from the dip in the ratio for J’ =3, it is found to increase
with J’ from J’ =0 to 2 followed by a decrease to J' = 7.

Comparatively, non-degenerate interactions between Q =0
Rydberg states (E'S*) and ion-pair states, close in energy,
for HCI and HBr, > display distinctively dissimilar behaviors
than analogous interactions between the H'Z* state and the
V(m + 10) and V(m + 11) states. The different trends observed
in the intensity ratio for J’ = 0-7 (Fig. 4(d)) as well as
the irregularities in the absolute ion signal intensities (see
Fig. 1(b) and text above) must be due to interactions between
the H'X*(2) state and a hidden Rydberg state. Thus, the state
mixing can alter the ionization yield of the otherwise unmixed
H'X*(2) Rydberg state to increase the I* formation and/or
decrease the HI* formation for J' ~ 1, 2 and J' ~ 4, 5 and
give the ratios shown in Fig. 4(d). This can be due to different
ionization rates of the two interacting states.

c. LW-effects. No significant alterations were observed
for the rotational linewidths as a function of J’ for all the
spectra except for the V(m + 10) ion-pair state as mentioned
before (see Sec. IV A 1). The average linewidths for the
V(m + 10), V(m + 11), H'Z*(2), and m’TI;(1) states are about
2.1, 1.8, 1.3, and 1.0 cm™!, respectively. Typically, larger
linewidths, hence shorter lifetime, are observed for the ion-pair
states than for an interacting Rydberg state, again suggesting
that interactions of the ion-pair states with more strongly
predissociating gateway states are of importance.

Whereas the mIT;(1) Rydberg state’s Q = 2 counterpart,
m3TIy(1), has not been observed in REMPI,*3¢ it has been
seen in absorption at about 0 =72697 cm™".!3 Therefore, it
could interact with the H'S*(2) state (v = 72654.3 cm™")
due to its energetic proximity via mixing with an Q =1
state. Furthermore, perturbations have not been observed in
the H'X*(2) spectra for J’ < 2,'* which might suggest that
the perturbing state is an Q = 2 state. Due to the difference
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FIG. 4. (a) Rotational energy levels of the V'E*(v/ = m+10), H'S*(v' =2), V'E*(v' = m+11) and m>I1;(v' = 1) states derived from the REMPI spectra as
well as rotational energy levels of the m>Iy(v’ = 1) state derived from Ref. 13. Non-degenerate interactions between the H'E*(v' =2) Rydberg state and
the VIZ*(v' =m +10) and V'E*(v'=m + 11) ion-pair states are marked as well as the near-degenerate interactions between the J’ =3, 4 rotational levels of
the H'S*(v'=2) Rydberg state and the m>[I(v' = 1) state. (b) Spacing between rotational levels (AE - j/_;) as a function of J’ (left vertical axis) and the
corresponding reduced term value plot (right vertical axis) for the H'E*(v’ =2) state; experimental values (dots joined by lines); and fit curve (dashed blue
curve). (c) Spacing between rotational levels (AE;/ j-_1) as a function of J’ (left vertical axis) and the corresponding reduced term value plot (right vertical
axis) for the V'E*(v/ = m +10) (red) and V'E*(v'=m +11) (blue) states; experimental values (dots joined by lines), and fit curve (dotted line). (d) Relative
ion-signal intensities (1 (I*)/1(HI*)) vs. J’ derived from the Q rotational lines for the H 'S*(v/ =2) state.

in the rotational constants for the two states (about 5.19 and
6.16 cm™! for the H'X*(2) and m*TI (1) states, respectively),
the spacing between the rotational levels of same J’ values
will increase; hence the mixing will decrease, with J’. On
the other hand, the interaction strength (W;,) will increase
with J’ (Wi, = Wio'(J'(J' + 1))/ for |AQ| = 1 interactions).
Therefore, an increase in interaction strength followed by its
decrease as J’ increases might be expected, analogous to the
behaviour observed for the intensity ratio (Z[I*]/I[HI*]) as a
function of J’, apart from the dip for J’ = 3. Therefore, we
propose that the hidden state is the m’TIy(v/ = 1) Rydberg
state, being hidden in REMPI but observable in absorption.

3. The P'Ay(v’ = 0)and VE*(v’ = m + 12) states

Fig. 1(c) shows assigned REMPI spectra for the states of
concern. Fig. 5 shows relevant band origins along with other
states, close in energy. The reasoning behind the assignment
of the weak band at 73081.7 cm™ to the P'A(0) Rydberg
state, as mentioned above, is manifold. First, the absence of
Q rotational lines for J’ < 2 strongly suggests a state with
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the total angular momentum of Q = 2. The rotational constant
(B, = 6.35 cm™!) derived from the spectrum is relatively large
and comparable to those derived from virtually unperturbed
(pure) Rydberg states, such as the F'A>(0) (B, = 6.32 cm™)
and I'Ay(0) (By = 6.31 cm™) states.’>37 An observation of,
primarily, the HI* signal is also a clear indication of a pure
Rydberg state. The state can neither be a vibrationally excited
F'A, ((6*m®)6pm) or I'A, ((0>m%)5dm) state, since it does
not fit into the corresponding vibrational state series. Simple
quantum defect analysis,**>% based on the expression for
vibrational Rydberg state energies (Ey/([Q, vnl; w)),

E([Qc. V' Inl; w) = IE(Qe,v*]) - R/(n"), @

was performed. In Eq. (4), v/ and v* are the vibrational
quantum numbers for the Rydberg and ionic states, respec-
tively (v/ =v™), and TE([€,v"]) is the ionization limit of
the molecular ion vibrational state, to which the Rydberg
series converges. n* is the effective principal quantum number
depending on the Rydberg electron principal quantum number
(n) and the ! quantum number dependent quantum defect
value (6;) as n*=n—4;. The analyses revealed a value
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of 0.8 for ¢;, which although quite large, are significantly
lower than values derived for d electron Rydberg states (see
Table II) and comparable to that previously determined for
the O'Z*(v' = 0) ((06*n’)4fm) state.** Therefore, we assign
the spectrum centered at 73081.7 cm™! to the P'Ax(v’ = 0)
((0’m®)4 f) Rydberg state. At 73110.8 cm™, very weak and
broad Q lines are observed for the first time. Analyses gave
the rotational constant By = 4.34 cm™"'. The small rotational
constant, the band origin value, and a dominating appearance
of the structure for the fragment ion H* (see Fig. 5) make the
assignment of the spectrum to the V(m + 12) ion-pair state
indisputable.

a. LS-, LI-, and LW-effects. Although close in energy,
there are no indications of interactions between the P'A5(0)
and V(m + 12) states based on LS- or Ll-effects. The
linewidths of the Q lines of the V(m + 12) state spectrum
are about 3.6 cm™', on average, whereas the linewidths of the
Q lines of the P'A(0) spectrum are close to or just above
the detection limit of about 0.3-0.5 cm™'. The linewidths of
the V(m + 12) spectrum are found to be larger than those
of V-vibrational states closer in energy to neighboring Q = 0
Rydberg states (see Fig. 5). Thus, the average linewidths of the
Q lines for the V(m + 10) and V(m + 11) spectra are about 2.1

and 1.8 cm™!, respectively, and the linewidths of the rotational
lines for the lowest J’ levels of the V(m + 13) spectrum are
less than 1 cm™!. This suggest that interactions of V(m + 12)
with the closest in energy Q = 0 Rydberg states are not the
major reason for the broad linewidths observed. More likely,
the main reason is a direct heterogeneous interaction with a
close in energy Q =1 state which acts as a gateway state
towards rapid predissociation.

A possible candidate for an Q = 1 hidden Rydberg state is
either of the M'TI}, (o>7)7so or R'TI}, (0?7%)7po Rydberg
states, both of which have not been observed in absorption
or REMPI. Further information, however, are required for a
definitive assignment, so for the time being, these proposals
are purely conjectured.

4. The O'S*(v’ = 1), VIE*(v' = m + 13),
VIZHv' = m+14), VIZ*(v’' = m + 15) system

Fig. 1(d) shows assigned REMPI spectra for the states of
concern. Fig. 6(a) shows the rotational energy levels derived
from the spectra as well as those derived for the V(m + 15)
state. The spectrum centered at 73384.2 cm™' has been
assigned before to an Q = 0* Rydberg state.*! We assign it
to the first excited vibrational state of the O'X* state, i.e., the
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O'T*(v' = 1) state, since its energy is 2089.5 cm™! higher
than that of the O'T*(v’ = 0) state, typical for a vibrational
energy difference of a Rydberg state.!>#!* Furthermore, the
quantum defect of the O'T*(v' = 1) state (Table II) equals
the quantum defect of the previously reported O'Z*(v’ = 0)
state.** The ion-pair state spectra, previously assigned to the
V(m + 11), V(m + 12), and V(m + 13) states, now assigned to
the V(m + 13), V(m + 14), and V(m + 15) states, respectively
(see Secs. IV A 2 and IV A 3), have all been observed in
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FIG. 6. (a) Rotational energy levels of the O'S*(v' = 1), V'Z*(v/ = m +13),
VIS*v' =m+14), and V'E*(v'=m +15) states derived from the REMPI
spectra. (b) Spacing between rotational levels (AE;/ j-_1) as a function of
J’ as well as the corresponding reduced term value plot for the O'S*(v/ = 1)
Rydberg state; experimental values (dots joined by lines); and fit curve (dotted
line). (c) Relative ion-signal intensities (Z(H*)/1(HI*")) vs. J’ derived from
the Q rotational lines for the O'Z*(v' = 1) state.
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absorption.‘3 Perturbation effects, seen in the spectra, have
been reported. '

a. LS- and Ll-effects. Fig. 6(b) shows the spacing
between the rotational levels (AEj. ;1) for the O'E*(1)
Rydberg state as a function of J’ as well as the corresponding
reduced term value plot. Irregularities in the plots, for J’ ~ 9,
are typical for near-degenerate interactions. Furthermore, there
is an indication of interactions for higher J's. Intensity ratios,
I(H")/I(HI*) as a function of J’, derived from the Q lines
for the O'Z*(1) state also are indicative of a near-degenerate
interaction for J’ = 9 as well as for J” = 6 (Fig. 6(c)). Based on
the energy levels of the states involved as well as extrapolated
values for higher J's (Fig. 6(a)), these observed perturbations
are due to near-degenerate interactions with the V(m + 13) and
V(m + 14) states for J' = 6 and 9, respectively.
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FIG. 7. (a) Rotational linewidths vs. J’ derived from the Q lines of the H,
I*, and HI* signals for the O'E*(v' = 1) state. (b) Rotational linewidths vs.
J' derived from the S lines of the HI* signals for the O'S*(v/= 1) state. (c)
Rotational linewidths vs. J’ derived from the Q lines of the H* signal for the
VIZ*(v' = m + 13) ion-pair state.
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b. LW-effect. Figs. 7(a)-7(c) show linewidths of rota-
tional lines for the O'X*(1) and V(m + 13) spectra. The
linewidths for the O'S*(1) state are close to 1 cm™!, on
average, whereas those for the V(m + 13) state rise with J’
from values less than 1 cm™ to about 6 cm™! for J' = 7.
Q and S rotational lines of the O'*(1) spectrum show line
broadening for J* = 6-7 as well as for J' = 9-10. Furthermore,
the maximum linewidth for V(m + 13) is observed for J' = 7.
These observations fit with the LS- and Ll-effects seen
in the O'T*(1) spectrum (see above), suggesting that it is
associated with the coupling between the O'Z*(1) state and
the V(m + 13) and V(m + 14) ion-pair states. Considering the
larger linewidths of the J’ ~ 5-8 lines for the V(m + 13) state
compared with the O'X*(1) state (Figs. 7(a)-7(c)), the lifetime
of the coupling states (J’ ~ 6) must be determined, to some
extent, by that of the V(m + 13) state which will predissociate
via a manifold of gateway Rydberg state(s) (see Sec. III). The
rise in the linewidth for the V(m + 13) state for J' ~ 2-7 is
most probably associated with an increasing non-degenerate
interaction between the O'X*(1) and V(m + 13) states as J’
increases.

Whereas the k°TI(v/=0) Rydberg state has been
observed!? in this region by absorption at v = 73360.0 cm™',
itis not seen here. Its lack of appearance might be an indication
of the presence of a nearby predissociating Q =1 hidden
Rydberg state, which again could be responsible for the
observed “shorter lifetime” of the V(m + 13) state.

