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Abstract

The main work of my Ph.D project was to explore and study
photofragmentation processes of halogen containing compounds.
Molecular photofragmentation channels, involving photodissociations,
photoionizations and predissociations play an important role in the
photochemistry and photophysics of the atmosphere and in interstellar
space. The major experimental method used here is the two-dimensional
(2D) (2+n) resonance enhanced multiphoton ionization (REMPI)
technique coupled with a time of flight (TOF) mass spectrometry.
Experiments, based on this technique were performed to obtain mass
spectra as a function of two-photon excitation energies to obtain 2D
REMPI data for HCI, HBr, CF3;Br and CH,Br,. New states were assigned
and photoionization and photodissociation processes of the molecules
were studied.

The largest emphasis was laid on studies of the hydrogen halides, HX;
X=Cl, Br. Relative ion signal intensities, line-shifts and line-width
broadenings due to interactions between Rydberg and ion-pair states were
studied quantitatively. Simulations of ion signal intensity ratios
((X)N(HX")) were performed to obtain interaction strengths and to
estimate the importance of Rydberg state predissociatiion process.
Relevant analysis techniques were modified and improved. A
deperturbation method, based on analysis of spectral line positions for
Rydberg and ion-pair state spectra, was applied to achieve unperturbed
spectroscopic constants as well as interaction strengths. REMPI studies
and perturbation analyses due to interactions between Rydberg and ion-
pair states provide important information relevant to photofragmentation
processes for the hydrogen halides.






Utdrattur

Adal vinnan ad baki pessarar doktorsritgerdar folst i ad skoda og greina
ljosrofsferla (e. photfragmentation processes) hal6gen-haldandi efna. Ferli
ljéssundrunar (e. photofragmentation channels), sem felast i tengjarofum
0og jénunum skipta miklu mali i ljésefnafreedi og ljosedlisfredi
andrumsloftsins og i geimsefnafreedi (e. astrochemistry). Helsta
tilraunaadferdin sem notud var nefnist ,“tvivid (2D) fjolljéseindajonun*
(e. resonance enhanced multiphoton ionization / REMPI) &samt
flugtimamassagreiningum (e. time of flight mass spectrometry/ TOF-MS).
Tilraunir folust i meelingum & massar6fum sem fall af tveggja ljéseinda
orvunarorku til ad fa 2D REMPI goégn fyrir HCI, HBr, CF3Br og CH,Br».
Ny é&stond voru litrofsgreind og ljéssundrunarferlar sameindanna
rannsakadir.

Steerstur hluti verkefnisins var tileinkadur vetnishalidunum, HX; X = Cl,
Br. Styrkir jonadtslaga, hlidranir litrofslina, og breidd litrofslina vegna
vixlverkana & milli Rydberg og jén-para-astanda var kannad
magnbundid. Hermanir & afstedum jonstyrkjum (I(X")/I(HX")) voru
framkvemdar til ad meta styrkleika vixlverkana og til ad aeetla veegi
rofferla fyrir Rydberg astond. Greiningar- og meli-adferdir voru
betrumbattar. Aftruflunarreikningar (e. deperturbation calculations),
byggair & greiningum & stadsetningum litrofslina fyrir Rydberg astond og
jon-para-litrof, voru framkvemdir til ad finna litrofsstudla orkurikra
dstanda sem og vixlverkunarstyrki. REMPI greiningar og
truflanagreiningar vegna vixlverkana Rydberg og jonpara-astanda leiddu i
ljos mikilveegar upplysingar vardandi ljéssundrunarferla vetnishalida.
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1 Introduction

Investigations of atoms and molecules, involving absorption of photons,
provide insight into fundamental physical and chemical phenomena, such
as photoionization and photodissociation. These phenomena are common,
for example in atmospheric chemistry, photochemistry and astrochemistry
due to the effect of UV/VUV radiation, which can cause a release of
bounded electrons from atoms and molecules, and/or a breakage of
molecular bonds. To understand the nature of inter- and intra-molecular
photoelectron dynamics in detail is an ultimate goal of photochemists.

Photofragmentation of molecules (involving ions, and/or radical
formations) is the main context of photochemical reactions and relevant
dynamics, which can provide important information about interactions
between different molecular states, and molecular fragmentations
following bond breaking. Spectra obtained by different spectroscopic
techniques have proved to be important to study and understand the
detailed principles behind photofragmentation phenomena.

Spectra due to optical absorptions or emissions because of transitions
between different states in atoms/molecules typically show regular
electronic structures. Molecules also show characteristic vibrational
structures and rotational structures. As is known, in an absorption or an
emission of one photon its frequency v can be derived by the relationship
hv=E;-E,, where h is the Planck constant and E; and E; are the quantum
energy levels involved. To obtain the relevant spectra, many different
types of spectroscopic techniques are used such as traditional absorption
spectroscopy[1-5], laser induced fluorescence (LIF) spectroscopy[6], and
resonance enhanced multiphoton ionization (REMPI) spectroscopy[7-24]
to name a few. These different techniques have been employed to study
molecular energetic and photoionization/photodissociation dynamics.
Besides the use of a large number of spectroscopic techniques, many
theoretical studies, such as ab initio calculations [25-35], have been
performed to predict or to explain spectral structures.



REMPI TOF (time of flight) is a popular technique to study
photofragmentations, photoionization and photodissocation processes,
state-to-state interactions and so on. During a REMPI process, one of the
electrons in a molecule is excited from the ground state to an excited state
by absorbing two or more photons simultaneously. By absorbing
additional photons the molecule loses an electron to form an ion if the
photon energy is sufficient. Small molecules typically have ionization
energies of about 8-15 eV, which corresponds to an absorption of about
three UV photons. If photofragmentation (photodissociation and
photoionization) processes occur, free electrons and ions (parent
molecular or fragment ions) will be formed. All the ions could be detected
in the experiment. Expressions 1.1- 1.3 show examples of what could
happen if a diatomic molecule is resonantly excited by two photons.

In expression 1.1 a molecule AB is excited by two-photon absorption to
form AB*. By consequent absorption of one more photon the molecule
could form the AB* molecular/parent ion and a free electron or transfer to
a superexcited state followed by dissociation into two neutral fragments,
one of which could be in an excited state. Alternatively AB* also may
dissociate into two neutral fragments directly.

AB—2 s AB" " s AB* 1e” Resonant excitation and
photoionization (1.1)

—~>A+B/A"+B

Photodissocation  (1.2)
— AB" — A/A_ +B
Predissociation or photodissociation (1.3)

In my PhD work all spectral data were obtained by REMPI-TOF
technique, which is a high resolution and sensitive spectroscopic
technique. It involved both state- and mass- resolution. REMPI spectra
for different ion masses such as H*, **CI*, H**CI*, ¥CI*, H¥CI" for HCI,
were recorded simultaneously in one REMPI experiment. The spectral
data involving ion signals for different masses and excitation
wavenumbers could be displayed graphically as two dimensional (2D)



plots named 2D REMPI spectra [11,16,36-44]. This kind of spectral data
are informative about electronic, vibrational and rotational structures of
the molecule, as well as about state interaction and lifetime from peak
positions, line intensities and linewidths [3,8,21-23,38,43,44]. Abnormal
deviations of spectral features from regular predictable trends (spectral
perturbations) are informative about state-to-state interactions. The state
interactions are grouped into homogeneous (AQ=0) and heterogeneous
interactions (AQ#0) [37,42,45]. The perturbations due to electronic,
vibrational, rotational and spin-orbit interactions[45] are different based
on the properties of the states involved. To analyze spectral perturbation
in diatomic molecules, a deperturbation method has been developed by
Lefebvre-Brion and Field et al. [45-49].

Hydrogen halides such as HCI and HBr are ideal molecules for
fundamental studies in spectroscopy. These diatomic molecules have been
regarded as prototypes of heteronuclear diatomics, which have been
studied experimentally [7,12,21,36,39,40,50-53] as well as theoretically
[26,32,33,35,54,55] for decades. Many spectral data have been obtained
for HCI [7,8,21,29,41,43,52,53,56-62] and HBr [11,12,14,24,38,42,63].
For example, absorption spectra and (2+1) REMPI studies carried out for
HCI by Ginter [3] et al. and Green et al. [8,22,23], in particular, have
revealed a number of spectra due to transitions to Rydberg and ion-pair
states. Similarly, work by Callaghan and Gordon [24] obtained for the
spectral range of 74000 - 85000cm™ for HBr, shown many interesting and
informative spectral features.

REMPI combined with the 3D velocity map imaging (VMI) technique
also has been employed to analyze different velocity and angular
distribution of photoelectron and photoions depending on different
excited states [7,52,53,64-70]. In addition to a REMPI setup, a velocity
map imaging system also consists of a position-sensitive detector
followed by a phosphor and charge coupled device (CCD) [52,64,65] or a
Medipix/Timepix detector [71,72], or a delay line detector (DLD)
[68,69,73,74]. This technique is very useful to study photofragmentation
processes via different excited states for hydrogen halides [7,52,64,65].

Although many spectra have been obtained and analysed for the hydrogen
halides, there are still a number of “surprising” spectral features which are
not yet understood [67]. A large number of phenomena due to interactions
between Rydberg and ion-pair states [7,64], have been reported by the



Kvaran’s research group [16,29,37-39,41,42,44,75]. Relevant state
interactions and photofragmentation processes have been studied for a
number of Rydberg states and the V'=* ion-pair state for the hydrogen
halides by the one-colour REMPI-TOF technique. Observations can be
classified depending on the strengths of Rydberg to ion-pair state
interactions as follows:

Very weak near-resonance interactions (NRI), distinguishable by
negligible rotational line shifts but significant alterations in signal
line intensities, observed for triplet Rydberg states and Q > 0O state
interactions.

Weak NRI, distinguishable by localized line shifts, (hence energy
level shifts), as well as alterations in signal line intensities,
observed for singlet states and Q > 0 state interactions.

Medium to strong off-resonance interactions  (ORI),
distinguishable by large scale line/energy level shifts, as well as
alterations in signal intensities observed for triplet and singlet

states and Q = 0 state interactions.
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Figure 1.1 Spectral data of HCI, HBr, CH,Br, and CF3Br were obtained
by REMPI-TOF. Intensity ratio (IR), line shift (LS) and linewidth
broadening (LB) due to state interactions were studied for Rydberg and
ion-pair states.

Figure 1.1 illustrates the main work dealt with in this thesis. All masses
and REMPI spectra of HCI, HBr, CH;Br, and CF3Br were obtained by
REMPI-TOF. New spectra found for first time, were assigned to new
Rydberg and ion-pair states. State interactions between Rydberg and ion-
pair states as well as photofragmentation processes were studied carefully.
Signal intensity ratio calculations involving three energy levels were
optimized for near-resonance and off-resonance interaction analysis. A
deperturbation method was introduced, and performed to analyze
perturbations due to state interactions.






2 Theoretical background

Molecular spectra are “windows” to observe molecular structures,
properties and dynamics. A spectral peak can contain important
information concerning molecules, based on its frequency (or
wavenumber), line intensity, line shape and linewidth. In UV-Vis
spectroscopy, the spectra are often given in wavenumbers (with a unit of
cm™) rather than frequency or wavelength for the convenience. Based on
the physical quantities derived from such information, we can derive
various information about molecules on microscopic scale, which
normally can’t be obtained directly. Thus, for example, a peak position
reflects energy properties of a molecule. For molecules, excited states can
be separated into electronic states, vibrational states and rotational states.
With a known energy structure of the ground state of a molecule, the
energy properties of excited states can be easily derived from
experimental spectral data. Linewidth, the full width at half maximum
(FWHM) of a spectral peak, contains information on the lifetime of the
excited state. Rydberg states of atoms and molecules can have long
lifetimes due to limited overlap of Rydberg state and core electron
wavefunctions. To first approximation the lifetime is proportional to the
cube of the principal quantum number n.

Potential energy surfaces (PES) (see figure 2.1) based on the Born-
Oppenheimer approximation, are a very important concept to help us to
understand state properties as well as state to state interactions and state
mixing. Many theoretical studies on PES of diatomic molecule such as
hydrogen halides (HX, X=F, Cl, Br, I) by using ab initio calculation have
been performed [25,26,29]. From such PESs spectroscopic constants
including band origins v, vibrational frequencies s, rotational constants
Bv’ have been derived and used to compare with or predict experimental
data. Thus spectroscopy has benefited from the rapid development of
guantum chemical computational techniques in recent years.



2.1 The Born-Oppenheimer
approximation

The Born-Oppenheimer approximation states that the motion of nuclei
and electrons can be separated due to the large difference in masses. The
electrons move much faster than the nuclei. Therefore, the nuclei can be
considered to be static, and the wavefunctions of nuclei and electrons can

be separated (see equation 2.1) in the Schrédinger equation Hy = Ey .

The total wavefunctions are obtained by infinite expansions of the
wavefunction solutions based on the Born-Oppenheimer approximation,
as shown in equation 2.2. In the Born-Oppenheimer approximation, the
adiabatic approximation is applied where the molecules are pictured as a
set of nuclei moving on a potential energy surface defined by the
electronic energy. This approximation fails in the vicinity of surfaces
crossing or almost cross (an avoided crossing). This often happens where
a large number of energetically close-lying electronic states are involved.
Interactions between two or more potential energy surfaces can be
described in terms of two limiting cases: the nonadiabatic and the
adiabatic representation.

\Pi‘,avo =@, ,s:(NMR) 7 (R,0,9) (2.1)
v = ici\yf‘v" 22

The molecular Hamiltonian H is divided into electronic and nuclear
terms in the Born-Oppenheimer approximation,

H=T*(N+V(r,R)+T"(RO,4)=H"(rnR)+T"(R,6,9) (23)

where T°(r) is the electron kinetic energy operator, V(r, R) represents the

interelectron repulsion and the electron-nuclear attraction. The total
energy of the molecule is expressed as

EtO'[ — Eel + EVib + EI‘Ot (24)



where E® is electronic energy, which includes the electronic kinetic
energy and the potential energy, E"? is the vibrational energy and E™ is
the rotational energy[76].

For Rydberg states, E* can be approached by E, in the Rydberg state
equation (2.5) for known ionization energy IE.

R
En=IE—(n_5y (2.5)

n is the principal quantum number and ¢ is the quantum defect, the value
R is the Rydberg constant. High Rydberg states have large n quantum
number. Molecular geometries of Rydberg states are very similar to the
ground state of the molecular ion to which the states converge. The
vibrational (E™) and rotational (E™) energy levels for diatomic
molecules are expressed as

1 1Y’ 1y
Evib: V+= _ V+— + V+— | +... 2.6
C!)e( 2)() a)eZe( 2] a)eye( 2) ( )
E™ =B,J(J+1)-D,J*(J +1)°* +... (2.7)
where
1
&:&—%@+ﬂ (2.8)
1
Dv = De _ﬂe(v+§j (29)

B, and D,” are the vibrational dependent rotational and the
centrifugal distortion constants, respectively.
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Figure 2.1 Potential energy curves for HBr. The HBr molecule can be
excited by two-photon to a Rydberg state or an ion-pair state from the
ground state followed by ionization.
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2.2 Spectral terms and molecular
orbitals

Molecular orbitals can be approximately constructed by performing a
linear combination of atomic orbitals (LCAOQO). Thus, two atomic 1s
orbitals will form 1scy bonding and 1so,” antibonding orbitals for
homenuclear diatomic molecule such as H,. Table 2.1 shows the
correlation between atomic orbitals and molecular orbitals.

Table 2.1 Correlation between atomic orbitals and bonding molecular

orbitals
Atomic orbitals | Bonding molecular orbitals A
s so
p po, pr
d do, dz, do
f fo, fx, fo, @

The total angular momentum without nuclear spin is represented by J.
The orbital angular momentum, the spin orbital angular momentum and
the nuclear rotational angular momentum are labelled as L, S and R
respectively. All vectors are shown in figure 2.2. Their projections of L, S
and R on the molecular axis are Q, A and X, respectively. The relationship
between those is

Q=[A+3] (2.10)

where A=0, 1, 2 ... is assigned as X, Il A..., terms symbols for a
molecule are ***Aq,.

Configuration of the ground state of HCI and HBr at the equilibrium
distance is given by ...o°n". Configuration of the ground state of
molecular ion is ...c°7’ . The term symbols of the states which have been

11



observed and studied, particularly concerned Rydberg states and ion-pair
states for HBr were listed in table 2.2 as well as their molecular orbital
(MO) configurations. The major work on (2+n) REMPI spectra of HCI
and HBr concerns analysis of photofragmentations (photodissociations
and photoionizations), state-to-state interactions and  spectral
perturbations, which involves the Rydberg state E'S*, F'A; and ¢°%* as
well as ion-pair state V'3 ".

=~y

Q

Figure 2.2 Angular momenta in a diatomic molecule
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Table 2.2 Molecular orbital configurations and term symbols for HBr and
HBr* ("' Aq, 2=/1+2/ ). The states W"2*(0™),u*4, are assigned and
reported here for the first time.

MO Term MO Term
configuration Symbols configuration Symbols
o’n’5do n3H(0,l,2)
N'T1(1)
o'’ X?11(3/2,1/2)
o'nlo* Viz*(0")
£22%(0,1) o'm6pn 6pr’y
Wz (0%
o' 5pn A(1,2,3) ulA,
F'A(2)
g°27(0%,1) o’n’6po r13(0,1,2)
G'2(0) RTI(1)
e’s*(0°,1)
E'Z* (0% o650 m°I1(0,1,2)
M'TI(1)
o’n’5pc d°r1(0,1,2)
DII(1) o’n’5dd k31(0,1,2)
KTI(1)
o’n’5s0 b%1(0,1,2)
cl o’n’5dn i*A(1,2,3)
I*A(2)
o’n’o* al1*(0,1,2) i’ 7(0%,1)
AIT'(1) I=(0)
h%z*(07,1)
o’rt X'=*(0%) H'=* (0%




2.3 Multiphoton ionization

One colour

A
Two colour

A Wy

[onization HX e

E

Pre(Dissociation)

Fluoresecence

G HX

Figure 2.3 One and two-colour (2+1) REMPI processes. The dotted line
indicates a virtual state. Three major escape channels for a molecule in
an excited state: fluorescence, dissociation and ionization by absorption
of an additional photon to form a molecular ion. G: ground state, E:
excited state.

Multiphoton absorption involves excitation of an atom or a molecule from
the ground state G to the excited state E by simultaneous absorption of
two or more photons (see figure 2.3). By absorbing one more photon the
atom or molecule can be ionized, if the photon energy is sufficient to
exceed the ionization limit. This process is named resonance enhanced
multiphoton ionization (REMPI)[77]. If the light used to ionize (for probe)
has the same wavelength as the resonance excitation light (for pump), it is
named one-colour REMPI, whereas if the wavelengths are different, then
it is named two-colour REMPI. lons formed can be detected by a time of
flight (TOF) mass spectrometry for gas phase species. The TOF mass
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spectrometry is composed of an ionization chamber, electrode plates, a
flight tube and micro-channel plates (MCP) detector (more detail in
chapter 3). Figure 2.3 shows a typical excitation scheme. A molecular
excited state could be a Rydberg state or a valence state, which can
transit back to the ground state by emitting a photon (fluorescence), or it
can result in a dissociation (i.e. photodissociation) directly or indirectly
(predissociation). State coupling between a bound and a repulsive state is
a prerequisite for a predissociation. Normally, Rydberg states typically
have high ionization rates and slow fluorescence rates. Therefore, in case
of limited dissociation, these can have long lifetimes and high ionization
efficiencies.