V. CONCLUSIONS

REMPI spectra of atomic and molecular ions of HI in
the two-photon excitation region 72 300-74 600 cm™! were
analyzed.

First, the analysis allowed assignments of new spec-
tral structures and characterization of new excited states.
New spectral bands at 72324.0, 73081.7, 72923.0, and
73110.8 cm™' were assigned to the F'A(1) and P'Ay(0)
Rydberg states and the V'Z*(m + 11) and V'Z*(m + 12) ion-
pair states, respectively. A previously un-assigned spectral
structure centered at 73384.2 cm™' was assigned as the
0'=*(1) Rydberg state and the m°ITj(1) Rydberg state at
72945.0 cm™! was now observed for the first time in REMPI.

Second, perturbation effects appearing as line shift-,
line-intensity-, and linewidth-effects allowed determination
of Rydberg to ion-pair as well as Rydberg to Rydberg state
interactions both qualitatively and quantitatively. Whereas the
line shift and line-intensity effects are primarily indications
of bound-to-bound state interactions, the linewidth effects
are reflective of direct or indirect (via gateway states)
predissociation processes. Generally, it is found that the overall
sensitivity of the line-intensity effects is greater than line shift
effects. Gradual changes in the various effects as a function
of rotational quantum numbers, J’, are found to be clear
indications of relatively strong homogeneous, non-degenerate
interactions between Rydberg and ion-pair states, whereas
sudden alterations with J’ signals are found to correspond
with near-degenerate interactions between Rydberg and ion-
pair states or between Rydberg states.

J. Chem. Phys. 142, 244312 (2015)

(1) Relatively strong non-degenerate interactions are obser-
ved between the states,
(i) k*TIy(v/ = 2) and VIZ*(V' = m + 10),
(i) H'Z*(v' =2)and VIZ*(v' = m + 10),
(iii) H'Z*(v' =2)and V'ZHV' = m + 11).
(2) Near-degenerate interactions are observed between the
states,
(i) K’Ho(v/ = 2) and F'A, (v = 1) (J' = 7-8),
(i) &3TTp(v/ = 2) and VIZ*H(V' = m + 10) (J' = 7-8),
(iii) O'=*(v' = 1) and V'Z*(v' = m + 13) (J' = 6),
(iv) O'T*(v' = ) and VIZ*(V = m + 14) (J' = 9).

Third, the various perturbation effects are found to be
indicative of the presence of “hidden states” not observable
here, but possibly observable by other technical means. The
observed perturbations allowed assignments of these hidden
states to some extent.

1. Based on perturbation effects seen in the spectra of the
F'Ax(1), K°TI(2) and V'Z*(m + 10) states, the n’TI;(0)
Rydberg state, centered near 72 400 cm™', is proposed as a
hidden state causing the appearances of LW-effects in the
VIZ*(m + 10) ion-pair state as well as acting as a gateway
state to interactions between the F!A,(1) Rydberg state and
the k°TTy(2) and V'Z*(m + 10) states, respectively.

2. The m’TIy(1) state, centered near 72697 cm™, but not
observed in REMPI was proposed to be a possible perturber
in the H'X*(2) Rydberg state spectrum. Its coupling with
the H state would require a mixing with an Q = 1 state,
close in energy.

3. Either the M'TI; or the R'TI; states are suggested as a
possible culprits of rather large linewidths of the V'Z*(m +
12) ion-pair state.

4. Finally, a hidden Q = 1 Rydberg state, causing the k*TT,(0)
state to be unseen in REMPI due to predissociation, is
proposed.

In all the cases (1-4), above, Q =1 states are believed
to be involved, directly or indirectly, as hidden states.
This harmonizes with previous findings for the hydrogen
halides.?”-?*31-3345.58 A likely reason for the elusiveness
of interacting Q =1 states is their short lifetimes due to
predissociation, but out of six repulsive valence states, which
converge to H(n = 1) + I(*P3,,, /2), three are Q = 1 states.
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Fig. S1: Schematic figure of J* energy levels for interacting Rydberg (Ey(1);
black; left) and ion-pair (Ey(2); red; right) vibrational states and repulsion
interaction effects (blue arrows). The interaction involves shifts of energy levels
as indicated by the arrows, which increase as the energy difference (AEy =
|Ey(1) - Ex(2)]) decreases, to an extent which depends on the interaction
strength (Wi2). A near-degenerate interaction is indicated by a solid blue arrow
(J"=5), whereas non-degenerate interactions are shown by dotted arrows.
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Fig. S2: Effect of Rydberg (1) to ion-pair(2) state interactions (see Fig. S1) on energy level shifts of a Rydberg state (1), for
the rotational constants, B"(1) = 6 cm™ and B’(2) =4 cm™, band origin difference, Av®=v%(2) —v%(1) =64 cm™, W;, =2.6
cm? (a) and W1, = 20 cm (b). Filled dots, are AE,,-1 (= Ex(1) — E ;-1 (1)) vs. J". Unfilled dots represent the difference
between the perturbed and unperturbed energy levels (Ey(1) —E°(1)). Broken blue(a) and red(b) curves are for unperturbed
energies. Largest energy level shifts are observed for the near-degenerate interaction (J'= 5). Shifts of non-degenerate levels
decrease as J° deviates more from the near-degenerate level and to a different degree depending on the interaction strength
(Wy2).
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Fig. S3: Fractional contributions (c,%) of the ion-pair state (2) character in the Rydberg state(1) as a function of J” in the state
interaction described in the figure caption of Fig. S2 (see above). Largest mixing is obtained for the near-degenerate J'level
(J’=5). Mixing of non-degenerate levels decrease as J° deviates more from the near-degenerate level and to a different
degree depending on the interaction strength (Wi2).
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Fig. S4: Schematic figure of J” energy levels for interacting Rydberg (Ey(1);
black; left) and ion-pair (Ey(2); red; right) vibrational states and repulsion
interaction effects (blue arrows). The interactions are non-degenerate and
involve shifts of energy levels as indicated by the arrows and state mixing, both
which increase as the energy difference (AEy = |Ey(1) - Ey(2)|) decreases, to an
extent which depends on the interaction strength (Wi2).
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Fig. S5: Effect of Rydberg (1) to ion-pair(2) state interactions (non-degenerate interactions; see Fig. S4) on energy level
shifts of a Rydberg state (1), for the rotational constants, B"(1) = 6.1 cm* and B"(2) = 3.5 cm', band origin difference, Av°
=v0%(2) - v%(1) = 350 cm™ and W1, = 70 cm™. Filled dots, are AE, ;-1 (= Ey(1) — E;-1 (1)) vs. J". Unfilled dots represent the
difference between the perturbed and unperturbed energy levels (Ey(1) —E° (1)). Broken curves are for unperturbed
energies. The plot of AE,,—1 vs. J” shows characteristic negative curvature due to the interaction.

0.25 |
0.20 -]

N AN
O o154
0.10 -]
0.05 |

Fig. S6: Fractional contributions (c,%) of the ion-pair state (2) character in the Rydberg state(1) as a function of J” in the state
interaction described in the figure caption of Fig. S5 (see above). Mixing of non-degenerate levels decrease as J* deviates
more from near-degenerate level(s).
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Fig. S7: F*A,(v" = 1) in interaction system A. Spacing between rotational levels (AE, ;1) as a function of J° (filled dots
(experimental) and broken curve(fit function); vertical axis to left). Unfilled dots represent the energy difference between the
observed energy levels (Eqs) and and energy values derived from the fit function (Ecac) (vertical right axis).
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Fig. S8: kITo(v" = 2) in interaction system A. Spacing between rotational levels (AE, ;1) as a function of J* (filled dots
(experimental) and broken blue curve(fit function); vertical axis to left). Unfilled dots represent the energy difference
between the observed energy levels (Eqbs) and and energy values derived from the fit function (Ecac) (vertical right axis).
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Revealing photofragmentation dynamics through
interactions between Rydberg states: REMPI of
Hl as a case study

Helgi Rafn Hrodmarsson and Agust Kvaran*

High energy regions of molecular electronic states are largely characterized by the nature and involvement
of Rydberg states. Whereas there are a number of observed dynamical processes that are due to
interactions between Rydberg and valence states, reports on the corresponding effect of Rydberg—Rydberg
state interaction in the literature are scarce. Here we report a detailed characterization of the effects of
interactions between two Rydberg states on photofragmentation processes, for a hydrogen halide molecule.
Perturbation effects, showing as rotational line shifts, intensity alterations and line-broadenings in REMPI
spectra of HI, for two-photon resonance excitations to the °£~(0*; v/ = 0) and K°IIy(v' = 2) Rydberg
states, are analyzed. The data reveal pathways of further photofragmentation processes involving photo-
dissociation, autoionization and photoionization affected by the Rydberg—Rydberg state interactions as
well as the involvement of other states, close in energy. Detailed mechanisms of the involved processes

www.rsc.org/pccp are proposed.

Introduction

Since the original work on the spectroscopy of the hydrogen
halides, performed by Price," hydrogen iodide (HI) has been the
subject of various studies related to its electronic structure,
potential energy surfaces, photodissociation and photofragmen-
tations. Absorption measurements performed by Tilford et al.,”
M. L. Ginter et al.,* and D. S. Ginter et al.,” respectfully, provided
a comprehensive overview of Rydberg and valence (ion-pair)
states observed in the excitation region between 52610 cm™*
and 74400 cm™"'. Assignments of the HI Rydberg states were
based on comparison of the observed spectral series and known
Rydberg series for xenon.” Lower energy states, of repulsive
potential curves, in the range 32000 cm™" to 52000 cm ™, as
well as relevant photodissociation branching ratios have been
studied extensively®>* and a number of ab initio calculations of
the relevant potential curves have been performed.**° Studies
of competitions between spin-orbit autoionization and predis-
sociation of Rydberg states have been performed®*?'™* and the
ground state of the molecular ion, HI', has been explored by a
number of experimental techniques.>”****> The first resonance
enhanced multiphoton ionization (REMPI) experiments for HI
were performed by Wright and McDonald*® and Pratt and
Ginter.** Later, the REMPI technique was used complementarily
with photolysis for three-photon excitations in the region of
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82050 cm " and 83250 cm™',* and branching ratios were deter-
mined by previous usage of the photolysis technique,'**%">2°
Velocity map images, following a three-photon excitation scheme
at 108000 cm™ " (13.39 eV) and 125700 cm ™" (15.59 eV) were
recorded by Loock et al.,*® where iodine fragments were used to
derive information regarding interactions between repulsive
and super-excited states. Two-dimensional photoelectron spectro-
scopy studies of HI were performed for the 89530-119 800 cm™*
(11.10-14.85 eV) excitation region by Hikosaka and Mitsuke,"”
to cover the energy range between the ionic ground state (X*IT)
and the excited ionic state A>X". In recent years, an appreciable
amount of REMPI work has been performed on the hydrogen
halides, emphasizing interactions between Rydberg and ion-
pair states, mostly for HCI**>' and HBr.”""** The emphasis has,
only recently, shifted towards HI for the two-photon excitation
region of 69600-73500 cm™ ', where relevant studies have
focused on the assighment of new states,” state interactions
as well as identifications and assignments of hidden (or dark)
states.>

Localized level-to-level interactions between Rydberg states
and ion-pair states have been investigated to a large extent
for the hydrogen halides both qualitatively and quantitatively,
whereas analogous interactions between Rydberg states have only
been dealt with speculatively. (e.g. see ref. 55 and references
therein). In this paper we present, for the first time, a character-
ization of localized level-to-level interactions between two Rydberg
states in one of the hydrogen halide molecules (HI). Based on
perturbation effects in the REMPI spectra of HI for two-photon
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resonance excitations to the triplet Rydberg states j°£(0"; v’ = 0)
and K’TI,(v' = 2), state interactions are determined quantita-
tively. Furthermore, the impact of the state interactions on
photofragmentation pathways upon additional photoexcitation
is explored.

Experimental

The experimental apparatus as well as relevant equipment para-
meters are similar to that described in previous publications.**™>*
Therefore, only a short summary will be addressed.

Mass resolved REMPI data for a HI molecular beam were
recorded. The beam was created by a jet expansion of a pure gas
sample through a pulsed nozzle and ions were directed into a
time-of-flight tube and detected by microchannel plates (MCP)
to record the ion yields as a function of mass and laser radiation
wavenumber. Signals were recorded by a LeCroy Wavesurfer
44MXs-A, 400 MHz storage oscilloscope. Tunable excitation
radiation was generated by an Excimer laser-pumped dye laser
system, using a Lambda Physik COMPex 205 Excimer laser and
a Coherent ScanMatePro dye laser, with a C-540 dye. Frequency
doubling was achieved by using a SIRAH second harmonic
generator (SHG). Laser power was minimized to prevent satura-
tion effects and power broadening. Laser calibration was based
on observed (2 + 1) REMPI iodine atomic lines.>® The accuracy
of the calibration was found to be about £0.5 cm™" on the laser
wavenumber scale, hence about +1.0 cm ™" on the two-photon
wavenumber scale.

Theory
Line shift determining factors

In molecular spectra, perturbations give invaluable insight into
the mechanisms of various state interactions. State interactions
are classified as homogeneous (AQ = 0) and heterogeneous
(AQ # 0) and the resulting perturbations differ in accordance with
their nature. Thus, if AQ = 0, the interactions are independent of
rotational quantum numbers, J', whereas if AQ # 0, interactions
are J' dependent. In REMPI spectra of the hydrogen halides, these
effects have been found to manifest themselves as spectral line
shifts (hence energy level shifts) in the cases of interactions
between Rydberg and ion-pair states.*870°%54757

When dealing with perturbations, caused by two interacting
states, (1) and (2), it is customary to utilize the diagonalization
of the Hamiltonian matrix elements®® for interactions between
energy levels with the same J' quantum numbers, which depend
on the zeroth order unperturbed energies (Ey(1) and Ejp(2)) and
the interaction strength (W;,),

1 2
1 E%(1) Wi (1)
2w EY2)
for

E)) ="+ B +1) - DOJ + 1% i=1,2  (2)
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where 1°(7) are the band origins, B'(i) are the rotational
constants, and D'(i) are the centrifugal distortion constants.
This yields the observed, perturbed energy levels (Ey(1) and

E]’(z))v

Eo(i) = 3(ED (1) + E(2)

s fawalrEm-se)” ©
i=1,2

For homogeneous interactions, W;, is a constant, whereas for
heterogeneous interactions

Wi = Wi V' +1)) (4)

where Wy,’ is a constant.

In the limit of AEy(= Ep(1) — Ey(2)) = 0, solutions are
approximated by the degenerate state perturbation theory®®>°
which yields very large energy level shifts, characteristic for “near-
degenerate” J' levels. Hereby, we shall refer to such cases as
‘“near-degenerate interactions” to distinguish them from “non-
degenerate interactions’.

Line strength determining factors

Several factors govern the rotational line strengths in REMPI
spectra. The relative intensities () are proportional to the
product of the cross sections of the resonance excitation step
(04) and the photoionization step (5).

Irel oC 010, (5)

The cross section for the photoionization step (g,), is com-
monly a slowly varying function with photon energy and in the
cases where the excitation frequency range is narrow, it can be
assumed to be constant, of a value depending on the ionized
state (0,(€2')). The cross section of the resonance excitation step
(1) is expressed as,****

2

(1e - pli)(ile - pl0)
o1~ Zm ©)

for a two-photon transition between the states |0) and |1). hv,
is the photon energy, &pu is the operator representing the
interaction between the electric field component of the electro-
magnetic wave and the molecular charge dipole and |i) is
an intermediate state with energy AE,;. Based on the Born-
Oppenheimer approximation, eqn (6) can be simplified and
approached by a product of terms depending on the electron
configuration (C.) and the nuclear motions (S(A%,J,J’) and
FCF(v',v")),

01 = CeS(AQ, ], J'JFCF(V',V") @

where FCF(v',v") is the Franck-Condon-Factor, depending on
the vibrational quantum numbers v’ and v" and S(AQ, J', J") is
the transition strength, depending on the rotational quantum
numbers ( /', //) and the difference in the total electronic angular
momentum quantum numbers (AQ = |Q" — Q"|). S(AQ,[],]")
also depends on the parallel () and perpendicular (u,)

This journal is © the Owner Societies 2015
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transition dipole moments that correspond to transitions to the
virtual intermediary state(s), |7).

i = (Qep|Q)

= (@ £ 1]ep|Q)

(8a)

(8b)

The general expression of the two-photon transition strength is®*
S(AQ,J',J") = Solte” + Sy15° (8¢)

where s, and s, are functions of ' and J” as well as Q' and Q" and
are written in terms of Clebsch-Gordan coefficients for zeroth
order coefficients (subscript 0) and second order coefficients
(subscript 2).°%%* 114> and 1,* are sum and product functions of
(1) and (u, ) which collectively represent the effect of all one-
photon transition moments that give rise to parallel and perpendi-
cular transitions.

Furthermore, the relative intensity () is proportional to the
population (N(v”, J/)) and the degeneracy (g{ /")) of the absorbing
state as well as the laser power (P) as P, where n represents the
total number of photons absorbed.®®

All in all, I, can be expressed as

Liet = K(Q')P[CS(AQ, ', J)FCF' W) ][g(J )NV, T (9)

where K(Q') is a constant depending on the ionized state. For
a certain electronic and vibrational (V¥ < « V") transition
C. and FCF(v',v") can be assumed to be constant, to a first
approximation.

Line width determining factors

Lower limit lifetimes (tymin) can be derived from spectral line
widths (I') by”®

Tmin (PS) = 5.3/ (cm™") (10)

Line widths of Rydberg state spectra are primarily affected by
predissociation processes. Such processes can occur via gate-
way Rydberg states in which cases the lifetimes, hence line-
widths, depend on bound-to-bound Rydberg state interactions

as well,>»545°

Results
Spectral observations

Fig. 1 shows REMPI spectra in the two-photon excitation region
of 73098-73 261 cm ™. By comparison with the work by Ginter
et al.* the major spectral features were assigned to two-photon
resonance transitions to the *X (0% v' = 0) and K’TI,(v' = 2)
Rydberg states with the electron configurations (c*n*)5dn and
(c®n®)5d8, respectively. In this respect, it should be mentioned
that, whereas, the lighter hydrogen halides have been assigned
according to the Hunds case (a) and Hunds case (b) classifications,
HI correlates better with the Hunds case (c) classification®**° and,
furthermore, that super-excited states of HI have been shown
to display the Hunds case (e) characteristics.>® Nevertheless,
it has been a convention to retain the assignments of HI states
according to the Hunds cases (a) and (b).>™**374:5435,57:65,66 The
observed line positions (Fig. 1) of the j(0) (i.e. ;*X~(0";v' = 0)) and

This journal is © the Owner Societies 2015
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Fig.1 REMPI spectra of HI for the ions H*, I* and HI*. J-Quantum
numbers for the excited states (J') of rotational peaks corresponding to
two-photon resonance excitations from the ground state to the X~ (0*;
v/ = 0) and k°TI,(v/ = 2) Rydberg states are indicated. Q lines due to transi-
tions to a 3% (Q = 1) Rydberg state are marked. An iodine atomic line, at
73117.9 cm™, is marked.

Table 1 Rotational lines for HI due to two-photon resonance transitions
(cm™) from the ground state X'=*(v" = 0) to the j°£7(0*; v/ = 0) and
K*II4(v' = 2) Rydberg states vs. J-quantum numbers for the upper states (J')

By —(nt.
FI1,(2) JZ(0%50)
J 0 Q S
0 73213.3 73252.0
1 73177.0 73186.4 73250.4
2 73175.6 73157.9 73246.7 73285.8
3 73173.0 73126.6 73241.0 73309.1
4 73169.7 73098.4 73234.0 73328.7
5 73165.6 73224.7 73345.4
6 73160.3 73211.6
7 73154.2 73193.3
8 73144.5 73181.9
9 73131.0 73105.7
10 73144.5 73056.6
11 73129.5
12 73105.7

k(2) (i.e. ©'TIy(v' = 2)) spectra are presented in Table 1. It is clear
that level-to-level interactions are taking place for /' = 9-10. Thus,
the corresponding j(0) lines are found to be significantly spread
apart, whereas the /' = 9 and 10 lines for the (2) spectrum are
interchanged. The J' = 10 line of the k(2) spectrum is shifted
upwards in energy, so radically, that it merges with the /' = 8
peak. The assignment was adequately reproduced by simulation
calculations by use of the PGOPHER program.®” Analogous
effects have been observed in REMPI spectra of hydrogen halides
in the cases of Rydberg to ion-pair interactions.’******>%” The
quantum energy levels of the j(0) and k(2) states, derived from
the spectra, are presented in Fig. 2. These imply near degenerate
interactions between the j(0) and k(2) Rydberg states for J’ = 9-10,
which appear as an expansion of the energy level gap for (2)
but a compression of the corresponding levels for j(0). The
symmetries of the two Rydberg states suggest that the inter-
action of concern is L-uncoupling (AS = 0, AQ = +1), ie. a
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147



Paper

76000 — ,
K11,
74000 —| e Near-degenerate
interactions
— wE2
L
:
£ v
12
O, 72000
1
w 4 ;
1 10
9
70000 —| 8
7
6
5
4
3
H
68000 —

14 16 1.8 2.0
riA]
Fig. 2 Potential energy curves and quantum energy levels for the °£~(0*;
v/ = 0) and K*I1;(v' = 2) Rydberg states. The rotational energy levels were
derived from the REMPI spectra (Fig. 1). Near-degenerate interactions
between levels J’ = 9 and 10 are indicated. The potential curve for the
K*TI,(v' = 2) state was derived from available spectroscopic constants.*>>57
The shape of the potential curve for the *X~(0*; v/ = 0) state was approxi-
mated by the curve for the kK*ITy(v' = 2) state.

gyroscopic perturbation.®® In addition to line-shift analysis, the
REMPI spectra were explored in terms of signal intensities, and
linewidths alterations (see below).

In the region between about 73196 and 73210 cm™ weak
signals are found in all the spectra. These could not be assigned
to either the j(0) or the k(2) state. At 73117.9 cm ' a strong
iodine atomic line is observed. It is a (2 + 1) REMPI of I [*P,,]
for resonance excitation to the atomic Rydberg state *[1]%y,
(55*5p*(*P,)9p).*® Furthermore, weak signals close to 73110 cm ™,
are due to a transition to the V(m + 12) (i.e. V'E'(V' = m + 12)) ion-
pair state.” A few weak peaks in the region 73100-73115 em™*
remain unassigned. These, most likely, belong to the R and/or
S series of the P(0) (P'A,(v' = 0)) Rydberg state spectrum
or possibly high /s of the V(m + 13) ion-pair state.”® A weak
signal observed at 73200 cm ™" is attributed to a transition to
a previously unobserved *Z~(Q = 1) Rydberg state (see Discus-
sion below).

1

Perturbation analysis

A two-state deperturbation analysis was performed for the j(0)
and k(2) Rydberg states. It produced the interaction strengths and
spectroscopic constants presented in Tables 2 and 3, respectively.
A more detailed discussion of the perturbation analyses proce-
dures follows.