REMPI-TOF has been widely used in the field of spectroscopy for
decades. The technique has several advantages over more conventional
methods such as traditional absorption spectroscopy.

e Visible and near-ultraviolet light can be used to study highly
electronically excited states of a molecule.

e A number of molecular excited states can be reached by multi-
photon excitation compared to single-photon excitations and
therefore provides a chance to study excited states with different
symmetry characteristics.

e The method allows high resolution, and high sensitivity signal
detections.

The ion intensity can be predicted with ionization rate W(n).

wWn)=o,l" (2.11)
where o is the absorption cross section for n photons, and | means the
laser power. The relationship given by equation 2.11 sometimes can be

used to calculate the number of photons involved in the process of
photoionization by power dependent REMPI experiments[20].
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2.4 State interactions

Perturbations were often observed in REMPI spectra and were manifested
as ion intensity ratio variations, line shifts and/or linewidth broadenings.
Perturbations can be classified as electrostatic, vibrational, rotational
perturbation and spin-orbit perturbation[45]. These can be represented as
Hamiltonian off-diagonal matrix elements. In the case of AQ=0 state
interactions, these are customarily named as homogeneous perturbations,
otherwise AQ#0 interactions these are referred to as heterogeneous
perturbations. Selection rules for different perturbations and the
corresponding off-diagonal matrix elements are listed in table 2.3. The L-
uncouplings and S-uncouplings are parts of rotational perturbation, which
are found here to be of importance for interactions between those
Rydberg states (Q2=1) and ion-pair state V*=* of HCI and HBr molecule.

Table 2.3 Off-diagonal elements of the total Hamiltonian ®

Selection rules

Neglected terms in the Born- Nature of the  AJ=0 and g«/—u
Oppenheimer approximation interactions
AN AEX AS AQ
Bl A% Q2w ) o Electronic
<ASZQ VI HY | A,S 2,00 v (Homogeneous) 0 0 0 0
N Ao @?wd (v 9 Vibational
<ASZQ V[ TV A,S,2,Q°, v'> (Homogeneous) 0 0 0 0

SOy 19 @2 @r s o Spin Orbital Oor Oor Oor

<ASIOQVIHT[ALS 200 v'> (Homogeneous)  #1  #1 1

AASTOv__1 L |Ns o, v’>  Luncoupling o0 0 4y
2uR? (Heterogeneous)  ~ -

<ASTQ V1 JS|AS R0 V> S-uncoupling 0 +1 0  +1
2uR? (Heterogeneous) - -

% For more details see reference [45]

Ranking of interaction strength is shown in table 2.4 for Hund cases (a),
(b) and (c). The heterogeneous perturbations (H™") are rotational quantum
number J’ dependant (see equation 2.26). More details can be found in
the book written by Field and Lefebvre-Brion[45].
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Table 2.4 Relative interaction strengths [45]

Hund case H®! Hrot
@ strong intermediate weak
(b) strong intermediate
(©) intermediate weak

Possible state mixing and interactions between bound states and bound
states (bound-to-bound interactions including Rydberg and ion pair states)
and between bound states and continuum states (bound-to-continuum
interactions) for the hydrogen halides are shown as table 2.5. The
homogeneous interactions between the Rydberg state E'* and the ion-
pair states V'S are emphasized in this study. Mixing of bound and
continuum states is the cause of predissociative channels, which will
result in short lifetimes, hence linewidth broadenings of the excited states.

Table 2.5 Typical interactions between states ®. E: electrostatic
interactions, JL: L-uncoupling interactions, SO: spin- orbit interactions

Bound states

Continuum states

El*  Vviz* ¢l £2%," ATl @'l
Ely* - E JL L SO
sy SO SO JL
Hz* E E JL
F'A JL JL
f3A SO
e*" JL

% See reference [78]
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2.4.1 Line shift

Spectral line shifts, reflect that energy level shifts more probably due to
state interactions. For example, we often found that the Rydberg state
E'S* interacts strongly with other Rydberg states and ion- pair states V'=*.
Figure 2.4 illustrates energy level shifts happen in a Rydberg state and an
ion- pair state due to interactions when the two energy levels are close in
energy.

Rydberg state

lon-pair state E,
ElO
A
7y ___________----_---t-AEshlft 4
AE,,
_______ b B,
AE}, |
E? E, v
Without interaction Interaction

Figure 2.4 Line shifts due to state interactions. On the left is an
unperturbed Rydberg state and an ion-pair state with energy
difference AE%, and unperturbed energy levels are E%; and E%,
respectively. On the right the effect of the interactions is shown, where
both energy levels shift by AEg,ix in opposite directions. The energy
difference becomes AE;;

From figure 2.4, we can easily derive the expressions 2.12-2.15, which
can be used to calculate AEgs: for a known interaction strength W and the
energy differences between two unperturbed states. Alternatively, we can
estimate the interaction strength W by using equation 2.14 to fit
experimental energy levels.

1
E, = E, +§J4|w12 ?+|EC—EOP (2.12)
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1
E, = By — 5 V4IW,, [+ ) -E2 [ (213)

AE;, = \/4|W12 |2 +| Elo - Eg |2 = \/4|W12 |2 +AE1022 (2.14)
1
AEshift = E [AEIZ - \/AElz2 —4 |W12 |2 j (2-15)
3 9
P2
9
/V/%/
8 LE N N NN 8
7
7 6
5
23 6 4
5 3
=
M

3

~
i

=}
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()/‘)/
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Figure 2.5 Energy levels of a Rydberg state and perturbing states such as
ion-pair state. Ryd. Rydberg state, P1: perturbing state 1, P2: perturbing
state 2, NRI: near-resonance interaction, ORI: off-resonance interaction.

An example of energy level shifts due to interactions between three states
(Ryd. P1, P2) is shown in figure 2.5. The interactions between the
Rydberg state J’'=8 and its perturbing state, P2, J'=8 is classified to a
near-resonance interaction (NRI), whereas the interaction between the
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Rydberg state and perturbing states for other J’ are off -resonance
interactions (ORI). The arrows indicate that the “effect” directions of the
perturbing states P1 and P2.

2.4.2 Linewidth broadening

Lifetime is a characteristic property of an excited state. Spectral linewidth
will depend on the natural lifetime, pressure and doppler broadening.
Furthermore, it is also strongly influenced by bound-to-continuum state
couplings, which causes dissociation. The relaxation of an excited state
can be due to radiative as well as non-radiative decays. Predissociation
belongs to the latter case. Predissociation is particularly important near
energy potential curve crossings for states of analogous symmetries
(equal Q), and when perturbation selection rules are satisfied (see table
2.3). Tunnelling also can affect state lifetime, for example the E'S* state
of DBr[79]. In order to determine the lifetime of a short lived
electronically excited state properly, an ultrafast system using pump and
probe femtosecond or attosecond laser pulses is needed. Thus, lifetimes
could be determined from detecting ion signals as a function of delay time
between pump and probe laser pulses. Therefore, lifetime of excited state
can be estimated by measuring spectral linewidths if the resolution of the
laser system is larger than that of the spectrum. Once the spectral peaks
are obtained, different shape functions for spectral lines can be used for
simulations. Most commonly Lorentzian and Gaussian shape function are
used. The previous one is used to estimate homegeneous broadening
while the latter one is used for heterogeneous broadening. Two functions
are provided as below.

The Lorentzian shape function is

I'l2x
L,U,) = 2.16
200 = Y (T2 (216)
The Gaussian shape function is
1/2 | 4Ir12(u—uo)2
Z(Uon)=E(|n—2j e[ i ] (2.17)
I'\=n

20



In both equation (2.16), (2.17), vo is central wavenumber. The linewidth
I ( full width at half maximum, FWHM) can be obtained by a line
fitting to give the lifetime z (ps) by the equation (2.18).

53
I'(cm*)

z(ps) = (2.18)

2.4.3 Ion signal intensity ratio

The major photofragmentation processes following two-photon
excitations from the ground state HX(X'Z*) to an excited rovibrational (v’,
J”) quantum level of a Rydberg state HX  (R) or an ion pair state HX (V)
are summarized below. This holds for HX; X= ClI, Br or I, which do have
similar energy structures with decreasing energy gaps between states as
mass increases. The molecules in the ground state are resonantly excited
by two-photon to Rydberg or ion-pair states, followed by state transfers
and/or further photon absorption.

HX(X) —2>
(i) HX'(R) —™ HX +e; HX® —» H* + X;

i HX(R) »H+X/X": XIX 3 X"+ ¢
(i)

(iii) HX'(R) —~» H+ X X" — 3 X" +e;
(iv) HX (V) —™ s HX" + e HXT —™ 5 H" + X;
(v) HX'(V) —2 s H+ X5 X s X+ e

(vi)  HX(V) s H+ X H s H +e;

(vii)  HX(V) —sH" + X
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HCI

X'T(0)

Figure 2.6 Simplified potential energy diagram for HCI, and main
channels for parent and fragmental ion formations.

Among these processes (i-vii) molecular ion formation is the chief
ionization channel following excitation to a “pure” Rygberg states (i).
Due to the larger internuclear distance of the ion-pair state (see V'S " state
in the figure 2.6), repulsive states are more accessible by further photon
excitation to form neutral fragments, H"(n=2) +X and H+X. Further one-
photon absorption can form fragment ions. Due to the large internuclear
distance of ion-pair state, the Franck Condon factor for the transition
between V'=* state and X?I1 state (the ground state of molecular ion) is
quite small. Therefore, the possibility of molecular ion formation by this
channel is very low, and multiphoton ionization via the ion-pair state will
mainly produce atomic ions. The main photoion and photodissociation
channels, according to this, are shown by arrows lines in figure 2.6.
“Pure” Rydberg and ion-pair states are rarely to be found. Rydberg to ion-
pair state interactions occur for most states. Furthermore, Rydberg to
Rydberg state interactions also are common. The effect of Rydberg to
ion-pair state interactions on relative ion signal intensities (for fragment-
vs parent- ions signal), however, is found to be dominant [37,41,42].
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Based on the above statements, we proposed a model to estimate the ion
intensity ratio, 1(X")/I(HX") to derive the state to state interaction
strengths W, and fractions of state mixing. The relevant equations are the
following.

1(X") _ [7H +C22H (1_7H)] [7/L+022|_(1_7L)]
— = +a

IHX) M a-cy o a-gy @Y
where
1(X™) =, Cy, + B I(Hix+):alclz+ﬁ2|czzl; I=H,L
o, =ay lay; ni=B1lay; a7, =B a; I=H,L

Intensity ratios vs. J° have been expressed as a function of fractional
contributions to the state mixing, derived for two-level interactions[39].
Assuming, to a first approximation, that the ion intensity ratio is a sum of
contributions due to interactions between a Rydberg state (1) and two ion-
pair (2) vibrational states (2H and 2L), such as those between the E*=*(v")
(E(v)) and the V'Z*(v") states closest in energy (Vy and V.), the
following expression is derived,

1 J(AE, @21)) -4w,)
22 2| AE, (1,21)]

; ¢f=1-cZ; 1=H,L (2.20)

where ¢5, (I = H,L) are the fractional contributions of the V; (I = H,L)

state to the state mixing. AEy(1, 2H) and AEy(1, 2L) are the energy
spacings between levels with the same J° quantum numbers for the 1, 2H
and 1, 2L states respectively, easily derivable from energy levels. Wy and
W/ are the corresponding interaction strengths. o, f1, oo, S (I = H,L)
are ionization rate coefficients. y» and ay are measures of 'X* ion
formations via dissociation of the Rydberg state, relative to that of the
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formations of 'X* via exciations of the ion-pair state () and relative to

that of the formations of H'X* via excitation of the Rydberg state (ay).

To the first approximation W, =Wy =W, ¢ =aq=aand . =4y =y is
assumed[80], which gives a simplified expression.

10X [lp+e.a-n]. [r+cia-p]
l(iHX*)‘“{ a-c)  (@-cd) (22

Fractional mixings of the three states, C/,C2 and CZ, are determined
as,

C =1/(L+k_+k,)
C2 =k, IQ+k_+k,) (2.22)
CZ, =k, IA+k_+k,)

Where kL:CZZL/C;LZ, kH:CZZH/C12 .

2.5 Deperturbation procedure

Deperturbation is an advanced method to analyze spectral perturbations
quantitatively. Deperturbation takes account of the non-diagonal matrix
elements of the Hamiltonian to derive spectroscopic parameters and
interaction strengths from a least-square fitting of experimental spectral
data [45,46]. The first step is to construct an effective Hamiltonian matrix
such as shown in table 2.6.

The deperturbation procedure was based on the method given by
Lefebvre-Brion and Robert Field [45]. It was formulated in the Igor Pro
software[81]. We took account of the interactions between different states,
are shown in the equation (2.23). The first term on the right side H® is the
electrostatic interaction. The next three terms represent rotational
interaction. Other terms are relativistic parts of the Hamiltonian.
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H'=H" +B(R)(L'S” +L'S*)-B(R)J'L -3 L")-B(R)I'S”-J37S")
+(H® = Ay o0 (RD(L,S,)+H® + HF
(2.23)

Table 2.6 Effective Hamiltonian matrix elements, Ryd. is Rydberg state.
P1and P2 are Perturbing states. Wp; and Wp; are the interaction

strengths.
Ryd. P1 P2
Ryd. Eqy Wey W
P1 Wp1 =
P2 Wp, EJ,

The diagonal matrix elements are expressed as
Epys =Vo +B,J'(3'+1) - D, 3" (3'+1)° (2.24)
Ey =ve +ByJ'(3'+) —D,J? (I'+D)?; i=1, 2 (2.25)
Interaction strengths are constant for homogeneous perturbations,

whereas for heterogeneous perturbations, these depend on rotational
quantum numbers J’ as

W =wW"'/J'(3'+]) (2.26)

where W is a constant. The deperturbation procedure within Igor Pro was
named Deperturbation.pxp (part codes in Appendix). It allows an
evaluation of the interaction strengths as well as unperturbed
spectroscopic parameters for a given spectral data and suitable initial
guess values.
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3 Experiment and program
design

To obtain 2D REMPI spectra for sample gases, we need to combine laser
controlling, energy tracking, gas injecting, and data collecting in a
compatible mode. A schematic sketch is shown in figure 3.1.

3.1 Laser system and experimental
procedure

Ultraviolet and visible laser radiation was generated by an excimer laser
pumped dye Laser. The laser beam was focused into a SHG crystal to
generate frequency doubling radiation. Its energy output was kept stable
by an antotracking device. The lasers involved are listed in table 3.1 along
with important parameters.

Table 3.1 Laser and relevant parameters

Excimer Laser Dye Laser
Name Compex 205 Scanmate
Manufacturer Lambda Physics Lambda Physics
Working wavelength 308 nm Adjustable
Repetition 1~10 Hz 1~10 Hz
Bandwidth - 0.095 cm™
Intensity 15W 10~30 mW
Resolution - 0.1cm™

The experimental setup is shown in Figure 3.1. XeCl, excimer laser
radiation was used to pump dye laser to produce pulsed radiation.
Normally, the output wavelength was in the visible region at 400 ~ 600
nm. The beam was adjusted in terms of quality before focusing into
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Second Harmonic Generator (SHG) for frequency doubling. The SHG is
composed of a BBO-2 crystal, a compensator and a detector with a
computer-controlled feedback circuit to track the energy variation and to
perform power calibrate in real time. After frequency doubling, the laser
beam was focused into a vacuum chamber by a lens of 20 cm focal length.
The pressure inside the vacuum chamber was usually kept less than 107
mbar during experiments, by a diffusion pump. A turbo pump was used to
evacuate the TOF chamber.

Excimer Dye Laser SHG, Autotracker
' Prism

Vi
HX . Diffusion
e @ o Pump
DQ T
Oscilloscope/PC ¢

Nozzle

Turbo / : i MCP Connected to

Pump C O Power supply

Figure 3.1 2D REMPI- TOF Setup. SHG second harmonic generator;
MCP micro-channel plate; PC personal computer.

The gas sample was injected into the chamber through a pulsed nozzle.
The nozzle was typically kept open for about 150 ~200 ps. The molecular
beam was crossed by a delayed laser beam. lons formed were extracted
into a drift tube, and focused onto a MCP (Micro-Channel Plate) detector.
The signal was fed into personal computer, and was processed by a
LabVIEW program. The original data were displayed and saved in the
oscilloscope/computer (LeCroy WaveSurfer 44MXs-A, 400 MHz) for
further handling. Typically, average signals for about 100 pulses were
stored.
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3.2 Molecular beam

Atomic and molecular beams are fundamental for photochemistry studies.
Beam technique formation involves supersonic jet cooling hence
preparing of cold molecules (see figure 3.2). The molecular beam was
injected into the vacuum chamber (pressure about 107 mbar) through a
pulsed nozzle to create gas pulses. The nozzle diameter was about 500 um.
Backing pressure was typically about 2 bar. Laser pulses were typically
delayed about 450~550 ps with respect to the gas pulse to guarantee
maximum signals. The repetition rate of gas and laser pulses was
typically kept at 10 Hz suitable to avoid overload of vacuum system.

The molecules beam could be further shaped by the use of a skimmer.
The molecules in the beam are vibrationally and rotationally cooled with
an effective temperature typically, less than about one hundred Kelvin.
The number of intermolecular collisions in the beam is near to zero.

The species studied here are HBr, HCI, CH,Br, and CF3Br.

Supersonic molecluar beam

Figure 3.2 Supersonic jet cooling

In all the REMPI experiments, we removed the skimmer to involve
rotationally hot molecules as well as in order to detect transitions between
high rotational energy levels J'«—«J"".
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3.3 Time of flight

The flight time of an ion in the time of flight (TOF) tube is proportional to
the square root of its mass. Thus, the lighter the ion mass is, the earlier it
arrives at the MCP detector. The TOF mass spectrometer separates
different ions by the difference of arrival time due to the different masses.
The ion signal as a function of ion masses is a mass spectrum. In order to
find out an unknown masses, normally we can use Equation 3.1 to fit
known mass to obtain constant a and b, then to calculate the mass of
unknown ions according to their arrival time using equation 3.2.

t=avM +b (3.1)

(t-b)*

a2

M =

(3.2)

The a and b are constants determined by fitting values of the known
masses such H*, C*. Here C" signal frequently appear due to minor oil
impurities in the system. Typically arrival times for some ions along with
their masses are listed in table 3.2. As clearly seen in table 3.2, the arrival
time increases with mass. An typically assigned mass spectra for HCI is
give in figure 3.3

Table 3.2 Time of flight analysis of some ions

lon TOF (ps) M/z (amu)

H* 1.71 1

c* 3.63 12
cr 5.54 35
H®*CI* 5.61 36
sicr 5.67 37
H¥CI 5.73 38
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Figure 3.3 Superimposed mass spectra of HCI obtained in (2+n)REMPI

3.4 Equipment control sequences

The experimental control is based on sequences of triggering signals from
a computer. According to LabVIEW program, the pulse sequences are
shown in figure 3.4. Thus REMPI spectrum could be recorded
successfully by scanning the dye laser for specific spectral ranges
determined by the dyes.