Line shift (LS)-effects

To a first approximation the energy spacing between adjacent
rotational levels (AEy ;4 = E(J)) — E(J' — 1)) of a non-
interacting Rydberg state will display linear behavior as a

32520 | Phys. Chem. Chem. Phys., 2015, 17, 32517-32527
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Table 2 Parameter values (cm™Y), level energies (E), energy level differ-
ences (AEy) and interaction strengths (Wy,') relevant to near-degenerate
interactions between the j*£7(0*; v/ = 0) and k*IT;(v' = 2) Rydberg states
for J’ = 9 and 10, derived from perturbation analysis based on peak
positions (see text)

J E[k(2) state E[j(0) state AEy (Wy')
9 73707.7 73739.6 -31.9 1.52 £+ 0.09
10 73848.9 73814.8 34.1

Table 3 Spectroscopic parameters (cm™) for the K°TIy(v/ = 2) and
JF*£7(0%; v/ = 0) Rydberg states derived from our REMPI spectra and from
reported work by Ginter et al.*

EIL0 =2) SE(05v =0)

This work Others®* This work Others*
° 73180.0 73180.7 73252.0 73254.9
By 6.10 + 0.06 6.034 5.37 + 0.06 5.706
Dy 0.0014 + 0.0005 0.000872 0.0007 =+ 0.0007 0.00475

function of J'. The slope equals 2B,,, where B, is the v'-dependent
rotational constant. Deviations from linearity are indications of
perturbation effects due to state interactions, where rotational levels
experience level-to-level repulsions for states with same J/ quantum
numbers. This effect can be seen more clearly by plotting the
difference between the observed level energies (Ey), derived from
the rotational lines, and the corresponding zeroth order energies
derived from eqn (2) (i.e. “reduced term value plots”). This has been
referred to as line shift (LS)-effects.”*>*

LS-effects are clearly apparent in the j(0) and k(2) spectra, as
mentioned before. Respective rotational energy level differences,
as a function of J', are presented in Fig. 3a along with the
corresponding deperturbed curves. The j(0) state displays slight
increases in the energy gaps between J' =7 and J' = 8 (AEg ;) and
between J' = 8 and J' = 9 (AEyy), followed by a significant
decrease in the energy gap between J' = 9 and J' = 10 (AE;4).
This effect is “mirrored” in the plot for the k(2) state, which
shows significant decreases in AEgg and AEy g, but an increase
in AEjo. It is worth noting that, whereas, the j(0) state is
experiencing a significant increase in AEg; the corresponding
decrease in AEg ; for the k(2) state is less. The reduced term value
plots shown in Fig. 3b show the LS-effects even clearer. Therein,
the k(2) state levels are experiencing slight repulsion effects,
downwards, for /' = 8 and 9 but a strong repulsion, upwards, for
J' = 10. This effect is virtually “mirrored” in the j(0) state. In
addition, the j(0) state, displays upward shifts of levels ' = 3-6,
followed by a slight tug downward for J/ = 7. The additional
“non-mirror”’ effects observed for the j(0) state suggests an
additional interaction with another (hidden) state.>® This will
be discussed in more detail below. Furthermore, according to
the reduced term value plot (Fig. 3b), levels /' = 11 and 12 of the
k(2) state display upward repulsion effects.

Line intensity (LI)-effects

The REMPI data for resonance excitations to a Rydberg state of
the hydrogen halides (HX) consists of ion signals from the
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and K°TI;(v = 2) states and (b) the corresponding reduced term value
plots.

parent molecule (HX") as well as the ionic fragments (X" and H").
The integrated signals of each respective ion reveal the relative
fractions of the various formation pathways, which can depend
on state interactions.*®°***>* This has been referred to as line
intensity (LI)-effects.”*”® Thus, in cases of interactions between
Rydberg and ion-pair states, the presence of a /' dependent
halogen ion signal (X') in the REMPI spectrum of a Rydberg
state is found to be a strong indication of a Rydberg to ion-pair
state mixing."®**”"> The intensity ratio, I[X']/[[HX"], (and to a lesser
extent I[H'J/I[HX']) has been applied to a number of interacting
systems to evaluate the level of state mixing.>*****%>*7 Analysis
based on LlI-effects for Rydberg to Rydberg state interactions,
as seen here for the k(2) and j(0) Rydberg states, on the
other hand, have not been developed and require a different
approach.

According to eqn (9), the relative intensity ratio of the
Q rotational lines, of same J' (= J' = J), for the k(2) (Q' = 1)
and j(0) (Q' = 0") spectra in the case of no interaction, simpli-
fies to,

1rel[k7j] _ K(k)S(k>
]rel[jN]] B K(/)S(j)

(11a)

where K(k) and K(j) are constants for the two states with values
depending on the corresponding ionization cross sections.
S(k) and S(j) are the corresponding transition strengths.
By using J'-dependent expressions for s, and s, to determine
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S(k) (AQ = 1) and S(j) (AQ = 0) (eqn (8))°**>”* eqn (11a) takes
Lalk,J]  K(k)

the form,
(i 27+1) )
_ 1027 +3)(2J - 1)

) )

(11b)

forj=J =J". An investigation of the rotational line intensities of
the j(0) and k(2) spectra (Fig. 1 and 4a) shows that the total ion
intensities of the k(2) spectrum are relatively large for high J’s,
whereas the opposite is found for the j(0) spectrum. The corre-
sponding intensity ratio M, as a function of ' (Fig. 4b)
Il (v/ (0))

shows close to constant value for low J’s but large increases for
high J’s. The data points for low J’s (J' = 2-5), where interaction
between the two states is found to be negligible (see previous
section), were fitted by the expression on the right side of eqn (11b),
for uy*, 1> and K(k)/K(j) as variables. This gave a smooth, slightly
varying function of J’ for all /s (Fig. 4b). The discrepancy between
the data points and the fit curve is a clear indication of state
mixing/interaction for high /s (J' = 8-10 in particular), which can
be partly due to a change in the transition strength (S) and partly
because of changes in the ionization cross sections (hence the Ks)
which manifest as enhanced intensities for high /s in the case of
the k(2) spectrum, but as lowered intensities for the j(0) spectrum.
This can be referred to as “intensity borrowing”.

a

=
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c
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=

b
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J
Fig. 4 (a) Total relative rotational line intensities of the j°£~(0*; v/ = 0)
(blue) and k°TI;(v' = 2) (red) spectra as a function of J'. (b) Observed total
intensity ratios of the Q lines for the K’Iy(v/ = 2) and j*£7(0*; v/ = 0)
spectra (I(k(2))/1(j(0))) (black) as a function of J’ and calculated intensity
ratios for non-interacting states derived by fitting the data points for
J' = 2-5 by the expression on the right side of eqn (11b) for o2, % and
K(k)/K(})) as variables.
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A closer look at the H' signals for the k(2) and j(0) spectra
(Fig. 5a) reveals that the j(0) spectrum shows a distinctly greater
propensity for H' formation compared to the &(2) spectrum, for
low J’s. For higher /’s (J/ > 7), on the other hand, the relative H"
intensity for j(0) decreases slightly, but significantly, whereas,
for k(2), it increases. This observation further supports the effect
of “intensity borrowing”, given that the j(0) state yields a greater
amount of H' ions (Fig. 1).

The relative contributions of the I" and HI' ion signals as a
function of J' for the j(0) spectrum are shown in Fig. 5b. The
curves show clear “mirror image effects”; where relative increase
of the I" signal is in tandem with a decrease of the HI" signal and
vice versa. No such effect is observed in the k(2) spectrum. As
previously stated, a rise in the intensity of a halogen fragment
ion signal and a decrease in that of the molecular ion for a
Rydberg state is characteristic of increased interactions with an
ion-pair state. We believe that this effect can, partly, be attri-
buted to additional non-degenerate interactions with ion-pair
vibrational state(s). The sharp change in the relative intensities
for J' = 6-7, on the other hand, suggests that near-degenerate
interactions are also involved.

Line width (LW)-effects

The line-widths of all the ion signals for the j(0) and k(2) spectra
as a function of J' are presented in Fig. 6a and b, respectively.
For j(0) the line-widths, are small (ca. 0.2 em™") and close to
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Fig. 6 (a) Rotational linewidths as a function of J’ derived from the Q lines
of the H*, I*, and HI* signals for the (a) /£~ (0*; v/ = 0) and (b) K°TIy(v' = 2)
spectra.

constant for low J’s (J' = 0-5), show slight increase for J' = 6-7,
drop in the value for /' = 8 and finally a relatively large increase
for J' = 9. The line-widths for the k(2) spectral peaks also are low
in values and close to constant, within experimental error, for
low J’s (J' = 2-8) as well as for J' = 10, whereas a severe line
broadening is observed for J’ = 9 as well as for J' = 10 and 11.

Discussion
Additional perturbing or hidden states

The perturbation analyses, mentioned above, revealed several
features in the REMPI spectra that could not be explained by
near-degenerate interactions between the j(0) and the k(2)
states. These are, in all likelihood, a direct result of interactions
with other states, close in energy which may be either hidden or
not hidden.”®

3¥£7(1) state. A number of observations in the j(0) spectrum,
mentioned above, suggest that the °£7(0%; v/ = 0) state is inter-
acting with an unknown (hidden) state. Thus, dips observed in the
reduced term value plot for /' = 7 (Fig. 3b), increases in relative
I signals and corresponding decreases in relative HI" signals
(Fig. 5b) as well as line-width alterations (Fig. 6a) forJ’ = 6-7 are all
indicative of weak, near-degenerate interaction for J/ = 6-7.
A candidate for such a weak perturber, which apparently is not
affecting the, close in energy, K*I1,(1’ = 2) state is a state which
will satisfy the requirements of being (i) - a triplet state (AX = 0),
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(if) - a X state, (iii) - a state of minus parity, “~” and (iv)an Q=1
state, i.e. a °X (1) state. Based on the energetics of known or
predicted Rydberg states for HI*® we suggest that this could either
be the g*£7(1) (' = 2) state with electron configuration [6*n’*]6pn
or the g*Z (1) (' = 0) state with electron configuration [c*n’|4fr.
Therefore, the weak unassigned spectral features, unclear in
structure, which are observed between the Q rotational lines for
J' =6 and 7 of the j(0) spectrum (see above and Fig. 1), we assign
to the Q lines of the corresponding spectrum.

Ion-pair states. The following observations of the k(2) spectrum,
all suggest that the k(2) state is interacting with an additional
state. Increases in rotational energies (Fig. 3b), relative intensity of
the H" signals (Fig. 5a) and line broadenings (Fig. 6b), observed
for J/ = 11-12, are all indicative of weak near-degenerate
interactions. Whereas, rotational lines for the ion-pair state
V'Z*(v' =m + 13) for J' > 8 have not been observed in REMPI*®
extrapolation of low rotational energy levels to J' > 8 reveals
that levels /' = 11 and 12 are only slightly lower in energy than
the corresponding levels of the k(2) state and could be the cause
of the observed perturbation effects. Furthermore, absorption
spectra’ suggest that levels higher than J' = 7 of V(m + 13) are,
indeed, mixed.

Photofragmentations

The two-photon scan region that spans the rotational line
spectra of the k(2) and j(0) states of about 73 100-73 260 cm ™"
(Fig. 1) corresponds to a three-photon excitation region of
109 650-109 890 cm ™' (see Fig. 7). This excitation region has been
explored in number of studies by various techniques.* %1457 [t
is above the molecular ion ground states, X*T1(Q = 1/2, 3/2), which
correlate with H(n = 1) + I'(°P,) and below the first excited bound
ionic state, A’°X*, which correlates with H(n = 1) + I'*('D,).
Furthermore, a super-excited state (HI?), which belongs to a
Rydberg series that converges to the A’X" state ([A”Z']5dn), is
believed to be found in that region and is likely to play an
important role in further ionization processes.*'=***

Velocity map imaging studies coupled with REMPI by Regan
et al.*® for four-photon excitation into this region revealed two
major H' formation mechanisms. The first mechanism (i) involves
the formation of H*(n = 2) + 1(3/2), followed by one-photon
ionization of H*(n = 2). The second mechanism (ii) involved the
formation of high vibrational levels (v* > 15) of the HI" XTI
state followed by one-photon photodissociation via the Il
repulsive state to form H' + I(3/2). These mechanisms resemble
those found to occur in REMPI of HCI”*”” and HBr.”*”%7° By
analogy with observations for HCI**7*7%8081 and HBr*>7%7%79
I" formation is likely to involve two additional mechanisms, ie.,
(iii) autoionization of HI”, above the dissociation limit of the
ionic states, to form the molecular ion in an unstable state
(HI'(e)/HI'*(¢)) followed by dissociation (see Fig. 7) and (iv)
dissociation of HI* to form iodine in an atomic Rydberg state
(1**) followed by photoionization. The significance of the various
ion formation mechanisms ((i)-(iv)) depends on the nature of
the resonance excited states (HI**(v',J’)) involved. Formation
and ionization of the excited atom fragments (H* and I**; (i) and
(iv)) preferably will occur for long-range excitations as to be
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Fig. 7 Potential energy curves, asymptotic energies and photon excita-
tions relevant to state interactions and photofragmentation processes of
the °Z7(0*; v/ = 0) and K’TI, (v = 2) states as discussed in the paper. The
potential curves of the X2I1, A’S*, [A%Z*]5dn and the repulsive states are
derived from ref. 38, 27, 47 and 21, respectively. For the purpose of this
paper, the potential curve of the Vit ion-pair state was fitted arbitrarily to
encompass the lowest observed vibrational state, namely V(m).* Arrows,
shown correspond to single photon 36 607.6 cm™* excitations.

expected for ion-pair states or Rydberg states which interact
(mix) with ion-pair states. Similarly HI'/HI™ species are likely
to be formed in high v" levels, followed by photodissociation to
form H' in the cases of long range excitations (from ion-pair
states or mixed ‘Rydberg-ion-pair states”), whereas population
of low v" levels and small or negligible H" formation is more
likely to follow short-range excitations of pure Rydberg states.

The photoionization product yields, via excitations to the
J(0) and k(2) states, are found to be, in descending order as,
I" > HI' > H' (see Fig. 1 and 5). Whereas the intensity ratios
of the I' and HI" signals is comparable for the two resonance
states the relative yield of H" is significantly stronger for the
J(0) state than for the k(2) state for low J’s, but vice versa for high
J's (see Fig. 1 and 5a).

Photofragmentation of the j(0) state

In accordance with theory,®” the *X7(Q' = 0',»" = 0) state will
interact homogeneously with the V'Z" ion-pair state through a
relatively strong spin-orbit (SO) coupling in the form of non-
degenerate level-to-level interactions in addition to the observed
near-degenerate interaction with k(2). Therefore, all the ion
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formation processes ((i)-(iv)), mentioned in the previous section,
whether dominating for short-range (a; Rydberg character) or
long-range (b; ion-pair character) excitations are effective to an
extent which is determined by the state interaction strength. In
the light of our spectral observations and discussion above, we
propose the following major photofragmentation processes for
HI**, following resonance excitation to the j(0) state,

(a) in the case of a dominating V ion-pair state configuration
(c'n*c*") at long-range:

(i) HI**(c'n'c*) + hv - HI([c'n’c*'|Ry-n);
parallel transition
HI([c'nt*c*'|Ry-n) — H¥(n=2) +1
H*(n=2)+hs - H +e”

(i) HI*(c'n'c*') + hv — HI([c'n*]5dn);
perpendicular transition
HI([o'n*]5dn) — HI'(v')/HI'*(v') + e7;
high v*; autoionization
HI'(W)HI™*V) + v > H +1

(iii) HI**(c'n'c*') + hv - HI¥([c'n*]5dn);
perpendicular transition
HI¥([c'n"]5dn) — HI'(¢)/HI' *(¢) + e~
HI'(e)/HI () » H+ T

(iv) HI**(c'n'c*)+ hv — HI
HI* - H + I*
*+hy > I'+e”

(b) in the case of a dominating j(0) Rydberg state configu-
ration ([o”n’]5dn) at short-range:

(i) HI**(o*r*5dn) + hv - HI([c'n*]5dn);
perpendicular transition
HI"([o'n*]5dn) — HI'(v)/HI'*(v") + e7;
low v*; autoionization

(iii) HI*(o*r’]5dn) + hv —» HI*([c'n*]5dn);
perpendicular transition
HIf([o'n"]5dn) — HI'(e)/HI™*(e) + e~
HI'(g)/HI™*(e) > H+ I

Ions that are formed, are highlighted (bold). According to
this scheme, the HI" and I" ions are both formed via long- and
short-range excitations, whereas H' ions are only formed via
long-range excitations.

Photofragmentation of the k(2) state

The K’TI(Q' = 1, v’ = 2) state interacts weakly with the V'Z*(v’ =
m + 13) ion-pair state in the form of heterogeneous, near-
degenerate, level-to-level interactions for high /s (J/ = 11-12)
(see above), in addition to the observed near-degenerate inter-
action with j(0) for /' ~ 8-10. Hence, since the j(0) state interacts
relatively strongly with the manifold of ion-pair vibrational states
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(see above), the k(2) state, effectively, experiences interaction
with the V ion-pair state for J/ ~ 8-12, whereas for // < 8 no
couplings with the V state are observed. This complies with the
observation of a significantly lower H' signal seen in the k(2)
spectrum for // < 8 compared to that for /' = 8-9 suggesting that
the H' ion formation is strongly associated with a long-range
(ion-pair character) excitation as in the case of the j(0) excitation
(see above). In light of our spectral observations and discussion
above we propose the following major photofragmentation pro-
cesses for HI**, following resonance excitation to the k(2) state,

(a) in the case of a dominating V ion-pair state configuration
(o'n*c*") for high /s (J' ~ 8-12) at long-range: same as for j(0)
in the previous section (a(i)-a(iv))

(b) in the case of a dominating k(2) Rydberg state configu-
ration ([c”n*]5d3) at short-range (J' ~ 1-7):

(i) HI**([o*r*]5d8) + hv — HI'([o'n*]5d0);
perpendicular transition
HI([c'n"]5dn) — HI'(v5;)/HI'*(v5) + e7;
low v'; autoionization

HI**([o?n’]5d8) + hv — HI*([c'n*]5d5);
perpendicular transition
HI([o'n*]5d5) — HI'(e)/HI™(c) + e~
HI'(e)/HI*(e) > H+ I

(iii)

Summary and outlook

Mass-resolved REMPI spectra due to two-photon resonance
excitations of HI were recorded in the excitation region of
73080-73265 cm~'. The major observed spectral structures
were assigned to transitions from the ground molecular state to
the K°I1,(v' = 2) and j*X7(0%; v’ = 0) Rydberg states.* Perturba-
tions in the spectral structures, observable as rotational line
shifts (LS-effects), line intensity alterations (LI-effects) as well as
linewidth alterations (LW-effects), were interpreted and analyzed
in terms of near-degenerate level-to-level state interactions.
Whereas a number of observations and analyses of localized
level-to-level interactions between Rydberg states and ion-pair
states have been made for the hydrogen halides, this is the first
report of a corresponding work in the case of interactions
between two Rydberg states. Perturbation effects in the spectra,
which could not be attributed to the F*IT,(v' = 2)*X(0"; v’ = 0)
state mixing, were found to be indicative of interactions with —
and the presence of - additional states, close in energy. Their
appearances (signal intensities) are either very weak or they are
hidden from REMPI detection. Thus, based on perturbation
effects observed in the j(v' = 0) spectrum, a *X~(Q = 1) state, not
observed before, with band origin of about 73 200 cm™, is pro-
posed. Furthermore, effects attributed to interactions between
the k(v' = 2) Rydberg state and the V(v' = m + 13) ion-pair states
are identified.

The impact of the state interactions on photodissociation and
photofragmentation pathways upon additional photoexcitation
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dissociation, autoionization, photoionization) processes involved (see main
text) with respect to the (a) °£7(0*; v/ = 0) and (b) K°II;(v' = 2) Rydberg
states. Formed ions are highlighted by circles.

was also explored. Fig. 8a and b summarize the major processes
involved following resonance excitations to the j(»' = 0) and
k(v' = 2) states, respectively. The j(v' = 0) state, which experi-
ences homogeneous, non-degenerate interactions with the
V(v = m + 12) and V(v' = m + 13) ion-pair vibrational states,
for all J' levels, therefore, will form the ions H, I" and HI" via
one-photon excitations from the interacting V states to super-
excited Rydberg states by autoionization (HI'), photodissociation
(H") and photoionization (H" and I") (Fig. 8a). Furthermore, HI"
and I" are formed via direct one-photon excitations of the j(v' = 0)
Rydberg state to a super-excited Rydberg state by autoionization
(HI") and photodissociation (H"). The k(v' = 2) state, which, on
the other hand, experiences weak heterogeneous interactions
with the V(v' = m + 13) ion-pair state for J/ = 10-11 and the j(0)
state for J' = 8-9, therefore, will form the ions H*, I" and HI" via
one-photon excitations from the mixed V(v' = m + 13) state for
J' =8-11 only, but I and HI" via direct excitations of the k(v' = 2)
Rydberg state for all J’s (Fig. 8b).

Despite the limitations of the standard REMPI technique in
terms of detecting photofragments without vector alignments
as in e.g. velocity map imaging, this study extends the applic-
ability of the REMPI technique to involve the study of photo-
fragmentation pathways which involve Rydberg and ion-par
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states as intermediates beyond its more common use for
spectra recording and analysis. Imaging the individual photo-
fragments of the j(0) vs. k(2) system would still bring invaluable
insights into the mechanisms that govern photofragmentations
in the energy gap of concern.
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Abstract

One and two color velocity map imaging (VMI) techniques, coupled with REMPI, along with mass
resolved spectra are complementarily utilized to elucidate the involvement of singlet state interactions
in photofragment processes for HBr. The H'Z*(v" = 0) and E'Z*(v" = 1) Rydberg and the V1Z*(m + 7)
and ViZ*(m + 8) ion-pair resonance states are explored as a function of rotational quantum numbers in
the two-photon excitation region of 79 100 — 80 700 cm™. H* and Br* images were recorded by one-
and two color excitation schemes. Kinetic energy release (KER) spectra and angular distributions were
extracted from the data. Mass resolved REMPI spectra as well as angular distributions derived by one
color REMPI, revealed the effects of interactions between i) the E(1) and V(m + 8) state and ii) the H(0)
state and the V(m + 7) and V(m + 8) states. The two color VMI experiments helped to decipher the role
of various repulsive valence states in fragmentation processes and predissociations of the resonance

excited states.

1. INTRODUCTION

Ever since the revolutionary work on photofragmentations by Eppink and Parker with
the velocity map imaging technique (VMI)," 2 the study of fragmentation dynamics has
exploded with applications of both 2D® and 3D* imaging methods. Such experiments yield a
wealth of dynamical information regarding the nature of fragmentations and the anisotropy of
photoproduct scattering. The VMI techniques have been successfully employed in resolving
the complex fragmentation pathways involved in resonance enhanced multiphoton ionization
(REMPI) excitations.

Multiphoton excitations of the hydrogen halides have become a benchmark for studies
of high energy Rydberg and valence states and the interactions between them. At high energies,
the density of states increases, resulting in complicated and perturbed spectra where excitation

dynamics involve predissocitation, autoionization, and curve crossings. The information
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reservoir derived from REMPI spectra of the hydrogen halides is steadily increasing with
extensive work performed on HCI,>28 HBr,5 202834 and HI.15 3543 Fyrthermore, multiphoton
excitations coupled with velocity map imaging have been complimentarily utilized to elucidate
both photodissociation and photofragmentation pathways in HCI, %% HBr,* 474952 gnd HI.%°

For HBr, fragmentation studies feature examinations of the photodissociations via
excitations to low energy repulsive states,*> 5% 53 5 photodissociations through intermediate
Rydberg states*” 4% 52 and ion-pair states,> 52 superexcited state reconstructions,® and
formation of bromine atoms from clusters.>® Some of the experimental studies have utilized ab
initio calculations,® #7-* which turned out to be useful in resolving various properties, such as
potential curves,®® 57 jon distributions,® spin-orbit branching ratios,®® and anisotropy
parameters.>®

Recently, one color VMI coupled with (2 + n) REMPI were used to investigate the
interactions between the E'Z*(v" = 0) Rydberg state and the VIZ*(v' = m + i), i = 4, 5, ion-pair
states.> These had previously been studied by mass resolved REMPI with emphasis on state
interactions derived from spectral perturbation effects.?® From the studies of REMPI spectra,?®
an energetics scheme was proposed to explain the observed perturbation effects. These were
found to be helpful in resolving the fragmentation processes examined in the VMI studies.>
Therein, it was demonstrated that the total kinetic energy releases and angular distributions of
the fragmentation processes were largely dependent on quantum level resonance excitations to
the E state and the V ion-pair states and state mixings. The results became an impetus to further
study the E*Z*(v" = 1) state as well as the HZ*(v" = 0) state, both of which have been shown
to experience analogous interactions with the V1x*(m + 7) and V*Z*(m + 8) ion-pair states.>*

In this paper we utilize both one color and two color REMPI coupled with VMI for HBr
to investigate photofragmentation pathways. These include interactions between the EXZ*(v" =

1) and H'Z*(v" = 0) Rydberg states and the VZ*(m + 7) and V1Z*(m + 8) ion-pair states.
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I1. EXPERIMENTAL

The VMI setup used in this work has been described in detail before.5* ¢! Hence, only a
brief description will be given here.