In the beginning of an experiment, commands are sent to the dye laser to
move its grating to a position of the beginning wavelength A,, the dye
laser generates a chain of 30 or 100 pulses at 10Hz to trigger the opening
of the nozzle. Each pulse is delayed and fed to excimer pump laser. After
this process, the dye laser changes the wavelength from A; to 4, by a
specified step size. The above process is repeated until the total
wavelength range has been covered. During the scan, the output energy is
kept stable at the SHG crystal turned by auto-tracking.
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Start Record data

Oscilloscope/PC J |—L f Ky

Goto Goto?,
Dye Laser H Iy |_| 5

L is0-s00s ;
e R S— . 10Hz
: ’_I Duration + 30 or 100Pulses

Nozzle E | g i 1
E E Delay |_L E

Excimer : ' | : 5

Figure 3.4 Control sequence

3.5 Program design for experiment

lons formed in the vacuum chamber by laser excitation between a repeller
and an extractor plate are directed into a time of flight tube and focused
on a MCP detector. The signals are processed by a LabVIEW program in
a computerized oscilloscope, which is also used for controlling the laser
system and the nozzle.

The program named REMPILvi designed at the platform of virtual
instrument (National Instrument, LabVIEW) is written to control
wavelength scanning, as well as to receive and save experimental data.
From its control panel, experimental parameters such as the start and end
wavelength, scan steps, repeat rate and so on, can be easily set. Raw mass
spectral data are saved in a text format on the hard disk for further
processing by lIgor Pro software. lon signals as a function of the time of
flight, hence masses and laser wavenumbers via two photon excitation are
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stored in Igor Pro (see figure 3.3). An procedure 2DREMPIV1.2.ipf is
used to integrate signal intensities for different wavenumbers for the
various ions such as H*, **CI*, H*CI**, 3’CI*, H¥CI* for HCI experiments.
Finally REMPI spectra, which show ion signals as a function of excitation
wavenumbers can be achieved. Typical REMPI spectra for HCI molecule
are shown in figure 3.5.

EX v'=0)
11 10 9 8 7 6 543210
. -
T \\\\\\\Q8 o VEw=)
. |7 6 5 4 3 2 10
3 | e T TTITe
= 76543210
=
g .
B[] — V'Ev'=10)
s :_J b ﬂ: .
® Il
= |
-------- e Ll
f 1 ! ; 4 ) W o
[ T ", ir)  J_.. & J_,__‘__H,f

| | | | | |
83200 83400 83600 83800 84000 84200

-1
Wavenumber /cm

Figure 3.5 (2+n) REMPI spectra for HCI showing resonance exictation to
El>*(v'=0), V12" (v'=10,11).
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4 Analysis

4.1 F'A,(v'=1) state of HCI

The Rydberg state F'A, for HCl and HBr has been studied quite
extensively [7,9,36,42,50,51,60,82,83]. (2+n) REMPI spectrum for
resonance excitations to the F*Ay(v’=1) and V' *(v’=13,14) states for HCI
are shown in figure 4.1. Mass resolved spectra of the F'A,(v’=1) Q
branch are shown in figure 4.2. Near-resonance interaction (NRI) is
clearly seen for the J'=8 state of F'A,(v’=1). This also shows from
intensity ratios, 1(*CI*)/I(H**CI") as a function of J’(see figure 4.3) and
alterations in line positions (see figure 4.4) which vary dramatically due
to interactions with ion-pair state. Analysis of the ion intensity ratio vs. J’
data involving three energy level (F'Ax(v’=1), V'=*(v’=13,14)) mixings
give an interaction strength W’=0.6 cm™ (Wy =W, ’, given interaction
strengths from high and low ion-pair state vibrational energy level have
an equal value) and a predissociation constant y =0.025. Deperturbation
analysis was also performed. See the summary in table 4.1.
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Figure 4.1 (2+n)REMPI spectra for resonance transitions to the HCI
F'4, (v’=1) and V' 2" (v'=13, 14) states. Figure from reference [84];
Copyright ©2013 Chinese Physical Society.
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Figure 4.2 Mass-resolved (2+n) REMPI spectra for HCI, F*4, (v'=1) Q
branch. Figure from reference [84]; Copyright ©2013 Chinese Physical
Society.

37



0.30 -
m Exp.
0254 |3 vis
3
&0.20+
T
=
5 0.15 1
=t
0.10 4
0.05
000_*=—=—=i===ﬁ_ _
2 3 4 5 6 7 8 9

Figure 4.3 Experimental and calculated ion signal intensity ratios for
HCI, F*4,(v’=1). Figure from reference [84]; Copyright ©2013 Chinese
Physical Society.
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Figure 4.4 The deviation of experimental and unperturbed peak positions
for F4,(v'=1). Unperturbed peak postions are simulated by using an
ideal rotational constant. The figure taken from reference [84];
Copyright ©2013 Chinese Physical Society.
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The nonzero » value indicates that predissociation is important to F'A;
state, the evidence of which also was found by Liyanage [9].
Experimental data and its analysis indicates that the majority of the CI*
ions formed via the F'Ay(v’=1) J'=8 excitation is attributed to an
interaction with the ion-pair state V'2*(v’=14).

Table 4.1 Experimental and calculated parameters. All has a unit of cm™
except aand .

F 1Ay (v'=1)
Exp. Intensity ratio Deperturbation
& 85363 ) 85363
BV 10. 17 ] 10. 18
Dv'x10° 1.9 - 2.2
a - 0.07 -
¥ - 0.025 -
W’ - 0.6 0.9
Wy’ - 0.6/0.65 0.9

% Value from reference [36] .
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Figure 4.5 Potential energy curves and excitations for HCI. Figure from
reference [84]; Copyright ©2013 Chinese Physical Society.

Figure 4.5 shows potential energy curves for HCI and the main
photoionization and photodissociation channels via resonance excitation
to the Rydberg state F'A,. Lower probable channels, which may occur,
are not shown. Direct ionization of the Rydberg state will give HCI"
dominantly [42,76], whereas ionization of the ion-pair state will mainly
produce the atomic ions, H and CI*. Therefore, the majority of the CI”
ion formed though F'A; state is due to interactions between the Rydberg
state F'A, and ion-pair state V'=*. Fractions of the state mixing as a
function of J” are listed in table 4.2.
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Table 4.2 Energy differences between F4,(v'=1) and the nearest V'2*

(v’=13, 14) states, interaction strengths W and fraction populations C¢?,
CL2+Ci’.

AEF._ AEne  Wi=Wh?  Ceg?  CL4C?

Jem™ fem™ fem™ 1% 1%
2 121 283.2 1.47 99.98 0.02
3 155.4 259 2.08 99.97 0.03
4 207.6 226.2 2.68 99.97 0.03
5 263.6 185.5 3.29 99.95 0.05
6 336.9 135.1 3.89 99.9 0.1
7 420.3 73.7 4.49 99.62 0.38
8 517.3 -12.7 5.09 79.88 20.12

® Derived by Eq.( 2.26) for W’=0.6 cm™ listed in table 4.1 from the
calculation of ion signal intensity ratios.

4.2 CF;Br

Absorption and fluorescence spectra of CF;Br have been studied
experimentally [85-88]. We recorded mass spectra of CFsBr showing the
CF;", C" and Br® ions in (2+1) REMPI for the two-photon resonance
excitation region 71320 — 84600 cm™. CF3Br was found to be resonantly
excited from the ground state (X) to Rydberg states (Ryd.) followed by
dissociations to form CFs/CF; and Br/Br (spin-orbit excitation)
fragments. (2+1) REMPI of Br and Br* was also detected. Relevant
energetics, excitations and photofragmentation processes were presented
in reference [18] (see Figure 4.8). The photofragmentation processes are
given below (i)-(vi).

(i) CFsBr(X) —“— CFsBr (Ryd.)
(i) CFsBr (Ryd.) — CF3+ Br/Br-
(iii) CFsBr~(Ryd.) - CFs + Br/Br-
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iv) Br/lBr — Br;Br — Br'+¢
(iv)

(v) CF3—™ 5 CFsy'+¢

(vi) CF'sBr (Ryd.) — CF3'Br —CFs'+Br -

1D (2+1) REMPI spectra of CF3" ion is shown and assigned in figure 4.6
along with the absorption spectra of CF3Br and fluorescence spectra of
CFs". Br atomic lines due to the transitions Br~ ([*P]. 5p, 6p; ['D],
5p)—<—Br" (*Py), Br([*P]c 5p) << Br (4p? P3;) are shown in figure
4.7.

n= 5 [X2E3.,lnp; @ 6

o= 2| 0 |V3Vz\!1 5 [XZEI/Z]np; o 0| //
2lo] [] |

—
=) viv,v,  CR*
+ fluorescence

Absorption

Relative Intensity

[AZE,);Inp; @

viv,v,  [X?Ezpind; @

V3VaV1

T T T
72 74 76 78 80 82  84x10°
Energy / 2hv [cm'l]

Figure 4.6 CF3Br: 1D REMPI spectrum of CF3", relative absorption
spectrum from reference [87] (blue) and fluorescence spectra from
reference [86] (red). Threshold for CF5 +Br formation is marked. Figure
taken from reference [18]; Copyright©2011 Elsevier B.V.

The bromine atomic REMPI signals between 70987 - 72012 cm™ are
found to be very weak due to insignificant transition to Rydberg states in
this region, whereas the bromine signals between 74300 - 84600 cm™ are
stronger as a result of medium to strong transitions to p and d Rydberg
states. The Br* ions are formed by (2+1) REMPI of Br/Br atoms after
predissociation of Rydberg states (see channels (ii) - (iv)).

42



The predissociation channel (ii) is dominant for excitation energies lower
than 75332 cm™. For higher energies channel (vi) competes with (ii)
followed by (v) to form CF3s" ions. No correlation is found between the
1D REMPI spectra and fluorescence spectrum[86]. Power dependence
experiments were performed to obtain consistent slope value of about 2
from log-log plots of CFs" signal intensities as a function of the laser
power, suggesting that the CF3" formation only requires two photons. All
in all this suggests that the channel (vi) play an important role in the

formation of CF5".
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Figure 4.7 CF3Br: Br* 1D REMPI spectrum along with relative
absorption spectrum from reference [87](blue). Figure from reference
[18]; Copyright©2011 Elsevier B.V.
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Figure 4.8 CF3Br: (2+n) REMPI of CF3Br: energetics, excitations and
photofragmentation processes. Figure from reference [18];
Copyright©2011 Elsevier B.V.

4.3 CHzBrz

(2 + n) REMPI mass spectra of CH,Br, were recorded for the 71200 -
83680 cm™ resonance excitation range. A typically mass spectrum
showing the C*, CH*, CH,", "Br* and ®'Br* ions as well as some impurity
signals is given in figure 4.9. For excitation larger than 83200 cm™ H,"
signals were also found (see figure 4.13). No Br,", CBr", CH,Br" and
HBr" ions were detected. Although a number of experimental and
theoretical studies on CH,Br, has been performed [89-95], its
spectroscopy and photofragmentation processes are still largely uncertain.

1D (2 + n) REMPI spectra of the ions C*, CH" and CH," along with the
CH,Br, absorption spectrum are shown in figure 4.10. These ions were
found for the total scanning region. Particularly large spectral structures
in the high energy region ( > 79000 cm™), for example, a broad peak of
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C* peak, were observed at about 80600 cm™ as well as many sharp CH*
peaks (see figure 4.11). Analogous broad C* peak at 80600 cm™ has also
been observed by others [96,97] (see figure 4.11). The sharp CH" peaks
are assigned to one-photon resonance transitions from the excited state
AA(v’=0) to the D’I1(v’=2) state. Consequently the excited CH” (D) is
ionized to form CH" ions by further one-photon absorption [97,98].

Br* atomic (2 + 1) REMPI signals due to resonance transitions from the
ground state Br (4p?, 2Ps;,) and spin-orbit excited Br™ (*P15) to Br~ ([°P].
5p; 6p) excited states are shown in figure 4.12. Besides these atomic lines,
the Br* ion spectra also exhibit analogous signal structure as the C*, CH*
and CH," ions. This suggests that all these fragments are formed by
photodissociation via the same excited CH,Br, Rydberg states.

“Br’
TSBr"-\
+ CH2+
C‘ Ve
CH’
> .
Ho o |{  Impurities
I
I T T T I T I T T T
0 20 40 60 80

Mass/Z

Figure 4.9 1D (2+n) REMPI mass spectra of CH,Br» in the excitation
range of 83520-83680 cm™.
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Figure 4.10 CH,Br,: C*, CH" and CH," 1D REMPI spectra along with
the absorption spectrum of CH,Br; (the black line) from reference [95].
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Figure 4.11 One photon ionization of the CH radical formed by
photodissocation of CH,Br,: Ours (red) and others (blue) [97].
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Weak but significant sharp H," signals were found in the excitation
energy region 83200- 83500 cm™ (see figure 4.13). An unusual and a
regular H* spectrum observed is shown in figure 4.14 (a) and (b),
respectively. Analogous “unusual” H* spectra, showing different peak
structures have also been observed in REMPI spectra of HCI and HBr at
82260 cm™. The signals at 82260 cm™ primarily corresponded to the H
(2+1) REMPI due to the resonance transitions (*P1y. 32(2p); °S1/2(25)
—«%Sy;, (15)). However, the regular H* spectrum is actually (2+1)
REMPI spectra of the impurity HCI molecules in the vacuum chamber.

P, ) 5p Cr)sp (Py)5p CP,)6p
‘ Br(1/2) ‘ H
P,) 5p Py ) 5p (Po) 5p
C+
\
79Br+/ CH“‘\
‘ CHy—
| L | o
[ [ [ [ [ [
72 74 76 78 80 82x10°

-1
Wavenumber /cm

Figure 4.12 CH,Br,: Br atomic (2+1) REMPI spectra (red) for the two-
photon wavenumber excitation region 71200 — 82300 cm™ along with
REMPI spectra of the C, CH", CH," ions (gray). Peaks due to two-photon
resonance transitions from Br(4p°;*Py,) (top)and Br(4p>;2Ps,) (below))
to (CP,)e; J=2,1,0; 5p, 6p) are marked. (°P; ). are the ion core terms.
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Figure 4.13 CH,Br,: H,™ (2+n)REMPI spectrum (red) and
H*(2+n)REMPI spectra(black)
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Figure 4.14 CH,Br,: H* (2+n) REMPI spectra. “Unusual ” peak spectral
structure in H (2+1 )REMPI on the left (a); Regular spectral structure on
the right (b).
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Figure 4.15 CH,Br,: (2+n) REMPI of CH,Br,: energetics, excitations
and fragmentation threshold energies.

Energetics relevant to possible photofragmentation processes are shown
in figure 4.15. Based on observed photofragments in our REMPI
experiments, the following photofragmentation processes are proposed:

(i) CH2Bry(X) —™— CH,Br+Br/Br’

(i) CHyBra(X) —2“ CH,Br; " (Ryd.)

(iii) CHBr, " (Ryd.) — CH, + Br/Br’

(iv) CHBr; "(Ryd.) — CH'(A?A) + Br/Br

(v) CH'(A*A) —— CH™(D’IT) —™ > CH"+e’
(vi) BriBr —“ 5 Br;Br —™ 5 Br'+e
(vii) CH.Br, (Ryd.) — C™ +Hy+ Br,

(viii) CH,Br,  (Ryd.) — CH +H+ Br,

(IX) H 2hv H*, H* lhv H+
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Photofragmentations, state interactions, and energetics of Rydberg
and ion-pair states: Resonance enhanced multiphoton ionization via

E and V (B) states of HCI and HBr

Jingming Long, Huasheng Wang, and Agust Kvaran®
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(2 + n) resonance enhanced multiphoton ionization mass spectra for resonance excitations to di-
abatic E'T (v) Rydberg and V '+ (V) ion-pair states (adiabatic B'E7(v') states) of H'CI (i
= 35,37) and H'Br (i = 79.81) were recorded as a function of excitation wavenumber (two-
dimensional REMPI). Simulation analyses of ion signal intensities, deperturbation analysis of line
shifts and interpretations of line-widths are used to derive qualitative and quantitative information
concerning the energetics of the states, off-resonance interactions between the E states and V' states,
closest in energy as well as on predissociation channels. Spectroscopic parameters for the E'E*
(V)(v' = 1) for H®Cl and v' = 0 for H"*Br states, interaction strengths for E — V state interactions
and parameters relevant to dissociation of the E states are derived. An overall interaction and dynam-
ical scheme, to describe the observations for HBr, is proposed. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4776260]

INTRODUCTION

VUV (vacuum ultraviolet)> and REMPI*' spectro-
scopic studies of the hydrogen-halides have revealed and led
to characterization of large number of electronically excited
states. It is customary to group these into valence and Ryd-
berg states. The former group of states consists of low energy
repulsive states correlating with the ground atomic and
spin-orbit excited halogen species H + X(EP;,Z)."X*(EPm)
and the ion-pair state V'X* which correlates with the
ground ionic species HY + X~. The dominant configuration
of the ion-pair state is or*o*.!" The Rydberg states, which
have been observed, have ground andfor spin-orbit excited
ion cores (*Iy,12) and electronic configurations o2 ? nia.
Perturbations observed in spectra as line shifts or intensity
anomalies™ ™7 1>-1% are indicative of state interactions and
state mixings which vary largely in nature and magnitude.
These are mostly due to Rydberg to repulsive valence
state interactions, seen as line-width broadenings due to
predissociations or as line shifts and/or intensity alterations
due to interactions between Rydberg and ion-pair vibrational
states. >+ 7% 12-16.18 Rydberg to Rydberg state interactions are
also observed.” '8

The strongest state interactions are observed between
the diabatic E£'E*(4pm) Rydberg states and the diabatic
V!s*(en*a*) ion-pair states which merge together to
give the lowest energy B'E* adiabatic potential curves in
calculations.'"'* The B states show double minima closely
corresponding to the average internuclear distances of the E
and the V states. This shows as dramatic alterations in energy
quantum levels, hence vibrational and rotational parameters,
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from that for unperturbed states.”’ Thus, quantum energy lev-
els of the Rydberg vibrational states are compressed, whereas
those for the ion-pair states expand to give lower and higher
rotational parameters, respectively.'* Dynamic studies, by use
of photofragment imaging techniques coupled with REMPI
for HCI and HBr have revealed various photoionization pro-
cesses for these states.”!

Recently, we have used the two-dimensional (2D)
REMPI technique to study photofragmentation processes and
state interactions for HCI and HBr,'> 131018 which show as
signal line shifts, intensity alterations, and line-width broad-
enings, depending on the total angular momentum quan-
tum numbers (J'). Quantitative analyses based on level-to-
level interactions have allowed determinations of interaction
strengths and parameters relevant to photofragmentation pro-
cesses. These analyses revealed that Rydberg states, both in-
teracting with repulsive valence states and ion-pair states, play
central role as gateway states for ion-pair state dissociations.'®
Such interaction patterns could be important for molecular
photodissociation processes in general. Main emphasis, so far,
has been on weak to medium strong near-resonance state in-
teractions between Rydberg and ion-pair states, but stronger
off-resonance, homogeneous state interactions, such as those
between the E'E* and the V 'S states, are likely to be of
more importance for fragmentation processes.

In this paper, we present data and analysis relevant to in-
teractions between E'S* and V 'E+ states, predissociation
processes involved, as well as energetics of the states, both
for HCl and HBr.

EXPERIMENTAL

Following laser excitations ion yield signals were
recorded as a function of mass and laser radiation

© 2013 American Institute of Physics
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wavenumber to obtain two-dimensional REMPI data for jet
cooled HCI and HBr samples. The apparatus used is simi-
lar to that described in Refs. 12, 18, and 22. Experimental
parameters are given in the supplementary material.>* Tun-
able excitation radiation in the 460-520 nm wavelength re-
gion was generated by an excimer laser pumped dye laser
system, using a Lambda Physik COMPex 205 excimer laser
and a Coherent ScanMatePro dye laser. Frequency doubled
radiation was focused into an ionization chamber between
a repeller and extractor plates. We operated the jet in con-
ditions that limited cooling in order not to lose transitions
from high rotational levels. Thus, undiluted, pure gas samples
were used. Tons formed were extracted into a time-of-flight
tube and focused onto a MCP detector. Signals were fed into
a LeCroy WaveSurfer 44MXs-A, 400 MHz storage oscillo-
scope and stored as a function of flight time. Average signal
levels were evaluated and recorded for a fixed number of laser
pulses (typically 100 pulses) to obtain mass spectra. REMPI
spectra for certain ions as a function of excitation wavenum-
ber (1D REMPI) were obtained by integrating relevant mass
signal intensities. Care was taken to prevent saturation ef-
fects as well as power broadening by minimizing laser power.
Laser calibration was performed by recording an optogalvanic
spectrum, obtained from a built-in neon cell, simultaneously
with the recording of the REMPI spectra. Line positions were
also compared with the strongest hydrogen chloride rotational
lines reported by Green et al.’ The accuracy of the calibration
was found to be about &= 2.0 cm~! on a two-photon wavenum-
ber scale. Intensity drifts during the scan were taken into ac-
count, and spectral intensities were corrected accordingly.

RESULT AND ANALYSIS
Spectra and energy levels

Mass-resolved (2 + n) REMPI spectra are shown for
the excitation regions 83200-84250 cm~' and 85 600-
86440 cm~' for H¥Cl in Figs. 1(a) and 1(b), respectively.
Peaks due to two-photon resonance transitions from the
ground state X' £+ to E' £ (v/ = 0, 1) (hereafter named E(0)
and E(1)) and V'S (v = 10, 11, 14, 15) (named V(10)—
V(15)) as well as g X~ (v = 1) are assigned. The spectra
intensities for V(10) and V(14) are noticeably weaker than
those for V(11) and V(15). The spectrum for V(10) has been
amplified in Fig. 1(a) for clarification. Mass-resolved (2 + n)
REMPI spectra are shown for the excitation region 77 540—
78480 cm~! for H”Br in Fig. 1(c). Peaks due to the transi-
tions from the ground state X' £+ to E' £+(v' = 0) (E(0)) and
VISt =m+4,m+5) (Vim+4) and V(m + 5)) are
assigned. The spectra intensities for V(m + 5) are noticeably
weaker than those for V(m + 4).

Rotational level energies were derived from the line posi-
tions and the rotational level energies of the ground state>*>
(see Fig. 2). When more rotational lines have been observed
by others,*® these were added to our data. To a first approxi-
mation an unperturbed state will show linear behaviour for the
energy spacing between neighbour energy levels, AEy y_,
(=E(J)—E(J'—1)), as a function of J with a slope of 2By,
where By is the v'-dependent rotational constant. Observed
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FIG. 1. (a) and (b) HCl: 1D REMPI spectra for H*, 35CI+, H3CI+

and J' for r | peaks corresponding to two-photon
resonance excitations to the E'S*(v = 0, 1), V'St = 10, 11,
14, 15) and g"Z’(v’ = 1) states for the excitation regions 83200-

84250 cm™! (a) and 85600-86440 cm™" (b). (¢c) HBr: 1D REMPI spec-
tra for H*, 7Br*, H”Brt and J' assignments for rotational peaks corre-
to two-photon tothe E'S* (v =0), VISH(
=m+ 4, m+ 5) and i“A;(v' = 0) states for the excitation region 77 520~
78450 cm~.
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curvatures or irregular shapes of AEy y_; as a function of
J' (Fig. 3) indicate strong homogeneous off-resonance state
interactions, of which those between the E and the neigh-
bour V states will dominate. The interaction is “repulsive”
in nature, showing as an increase in spacing between en-
ergy levels with same J' quantum numbers, AE,(E, V)
(=E;(E)—Ey(V)), where Ey(E) and E;,y, are the energy
levels for the E and the V states, respectively (see Table I).
The repulsion effect depends on the degree of state mix-
ing which decreases as AE,;,(E, V) increases. Therefore,
since the spacing between neighbour energy levels (AEy y_y)
in ion-pair states are smaller than the corresponding spac-
ings in Rydberg states, the repulsion effect, hence the mix-
ing, increases with J' for an interaction between a Rydberg
state and a higher energy ion-pair state (V) but decreases
with J' for a corresponding interaction with a lower en-
ergy ion-pair state (V). This is indicated in Fig. 2 by vary-
ing thickness of broken lines in the case of the interac-
tions between E(1) and V(14)/V(15). This effect explains
the positive curvatures seen in the AEy y_; vs J' plots for
the Vy states V(15) and V(11) for HCI and negative cur-
vatures seen for the V, states V(14) and V(10) for HCI

/ T vvemes
= Exp.
/ s04 o

2 34526789
g

(a) (b) (©)

12345617829
2 3 i

FIG. 3. (a)and (b) H¥CI: Spacings between rotational levels (AEy y_,)asafunction of J' for VISHW =15)((a), top), E' S*(v' = 1) ((a), middle), V' =+ (v’
= 14) ((a), bottom), V' E*+(v' = 11) ((b), top), £' TH(v' = 0) ((b), middle) and V' E*(v' = 10) ((b), bottom). (¢c) H"*Br: Spacings between rotational levels
(AEy y_,) as a function of J' for V! E+(v' = m + 5) (). top), E' S*(v' = 0) ((c), middle) and V' E*+(v' = m + 4) ((c), bottom). Open circles are derived

from observed Q lines (this work and Refs. 2, 5, and 8). Filled circles are derived from deperturbation calculations (see text).
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TABLE . AE/ relevant to off-resonance interactions between E'ZH(v' = 1) and V'Z* (v = 14.15) states (H*C1) (left), E'E(v' = 0) and V' ZF (v'
= 10.11) states (H*C1) (middle) and E'E*(v' = 0)and V'Z+ (v = m + 4,m + 5) states (HBr) (right).

H¥C

H¥Cl

H"Br

I AEp(E(1)=V(14)) AEp(V(15)=E(1)) AEp(E0)y=V(10))

AEp(V(11)—E(0) AEp(E0)=V(m + 4)) AE;(V(m + 5)-E(0))

0 246.0 485.1 346. 4
1 247.7 480.7 348.8
2 251.4 470.6 354.2
3 260.7 452.5 363.5
4 280.3 418.8 377.9*
5 3154 363.8 398.2¢
6 430.8¢
7 479.0¢
8 542.9¢
9

427.7 110.8 4478
4236 1193 4412
418.1 133.4 4254
407.7 155.1 405.6
392.1 184.6 375.0
3733 219.3 3335
356.2 266.0 3022
342.6 3223 266.0°

379.0 235.0°

438.8 200.0°

“Values estimated by use of spectroscopic parameters for V(10)
PValues estimated by extrapolation.

(Fig. 3). The clear positive curvature seen in the AEy y_,
vs J' plot for the E(1) state (Fig. 3(a)) is indicative of a
larger repulsion interaction (hence larger mixing) with V(14)
compared to that with V(15) due to less energy difference (see
Table I and Fig. 2). The “close to linear” shape of the AE; y_;
vs J' plot (Fig. 3(b)) for E(0), on the other hand, suggests
that a decreasing repulsion with J' due to mixing with V(10)
closely matches an increasing repulsion with J' due to V(11).
This is what might be expected from inspection of the energy
differences (Table I).

Signal intensities and interpretations

It has been shown that ion signal intensities in one-color
REMPI differ largely depending on the resonance excited
states of HCI*!2!51¢ and HBr.*'® “Pure” unperturbed Ryd-
berg states mostly result in parent ion signals whereas ion-
pair states, mixed with Rydberg states, give both fragment
and molecular ions with an increasing contribution of the
fragment ion signals as the mixing decreases. Rydberg states
mixed with ion-pair states, show fragment ion signals depend-
ing on the degree of mixing and interaction strength. Ac-
cordingly, ion signal ratios, /(X" )/I(H'X") (X = Cl, Br), are
found to vary with J'. In addition, J'-independent contribu-
tions to the signal ratios have been found for some Rydberg
state excitations. These are believed to be due to dissociation
channels.'®

Figures 4(a) and 4(b) show /(3*CI*)YI(H¥CI") as a func-
tion of J' for H¥Cl, E(1) and E(0), respectively. Similar
graphs were obtained for H¥CI. The sharply decreasing in-
tensity ratio with J' for J' > 1, observed for E(1) (Fig. 4(a))
indicates decreasing overall mixing of the E(1) state with ion-
pair states as J' increases. This fits with a dominating mix-
ing with the V(14) state in agreement with the conclusion
from the energy level shifts, mentioned above. The “close to
constant” or “slightly decreasing” intensity ratio vs. J' ob-
served for £(0) (Fig. 4(b)) suggests analogous total mixing
of E(0) with V(10) and V(11), also in agreement with the
conclusion above. Figure 4(c) shows I("Br*)I(H"Br) as
a function of J' for H'?Br, E(0). Similar graph was obtained
for H¥ Br. The intensity ratio shows a decrease with J' for J'
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= 1-5, a minimum near J' = 5-8 and significant increase for
J' = 9. This is a clear indication of a decreasing mixing of
E(0) with V(m 4+ 4) but an increasing mixing with V(m + 5)
as J' increases.

Intensity ratios vs. J have been expressed as a func-
tion of fractional contributions to the state mixing, derived
for two-level interactions.!” The assumption is made that the
ion intensity ratio is a sum of contributions due to interac-
tions between a Rydberg state (1) and two ion-pair vibrational
states (2H and 2L), such as those between the E(v') and the V
(Vy and V) states. Thus, an expression for I(X 7 )/IHX ™) (X
= Cl, Br), depending on the fractional contributions of the V;
(I = H.L) states to the state mixing (cg..([ = H,L)) as well as
on parameters which depend on relative rates of ionizations
(o7 and yy2 I = H,L) is derived.'>> The state mixings depend
on the energy spacings between levels with same J' quantum
numbers for the Rydberg state (1) and the 2H and 2L states,
respectively, (AEy(1,2H) and AE,(1,2L)) as well as the cor-
responding interaction strengths (W, and Wy). The energy
spacings can easily be derived from energy levels (Table I).
To a first approximation W, = Wy = W, oy, = ey =  and
yr = yy =y is assumed. @ measures the rate of the X* for-
mation for excitation from the ion-pair states to the HX™ for-
mation from the Rydberg state, whereas y represents the rate
of X* formation via the Rydberg state to that of its formation
from the ion-pair states.

The intensity ratios shown in Fig. 4 were fitted to derive
the contributions due to the E vs. V; and E vs. Vi state mix-
ings as well as the & and y values in the following way.

Careful investigation of the ion intensity ratio for H*>CI,
E(1) (Fig. 4(a)) revealed that the values for J' = 0 and 1,
where mixing with V;(V(14)) is dominant, are equal within
experimental error. This suggests that the mixings, cf and ¢3,
are equal, i.e., ¢ = ¢3; = 0.5. This corresponds to a value
of W(E(1), Vi) = AE;/2" which gives W ~ 123 cm™'
(see Table I). This allows to estimate the fractional contri-
butions to the mixing as a function of J'. A fit shown in
Fig. 4(a), for the parameters listed in Table 11, was obtained.
This shows that the drop in the intensity ratio for J' = 1 is
mostly due to the decreasing mixing of E(1) and V(14) as J'
increases whereas the contribution due to the £(1) and V(15)

se or copyright; see hitp:/fjcy

org/aboutirights_and_permissions
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FIG. 4. (a) and (b) H**CI: Relative ion signal intensities, (3> CIH)/I(HCI™)
vs. J' derived from Q rotational lines of REMPI spectra due to two-photon
resonance excitations to the Rydberg states E'£% (v/ = 1) (a) and E'E*
(v' = 0) (b). (¢) H"Br: Relative ion signal intensities, /(°Brt)/i(H™Brt)
vs. J' derived from Q rotational lines of REMPI spectra due to two-photon
resonance excitations to the Rydberg state E' £+ (v/ = 0). Gray columns are
experimental values. The black and white columns are caleulated values for
the contributions due to the interactions of the E(v') states with the lower
energy V states (V) and the higher energy V states (V). respectively.
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TABLE 1I. Parameters used in analysis if relative ion signal intensities
HCXHIHX ) (X = 35C1, 7Br) as a function of J' for (2 + n) REMPI
of E' =7 (v') Rydberg states (see definitions in text).

E(v' = 1)HCI E(v' = 0) HC] E(v' = 0) HBr
Wr (em™ 1) 123 152 57
Wy (em™") 123 152 100
@ L1 0.9 02
y ~0 ~0 0.4

mixing is almost unchanged with J'. The value for 3 of about
zero suggests that dissociation of E(1) is negligible.

The monotonically decreasing intensity ratio as a func-
tion of J" observed for £(0), HCI, did not allow an unique solu-
tion of all the variables to be derived. Deperturbation analysis
of HCI spectral data by Liyanage et al.”” revealed interaction
strength of about 187 cm~! for the interaction between E(0)
and V(10). An improved fit for the ion intensity ratio vs. J'
was obtained by lowering the interaction strength, but accu-
rate value for W could not be determined. Figure 4(b) shows
fit of the intensity ratio for E(0) vs J' for the parameters listed
in Table II. Clear decrease in the contribution due to the E(0)
and V(10) mixing and increase in the contribution due to the
E(0) and V(11) mixing is seen as J' increases. This shows a
resemblance with results given by Liyanage er al.***° derived
from deperturbation analysis for E(0), V(10), and V(11),
where percentage mixing of the V(10) and V(11) states with
E(0) are found to decrease and increase with J', respectively.
The results presented by Liyanage ef al.’® on the other hand
show a decreasing diabatic character of the E(0) state with J'
considering also mixing with the Rydberg states g* £y~ and
2’ X~ whereas our intensity ratios, which only represent Ry-
dberg to ion-pair state mixing, show close to constant mixing
of E(0) as J' increases.” A value for y of about zero suggests
that dissociation of E(0) is minor, analogous to that found for
E(1).

Analysis of the intensity ratio data for HBr, E(0) revealed
decrease in the contribution due to the E(0) and V(m +4)
mixing and increase in the contribution due to the £(0) and
V(m + 5) mixing as J' increases as shown in Fig. 4(c). These
results were obtained for the parameters listed in Table I1. The
nonzero value for y differs from that derived for HCI and
suggests that photodissociation via E(0) excitation is of im-
portant. This is further supported by line-width analysis (see
below).

Line shifts and deperturbations

In cases of weak near-resonance level-to-level interac-
tions, localized line shifts, hence energy level shifts, from
regular patterns, can be used to evaluate deperturbed en-
ergy levels and interaction strengths. In cases of stronger
off-resonance interactions, such as between E and V states,
where gradually changing state mixing, is observed, more
sophisticated treatment of state interactions needs to be per-
formed. As an attempt to evaluate deperturbed energy levels
and spectroscopic constants, as well as interaction strengths,
for E(1) for HCI and E(0) for HBr, we performed simplified
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TABLE 111. Spectroscopic parameters derived from direct analysis of observed spectral lines (Obs.) and from deperturbation analysis (Dep.) (see text), (a) for
E'St(v = 1), vIZH(¥ = 14, 15) (H¥CI) by using interaction strengths W; = 124 cm™" and Wy = 126 cm™'. Observed values are from this work (above)
and from Ref. 3 (below). (b) For E'H(v' = 0), V! (v = 10, 11) (H**Cl) by using interaction strengths W; = 191 cm™! and Wy = 194 cm~'. Observed
values are from this work and from Ref. 3 (below). (c) For E T =0), V'):"'(v’ =m+4,m+35) (H“Br) by using interaction strengths W, = 57 cm™!

and Wy =97 em™'. Observed values are from this work (top) and from Refs. 8 (middle) and 2 (bottom).

(a)For EFSH(v' = 1), VI (v

= 14, 15) (H¥Cl)

E(v' =1) V(v = 14) Viv =15)
Obs. Dep. Obs. Dep. Obs. Dep.
vl 85919.7 85843 85674 85773 86403 86374
85919.8 85671.7 86404.6
B 6.18 10.1 42 3.99 4.1
6.028 6.126 4.01
D ox 107 —-69.9 0.12 —10 —6.66 12
~79.55 4.529 ~3.648
(b) For E'S*(v' = 0), VI EH(v' = 10, 11) (H¥Cl)
E(v =0) V(v = 10) Vv =11)
Obs. Dep. Obs. Dep. Obs. Dep.
W 83780.4 83696 834345 83609 84207.66 84125
83780.0 834340 84208.0
B 6.40 9.2 527 1.6 4.41 39
6.6257 5.05 4.348
o 10t 0.29 0.39 19.45 =76 —7.58 16
31134 —24.1 —6.872
(© ForE'TH(v' = 0), VI ZT(V =m +4,m + 5) (H"Br)
E(v' =0) Vivi=m+4) Viv=m+5)
Obs. Dep. Obs. Dep. Obs. Dep.
vl 77940.8 77927 77830 77 865 78389 78369
77939.5
77940 77832 78389.5
B 7.78 8.6 4 32 38 35
7.721 .
7.6 39 379
D ox 10} 0.8 0.16 0.4 —6 -10.7 -9
0.3 e
-1.7 2.1 -4

deperturbation calculations. To a first approximation, we as-
sumed that the perturbation effects on an E(v") state is only
due to homogeneous (A2 = 0) interactions with the V
states closest in energy (V, and Vj). The diagonal ma-
trix elements (unperturbed energy levels) are expressed in
terms of the spectroscopic parameters (v%, By, D'xi X
= E, V., Vy).' The off-diagonal matrix elements are the
interaction strengths W; and Wg. The perturbed energy lev-
els were derived from observed spectral lines and known
energy levels for the ground state. The spectroscopic pa-
rameters for the E and V states were searched for in the
deperturbation procedure. An emphasis was placed on the
derivation of the rotational constants B’y and correspond-
ing energy levels for unperturbed E states. In order to eval-
uate the B'g’s the number of unknown parameters needed
to be lowered. This was done, based on the following
criteria:

(i) 0 < D'g < 0.001 was assumed. The unperturbed E(v')
states belong to a series of Rydberg states, which con-
verges to the ground ionic states X’T1. We, there-

Downloa
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fore, assume that the Rydberg states resemble the ionic
states as well as the ground neutral states in terms of
centrifugal distortions. The D, values for H**CI* and
H¥Br* are 547 x 107 ecm™' and 3.48 x 107 em™',
respectively.”*% The corresponding values for the neu-
tral ground states are 5.3194 x 10~* cm~! (H¥CI) and
3.457 x 107* em™' (H¥'Br), respectively.”** Assum-
ing the D's for the E(v') states to be of the same order of
magnitude, it is realistic to assume 0 < D'z < 0.001.