The apparatus consists of two differentially pumped chambers. Firstly, a source region
which is pumped by a Leybold, DI 3000 diffusion pump. Secondly, a detection region which is
pumped by a Leybold, Turbovac 600 turbo-molecular pump. A supersonic molecular beam,
typically of a mixture of 15% HBr in He, was formed by expansion through a home-made
piezoelectrically actuated nozzle valve before being skimmed prior to entering the detection
chamber. A stagnation pressure of Po < 1 bar and a nozzle diameter of 1 mm was used. A
skimmer (1.5 mm Beam Dynamics) was positioned approximately 5 cm from the nozzle
orifice.

A photolysis/photofragment ionization laser beam is focused (f = 20 cm) on the geometric
focal point of the repeller and extractor plates where it intersects the collimated molecular beam
at right angles. In one-color experiments, the laser beam is generated by a pulsed Nd**:YAG
(Spectra Physics Quanta Ray Pro 250) pumping a master oscillator - power oscillator system
(Spectra Physics MOPO 730-10) set at the appropriate wavelength. In two-color experiments,
a second excimer-pumped (Lambda Physik LPX300, operating with XeCl) pulsed-dye laser
(Lambda Physik LDP3000) pulses are also used with an appropriate dye and a BBO crystal to
achieve (2 + 1) REMPI of the quantum-state-selected photofragments generated by the MOPO
system. In the case of two-color experiments, the two lasers are counter-propagating and
focused onto the collimated molecular beam by f = 30 cm lenses. The photolysis laser is used
to generate neutral fragments and after a suitable time delay, the probe laser is used to ionize

one of the quantum-state-selected fragments by REMPI. To detect the Br and Br* fragments
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(see below), 260.622 nm and 262.540 nm radiations were used to achieve (2 + 1) REMPI
through the 4s24p*(®P2)5d(*D°s12) and 4s?4p*(*Po)5p(?P°112) Rydberg states, respectively.

The probe laser pulses were delayed with respect to the photolysis pulse, in order to allow
a sufficient density of photofragments to build up prior to REMPI detection. Moreover, the time
delay had to be carefully adjusted in order to avoid “fly-out” of the photofragments. Typically,

the delay was set at about 10 ns.

I11. EXCITATION & FRAGMENTATION MECHANISMS

In one color experiments, the two-photon wavenumber region 79 040 — 80 300 cm™ is
inspected in terms of resonance excitations to the EXZ*(v" = 1) and H!Z*(v" = 0) Rydberg states
as well as the VIZ*(v' = m + 7) and V!Z*(v" = m + 8) ion-pair states. The excitations involve
transitions from the molecular ground state (c°n*) via “virtual states” which borrow characters
from repulsive valence states (on’c*). These repulsive states have both been inspected by
experiment*> 50 %3 as well as theory®® °* 62 and are as follows: a°IT1, A'TT1, aTlo+,and 3%,
respectively. The a’IT; and A'TI; repulsive states correlate with H + Br whereas the a®Tlo+,and
t°2%0,1 states correlated with H + Br*. The following one-photon photodissociation processes,
therefore, occur.
HBr(Xz*v', J) + hv = HBr(a’M; / Al;) > H + Br (1a)
HBr(Xz*v', J) + hv > HBr(a®o+ / t2%1) > H + Br* (1b)

The resonance excitation involves transitions, via the virtual states to a Rydberg state
(c®m®)nil or an ion-pair state (om*c*).
HBr(aIly / A1 / @®o+ / t35%01) + hv > HBr<*(E'=*/ HZ* / VIE*) (2)

The absorption of the third photon can involve different processes. First is
autoionization which produces vibrationally excited HBr* ions (c?n%).6% 4

HBr**(ELZ*/ HIZ* / VIZY) + hv > HBr(X2o, v*) + e (3)
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The second involves excitations to superexcited Rydberg states (HBr"), with energies higher
than the ionic ground state, that correlate with neutral atomic fragments, H* + Br/Br*.
HBr**(EL*/ HIZ* / VIZ*) + hv > HBr* > H*(n = 2) + Br/Br* (4)

Absorption of the fourth photon produces ionized fragments. Thus, vibrationally excited
HBr* ions are excited to repulsive states which correlate with H* + Br/Br* and the H*
fragments, produced in (4) are ionized.
HBr*(X2Iq, v*) + hv > H* + Br/Br* (5a)
H*(n = 2) + Br/Br* + hv > H* + Br/Br* + e (5h)

The Br/Br* fragments can be further ionized by (2 + 1) REMPI.
Br/Br* + 2 hv > Br** + hy > Br* (6)

In two color REMPI experiments the first color was used to pump the resonance states

and the second color was used to probe Br and Br*.

IV. RESULTS

I. Mass resolved (2 + n) REMPI

Mass resolved (2 + n) REMPI spectra of HBr have been recorded and analyzed in the
two-photon excitation region 79 100 cm™ — 80 700 cm*.%* Therein, the REMPI spectra of the
Rydberg states EX*(1) and H'Z*(0) and the ion-pair states VZ*(m + 7) and V1Z*(m + 8) were
presented. An energy diagram of these states is presented in Figure 1.

Perturbations due to energy level shifts (i.e. line shifts) of excited states are named LS-
effects.*® 4143 These can be observed when the energy difference between neighboring levels
(AEy y-1 = E(J") — E(J" — 1)) are plotted as a function of J". Such plots display linearity with a
slope of 2By in the case of unperturbed states. Deviations from linearity are indicative of level-

to-level interactions. Such perturbation effects can also be deduced from reduced term value
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plots (RTV plots) which are plots of the difference between observed energies, Ey, and
unperturbed energies, Ey°, given by

ES=v+B'J'(J' +1) = DJ*( + 1) (1)
where the parameters v°, B’, and D’ were derived by deperturbation analysis.

Figure 2 presents energy level spacings vs J*, as well as RTV plots of the V!Z*(m + 8)
ion-pair state and the E'£*(1) Rydberg state. The V'X*(m + 8) state displays a slight decrease
in the AEs2 and AEes7 with respect to linearity (Fig. 2(b)). The corresponding RTV plot,
however, displays a slight increase in energy for low Js, but a significant decrease in energy
for J* > 2. This suggests that the V1X*(m + 8) state is experiencing increasing non-degenerate
interactions with J° from a higher lying state; most likely the EXx*(1) state.

The E1Z*(1) state displays a significant increase in the spacing between rotational levels
from J° = 3 and upwards. This effect is complementarily displayed in the corresponding RTV
plots (Fig. 2(b)). This further indicates that the E*X*(1) state is mainly interacting with the
VIZ*(m + 8) state.

Signal intensities of the REMPI spectra have been discussed in detail®* so a short
summary will be presented here. I1(Br*)/I(HBr*) intensity ratios as a function of J° have been
shown to be of value in determining ionization rate coefficients, and to provide measures of Br*
ion formations via excitation to the Rydberg state. These data also give indications to the extent
of state mixing. The H'X*(0) state spectrum exhibits a lowering in the values with J" for J°’ = 0
— 4 and an increase for J° = 4 — 9. This indicates that the HX*(0) state experiences decreasing,
followed by increasing state mixings, as a function of J°, with the V1Z*(m + 7) and V1Z*(m + 8)

ion-pair states, respectively (Figure 1).
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Figure 1. Rotational energy levels derived from observed (2 + n) REMPI spectral lines for the EXx*(1) and H*Z*(0)
Rydberg states and the V1Z*(m + 7) and V1Z*(m + 8) ion-pair states. Arrows are indicative of level-to-level state

interactions; unbroken arrows indicate strong interactions and broken arrows indicate weak interactions.

The E'x*(1) state spectrum displayed, on average, higher intensity ratio values than the

H!x*(0) state spectrum, indicating a greater mixing with the ion-pair state. On the other hand,

the EZ*(1) state spectrum displayed a gradual lowering the ratios / mixing with J°, for all J’s.
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Figure 2. Spacing between rotational levels (AEy y_1) as a function of J"(filled squares; right vertical axis) and the
corresponding reduced term value plot (unfilled squares; left vertical axis) for the VIZ*(m + 8) ion-pair state (a)

and the E*=*(1) Rydberg state (b).

11. One color VMI

H* images were recorded for two-photon resonance excitation from the ground state
XIZHVv = 0; J7) to the HIZ*(v' = 0; J" =0-9) and EIX*(v' = 1; " = 0 — 6) Rydberg states,
and the VIZ*(v' =m +7; )" =1 -8) and VIZ*(v' =m + 8; " = 0 — 7) ion-pair states of HBr
for Q rotational lines (3" =J"). In all of the one color H* images, two intense rings are observed
for low and medium KERs and a group of weaker ones for high KERs (see Figure 3). These
images resemble those obtained for the EX£*(v" = 0) state and VZ*(v' = m + 4) and VIZ*(v" =
m + 5) ion-pair states.>? The two intense inner rings correspond to photofragmentations via
superexcited states (see mechanism 4 above) and subsequent ionizations of H*(n = 2). The
innermost ring correspondsto the formation of Br* + H*(n = 2) (the Br* channel) whereas the
ring of medium KER corresponds to the formation of Br + H*(n = 2) (the Br channel). Figure
4 shows the KER spectrum for the H'Z*(v" = 0, J° = 0) resonance level. The two KER peaks at
~0.4 and ~0.8 eV correspond to the two intense inner rings in Figure 3, whereas the group of
high energy peaks between 1.3 and 2.5 eV correspond to the outermost rings.

The photofragment angular distributions, obtained from the images were fitted by

1(6) = A(1 + B,P,(cos(8)) + B4Ps(cos(H))) (2)

167



to derive the parameters 2 and B4 (“one-step analysis”®2). In most cases insignificant variations
in the parameter . /angular distributions were observed with J°. However, for the V1Z*(m + 8)
ion-pair state, significant lowering in f2, hence increasing perpendicular character of the
corresponding transition, was observed for the Br channels and for the H'X*(0) state, a
minimum value of the g, parameter (hence, largest perpendicular transition character) was

obtained for J° = 4 — 5. Averaged values of the 8, parameter for all J’s for each H* formation

channel of all three states are presented in Table 1.

Figure 3. One color H* velocity map images for (a) J” =0, (b) J” = 4, (c) J* = 9 resonance levels of the H(0)

Rydberg state.

The mass resolved REMPI spectra of the HX*(0) state showed clearly resolved O and
Srotational lines. This allowed a “two-step analysis” where the angular distributions were fitted
by

1(8) = Al (), (6) (3)
I:(8) = 1+ Br,P,(cos(9)) + BraPy(cos(0)) + BraPs(cos()) (4)
Lp(0) = 14 Bpp2P2(cos(0)) + Bpn,aPs(cos(8)) + BprePs(cos(@)) (5)
where I:(6) and I,,(0) represent the distributions of the resonance excitation and

photofragmentation steps, respectively. The anisotropy parameter of the resonance step, S,

can be estimated by®? 5
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Figure 4. A H* kinetic energy release curve for resonance excitation from the ground state, X(v"" =0, J" =0) to

the H(v" =0, J* = 0) state. Peaks corresponding to H* formation via the Br* (~0.4 eV) and Br** (~0.8 eV) channels

are marked as well as those formed via the HBr*/HBr** ionic states (1.3 — 2.5 eV). Predicted KERs are marked by

vertical lines.

_ 2—20 Re[b] (6)
Bra=—7 25|b|2

where the b parameter is extracted from the intensity ratios of the Q, S, and O lines as

lo _
Is

lo _

Io

102"+ 1) ) "+ 3) 1 J”

307+ "N oFD Ts@oDn 0
10(2]"+1) b 2(2]”— 1) 1(J"+1

3= |b| 7 HOE) (8)

Thus, B¢, = —0.92 was derived which corresponds to a (virtually) purely perpendicular (X >

I1 - ) transition, in close correspondence with our previous two-step analysis for the E*Z*(0)

state.5? For a given By 2 value of —0.92, the anisotropy parameters, B, 2, Bpn.4, aNd B 4, Were

derived from the data fitting procedure (Egs. 3-5). The J° dependent . and B4 parameters,

derived from the “one-step analysis” and the S35, , and S5, 4 parameters obtained from the “two-
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step analysis”, for the Br channel, are presented in Figure 5. The S, parameter was found to
be about constant (~0.3+0.1) for all the H* formation channels.
Two-step analysis of the other channels (Br*, HBr*/HBr**), gave S2on values equal to

+2 for all J's, corresponding to a purely perpendicular photofragmentation transitions.