(ii)) W, < Wy was assumed for W; and Wy close to the
W values derived from the intensity ratio analysis, men-
tioned earlier. In the diabatic approximation, the state in-
teraction strength (W) is proportional to the vibrational
wavefunction overlap'"-*" for the Rydberg vs. the ion-
pair states. For a fixed E(v') state, this corresponds to an
increasing value of W as a function of v' for the ion-pair
state, hence W; < Wy.

As a test of this method, we calculated B' of E(0) (B'g())
for HCI as a function of W; and Wy.>* A value of B'r,
= 8.6 cm~! was obtained by using equal interaction strengths

d 25 Jan 2013 to 192.67.218.50. Redistributicn subject to AIP license or copyright; see hitp:/fjcp.aip.org/about/rights_and_permissions
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of 187 em™', corresponding to the W, derived by Liyanage
et al.” in a more detailed deperturbation analysis. This is
close to their value of B’z = 8.37 cm™'. These B’y val-
ues are significantly larger than those derived from the per-
turbed energy levels (B'gp, = 6.6257 em™")* but smaller than
B, values for the ground ionic state (9.9566 cm™') and the
ground neutral state (10.59341 cm™")** as well as B', val-
ues of unperturbed Rydberg states of HCI, which are typically
B, =9-105cm'? Considering the criteria (i) and (ii), on
the other hand, values of B'gg) = 9.2 4+ 0.3 cm™! and D' (g,
=3.9 x 107* cm~! were obtained for W, = 191 cm~! and
Wy = 194 cm™! (see Table I1D).

Analogous analysis of the data for E(1)(HCl) and
E(1)(HBr) gave B'z(y = 10.1 £ 0.2 em ™' for Wy, = 124 cm™!
and Wy = 126 cm ™! (HCI) and B'g(; = 8.6 & 0.2 cm™! for
W, =57cm™" and Wy = 97 cm™! (HBr) (see Table IIT). The
latter value is an increase from the value of 7.721 em™! for
the perturbed state.® It can be compared to the B, values of
8.072 cm! and 8.46488 cm~' for the ground ionic and neu-
tral states of HBr, respectively,”* as well as values of B, for
unperturbed Rydberg states (B', =~ 7.6-8.7 cm~!).%810

Further conclusions, which can be drawn from the de-
perturbation analysis (see Table III and Fig. 3), are as fol-
lows: (a) Term values (band origins), v°, for all the E states
and the higher energy V states (V) decrease from the ob-
served 1%-values whereas an increase is observed for the V; 's.
Therefore, the energy spacing between the vibrational states,
Vp and Vg, which has been found to be unusually large,”'*
is found to decrease. The energy spacing between the HCI,
E(0) and E(1) states increases slightly to about 2147 cm™'.
(b) Rotational constants (B"), hence rotational energy level
spacing (AEyp y_y), for all the V; (I = L.H) states lower (or
stay unchanged) compared to values observed for the per-
turbed states, in agreement with expectations.'* (c) The sec-
ond order rotational constants, D', increase on an absolute
scale for all Vj; states and lower for all the V; s as a result of
deperturbation. For HCI the D’ values in fact switch sign from
negative to positive values for Vi and from positive to nega-
tive values for V;, which corresponds to a change in AEy y_,
vs J' plots from showing positive to negative curvatures for
Vu and vice versa for V;, (see Fig. 3). These observations are
clear indications of further perturbations due to interactions
of the V states with other Rydberg states, not taken account
of in the deperturbation calculations.

Line-widths

Rotational line-widths of the E(v')(v' = 0,1) and V(v')
(v' = 10,11,14, and 15) states REMPI spectra for H'Cl are
all close to our detection limit of about 0.3-0.4 cm~' which
suggests that predissociation is not of major importance for
these states'®> (see Figs. 1(a) and 1(b)). This agrees with the
derivation of ¥ & 0 values, hence negligible dissociation, for
the E states according to the intensity ratio analysis mentioned
before. The lifetime (7), being inversely proportional to the
line-width as'® 278

t(ps) = 5.3/ T(ecm™ ") )

gives the lower limit value for t of about 13 ps.
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FIG. 5. HBr: Rotational line-widths vs J derived from Q lines of H™Br
REMPI spectra for VI E® (v = m + 5) (top), E'EX(v' = 0) (middle) and
VIEH(V =m + 4) (bottom).

Line-widths of the E(0) and V(m +i) (i = 4 and 5)
state spectra for H'Br, on the other hand, are larger, suggest-
ing that predissociaton processes are significant in agreement
with the conclusion derived from the intensity ratio analysis
which gave y # 0. Furthermore, the line-widths vary sig-
nificantly depending on the rotational levels as seen in Figs.
1(c) and 6. Those for the Q lines of the V(m + 5) spectrum
increase with J* whereas those for the V(m + 4) spectrum
decrease with J' (Figs. 5(a) and 5(c)). The line-widths for
the Q lines of the E(0) spectrum (Fig. 5(b)), generally are
smaller and show close correspondence to the intensity ratios
as a function of J' (Fig. 4(c)) previously explained to reflect
interactions with V(m + 4) as well as V(m + 5). Because of
the inverse relationship between t and I" (Eq. (1)), the life-
times of the E(0) state rotational levels generally are lon-
ger than those for the V(m +4) and V(m + 5) state levels

yright; see hitp:/fjcp.aip orglaboutirights_and_permissions
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FIG. 6. Semischematic figure, showing the HBr energetics, state interactions
and energy transfers of relevance to the data presented (see text). Electro-
static, rotational and spin-orbit couplings are marked E, JL and SO, respec-
tively. Red boxes represent the ion-pair states. Blue and purple boxes are
Rydberg states and black curves are repulsive states. The blue box with solid
lines represents a manifold of many Rydberg states, which couple with the
ion-pair states. The blue boxes with broken lines are gateway states with re-
spect to predissociation of other states. Relative importance of couplings and
transfers are indicated by different boldness of arrows and broken lines as
well as by use of brackets or not. The colored arrows indicate the major paths
towards predissociation for the V and E states.

and the lifetimes of the rotational levels for the V(m + 5)
and V(m + 4) decrease and increase with J', respectively. The
alteration in lifetimes, hence line-widths, with J and the de-
pendence on electronic states reflects different rates of predis-
sociation. This observation suggests that the predissociation
of the E(0) state is primarily determined by that of the V(m
+5) and V(m + 4) states following the state interactions de-
scribed earlier. Large average internuclear distance of the V
state makes crossing to repulsive states, hence direct predis-
sociation, highly improbable.'® The Rydberg states, on the
other hand, are either in close vicinity of, or crossed by, repul-
sive states to make predissociation processes more probable.
Possible interactions involved in indirect predissociations of
the E(0), V(m + 4), and V(m + 5) states are presented semi-
schematically in Fig. 6.°%2? These involve strong electrostatic
interactions (E) between the £(0) and the V states, electro-
static (E) and rotational (JL) couplings of the V states with a
manifold of a large number of Rydberg states, such as g* £,
£, 85N, S8, A, F'AYMY a5 well as predissocia-
tions of the Rydberg states or gateway-Rydberg states due to
state couplings of different nature (E, JL, §0) and strengths.
Generally, the E-interactions are the strongest, whereas the
JL- and SO-interactions are weak-to-intermediate (Hunds
cases (a)-(b)).”® Furthermore, the Franck-Condon-overlap of
the Rydberg states with the # X+ states exceeds that of the
overlap with the A'TT and &’ IT states.”” The major direct pre-
dissociation channels, therefore, are believed to be those in-
volving E-interactions between Rydberg states, such as the
e*Tptand 3, * states, and the repulsive £ X states. € and
D ', state spectra for HBr (as well as for HCI) all show dif-
fuse structures,™* which suggests that these states could act
as gateway states by strong E-interactions with the A'TT state
following weaker JL (and SO) couplings with other Rydberg
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states. All in all, this shows that quantum interference effects,
involving several states, play important role in the overall in-
teraction process and that the major paths of indirect predisso-
ciations of the E(0), V(m + 4) and V (m + 5) states are likely
to be as indicated by the arrows shown in Fig. 6.

CONCLUSIONS

(2 + n), 2D REMPI spectra of H'CI(i = 35,37) and H'Br(i
=79,81) for resonance transitions to E' £*(v') Rydberg states
and VIZT (V') states, close in energy, have been recorded
and analysed in terms of state interactions, energetics, and
photofragmentations. Spectra show large perturbation effects
due to J' dependent Rydberg-to-ion-pair state interactions as
line shifts and intensity alterations for HCI and HBr as well
as line broadenings for HBr. The data are analysed in terms of
off-resonance interactions between the E'XH(v') states and
two V!'E* (V) states, closest in energy, one higher (V) and
one lower (V.) in energy. Variation in ion signal intensity
ratios (/('XT)YI(H'X™)) as a function of J' are shown to be
due to altering contributions of the two Rydberg-to-ion-pair
state mixing depending on energy differences between quan-
tum levels for the same J' quantum numbers. In cases when
different observations depend on the same dynamical prop-
erties (state interactions and/or photofragmentations) analysis
results are found to be supportive in nature. Thus, simulation
calculations of ion signal intensity ratios and deperturbation
analyses of line positions as a function of J' reveal interaction
strengths as well as deperturbed spectroscopic parameters for
the £'ZF(v' = 1) state of HCI and the E' £ *(v' = 0) state of
HBr. Analysis of both intensity ratios and line-widths are in-
dicative of predissociation processes being negligible for the
HCI, E'S*+(v' = 0,1) states but of significant importance for
the HBr, E' £+(v' = 0) state. An overall interaction and dy-
namical scheme, to describe the observations for HBr is pro-
posed, where the ion-pair states play central role in the disso-
ciation of the E states via off-resonance interactions followed
by predissociation of Rydberg states.
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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
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Mass spectra were recorded for one-colour resonance enhanced multiphoton ionization (REMPI) of
HBr(i=79,8 1) 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'A2(v = 1) and VIET(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 4+ 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 &*TTy(v' = 0)

<« X transition with band origin 80 038 cm

-1

and rotational parameter B, = 7.238 cm~'.

@© 2012 American Institute of Physics. [hip://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 HCl 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.''"'*'%-1 More recently

# Author to whom correspondence should be addressed. Electronic mail:
agust@hi.is. Telephone: +354-525-4672/+354-525-4800. Fax: +354-552-
8911.

0021-9606/2012/136(21)/214315/11/$30.00

136, 214315-1

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 HCI
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
HCI1.""-** 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 VI E*
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,'"* observed
for singlet states and A > 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 AQ = 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' £ 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 = CI, Br,
I) there is a reason to believe that the major photofragmenta-
tion processes in one-colour (2 + 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

(i)  HX"(Ry)+hv — HX" +e;

(i)  HX* 4+ hv— H' +X;

(iii)  HX™(V) + hv — HX* +e7;

(iv)  HX* 4+ hv— H"+X;

W) HX" W+ ->H+X" X" +h— Xt +e;
i) HX"W+h—-H " +XH 4+ hv— Ht +e;
(vii) HX"(V)+hv — HF + X7;

(viii) HX(Ry) — H+X/X* X/X*+ 3hy — X +e7;
(ix) HX"Ry)+hm—-H+X" X" +hv—> X" +e.

H™ and X" are atomic Rydberg states but X and X* refer
to the ground (*P32) and the spin-orbit excited (>Py;2) 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 ml/pulse
Nozzle size 500 pem
Sample backing pressure 2.0-2.5 bars
Pressur ide 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. lons
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 1.

RESULTS AND ANALYSIS
Spectra

2D-REMPI data corresponding to resonance transitions
tothe F'A(v = 1), E'E% (v = 1), H'EH(V = 0), V! (v
=m+7), and V' (v = m + 8) states of H'Br (i = 79, 81)
(see Fig. 1) in the two-photon wavenumber region 79 040-80
300 em™! 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(i + 7). and V(m + 8),
respectively. Figure 2 shows 1D-REMPI spectra for the H,
81Br*, and H' 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 1I). Furthermore, three Br atomic

nttp:/jcp.aip. boutirights_and_permissions



214315-3 Long etal.

1.6x10° \

\
\ HBr A's' ==

-1

0.8 -

Energy /cm

H'Br v's’

0.6

0.4

0.2 -

0.0

T T T T T

1 2 3 4
Internuclear Distance / A

FIG. I. HBr energetics. Potential energy curves, asymptotic energies (right),
photon excitations (red arrows: left) corresponding to two-photon resonance
excitation to the £'Az(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. I in Ref. 18. Repulsive potentials (A, r 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(2P312) to the excited states Sz (79 178 ecm™1), 2P3p
(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
+0.005 em ™" and band origin value of 80 038 4+ 2 cm™' for
the Rydberg state. Based on comparison with absorption data
given by Ginter er al.,” the state of concern is assigned &* Ty
(v =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

J. Chem. Phys. 136, 214315 (2012)
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FIG. 2. ID-REMPI spectra for H*, ¥'Br*, and H¥' Br* and J' assignments
for rotational peaks corresponding to two-photon resonance excitations to the
Flay = 1), VIETW =m+ 7), H'ET (v =0), VIZT( = m + 8), and
E'T* (v = 1) states. New, previously unreported spectrum in REMPI, as-
signed to two-photon resonance transition to the s Mo(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 VIE+H(v = m + 7), VIE (W =m + 8), E'SH(v = 1),

F'Ax(v' = 1), H'£+(/ = 0) and “New” (K’ TTy(v' = 0)) states (see text).

Vim+17) Vim + 8) E(l)
J Q N 0 Q s Q s
0 794813 799755 §0029.0 80 166.3
1 794725 799348 80 021.8 80 162.0
2 794554 79 508.8 79 8873 80 006.6 800585 80 153.8 80203.1
3 794317 79 520.0 79 836.0 799824 80069.3 80 1422 802283
4 79 399.6 79 525.6* 79 949.7 800709 80129.1 802452
5 79 343.4* 79 909.0 800633 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(l) H(0) New

J 0 P Q R S [ Q s [
0 79 595.6 79 645.6 80 039.8*
1 79559.5 79 6429 80 037.5*
2 791912 79258.2 79 309.6 79 343.0 79 358.6 795209 79637.7 79 686.8 80033.8"
3 791552 79 236.6 79 307.3 79 356.6 79 386.5 79 480.1 79 630.2 797129 80 028.8"
4 79 120.1 79216.9 79 304.1 79 368.6 79417.0 79 438.6 79621.8 797373
5 79077.1% 79 196.6 79 300.2 79 379.7 794458 79395.5 79611.8 797617
6 79 047.0 791755 79 296.7 79391.2 794727 79 350.5 79 599.8 79 782.0
7 79 153.9 79 290.4 79 403.1 79 505.2¢ 79 301.6" 795837 79 800.0
8 79 133.2* 792839 79 532.4% 79 250.6" 795654 798148
9 79 111.0* 79 276.1 79 539.7 79 823.2*
10 79 086.2" 792057 79 505.2*
11 79 058.9*

“New, previously unobserved peaks in REMPL

for the energy spacing between neighbour energy levels,
AEy gy (= EJ') — E(J” — 1)) as a function of J' with a
slope value 2B,,, where B, is the v'-dependent rotational con-
stant. Irregular, nonlinear, shape of AEy ;| 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.'??® The shift of an energy level
of a perturbed state (1) (AE;(1) = E;(1) — EJ.(1), where
53,(1) is the zero order energy for the unperturbed state) de-
pends on the interaction strength (W;2) 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) — Er(2)),

1 f 2
AE; (1) = 3 (AE_['(].Z)_ (AE,-(],Z))Z—MWIZ\‘).

(la)

Equation (la) is derived from the classical expression
given by Herzberg® for energies in case of level-to-level in-
teractions,

1 1 -
Ep () = 5 (EQ(+ESQ) 234 1Wal® + (AES.(1. 2%

i=12

AES(1,2) = ES.(1) — ES.2). (1b)
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Small, but significant, positive deviation of the AEy y 4
value from linearity for J' = 6 (slight negative deviation for
J' =7T)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'E+(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).'"% The
larger irregularities in energy levels, observed for the V(m
+ 7) state, however, (Fig. 4(a)) indicates further involve-
ment of larger homogeneous (AQ = 0) state interactions with
€2 = 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 /' = 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 . vs.
J' for E(1). Whereas almost a linear behaviour of AEy y _
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

ghts_and_permissions
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FIG. 3. Rotational energy levels, derived from observed REMPI rotational
peaks for the F'Ax(v = 1)(a), V'EY(Y = m+7)((a) and (b)), H'E+
(' = 0)(b), V'EH(Y = m + 8)((a) and (b)) and £ 'E* (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 Vim + 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(im + 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" + 1)Y2 (3]

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

Downloaded 27 Jun 2012 to 128.143.23.241. Redistribution subject to AIP license or copyright; see http:/]
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V(m+8)

2 4 6 8 J

FIG. 4, H'Br: Spacings between rotational levels (AEy y 1) as afunction
of J' for F' Az (v = 1)(a), E'E4 (' = 1)), VIET( = m + 7)), H' 2+
=0)(b), and V' (v = m + 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, ¢i and c3, for the states 1(F(1)) and
2(V(m + 7)) respectively can now easily be derived from

o1 VIAEN1,2)? — 4 |Wil
1

2
== H c§=1—cf

73 2IAEN(1,2)]

3)

(see Table II1).

Signal intensities vs. state interactions

Rotational lines were fitted by Lorentzian functions
to obtain integrated intensities as well as line-widths.
‘Br signal intensities relative to H'Br* signal intensities
(I('Br™)Y/I(H'Brt)) as a function of J', for the Rydberg state
spectra (see Fig. 5) show certain resemblance to analogous
plots of I('CI*)/i(H'CI*) for H'CI (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! £+
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

aip orglaboutrights_and_permissions
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TABLE [1II. Parameters derived from line-shift and intensity-ratio
('Brt YI(H'Br*)) analysis of the F(1) <« X system (see Figs. 4(a), 6(a),
and 6(b))

J AE = E(F(1)~ E(Vim + 7)) Wiz e c?
2 ~1459 1.67 1.00 0.000
3 —1244 2.36 1.00 0.000
4 955 3.046 100 0.000
5 —432 373 0.993 0.007
6 14.6 441 0.898  0.102
7 723 5.09 0.995 0.005
Wiz 0.68 £ 0.07 cm ™!

¥ (Bilea) 0.11

o (eafa) 1.3

ay (Bfoy) 0.14

+

1(Br )I(HBr )

FIG. 5. Relative ion signal intensi

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

interaction with V(m + 7) (see Fig. 3(a)). This near-resonance
effect also displays itself as alterations in absolute ion signals.
Thus the P line series for H'Br* displays minimum for /' ~ 6
(see Fig. 2(a)) and the J' = 6 peak for HT in the Q line series
exhibits enlargement. The intensity ratios (/('Br* )}/I(H'Brt))
for the E(1) state gradually decrease with J' (Fig. 5(c)), in-
dicating less off-resonance interactions with V(m + 8) as the
spacing between the levels (AEy(E(1),V(m + 8))) increases
with equal J' (Fig. 3(a)). There is, however, a slight indication
of an enhanced ratio near J' = 6 (Fig. 5(c)). The intensity ra-
tios for H(0) show clear effect of “double™ state interactions,
showing decreasing values with J' for low J' (for J' > 0) but
increasing values with J' for high J', with minimum at J'~ 5
(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)).

04 . .

1(Br'y/I(HBr)

es, I('BriyI(H'Br) (i = 79, 81) vs. J' derived from @ rotational lines of REMPI spectra due to two-photon reso-

nance transitions to the Rydberg states F(I) (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 W, = 0.68 cm™ ', & = 1.26, and y = 0.11 as well as calculated ratios for same W'y, & = 2.67, and y

= 0 (white columns) (see text).
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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('Br™)/I(H'Br*) can be expressed as

I(Brf) _ aly+a(-y)] @
I(HBrt) — (1-ea)
where
I(Brt) = e + picys I(HBr) = aicf + pc3

a=ofu; ¥y =Bi/an ay =il

«; 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 Wy, values obtained from
the line shift analysis mentioned above and the energy level
differences (AE;(1, 2); Table III), & = 1.26, y = 0.11, and
ay = (.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 ‘Brt 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 «) 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 (T") as a function of J'.
Lower limit lifetimes (t) derived from®3"

T(ps) = 5.3/ T(em™") (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

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 /('Brt)/((H'Br") inten-
sity ratios, for F(1), are observed for /' = 6 whereas the
maximum bandwidths (minimum lifetime) are found for
J' = 5. Furthermore, line-widths of the @ 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.>**>*! Hence, the
particularly short lifetimes, observed for the V(m + 7) state
are due to predissociation processes following crossings from
V(m 4 7) to Rydberg states such as the E(1), F(1), and H(0)
states. This is demonstrated schematically in Fig. 7 for the
Vi(m + 7), E(1), and F(1) states. Based on a coupling scheme
given by Alexander er 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 (¢;%) will depend on the spacing between
the rotational levels with same rotational guantum numbers
(AEy) (Eg. (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'Br* (i = 79, 81) signals for £(1), £(1), and H(0) but from @ lines of H*
signals for V(m + 7).

significant maxima, hence lifetime minima, near J' = 5 (see ! Vs +7) £ e 5O
Figs. 6(a)-6(c)). The V(m + 7) state, showing very broad 0 1.69 + 0.34 229+ 0.07 1.96 + 0.38
peaks, also exhibits maximum bandwidth (minimum lifetime) 1 1.64 £ 0.28 250 £ 0.04 386038
for J' ~ 5-6 and much shorter lifetimes than F(1) (Fig. 6(d)). 2 1.41 &+ 0.07 1.86 & 0.04 3.96 + 0.05 3.65%0.15
Due to very weak intensity and breadth of the V(m + 7), 3 1.16 0.1 1394 0.04 401 %007 378£0.13
Q line, /' = 5 peak line-width could not be determined.  * 0.65 £ 0.06 1.24 £ 007 310 0.08 4382015
Line-widths for the E(1) state are in range between those 3 L8 2011 237£0.16 4322016
for F(1) and V(m + 7), also reaching maximum for J' o 04820.13 136:£0.34 inE02 H0£0.17

. ' o . . 7 0.59 + 0.03 1.46 + 0.63 3.84 £0.27 3.63 £ 0.15
= 5 (Fig. 6(e)). This further indicates close interactions M 0.86 4 0.05 405+ 0.74 299+ 031
between the states involved in agreement with previous 1.03 4 0.07 3444223 321 4 146
interpretations of line shifts and intensity ratios. There are,
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(b)

F'A,(v'=1) Q branch

(d

V'E(v'=m+7)

)

H's'(v'=0) Q branch

FIG. 6. Rotational line-widths vs. J' derived from REMPI spectra for (a) F(1), P lines, H'Br* (i = 79, 81), (b) F(1), Q lines, H'Br*, (c) F(1),
S lines, H'Br™, (d) Vin + 7). Q lines, H", (e) 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).

74

Downloaded 27 Jun 2012 to 128

143.23.241. Redistribution subject to AIP license or copyright; see http:/fjcp.aip.org/aboutirights_and_permissions



214315-9 Long et al.
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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 S0, 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 QF.

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
PY (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'I1;-gateway
state with the repulsive r‘E*'] 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 (A2 = 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. Rotati p L pled and
S-uncoupled, are marked JL and JS, respectively.

Bound states

State interactions EHV F D' ¥My b’ &%

Al JL o JL

a4’ SO

o', 50 s s JL
Ty (e) SO SO
Art SO JL
Aot 50

cp'm JL

b 50

B, So

£y S0

Continuum states

Bound states

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

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 £(1),
F(1), and C'T1. The slight increases observed in the intensity
ratios (J('Br™)/I(H'Brt)) 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 =fEIL+fF]i+fHOL+fmI|m'L= ©)

Tv7 TEl TF1 THO Tother
where t; (i = V7, El, 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 < f; < 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 1V) 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 £(1), F(1), and H(O) (1/tg1 + Vtpr + Utpe), within
uncertainty limits. This suggests that the corresponding f;
factors are close to unity. Analogous comparison could not
be made for J = 3, since its bandwidth for V(m + 7) could
not be determined (see figure caption 6(d)). Assuming fi = 1
(i = El, F1, HO) and fype, = 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'TL'® 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

7 Jun 2012 to 128.143.23.241, Redistribution subject to AIP license or copyright; see http:#jcp aip.org/about/rights_and_permissicns
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TABLE V1. (2 + 1) REMPI bromine atomic lines and closest H'Br rotational lines.

Bromine atomic lines

H'Br rotational peaks

Two-photon transitions v (em™"), our values Relative intensity Rotational transition v (em™ "), our values Aviem™")
4832 = 2Py 79 178.70 573 F(:J' =6) << X0J" =7 P 791755 32
e 79 693.67 1000 H(0J' = 2) «« X(0J" =0); § 79 686.8 .
P =Py 79 867.67 319 Vim + 8. = 6) «« X(0.J" = 6):0 79 860.5 7.2

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 1071% 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 *S3
<< 2Py (AL = AS = 1, AJ = 0) resonance compared
to that for the *Pip << ?Pip (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' £+ (v = m + 7) states
give interaction strengths (W)2) 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 (y) of the F(1) state (Table 11I). Qualitative anal-
ysis further reveals the nature of state interactions between the
ion-pair states V(m + k) (k = 7,8) and the E'£*(' = 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-

Downloaded 27 Jun 2012 to 128.143.23.241. Redistribution subject to AIP license or copyright; see hitp:/fjcp.aip.org/
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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 /(1)
state, of which mixing with the C'T1; state is believed to be
important. The C'T1, state is likely to be a gateway state prior
to predissociating by the *  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’ TTy(v' = 0) <« X'E7 tran-
sition and analysed to give the band origin 80 038 + 2 cm™!
and the rotational parameters B, = 7.238 £ 0.070 cm™' and
D, = —0.016 + 0.005 cm ™! for the k state.
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Two-dimensional REMPI data, obtained by recording ion mass spectra for HBr as a function of two-pho-
ton wavenumber, revealed previously unobserved (2 +n) REMPI spectra for H”°Br and H®'Br. Spectra
were assigned and analyzed to derive band origins and rotational 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.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Vacuum ultraviolet absorption spectra of the hydrogen halides
were first reported and studied in 1938 by Price [1]. Since then a
wealth of spectroscopic data has been derived from high resolution
absorption spectroscopy [2-12], fluorescence studies [12,13], as
well as from resonance enhanced multiphoton ionization (REMPI)
[14-29]. Largest emphasis has been on studies of HCl [4-6,12,14-
20,22,25-27,30] (DCl [4,5]), but studies of HBr [2,3,9,13,21,22,26-
29] (DBr [9]) and HI [7,8,11,22-24,26] (DI [7,8,10]) have been sig-
nificantly less. These studies have revealed and led to characteriza-
tion of large number of Rydberg states as well as number of
vibrational states of the V'X* ion-pair state. Theoretical ab initio
calculations, to determine excited state potential energy surfaces
for HCI [31-33], have proven to be very helpful for interpreting
experimental data. Analogous calculations for HBr [34] and HI
are more limited.

Whereas most of the studies of the Rydberg and ion-pair states
have been dealing with the energetics of the states, an increasing
attention has been brought to state interactions, energy transfers
and photodissociation processes recently, again with largest
emphasis on HCl [35-44]. The hydrogen halide spectra are rich in
intensity anomalies and line-shifts due to perturbation effects,
which makes them ideal for studying state mixing and photo-frag-
mentation processes. Interactions between ion-pair vibrational
states and Rydberg states, of various strengths, have been seen.
These can be grouped into three main categories as,

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

0022-2852/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jms.2012.10.008

(a) Very weak near-resonance state interactions, distinguish-
able by negligible rotational line shifts but significant alter-
ations in signal line intensities [44], observed for triplet
Rydberg states and AQ > 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 [43,45], observed for sin-
glet states and AQ > 0 state interactions.

(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 [45], observed for AQ =0
state interactions.

These characteristics can also be useful in spectra assignments
[45,46]. Thus, observations due to near-resonance interactions be-
tween states with same J' quantum numbers can be useful to as-
sign rotational transitions to peaks [45,46] and interaction
strengths can be decisive about electronic state terms involved
[47].

A summary of Rydberg states observed in classical absorption
spectra for HBr was given by Ginter et al. in 1981 [9]. A pioneering
work by Callaghan and Gordon in 1990 [21] summarizes large num-
ber of Rydberg and ion-pair states which have been observed for
HBr in REMPL. In 1998 we published a paper with some additional
observations for Q= 0 states of HBr seen in REMPI [26]. Recently
we have performed detailed photofragmentation and state interac-
tion studies based on perturbation observations in REMPI seen for
resonance excitations to selected Rydberg and ion-pair states of
HBr [47]. We will now present two-dimensional REMPI data
within the two-photon excitation region 74000-86000 cm™' and
interpretations relevant to new spectroscopic identifications.
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Perturbation effects, showing as line-shifts and/or signal intensity
alterations, are found to be very useful in the spectra assignments.

2. 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 else-
where [48-50]. Excitation radiation was generated by pulsed exci-
mer laser-pumped dye laser systems, using a Lambda Physik
COMPex 205 excimer laser and a Coherent ScanMatePro dye laser.
Frequency doubled radiation was focused on the molecular beam
inside an ionization chamber between a repeller and extractor
plates. lons formed by multiphoton excitations were directed into
a time-of-flight tube and detected by a micro-channel plates
(MCPs) 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 number of la-
ser 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
observed (2 + 1) bromine atom REMPI peaks. The accuracy of the
calibration was typically found to be about #2.0cm ™' on a

Table 1
Typical equipment/condition parameters for REMPI experiments.

HBr gas sample

Merck Schuchardt, Germany, Purity:
99.8%

Laser dyes €480, €503, R540
Frequency doubling crystal Sirah BBO-2
Laser repetition rate 10 Hz

Dye laser bandwidth 0.095cm™!
Laser intensity used 0.1-0.3 m}/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 0.05-0.1¢cm™"
Time of flight step sizes 10ns

Table 2

HBr: Band origin (1°) and rotational parameters (B'and D) for the KT, (¢ = 0), m T, (¢

(m+18) and V'E" (in + 19) states.

two-photon wavenumber scale. Equipment condition parameters
are listed in Table 1.

3. Results and analysis

Most HBr molecular spectra, previously detected in REMPI stud-
ies [21,26], in the two-photon resonance excitation region 74 000-
86000 cm ' were identified and assigned. In addition, several
“new spectra” were observed and assigned. These are grouped into
three categories (see Table 2 and Fig. 1):

(i) Spectra due to two-photon resonance transitions to Rydberg
states, not previously detected in REMPI but identified in
single-photon absorption studies [9].

(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 or not analysed previously in
terms of rotational energy structures.

Table 2 summarizes the above mentioned findings (i-iii). Fig. 1
shows some relevant 1D-REMPI spectra for parent and fragment
ions. Spectra due to transitions to two Rydberg states (k*I1; and
m’Il,), not previously detected in REMPI, but identified in single-
photon absorption studies [9], (i) are to be seen in Fig. 1a and b.
Spectra due to transitions to two Rydberg states (W'E" (n=6,
v =0) and v*As(n=6; v =0)) not previously detected, (ii) are to
be seen in Fig. 1c and d and spectra due to transitions to the vibra-
tional states of the V'X* jon-pair state, V(m + 18), V(m + 19) and
V(m +17), (iii) are to be seen in Fig. 1c-e respectively. The assign-
ments and analysis of these spectra as well as two more vibrational
bands, V(m — 1) and V(m + 12), (iii) will be dealt with in more de-
tail below. In addition to the molecular REMPI spectra observed,
several bromine atomic (2 + 1) REMPI resonances were identified.
These are believed to be due to excitations of bromine atoms
formed by predissociations of Rydberg states andfor following
one-photon photodissociation via the repulsive state A'I1 [39,47].

3.1. Spectra due to two-photon resonance transitions to Rydberg
states, not previously detected in REMPI studies

By comparison with the analysis given by Ginter et al. [9] spec-
tra centred at v* = 80386.0 cm ' and 80644.0 cm ' (Fig. 1a and b),
which have not been seen in REMPI before, are assigned to two-
photon resonance transitions to the kI, (#=0) and m’Il,

=0), W'E' (n=6,v=0), Az (¢ =0}, V'E" (m + 1), V'E" (m + 12), V'E" (m +17), V'E*

State n v v Bfem™! D = 10%cm™! References for others’ work
QOur work Others’ work Our work Others’ work Our work Others' work
KM, 5 0 80386.0 80386.0 8.150 £ 0.009 8.13 0.82 0.07 91
m*Il, 5 0 80644.0 80647.2 8.038+0.017 8.05 -0.04 0.34 91
8.04 0.23
w'z* [ 0 85464.0 - 6501 - 4.4 - -
A, 6 0 85831.0 - 7.84£0.05 - 0.3 - -
V' - m-1 75351.5 - 2.75+0.16 - -25 - -
V'E" - m+12 82416.7 82419.4" 4.12+0.06 - -32 - [21]
82417.9° 40 21]
82418 19]
V'E" - m+17 85126.9 85027.1" 261011 - 93 - [21]
85027.3 21]
V'E" - m+18 85598.4 - 4,02 - 34 - -
V'E" - m+19 85018.6 - 323£016 - -1.8 - -
* H™Br.
" 1B,
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Fig. 1. 1D-REMPI spectra for H*, 7Br* and H’*Br* and J' assi; of peaks cor to two-photon resonance excitations to the k*I1; (¢ = 0) (a), m*I1,

(#/ =0)(b), V'E* (m+9) (b), W'E" (n=6,v =0)(c), V'E" (m + 18) (c), u*Az (n =6,V = 0) (d), V'E* (m + 19) (d) 6p7°E " (¢ = 0) (e) and V'E* (m + 17) (e) states. Bromine atomic

(2+1) REMPI peaks are also marked.

(¢ =0) Rydberg states respectively. Spectral analysis reveal rota-
tional constants (B'and D’) close to those given by Ginter et al.
[9] (see Table 2).

Analogous to that observed by Ginter et al. perturbations are
seen in the spectrum for k°IT, (# =0) for J' =4 and 7. This shows
as line shifts, hence energy level shifts, as well as intensity altera-
tions (see Fig. 1a). The intensity alterations show clearly as drops in
the parent ion signals (I(H'Br*)) for J' = 4 and 7, but also as enhance-
ments in the fragment ion signals (I(Br*) and I (H")), for J' =7 in
particular. Thus the intensity ratios I('Br*)/I(H'Br*) (i =79, 81) as a

function of J' show sharp peaks for J' = 7 and slight, but significant,
increases for J' = 4 (see Fig. 2a). These observations are characteris-
tic for near-resonance, level-to-level interactions between states
with same J' values [43-47]. Large enhancement in the intensity
ratio for J'=7 is typical for a mixing of a Rydberg state with an
ion-pair state, since ionization via an ion-pair state mainly results
in fragment ions whereas ionization via pure, unmixed Rydberg
states mainly results in parent ions. The Q line series for the ion-
pair state V(m +9), seen in the fragment ion spectra only, shows
broad peaks for J' = 0-6 on the long wavenumber side of the k*IT,
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Fig. 2. Relative ion signal intensities, I('Br")/I(H'Br") (i=79, 81) vs. J' derived from Q
rotational lines of REMPI spectra due to two-photon resenance transitions to the
Rydberg states k’TT, ( = 0) (a), W'E* (n =6, v = 0) (b) and 6pm*E~ (v = 0) (c).

(¢/ = 0) spectrum (see Fig. 1b). Although the peal, for (m +9),J =7
is too weak or too broad to be observed, an extrapolation of the Q
line series suggests that it should be close to the Q lines for the
kI, (¢ = 0) system, in which case the near-resonance interaction
of concern must be between kI, (¢ =0,) =7)and V(m +9; J = 7).
Thus an increased fragment ion signal and a decreased parent ion
signal for the k°I1, (¢ = 0, J' = 7) resonance excitation is due to en-
hanced ion-pair state character in the mixed state. The state mix-
ing, most prabably is via k*I1, and k’Il, state interactions. The
perturbation for J' =4, on the other hand, mainly shows as a de-
crease in both signals (Fig. 1a) and small change in the intensity ra-
tio, suggesting that it is not due to mixing with an ion-pair state.
Most likely, therefore, it is due to mixing with another Rydberg
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Table 3

Rotational lines for H'Br (i=79, 81), due to two-photon resonance transitions to the
K1 (¢ =0), m*T, (¢ = 0), W'S* (n = 6,v' = 0), u’A; (=6, = 0), V'E* (m+1), V'E*
(m+12), VIZ* (m+17), V'T" (m + 18) and V'E" (m + 19) states.

I KTy m'Tly
Q P Q R s
0
1 80385.1
2 80384.3 80596.5 80642.4 80676.0 80695.6
3 80383.1 80578.4 80640.8 80690.4
4 80381.7 80558.0 80638.4 80704.8
5 80379.3 80539.6 80635.4
6 80376.4 80520.4 80631.7
7 80372.3 80628.1
8 80368.8
9 80363.7
10 80357.6
wizt A,
Q P Q R s
0 85464.0
1 85460.4
2 85451.0 85777.2 85827.4 85856.9 85873.7
3 854393 85758.2 85824.5 858705 85903.5
4 85424.6 85736.1 85820.6 85882.8
5 85406.1 85712.5 85814.9
6 85377.7 85809.2
7
8
9
10
VIE VIE" VIE" VIE" VIE®
(m-1) (m+12) (m+17) (m +18) (m+19)
Q Q Q Q(H™Br) Q(H™Br)
0 753515 824167 85598.4 85918.6
1 753422 82408.7 851145 85589.6 85912.1
2 753215 82393.1 85092.0 85571.2 85899.2
3 75287.9 823702 85059.5 85879.7
4 752418 823453 85017.5 85855.7
5 751863 82318.8 84961.7 85820.5
6 751240 84902.0 85779.4
7 848362 85732.6
8 84746.4
9
10

state with lower ionization probability. There are no observed
1D-REMPI signals due to transitions to other Rydberg states, near-
by, which could explain this, suggesting that it is a hidden state, i.e.
a state not detectable in (2 + n) REMPI. This could be due to low
transition probabilities or unfavorable selection rules. A possible
candidate for a perturbing state is i*A; (¢ = 1), which would be
about 2100 cm ! higher in energy than the v = 0 vibrational com-
ponent [21], as might be expected for an energy spacing between
v'=0and v =1 for a Rydberg state. Coupling between the i*A;
and the kI, states could occur through the i*A, component,
which can interact with i*A; by rotational coupling [27,43,47].