Table 1. Averaged 3, values for the VIZ*(m + 7) and V!Z*(m + 8) ion-pair states and the E=*(1) and H'Z*(0)
Rydberg states for the H* formation channels via superexcited repulsive intermediary states yielding i) H*(n = 2)

+ Br (Br channel) or ii) H*(n = 2) + Br* (Br* channel), and iii) through the HBr*/HBr** ionic states (HBr*/HBr**

channels).
Average values of f2.
State Br channel Br* channel HBr*/HBr** channels
VIZH(m +7) 1.6 0.6 1.3
HZ*(0) 0.3 11 1.7
VIZ*(m + 8) 0.4 1.2 14
EZ*(1) 0.6 1.3 1.6

(3)2'07 . (b)zo_\\_/\
15— Dy 15

B

Figure 5. Anisotropy parameters for H* formation via the Br channel from the H'Z*(0) Rydberg state. (a)
Anisotropy parameters, > and S, obtained from the “one-step analysis”. (b) Anisotropy parameters, f2,;n and fa ph,

obtained from the “two-step analysis”.

12
170



I11. Two color VMI

Images of Br* were recorded for two-photon resonance excitation from the ground state
to the H'Z*(0) and E**(1) Rydberg states, and the V'Z*(m + 7) and V1Z*(m + 8) ion-pair states
followed by (2 + 1) REMPI of Br and Br*. Table 2 lists what Br/Br* detections were applied
for each of the molecular resonance excitations.

In Figure 6, Br* KER curves for the H'Z*(v" = 0) Rydberg resonance state are presented.
Only one peak is observed for the Br* detection (Fig. 6a), whereas two peaks are found for the
Br* detection. This general pattern was reproduced in the Br* and Br** KERs for the EXX*(v" =
1), VIZ*(V' = m + 7), VIZ*(V' = m + 7) states as well. The anisotropy parameters (5) of the
signal in the Br spectra, were found to be, in general, around —1, indicative of a perpendicular
transition. The anisotropy parameters of the signal found at lower KER in the Br* spectrum
were about +2, corresponding to a parallel transition, whereas the signal at higher KER was
perpendicular in nature.

The peaks present in the Br spectra are at approximately 1.0 eV, which corresponds to
one-photon photodissociations to form H + Br. Considering the anisotropy the dissociation must
be via the repulsive states aIT; and/or AMI:. The first peaks in the Br* spectra (~0.8 eV)
correspond to one-photon photodissociations to form H + Br* via the repulsive states a®TTo+
and/or t3Z*1 The second peaks, however, (at around 5 eV) correspond to two-photon
transitions to the molecular resonance states, followed by predissociations via some of the

repulsive states to yield H + Br*.
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Table 2. Two color images of Br* recorded for resonance excitations to the various rotational levels (J37) for the
H'Z*(0) and E'z*(1) Rydberg states, and the V'Z*(m + 7) and V:Z*(m + 8) ion-pair states followed by (2 + 1)

REMPI detections of Br and/or Br* as indicated.

J HZ* (v =0) ElX*(v =1) VIZ*F(V =m+7) | VIZ'(V =m+8)
0 Br/Br* Br Br/Br* Br/Br*
1 Br/Br* Br/Br* Br/Br* Br/Br*
2 Br/Br* Br/Br* Br/Br* Br/Br*
3 Br* Br/Br* Br/Br* Br/Br*
4 Br* Br Br/Br* Br

5 Br* Br/Br* Br
6 Br* Br/Br* Br
7 Br* Br/Br* Br

8 Br* Br/Br*

9 Br* Br

@) (b)

IO Tuwo color Br-detection: HO) T color be-detection R
15| 204 2hv peak
J '0\ S
KER g feV KERew /8

Figure 6. Br* (a) and Br** (b) KER spectra for resonance excitation from the ground state to the HZ*(0) state (Q

lines).
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DISCUSSION

The f, parameters derived for the Br, Br* and HBr* channels of the E(1), H(0), and V(m
+ 8) states are all found to be similar (see Table 1). This implies that the mixing of the E(1) and
H(0) Rydberg states with the V(m + 8) ion-pair state, play an important role in the
photodissociation processes involved. The parameters for the Br* and HBr* channels imply that
they are principally parallel in nature, whereas the Br channel exhibits a less parallel character.
The corresponding parameters for the V(m + 7) ion-pair state, on the other hand, differ. Greater
perpendicular character is observed for the Br* channel but almost purely parallel character for
the Br channel. This may be an indication that interactions from other Rydberg states, close in
energy, affect the fragmentation process of the V(m + 7) ion-pair state.

The observed trend in the 82 and S2,n parameters for the H(0) state as a function of J’
(Fig. 5) correlates well with observed line intensity effects seen in mass resolved REMPI
spectra, suggesting that an increased perpendicular character is associated with less mixing of
the H(0) state with the V(m + 7) and V(m + 8) ion-pair states.

The absence of Br* signals in the Br detections for the two- color experiments (Fig. 6
(a)), corresponding to energy release of two-photon absorption to the resonance states, indicates
that the a°TTy, AMT; are of minor importance in predissociation processes of all the states.

The observation of the higher energy peak in the KERs for the Br* detection, for all the
states, indicates that in order to achieve two-photon resonances, perpendicular transitions via
virtual states (a®ITy / ATy / a®Mo+) is a precondition (see Figure 7). This requires that the
repulsive t3£*o1 state/s do not partake as virtual states in the two-photon resonance excitations,
as to be expected by the calculated pr» parameter for the H(0) state (-0.92). A likely
fragmentation pathway is through interactions between the H(0), E(1), V(m + 7), V(m + 8) states

and the a’Io+ state due to relatively strong SO couplings
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Figure 7. An energy overview diagram of a two-photon excitations to the H state and the E,V states (presented

here as the adiabatic B state).

VII. CONCLUSIONS & SUMMARY
Mass resolved REMPI spectra of HBr revealed strong LS-effects for the E(1) and V(m

+ 8) resonance states. These effects manifest as level-to-level repulsion interactions, but the
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repulsion effects are found to be stronger in the E(1) state than in the V(m + 8) state. A likely
explanation is that the V(m + 8) also experiences weaker LS-effects from the H(0) state that
counteract the stronger LS-effects from the E(1) state. One color imaging of H* photoions
produced via the three states further corroborate the story of increased aggregate interactions.
The angular distribution parameter, 82, for the V(m + 8) state, gains increased perpendicular
character with higher J's. Since fragmentations via ion-pair states are principally parallel in
nature, this observation further confirms an increased, aggregate, J° dependent mixing of the
V(m + 8) ion-pair state with the H(0) and E(1) Rydberg states.

The effect of a decreasing and increasing mixing of the H(0) state with the V(m + 7) and
V(m + 8) states, respectively, as J* increases, is visualized both in data derived from mass
resolved REMPI and in velocity map images. This appears as minima in i) —plots of the intensity
ratios I['Br*)/I[H'Br], i = 79, 81 and ii) —in plots of the anisotropy parameters (52 and fpn.2) as
a function of J" for " =4 - 5.

Two color velocity map images of Br* reveal that neither the a®IT; or the AMT; repulsive
states partake significantly in predissociations of the H(0), E(1), V(m + 7), V(m + 8) states.
Furthermore, in order to attain two-photon resonances, perpendicular transitions are of major
importance, excluding the t**o 1 state/s as important intermediates. The a°TTo- state is found to

be the likeliest culprit of predissociations to form H + Br* through spin-orbit interactions.
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7 Erratum for Article 2

Avrticle #2 presents a comprehensive overview of Rydberg and ion-pair states of HI in the
two-photon excitation region 69 600 — 72 300 cm™. There are, however, two errors in the
paper that need to be addressed. These are associated with i) the wavelength calibration and
i) the assignment of the d°TTo(1) Rydberg state.

7.1 Calibration

Table 3 in Article #2 includes Band origins (v°) and rotational parameters (B, and D,) for all
the observed states in the energy region of concern. The calibration of the spectrum was
based on observed atomic iodine (2 + 1) REMPI peaks. Few atomic peaks are found between
69 600 and 70900 cm™2. Therefore, the band origins of some of the states in that energy range
were not clearly determined. Later identification of weak atomic lines in the region of the Q
lines of the H(1) state allowed more precise calibrations as well as reassignment of rotational
lines. See Table 12 for corrected values of band origins.

Table 12 HI: Corrections of the band origins (»°) as presented in Article #2 along with values from
Ginter et al.1*

V0 (cm™) v0 (cm™) V0 (cm2)

corrected Ginter et al.1%° Article #2

3A1 (0) 69 689.0 69 687.9 69 699.9
ViZH(m + 4) 69 909.9 69 909.9 69 903.3
F!A2 (0) 70229.7 70 228.3 70223.6
EX*(1) 70242.2 702421 70236.1
k3Io (1) 70322.9 70 320.4 70310.8
VIZ*H(m + 5) 70517.3 70512.0 70511.0
m3A2(0) 70 841.6 70 837.6 708415
HZ*(1) 70 855.5 70 850.5 70866.3

Accordingly, Q rotational lines of the k®[Io(1) state, have also been reassigned. See Table
13.
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Table 13 HI: Corrections of Q line positions of the k®[o(1) state as presented in Article #2.

k3IT(1) — Q lines — corrected K3ITo(1) — Q lines — Article #2
0 70322.9 70310.8
1 70320.6 70308.6
2 70315.1 70304.0
3 70307.7 70296.4
4 70296.8 70286.1
5 70284.7 70274.7

7.2 Reassignment of the d3Mo(1) Rydberg state

A Rydberg state spectrum was observed with band origins of 70 991.6 cm™2. It had not been
observed in previous absorption or REMPI experiments. The two most probable reasons why
the state had gone unnoticed are i) that its Q branch was found right in the midst of a strong
iodine atomic line and ii) its other rotational branches are relatively weak.

The original rotational analysis of the spectrum incorrectly suggested a Rydberg state of Q
= 0. This is incorrect since the spectrum exhibits R and P lines, which excludes Q = 0 states
and implies a Rydberg state of either Q =1 or Q = 2. A revised rotational analysis, revealed
that the state is in fact Q = 1 with a band origin of +° = 70989.0 cm™™.

Additionally, the first P line of the state is incorrectly assigned. It is actually the first and
only visible S line of the VZ*(m + 6) ion-pair state spectrum with band origin of 70952.3
cm. A peak at 70967,4 cm™ is therefore reassigned to the first and only visible P line.

The intensities of the I* lines are generally marginally larger than those of the HI* lines. This
excludes a A = 2 state. On the other hand, the intensity ratios are very similar to those of
other 3T states, e.g. k11 and m®IT1. The new state does, however, not correlate with any
vibrational progression of previously observed °II; states. 145 Therefore, the likeliest
assignment is the previously unobserved n®11(0) Rydberg state with electron configuration
(c®n®)5dm. No spectra have been previously observed, corresponding to this triplet state
assignment; only the NIT(0) state spectrum was observed with the origin of 71780.5 cm™*
by D. S. Ginter et al.1*°. Rotational assignments are presented in Table 15.
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Table 14
state in HI.

iG

1

Rotational Ilines due to two-photon resonance transition to the reassigned n°Il(0) Rydberg

70967.4

Q
70989.5

70989.3
70988.0
70986.8
70985.7
70984.6
70983.0

70981.5

R

70998.5

71009.2

71024.6

71039.4

71051.5

71059.0
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8.1 When peaks merge — modifying intensity
ratios

In Article #3, state interactions between the H*x*(1) and m°II2(0) Rydberg states and the
VIZ*(m + 6) ion-pair state, were evaluated in terms of LS-, LI-, and LW-effects. However,
due to severe cases of line shifts, some of the rotational peaks of these excited states merged.
I.e. the corresponding energy levels were so radically shifted that some line positions could
not be separated from one another. E.g. the peaks corresponding to transitions from J”" =5
> J =5andJ” =7 > J =7 of the H'Z*(1) state merged together as did the peaks
corresponding to the transitions from J” =8 = J° = 8 of the H!Z*(1) stateand J" =7 > J
=7 of the VIZ*(m + 6) state.

These peak merges decidedly made the LI-effect analysis a little inaccurate although the
intensity ratios of the ion-pair state were presented and correlated well with the observed
perturbation effects. With a slight modification, thus allowing the inclusion of the peak
corresponding the J° = 5 and 7 transition, the intensity ratios of the H'x*(1) state can be
used to extract values of a and g for comparison with previous values from the other
hydrogen halides.