The weak spectrum observed for m*IT, (¢ = 0) shows P, Q and R
lines close to those observed by Ginter et al. [9] as well as the S line
J'=2 ——J' =0 (Table 3; Fig. 1b). In addition to m*I1, (# = 0) state
peaks seen in that region some unidentified sharp peaks are also
seen in the HBr' spectra in the region 80470-80620cm ™’
(Fig. 1b).

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

A spectrum, not previously observed, is seen in the two-photon
excitation region 85370-85470cm ' (see Fig. 1c¢) with a
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characteristic shape of a Q branch for a Rydberg state. It shows
dominating HBr* signals but also significant fragment ion signals
(Br* and H*) with a varying intensity ratio I('Br*)/I(H'Br*) as a func-
tion of J' (see Fig. 2b). This is characteristic for an € = 0 state show-
ing strong homogeneous, off resonance, coupling with ion-pair
vibrational states [45,47]. Spectral analysis, based on these
assumptions, give rotational constant B’ = 6,50 cm ' and band ori-
gin v* = 85463.0 cm ™! (Table 2). This rotational constant is signifi-
cantly lower than those for Rydberg states, which exhibit small or
negligible couplings with ion-pair states, such as €2 > 0 and triplet
states and resembles values for the E'X* state [21,26]. Extrapola-
tion of known vibrational energies for the E'S" (n=5), v =0, 1, 2
and 3 states [21,26] reveals that this state cannot be a vibrationally
excited E-state. Quantum defect analysis, on the other hand, gave
similar quantum defect values, é=2.45 and 240, for the
v0=85463.0cm ' and the E'S* (n=5, v = 0) states, respectively
in the expression,

v = IE — Ry/(n - §)° 1)

if n=6 in the former case. [E is the ionization energy
(JE=9420552 cm ') and Ry is the Rydberg constant. We assign
the v* = 85463.0 cm ™" state to W'E* (n= 6, v = 0). The intensity ra-
tios, I('Br*)JI(H'Br"); i = 79, 81, gradually increase with J' for J' = 0-5
(Fig. 2b). This is typical for an increasing interaction as a function of
J with a higher lying V (m + (i + 1)) state and for a decreasing inter-
action as a function of J' with a lower lying V (m + i) state, in a case
where the interaction with the higher V state dominates [45]. That
is the case when the higher energy V state (V(m + (i + 1))} is closer in
energy to the Rydberg state (see Fig. 3). The V states of concern are
V(m+17) and V(m+18) at v*=85102.0cm ' and 85598.0cm ',
respectively, as discussed in more detail below. This interaction ef-
fect can also be seen from line-shifts, hence energy level shifts. The
spacing between neighbor rotational levels (AE, =-
E(J')— E(J — 1)) as a function of J', derived from the Q lines in the
W'E* (n=6, v =0) spectrum (Fig. 1c) reveals negative deviation
from linearity, which is typical for such off-resonance interactions
145,47).

The Rydberg spectrum shown in Fig. 1d shows only parent ion
signals. Its rotational structure resembles number of hydrogen ha-
lide spectra for two-photon transitions to =2 states [15-
17,21,27].  Analysis based on that assumption gives
vW=85831.0cm ' and B' =7.84 cm ™ '. This B’ value is typical for a
“pure”, unperturbed Rydberg state. Furthermore, no significant
perturbation effects are seen from line-shifts. Similar quantum de-
fect parameters, 5=2.35 and &=2.38, are obtained for the i*A,
(n=5,v = 0) state at v* = 786307 cm ' and this new state respec-
tively, assuming the latter to be a n = 6 state. We assign this spec-
trum to transitions to the u*A; (n =6, v = 0) state.

3.3. Spectra due to two-photon resonance transitions to ion-pair
states, not previously detected or analysed

Number of vibrational states of the V'=" ion-pair state have
been observed and identified [9,13,21,26]. Since the lowest energy
vibrational states have not been observed the absolute vibrational
quantum numbers, v, are uncertain. Therefore, it is customary to
label the states as V(¢ =m + i) where i are positive integers (i > 0)
and m is an unknown positive integer or zero. REMPI spectra have
been observed and assigned to V(m +i) states for i = 1-13, 15-17,
19,22 [21,26]. The Vim +i) (i =3, 4, 6-11, 13, 15, 16, 19, 22) states
have been analysed to determine rotational spectroscopic parame-
ters [21,26]. V(m + i) spectra are clearly distinguishable from Ryd-
berg state spectra in (a) - showing larger red degradation of
spectra bands to give lower rotational constants (B'=3.2-
49cm™') and in (b) - showing, typically, larger fragment ion

signals than parent ion signals, hence intensity ratios I{'Br*)/I(H"
Br*) > 1. Furthermore, (c) line-widths of ion-pair bands are often
found to be larger than those for Rydberg spectra, close in energy
[47]. This is clearly seen in Fig. 1b, which shows the spectrum for
V{m +9) along with the spectra for the Rydberg states k*TI,
(¢ =0) and m*[1, (¢ =0). (d) In contradiction with observations
for Rydberg state spectra isotope splittings are sometimes seen
in the V(m +1) spectra. We now report detection of five V(m+i)
states (i=-1, 12, 17, 18 and 19), three of which, (V{im —1),
Wim+18) and V(m+19)), have not been detected before (see
Table 2 and Fig. 1c and e). The REMPI spectra for V(m +12) and
W(m +17) have not been analysed spectroscopically in detail, be-
fore. The spectrum for V(m + 19) differs from the one assigned to
i =19, earlier [26], which has been reassigned accordingly.

A weak but clear ion-pair state spectrum is identified at
v0=75353.0cm ' (see Table 2). Spectra analysis reveal rotational
constant B'=2.75cm™", typical for an ion-pair state. Fragment
ion signals ('Br* and H") are found to be larger than parent ion sig-
nals. The wavenumber spacing (Av") between this band origin and
the next closest in energy, which has been observed (V(m+1);
v =76516.0cm ' [21]) is 1163 cm ', which is about twice that
to be expected between neighbor vibrational levels, v and v' - 1.
The vibrational energy spacing (AE,, ;=E(¢)— E(¢/ — 1)) in the
V'E* state is found to be irregular due to perturbations, ranging be-
tween about 400 and 600 cm ' for i = 1-8 [26]. This suggests that
the new state is V(m — 1). Calculations predict the band origin for
V(2 =0) to be at v'=75548 cm~" [34] suggesting that this band
could be due to transitions to V(¢ =0) in which case m=+1. A
search for a V(m + 0) state spectrum in the excitation range be-
tween 75353 cm ! and 76516 cm ™! was unsuccessful.

Few weak Q lines of an ion-pair state are seen for the fragment
ion signals, slightly above the W'Z" (n =6, v =0) spectrum (see
Fig. 1¢), as one would expect from the analysis of the W state, men-
tioned earlier. Small but clear isotope shift of about 1.4 cm ™' is de-
tected. Analysis reveal values of v%=85598.0cm~' and
B'=4.02 cm™ ! for this new state (Table 2). Judging from the obser-
vation of the W{m + 17) state [21], which band origin is found, here,
to be v=85102.0cm ' (see below) the energy spacing between
this state and the V(m+17) state is Av"=496 cm™', something
to be expected for vibrational energy level spacing. This suggests
that the new state is V(m + 18).

Weak but clear ion-pair state spectra (Q lines) for 'Br* and H*,
with isotope splitting of about 1.1 cm ', are seen in the neighbor-
hood of the i*A; (n =6, v = 0) state spectrum (Fig. 1d). Analysis re-
veal values of v"=85918.6cm ' and B'=3.23cm ! for this new
state (Table 2). The energy spacing between this state and the
V(m + 18) state is about Av’ = 320 cm™", suggesting that this spec-
trum is due to a transition to the V{m + 19) state. The ion-pair state
reported in Ref. [26] to be V(m+19) at 86314.7cm™' therefore
must be V{m + 20). Furthermore, the state reported in the same ref-
erence as V(m +22) at §7607.5 cm™! therefore is more likely to be
the V(m +23). The lower energy spacing between V(m+ 18) and
V(m +19) of 320cm™' compared to that between V(m+17) and
V(m +18) (496 cm ') is understandable because the strong state
interactions between the W(n=6, v'=0) state and the lower en-
ergy V(m + 17) state and the higher energy V(m + 18) state is repul-
sive in nature, resulting in an increased energy spacing between
Wim+17) and V{m+18), hence decreasing spacing between
V(m+18) and V(m +19).

Weak, broad, Q lines for the V(m + 12) state are observed for the

fragment ion signals, only. Analysis give v*=82417.0cm ™' and
B =4.12cm™' (Table 2).
Relatively sharp Q lines, centred at v"=85102.0 cm ', are as-

signed to the V{m + 17) state (Fig. 1e). Analysis give B'=1.31 cm™".
This spectrum differs from that reported by Callaghan and Gordon
(V" ~ 85027 cm ™' [21]). Further verification for our assignment is

85



| Long et al./Journal of Molecular Spectroscopy 282 (2012) 20-26 25

£ 858
2 r —VIZ (' =m+18)
> S——————
YT —
@ J—
ﬁ Near-resonance
854 Wiz g/nteraction 8
-
o 7
— 852+
2 oft.
Interactions
VIZH(v'=m+17] —_—
85.0 =mn) .
848
SprAE(v'=0)

Fig. 3. Rotational energy levels, derived from observed REMPI rotational peaks for
the W'E* (n=6, v =0), V'E* (m+18), V'E' (m+17) and 6pm’*E " (# = 0) states,
Observed level-to-level near-resonance interaction between 6pn°%~ (# =0) and
V'E® (m+17) as well as off-resonance interactions between the ion-pair states
(VIE* (m+18), V'E* (m +17)) and W'E* (n = 8, v' = 0) are indicated by broken lines.
Alterations in state mixings are indicated by varying thickness of broken lines.

140 ~
120

100+

m

80

60

AE(J, J'A1) fo

40

20

Fig. 4. Spacings between rotational levels (AE;; ;) as a function of J' for 6pa*E
(¢ =0). Dots connected by solid lines are derived from Q rotational lines. Broken
line is linear fit for J' = 1-6,

evident from J'-dependent interaction found to occur between this
state and the nearby 6pn*E " Rydberg state. Fig. 4 shows the spac-
ing between neighbor rotational levels (AE;, 1 =E(J) —E(J' - 1))
as a function of J' for the 6pm*X " state. The observed deviations
in linearity of AE;; 4 for J'=7, 8 and 9, with relatively large posi-
tive deviation for J' =8 is typical for a near-resonance interaction
[27,45,47] between J' =8 levels, in which case the level for the
6pmL state is “pushed upward” due to an interaction from a low-
er lying J' = 8 state to make the energy spacing between levels J' = 8
and 7 (AEg ) larger and AE7g and AEgg slightly smaller. The inter-
action of concern is a heterogeneous, AQ =1, interaction. This
interaction is caused by the J'= 8 state of V(m + 17), which Q line
(847464 cm ") is found at slightly lower wavenumber than the
Q (J'=8) line for the 5pﬂ322 state (84777.2cm ') (see Table 3
and Figs. 1e and 3). Furthermore, intensity ratios, I('Br*)/I(H'Br"),
as a function of ' for the 6p* X~ state (see Fig. 2c), show clear evi-
dence [43-47] for this near-resonance interaction, since the ratio
reaches maximum for J'= 8.

4. Conclusions

Several new spectra features, observed in two-dimensional
(2+n) REMPI of H'Br, were assigned and analysed. Rotational
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parameters and band origins were determined. Perturbation ef-
fects, seen as line-shifts and/or intensity anomalies, due to interac-
tions between Rydberg states and ion-pair states and/or between
two Rydberg states proved to be very helpful in assigning spectra.
(i) Firstly, spectra due to resonance transitions to the Rydberg
states k>I1; (¢ =0) and m*I1, (¢ = 0), not previously observed in
REMPI, were identified. Data revealed state interactions between
the k°I1; (# = 0) state and the V(m + 9) ion-pair state as well as be-
tween k*T1; (¢ = 0) and a hidden Rydberg state. (ii) Secondly, based
on quantum defect analysis, two new spectra, not previously ob-
served, were assigned to resonance transitions to the W'E*
(n=6,v =0)and u*A, (n =6, v = 0) states. Effects of off-resonance
interactions between the W'E" (n=6, v'=0) state and the
V(m+18) and V(m+17) states, further clarified the W{(n=6,
V' =0) assignment. (iii) Thirdly, five vibrational bands of the ion-
pair state VI, V(m +1i) (i=-1, 12, 17, 18 and 19), easily distin-
guishable from Rydberg state spectra, were identified and ana-
lysed. The spectra due to the transitions to V(m — 1), V(m +18)
and V(m + 19) have not been detected before and those due to tran-
sitions to V{m + 12) and V(m + 17), have not been analysed spectro-
scopically before. The spectrum for V(m + 17) was reassigned on
the basis of observed near-resonance interaction with the 6p*x -
Rydberg state.
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Mass spectra were recorded for (2 + n) REMPI of CF3Br as a function of resonance excitation energy in the
71320-84600 cm ™' region to obtain two-dimensional REMPI data. CF;, 'Br* (i=79,81) and C* ions were
detected. Laser power dependence experiments were performed for ion signals. CF; signals due to reso-
nance transitions from the ground state CF;Br to number of Rydberg states and various vibrational states

followed by CF; and Br~ ion-pair formation via intersystem crossings, were identified. Bromine atom pro-
duction by predissociation channels via two-photon excitation to the Rydberg states is proposed, based
on detecting bromine atom (2 + 1) REMPI.

1. Introduction

CF3Br and its related counterparts CF5Cl and CFsl are all impor-
tant industrial compounds with wide ranging applications. The
freon CF3Br (Halon 1301) has been used in aircrafts for fuel inerting
and as a fire suppressor whereas CF;Cl (CFC-13) has been used as a
refrigerant. The production and use of these two compounds has
been banned under the terms of the Montreal Protocol since
2000 [1], due to their significant ozone depletion and global warm-
ing properties. More recently CFsl, which is considered less envi-
ronmental unfriendly, has been considered as a possible
replacement compound for CF3Br and CF;Cl. All in all the possible
uses or discarding of these compounds rely on their photochemical
and photoabsorption properties.

Rather limited detailed information are available on the photo-
absorption and photochemistry of CF;Br as well as of CF;Cl and
CFsl. Although the vacuum UV spectrum of CF3Br was reported as
early as 1973 [2] only recently reliable absorption cross sections
at energies above the lowest lying electronic transitions have ap-
peared [3]. The UV absorption spectroscopy of these compounds
is similar. Weak continua due to n - ¢* C-X (X =Cl, Br, I) transi-
tions (A bands) appear at low energies. More intense structures
due to o — o* C-X transitions and transitions from lone pair orbi-
tals with dominant X character (p to sp* character) to ns and np
Rydberg states appear at higher energies [3,4]. Rydberg states iden-
tified, are either believed to belong to series converging to the two
spin-orbit components of the ground state ions, X2E3,2 and XZE.,Z.
or the first excited ionic state AZE,/Z [3,5]. Spectra due to transitions
to ns Rydberg states are generally found to be more intense than
those due to transitions to np states as one might expect from
the basic selection rule Al =+1.

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

0009-2614/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2011.09.046

© 2011 Elsevier B.V. All rights reserved.

In terms of photochemistry studies main emphasise has been
on the effect of absorption in the low energy A band corresponding
to transitions to several repulsive states followed by dissociation to
form CF3 + Br(P32)/Br*(*P; ;) [6-8]. The same products are be-
lieved to be the main result of photodissociation via higher energy
states [4,9]. Fluorescence studies of CF;Cl and CF3Br reveal emis-
sions from CF; for excitations above the energy thresholds for
CF; +X; X=Cl, Br formations [4,10,11] with maximum quantum
yields of about 20% and 7% at 112.5nm (CF5Cl) and 125.0 nm
(CF3Br), respectively. Judging from negative photoion spectroscopy
studies of CF3X; X = Cl, Br and I insignificant ion-pairs, CF; + X~ are
formed via excitations to the high energy Rydberg state region de-
spite being energetically allowed [9]. This is surprising and contra-
dicts with observations for related compounds such as methyl
halides [12,13], hydrogen halides [14-17], halogens [18,19] and
interhalogens [20,21] where Rydberg doorway states in ion-pair
formations have been evidenced.

Whereas resonance enhanced multiphoton ionization (REMPI)
studies have been performed for CFsCl [11] and CF;l [22,23] to
our best knowledge no analogous studies have been reported for
CF3Br. 4p and 6p Rydberg states are found to be excited by two-
photon resonance excitations of CF5Cl and CFsl, respectively. Spec-
tra due to transitions to Rydberg states with total electronic angu-
lar momentum quantum numbers ©=0,1 and 2 in the series
converging to both ion states, X’Es, and X°E;,, have been identi-
fied for CF;I [22]. The fragment ions CF; and CF* and (2 + 1) REMPI
of the Cl atoms are detected in REMPI of CF5Cl, whereas no parent
ions have been seen [11]. The CF; ions are believed to be formed by
ionization of CF; after dissociation of the resonance excited
Rydberg states and the strong Cl atom resonances are mainly
attributed to dissociation channels which form the species
CF3 + CI(2P3/2)/CI'(2P,,2). CF; and CFsl" ions are detected in REMPI
of CFsl. It has been argued that structure distortions observed
in Rydberg states of CFsl could possibly be due to interactions
with ion-pair states [22].
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The Rydberg and ion-pair state structures of the unfluorinated
counterparts CHsX; X = Cl, Br and | have been studied more exten-
sively than the corresponding fluorinated compounds [24] and
limited comparison of spectra structures is available. Considerable
differences, however, have been observed in certain Rydberg spec-
tra structures for CFsl and CHsl [22].

In this Letter we present (2 + n) REMPI studies of CF;Br. Two-
photon resonance excitations to Rydberg states are observed and
characterized. lon-pair formations and predissociation channels
are identified.