8.1.1 Intensity ratios of merged peaks

Since the intensities of that single peak correspond to two separate transitions, we set the
intensities of I and HI* for that peak as

2 2 2 2
I[IT] = axCy o + ,8101,],=5 +aycy o, ,8101'],=7 (119)
1 H]+ — 2 2 2 2

[HIF] = ay¢5 jr_g + Bacy jros + @16y jroy + BaCs i, (120)

Then, the intensity ratio of that peak becomes

2 2
UL a (ZV + (A=) s + CZJ'=7)) (121)

I[HI7] (2= (s +¢ysy)

Asthe sz’ =5 and c22_ J'=7 Parameters were both calculated from observed peak positions with
eg. (108), the « and g parameters were fitted to the observed intensity ratios obtained from
the spectra. The fitted intensity ratios are presented in Figure 19. Compiled results of

intensity ratios for HCI, HBr, and Hl, are presented in Table 15.

The fitted intensity ratios display some dissimilarities when compared to the experimental
values. Firstly, the peak at J* = 6 was left out of the fitting procedure because of the
uncertainty of the measured intensity ratios. This uncertainty derives from the fact that this
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peak coincides with two atomic iodine lines. As a result, the intensity of the I* ion is much
higher than to be expected, hence, the large uncertainty.

mExp
m Cal

I(1*) /I(HI*)

'"WJANNN

0 1 2 3 4 5 6 7 8
]r

Figure 19  Relative ion-signal intensities (I[1*]/I[HI*]) vs J° derived from the Q rotational lines
resulting from a transition to the H'X*(1) Rydberg state. The blue columns represent the experimental
values and the red columns represent the value obtained from fitting the « and g parameters to eq. (122).

Secondly, the peak corresponding to J* = 8 does not produce a good fit because it overlaps
with the J° = 7 line of the VZ*(m + 6) ion-pair state. Therefore, the intensity of the I* signal
is greater than expected and the intensity ratio is higher than the fitted values.

8.1.2 HCI, HBr, HI comparison

The compiled results of « and g values for HCI, HBr, and HI, are presented in Table 16.
Comparison of these results will be discussed here briefly.

Going from HCI towards Hl, there is a periodic trend in the values of y. As the halogen atom
increases in size, excitations from Rydberg states yield X* to a greater extent. This may in
part be due to the periodic decrease in ionization energy of the halogen atoms, i.e. it becomes
periodically easier to produce X* from Rydberg states. Such periodicities are, however,
lacking in the values of «, but they are present in the multiplicative factor af. The increasing
of factor also supports the previous assumption. l.e. that with increasing periodicity,
excitations from mixed Rydberg states yield X* to a greater extent.

There is a noteworthy outlier that should be discussed. The « value of the I'A(0) state for
HI is 69; approximately 10 times higher than the next values. The o value is, however, close
to unity which implies that excitation from the 1*A,(0) state (which can in good reason be
called a pure Rydberg state) yields similar amounts of HI* and I* ions.

Upon the excitation of a third photon, the HI molecule is excited from the 1'A,(0) state to

approximately 108 000 cm™. The dissociation continuum of the ionic ground state is
approximately 108 900 cm™. Assuming autoionization, excitation from the 1'A2(0) state
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yield high vibrational progressions of the ionic ground state(s), which can easily dissociate
to form H + I'(°P2). It is, therefore, a reasonable assessment that pure Rydberg states display
high values of a, when the absorption of a third photon yields highly vibrationally excited
HI* ions in the ground state.

Table 15 Compiled results of fitted «, p, and ay factors for HCI, HBr, and HI.

Rydberg Molecule a y ay Ref.
state

3A2(0) HCI 4.0 0 0 221
£A1(0) HClI 05 0.002 0.001 221
g°Z*1(0) HClI 0.6 0.004 0.002 221
3Z1(0) HCI 35 0.004 0.01 229
3Z0+(0) HCl 2.1 0.031 0.065 229
“State B” HCI 3.1 0.002 0.006 2y
F1A2(1) HBr 13 0.11 0.14 233
E1Z*(0) HCl 0.9 ~0 0 230
ELX*(1) HCl 1.1 ~0 0 230
Elx+(0) HBr 0.2 0.4 0.08 230
0x*(0) HI 0.52 0.93 0.48 235
1*A2(0) HI 69 0.0040 0.28 235
HX*(1) HI 7.8 0.127 0.99 Unpublished
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9 Food for thought - a quantum
interpretation

The experiments described in this thesis are firmly based on well-known and studied models
derived from quantum mechanics. It is the author’s view that it only be appropriate to briefly
discuss the experiments in the terms of interpretations of the quantum realm.

When making a measurement upon a quantum system, of any kind, the experimenter is
willingly influencing the system by collapsing its wavefunction to give a numerical result in
order to extract information about the system. The result is in no way representative of the
entire system so in order to obtain a statistically valid interpretation, the experiment must be
repeated until the obtained data converge to behavioral patterns that can be fitted with an
appropriate model.

REMPI experiments, whether coupled with VMI or not, are simple ion counting techniques.
The counted ions are the results of complicated excitation processes where a molecule
absorbs a number of photons. This excitation process takes place within the experimental
apparatus and is completely hidden from the experimenter. In a way, it is completely
analogous to the paradox of Schrédinger’s cat. I.e. photons are sent into a box containing a
molecule, and the molecule is either ionized, or is fragmented and the fragments are
subsequently ionized. Opening the box, containing Schrodinger’s cat, is here the equivalent
of the micro channel plate (MCP) detector at the end of the time-of-flight tube.

As already discussed in detail, the interactions between a Rydberg state and an ion-pair state
are commonly described as the two states being mixed. If we consider a single molecule and
excite it with two photons to the mixed Rydberg state, would the configuration be that of the
Rydberg state or the ion-pair state? The answer is by no mean straightforward. Intuitively,
since the two-photon excitation wavenumber of the laser corresponds with an eigenvalue of
the Rydberg state, one might be inclined to make the assumption that the electron
configuration of the Rydberg state is simply a Rydberg electron orbiting an ion core. This
assumption is based on a human bias that assumes that things are a certain way and not the
other. Which is wrong.

In the quantum realms of the universe, uncertainty is law. The so-called mixing of the two
states is a measure of the probability that future measurements yield a specific result;
autoionization vs fragmentation through either state. The mixing is descriptive of the
inherent uncertainty of electronic behavior in molecules.

By applying the quantum theory in this way to molecules we are granted a predictive toolkit.
A chemical augury, whose divination foresees molecular behavior, all based on probabilities
derived from quantum uncertainties.

Measuring the state mixing quantitatively, the molecule must be further excited; until it or
its fragments are ionized. In our experiments, the ions are diverted via electric fields into the
time-of-flight tube where the ions are counted as a function of flight time, or axiomatically
mass. A particular mass signal implies that, for a certain excitation wavelength of the
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radiation, the molecule went through a certain excitation scheme to yield a fragment with
that mass. The simultaneous appearance of another mass signal that corresponds to a
different excitation scheme, implies that for a single eigenvalue of an excited state, various
possibilities exist when the molecule absorbs another photon. These different possibilities
correspond to an excitation of a different electron configuration. Thus, in a mixed state the
molecule simultaneously exhibits the behavior of two (or more) distinctive electron
configurations. The molecule is both present in a Rydberg state and ion-pair state. But, the
physical properties of this mixed state (or the extent of state mixing) are measureable by
repeating the experiments for an enormous amount of molecules. Furthermore, these
properties change with different sets of electron configurations and axiomatically, with
molecules. Different molecules, different sets of simultaneous electron configurations,
different photoproducts of different excitation radiation.

Everything is uncertain. Duality is chiseled into the fabric of our being. Until we open the
box...
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10 Outlook

10.1.1 HI

Additionally to the published work, two-photon REMPI experiments of HI were performed
up to 74 500 cm. There, new states are observed but they have not yet been assigned due
to their complexity. Preferably, scans to higher wavenumbers are required to obtain a better
overview of the excited states in this region. The three-photon REMPI study of HIl by P. M.
Regan et al.3% reported several Rydberg states in the 82 050 — 83 250 cm™* energy region;
just below the ionization potential at approximately 83 780 cm™. Scanning the region
connecting the study by P. M. Regan et al. and this work (or the absorption measurements
by D. S. Ginter et al.’*%) would a challenging, but intriguing task. l.e. recording and
documenting all the observable excited states by two-photon selection rules below the
ionization limit. To assist in assignments, the use of linearly and circularly polarized
radiation as well as synchronous experiments on DI, would prove conducive as with the
previously referenced experiments.

Since several new Rydberg and ion-pair states have been observed, and some reassigned, in
this work on HI, it might as well be useful to revisit the experiments of the first Rydberg
states of HI by M. L. Ginter et al.}*? and S. G. Tilford et al.**® to, perhaps, reevaluate some
of the spectral assignments with multi-photon REMPI.

Velocity map imaging experiments might also be useful towards understanding some the
fragmentation mechanisms reported. E.g. the interaction scheme between the k®11(2) state
and the j*£~(0) state would be an interesting subject to study with VMI to inspect the H*
formation routes.

10.1.2 CHsI, CH2I>, CHI3

Recently, an in-depth investigation into the formation of CH from CHyBrsx
photodissociation via two-photon REMPI was reported.?>? Similar experiments on the iodo-
methane family of molecules have commenced in order to study their CH formation routes
analogously. Likewise, photofragmentation pathways involving Rydberg states will be
studied by analyzing the resulting I* mass signals.

10.1.3 HCI

Concurrently, two-photon REMPI experiments are being performed at higher energies than
previously obtained by the two-photon experiments by Green et al.?%>?% The objective of
these measurements is to develop a comprehensive catalogue of all the molecule’s ion-pair
states up to the molecule’s ionization limit. The results will be used for analysis of quantum
defects relative to the search of heavy Rydberg states. If the previously described two-photon
REMPI experiments on HI come to fruition, the search for heavy Rydberg states may be
expanded to include HI as well as HCI.
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Appendix: Conference presentations

Posters

New Observations and Perturbations in the (2+n) REMPI spectra of HI. RSC Spectroscopy
and Dynamics Group Meeting. St. Catherine‘s College. 5.-7. January 2014. Oxford
(England).

Photofragmentations and energetics of Rydberg and ion-pair states in the (2+n) REMPI
spectra of HI. The 23rd International Conference on High Resolution Molecular
Spectroscopy, 2.-6.September 2014. Bologna (ltaly).

Exploring E-V State Interactions in HBr via REMPI & VMI Experiments. RSC
Spectroscopy and Dynamics Group Meeting. University of Nottingham 6.-8. January 2015.
Nottingham (England).

Illuminating Hidden States through Perturbations: New Observations in High Energy
REMPI of HI. The biennial meeting of the Icelandic chemical society. ,,Radstefna Efnis“ 17.
October 2015. Reykjavik (Iceland).

Revealing Photofragmentation Dynamics through Interactions between Rydberg States:
REMPI of HI as a Case Study. The biennial meeting of the Icelandic chemical society.
,,Réa0stefna Efnis“ 17. October 2015. Reykjavik (Iceland).

Talks

New Observations and Perturbations in the (2+n) REMPI spectra of HI. RSC Spectroscopy
and Dynamics Group Meeting. St. Catherine‘s College. 5.-7. January 2014. Oxford
(England).

Utilization of Spectroscopy in the Determination of the Origins of Life. Seminar at The
Science Institute of the University of Iceland. 4.April 2014. Reykjavik (Iceland).

Exploring E-V State Interactions Related Dynamics in HBr via coupled REMPI and VMI
experiments. RSC Spectroscopy and Dynamics Group Meeting. University of Nottingham
6.-8. January 2015. Nottingham (England).

Exploring State Interactions and Related Dynamics in the Hydrogen Halides with REMPI
and VMI Experiments. Seminar at The Science Institute of the University of Iceland. 20.
March 2015. Reykjavik (lceland).

REMPI and VMI of HBr and HI. Visit to the Sackler Laboratory for Astrophysics (SLA), 9.
June 2015, Leiden (The Netherlands).

Efnafraedi og alheimurinn: Ad bua til Iif & 15 minGtum (e. Chemistry and the universe:
Constructing life in 15 minutes), Annual Science Day of the University of Iceland, 31.
October 2015, Reykjavik (Iceland).
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