2. Experimental

Two dimensional (2D) REMPI data for jet cooled CF;Br gas were
recorded. lons were directed into a time-of-flight (TOF) tube and
detected by a micro-channel 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 elsewhere [25-
27]. Tunable excitation radiation in the 562-475 nm wavelength
region was generated by Excimer laser-pumped dye laser systems,
using a Lambda Physik COMPex 205 Excimer laser and a Coherent
ScanMatePro dye laser. The dyes C-540A, C-503, and C-480 were
used and frequency doubling obtained with a BBO-2 crystal. The
repetition rate was typically 10 Hz. The bandwidth of the dye laser
beam was about 0.095 cm ™. Typical laser intensity used was 0.1-
0.3 mJ/pulse. The radiation was focused into an ionization chamber
between a repeller and an extractor plate. An undiluted, pure CF3;Br
gas sample (Pfaltz & Bauer Inc.) was used. It was pumped through a
500 pm pulsed nozzle from a typical total backing pressure of
about 2.0-2.5 bar into the ionization chamber. The pressure in
the ionization chamber was lower than 10~% mbar during experi-
ments. The nozzle was kept open for about 170 ps and the laser
beam was typically fired 500 ps after opening the nozzle. lons were
extracted into a TOF tube and focused onto a MCP detector, of
which the signal was fed into a LeCroy WaveSurfer 44MXs-A,
400 MHz storage oscilloscope as a function of flight time. Average
signal levels were evaluated and recorded for a fixed number of la-
ser pulses (typically 30 pulses) to obtain the mass spectra. Mass
spectra were typically recorded in 0.05 or 0.1cm™! laser wave-
number steps to obtain 2D REMPI spectra. REMPI spectra for cer-
tain ions as a function of excitation wavenumber (1D REMPI)
were obtained by integrating mass signal intensities for the partic-
ular ion. Care was taken to prevent saturation effects as well as
power broadening by minimising laser power. Laser calibration
was performed by recording an optogalvanic spectrum, obtained
from a built-in Neon cell, simultaneously with the recording of
the REMPI spectra. Line positions were also compared with the
bromine lines [28]. The accuracy of the calibration was found to
be about 1.0 cm™' on a two-photon wavenumber scale. Intensity
drifts during the scan were taken into account, and spectral inten-
sities were corrected for accordingly. Overall spectra are composed
of several shorter scans, each of which were normalized. These
scans were then normalized to each other using the intensities of
bands that are common to neighbouring sections.

3. Results and analysis

2D-REMPI data recorded for the two-photon excitation region
71320-84600 cm™' revealed ion signals for CF;, ‘Br* (i=79,81)
and C" only. The CF; 1D-REMPI showed weak broad features rang-
ing from about 74300 cm ' to 84600cm ' (see Figure 1). The
atom ion signals consisted of Br(*Py;2)/'Br"(*Py;2) (Figure 2) and
C(*Pp/C*('D) atom (2 + 1) REMPI's only. The ‘Br atom (2 + 1) REMPI
signals observed, were very weak in the lowest wavenumber re-
gion (70987-72012 cm '; Br**([*P2]c 5p) «—« Br'(4p®; ?Py;3) tran-

92

sitions) whereas the 'Br atom resonance signals above
74300 cm~" were significantly stronger, overall, and very strong
signals were observed in the high energy region for the two reso-
nance transitions from Bri(4p®; *Pip) to Br(['DI.5p; *Fsp)
(83376.99 cm ') and Br**(['D].5p; Pyj2) (83814.79 cm '), respec-
tively (see Figure 2). The C/C* atom REMPI signals all are very weak.

Comparison of the 1D-REMPI spectrum for CF; and the relative
single-photon absorption spectrum derived from Ref. [3] (Figure 1)
shows that the strongest features in the REMPI spectrum match
the broad absorption peak, near 76550 cm ™', which has been as-
signed to a transition from the ground state CF;Br to a 5p Rydberg
state which belongs to a Rydberg series converging to the ground
ionic state (CFsBr*, X?E) [3]. No CF; signal, on the other hand, was
found for excitation in the lower energy region corresponding to
excitations to the 5s Rydberg states (peak near 70750 cm™!) and
the overall CF; signal in the high energy region gradually de-
creases with energy between 80000-84600 cm™' where an exci-
tation to a 55 Rydberg state, which belongs to a Rydberg series
converging to the excited ionic state (CFsBr* %4,), is predicted to
occur. We therefore conclude that negligible contribution to the
CF, REMPI spectrum is associated with initial two-photon excita-
tions to 55 Rydberg states but that significant contribution to the
spectral features can be due to initial transitions to 5p Rydberg
states. This is what might be expected for a two-photon excita-
tion of a nonbonding electron localized on the halogen atom with
dominating p-orbital character according to the selection rule
Al=0. Assignments of CF; REMPI spectra features are shown in
Figure 1 and listed in Table 1. These were guided by the
following.

(i) Rydberg states were assumed to follow the standard
expression

E([Qc]nk; ) = [E(Q] — R/(n — &)} (1)

where E([€]nl;) is the energy of the Rydberg state
[Qc|nlien, IE is the ionization limit to which the series con-
verges ([€X]), R is the Rydberg constant, n is the principal
quantum number and & is the relevant quantum defect,
depending on [ (see Table 2). A search was made for consis-
tent fits of the major spectra peaks to expression [1] for ion-
ization limits of spin-orbit components of the ground ionic
state (Table 1) for realistic quantum defect values (see
Table 2).

(ii) Assuming that the potential energy surfaces for the Rydberg
states closely resembles those for the ground state CF3Br(X)
there is a reason to believe that the strongest spectral fea-
tures are due to transitions corresponding to unaltered
vibrational energy, i.e. that Av;=0 transitions are the most
Franck-Condon-factor favourable for all i. Furthermore fre-
quencies of vibrational modes for Rydberg states are
expected to be close to those in the ground state. v}
(i=1,2,3) notations corresponding to al symmetry (valid
for CF3Br(X)) are assumed.

(iii) By analogy with Rydberg state assignments and observa-
tions for the unfluorinated counterpart CHsBr[12,13] p and
d Rydberg states, both =0 and o =2 components are
expected to be observable with E(w = 2) < E(v = 0). Whereas
AE,, (=E(» =0) — E(e = 2)) is uncertain its value is expected
to decrease with the principal quantum number n [12].

Transitions to four p Rydberg states ([X?Es;]5p. [X’Esz2]6p,
[X?E11215p and [AEs;2]6p) and one d state ([X’Fs2|4d are identified.
Generally the strongest features for each transition are assigned to
= 0 states, vibrational bands (0,0) whereas spectral features on
the long wavenumber side of these, within about 1000 cm ' wave-



[X*Eaolnp; @

A. Kvaran et al./ Chemical Physics Letters 516 (2011) 12-16

VaVaVi

Absorption

CE* + Br

Relative Intensity

A=

[X?Eyz]np; @

41T

VaVaVq

CF’
fluorescence

[APEyzlnp; @

Vv, DREsnd: @

T T T

72 74 76

T T T

T
78 80 82 84ax10®

Energy / 2hy [em™!]

Figure 1. CF; 1D REMPI spectrum, relative absorption spectrum from Ref. [3] (blue curve) and relative CF; fluorescence spectrum from Ref, [4] (red curve). Assignments of
Rydberg states are shown as unbroken sticks. Dotted sticks are estimated vibrational bands based on vibrational frequencies for the ground state. Threshold for CF; + Br
formation is marked.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cr Cppsp (Psp

‘ryep (‘D)sp

)5
Be(1/2) 'l)Hp

.

LN

)5
Br(32) P

Relative Intensity

Br' |
|

1l

x0.5

CPpsp CPsp

I .d\

: Al lll‘
74000 76000

T
72000

T T T
78000 80000 82000 84000

Energy / 2hv [em™]

Figure 2. Br' 1D REMP! spectra (bold) along with the CF; 1D REMPI spectrum (Figure 1) (grey) and the absorption spectrum from Ref. [3] (blue curve). Assignments of Br
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number region, are attributed to transitions to z;=1 and ;=0
(j#1i). m=2 components were identified for the [XZEEQ]SD and
[X2E1;2]5p states with AE,,, = 560 and 540 cm ™', respectively. Quan-
tum defect values derived from the analysis and IE's used are listed
in Table 1.

Whereas the very weak bromine atomic REMPI signals observed
between 70987-72012 cm ' are in the region where no significant
Rydberg state excitation is found to occur the medium to strong
bromine atomic lines between 74300 and 84600cm™' are ob-
served where the transitions to the p and d Rydberg states are ob-
served (Figure 2). The strong lines at 83376.99 and 83814.79 cm ™!
are associated with transitions to the [X’E;;]6p state. We therefore
believe that the corresponding Br atoms (Br(*Ps) and Bri(*Py;2)
are formed via predissociation of the excited Rydberg states
(CF3Br*(Ry)) followed by (2 + 1) REMPI, as

CF3Br(X) + 2hv — CF3Br™ (Ry) (2a)
CF3Br” (Ry) — CF; + Br/Br' (2b)
CF;Br (Ry) — CF; + Br/Br* (20)
Br/Br' + 2hy — Br'*;Br"* + hv — Br' +e” (2d)

The predissociation can either occur by channel (2b) for all en-
ergy excitations or by channel (2c) for energies larger than
75332 cm™' [4]. According to Suto and Lee [4] the maximum fluo-
rescence quantum yield for CF; is only 7% (for 125.0 nm/
80000 cm™! one-photon excitation) suggesting that channel (2b)
dominates over (2c). Log-log plots of signal intensities as a func-
tion of the laser power showed typical ‘levelling off curvature'
[13], which makes it hard to determine the number of photons re-
quired for the ionization. This is characteristic of saturation effect,
as may be expected for a multiple step (2 +2 + 1) REMPI [13,29].
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Table 1

Transition wavenumbers, assignments, quantum defect values (4,) and ionization
energies (IE) relevant for bands due to transitions from ground state CF;Br to Rydberg
states.

Peak: (cm™") [Qclnt:m (1y,02,05) & IEfem ™!

75243 [X2Esp2]5p: 2 (0.0.0) 91979.4°

75803 ? (0.0.0) 240 91979.4°

76890 ’ 100

78036 [X°Ey215p: 2 (0.0.0) 94366.8"

78576 [X*Er2)5p: 0(0,0,0) 236  94366.8"

78922 [X°Ey1215p: 0 (0,0,1)

79244 [X?Ey2)5p: 0 (0.1,0)

79692 [X*Eq)5

81967 [A’Ep2)5p: 239 98077.0°

83455 [X*E3p]6p: 0 (0.0.0) 238 91979.4°

80515 [X*E3pz]4d; 0 (0,0,0) 091 91979.4°
2 From Ref. [5].

" Based on Ref. [S] IE(IX’Eizlc) = [E(IXEsplo) + AEsiol CEiBI(X)):  AFsio
(CF4Br'(X)) is the spin-orbit splitting in CFsBr’(X) (0.30 eV).

 Based on Ref. [5]: IE([A%E; 2]c) = IE([X*E, 2]c) + AEsjo:(Br); AEsjo;(Br) is the spin-
orbit splitting in Br (0.46 eV).

Table 2
Quantum defect values (d;) for Rydberg states of bromine atoms and bromine
containing compounds.

5

Atom/molecular species s-States p-States d-States
Br 3147 2.69° 1.30°
Br; 2.96° 1.29°
CHsBr 2.57° 0.97°
CF3Br 2974, 3.10¢ 2719, 2.38° 091°

* Average values derived from fitting expression (1) to bromine atom Rydberg
state energy values [28] vs. principal quantum numbers n.

b Average values derived from reference [30].

© Average values derived from reference [12]

@ Values from reference [3].

© Average values from this work; see Table 1.

CF; ions could either be formed by one-photon ionization of CF;
after its minor formation by (2c), or, more likely, by state-transfer
from the Rydberg states to an inner wall of an ion-pair state above
its dissociation limit to form CF; and Br~ ion pairs (see Figure 3),

CFy +hv — CFy +e (3a)
CF3Br*(Ry) — CF;Br~ — CF; + Br (3b)

(3b) is analogous to many observations reported for related hal-
ogen containing compounds [12,21]. Comparison of the CF; 1D RE-
MPI spectral structure and the relative fluorescence spectrum from
reference [4] (see Figure 1) shows no clear correlation between the
two. Furthermore, we performed careful power dependence exper-
iments for the CF; signals as a function of the laser power for sev-
eral wavenumber excitations in the region 77200-81600 cm ' to
derive consistent slope values of about 2 (1.9 % 0.3) from log-log
plots of signal intensities as a function of the laser power suggest-
ing that only two photons are needed to form CF;. All in all we
therefore conclude that the major channel for the CF; formation
is (3b).

Energetically C/C* atoms can not be formed by dissociation of
excited CF3Br states formed by the initial two-photon excitation
of concern. The very weak C/C* atom (2 + 1) REMPI signals, ob-
served, therefore must follow a minimum of initial three-photon
excitation.

4. Conclusions
(2 +n) REMPI of CF5Br reveals weak CF;, medium to strong ‘Br*

(i=79.81) and very weak C* ion signals, only, in the two-photon
excitation region 71320-84600cm '. The CF; signal shows
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Figure 3. (2 + n) REMPI of CF3Br: energetics, excitations (red and blue arrows) and
photofragmentation processes. The excitation region studied is marked by a shaded
area to left, Numbers inside brackets in italic indicate number of photons needed for
the particular excitations shown in red and blue. Intermediate species of major
importance in the photoexcitation and photofragmentation processes are high-
lighted with black circles. The major photodissociation processes are indicated by
bold arrows. The shaded area on the right marks the range for bromine atomic
energy levels excited in (2 + 1) REMPI. Major ion species detected are highlighted in
purple. See text for further clarification.(For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

molecular structures whereas only (2 + 1) atom REMPI signals for
'Br* and C* are observed. The CF; signals are associated with initial
two-photon excitation to p and d Rydberg states followed by cross-
ing to ion-pair states and formation of CF; and Br~ ion pairs in
agreement with general observations for large number of halogen
containing reagents. This is further supported by laser power
dependence of CF; signals. The CF; spectra peaks observed are as-
signed to transitions to Rydberg states, «»=0 and 2 and various
vibrational states, ¢/, (i = 1-3). The Br* (2 + 1) REMPI abserved most
probably follows predissociation of the excited Rydberg states of
concern. More than two-photon initial excitation is needed prior
to C/C* formation and (2 + 1) C atom REMPL
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Mass spectra were recorded for (2 + n) resonance enhanced multiphoton ionization (REMPI) of
HCI as a function of resonance excitation energy in the 88865-89285 cm™! region to obtain two-
dimensional REMPI data. Band spectra due to two-photon resonance transitions to number of
Rydberg states (' = 0, 1, and 2) and the ion-pair state V('ZH(Q" = 0)) for H*Cl and HY'CI
were identified, assigned, and analyzed with respect to Rydberg to ion-pair interactions. Perturba-
tions show as line-, hence energy level-, shifts, as well as ion signal intensity variations with ro-
tational quantum numbers, J', which, together, allowed determination of parameters relevant to the
nature and strength of the state interactions as well as dissociation and ionization processes. Whereas
near-resonance, level-to-level, interactions are found to be dominant in heterogeneous state interac-
tions (A2 # 0) significant off-resonance interactions are observed in homogeneous interactions (AQ
= (). The alterations in CI" and HCI* signal intensities prove to be very useful for spectra assign-
ments. Data relevant to excitations to the j/°E(0%) Rydberg states and comparison with (3 + n)
REMPI spectra allowed reassignment of corresponding spectra peaks. A band previously assigned to
an § = 0 Rydberg state was reassigned to an £ = 2 state (V! = 88957.6 cm™'). © 2011 American

Institute of Physics. [doi:10.1063/1.3580876]

I. INTRODUCTION

Since the original work by Price on the hydrogen
halides,! a wealth of spectroscopic data on HCI has been de-
rived from absorption spectroscopy,”™ fluorescence studies®
as well as from resonance enhanced multiphoton ioniza-
tion (REMPI) experiments.®2" Relatively intense single-
and multiphoton absorption in conjunction with electron
excitations as well as rich band structured spectra make the
molecule ideal for fundamental studies. A large number of
Rydberg states, several low-lying repulsive states as well as
the V('Z*) ion-pair state have been identified. A number of
spin-forbidden transitions are observed, indicating that spin—
orbit coupling is important in excited states of the molecule.
Perturbations due to state mixing are widely seen both in
absorption®> and REMPI spectra,’-%10:12:13.15.16.20  The

perturbations appear either as line shiftg® 75 10:13.15.16.20

as intensity and/or bandwidth alterations,* 7% 10-12.13.15.16.20
Pronounced ion-pair to Rydberg state mixings are both
observed experimentally®® % 1013 15.16.20.21 ang - predicted
from lhr:ory.:":2 Interactions between the V(') ion-pair
state and the E(' ©%) state are found to be particularly strong
and to exhibit nontrivial rotational, vibrational, and electron
spectroscopy due to a production of a mixed (adiabatic)
B'E* state with two minima. Perturbations due to Rydberg—
Rydberg mixings have also been predicted and identified.*
Both homogeneous (A2 = 0)'*1%21:22 and heterogeneous

A Author to whom correspondence should be addressed. Electronic mail:
agust@hi.is. Permanent address: Science Institute, University of Iceland,
Dunhagi 3, 107 Reykjavik, Iceland, Tel: +354-525-4672/4800, Fax: 4-354-
552-8911.
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(AQ # 0)'%22 couplings have been reported. Such quanti-
tative data on molecule—photon interactions are of interest in
understanding stratospheric photochemistry as well as being
relevant to the photochemistry of planetary atmospheres and
the interstellar medium.”

Photofragment studies of HCI have revealed a large va-
riety of photodissociation and photoionization processes. In
a detailed two-photon resonance enhanced multiphoton ion-
ization study, Green er al. report HCI, C17, and H* ion for-
mations for excitations via large number of €2 = 0 Rydberg
states as well as via the V' % (2 = 0) ion-pair state, whereas
excitations via other Rydberg states are mostly found to yield
HCI* ions.” More detailed investigations of excitations via
various Rydberg states and the V! £* ion-pair state by use of
photofragment imaging and/or mass-resolved REMPI tech-
niques have revealed several ionization channels depending
on the nature of the resonance excited state.”>*" The num-
ber of REMPI studies performed by our group for resonance
excitations to the F' A, Rydberg state'®?” and several triplet
Rydberg states'®*" as well as the V' E* jon-pair states have
revealed near-resonance interactions between the Rydberg
and the ion-pair states. This shows as relative ion signal al-
terations in all cases”"**% and/or as line shifts in all cases
except for the weakest interactions.'®?"-* Data analysis has
allowed determination of interaction strength. The resonance
interpretation has been confirmed by proton formation stud-
ies for REMPI via the F'A; (v = 1, J' = 8) and £ A-(v
= 0, J' = 2-6) Rydberg states using three-dimensional ve-
locity mapping.®® All in all REMPI photofragmentation stud-
ies of HCI have revealed characteristic ionization channels
which have been summarized in terms of excitations via (1)

© 2011 American Institute of Physics
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excitations via resonance noncoupled (diabatic) Rydberg state
excitations, (2) excitations via resonance noncoupled (dia-
batic) ion-pair excitations, and (3) dissociation channels in-
volving dissociation and/or photodissociation of resonance
excited Rydberg states.”®

In this paper, we use a two-dimensional (2D) REMPI
data, obtained by recording ion mass spectra as a function of
laser frequency, to study the state interactions and photofrag-
mentation dynamics of HCI following two-photon resonance
excitations to the triplet Rydberg states *X (07) (v' = 0),
FZ71 (0 =0), the VIZ* (v = 20, 21) ion-pair states as well
as to Rydberg states, named A and B here, which band ori-
gins are at V0 = 88948.4 cm~! 1 = 88959.9 cm™!, respec-
tively, according to Green et al.” Rotational line shifts and
quantum level dependent ion signal intensities, due to pertur-
bation effects, are observed for the H¥CI and/or H’Cl iso-
topomers. By a combined analysis of the line shifts and signal
intensities, interaction strengths, fractional state mixings, and
parameters relevant to dissociation and ionization processes
were evaluated. The perturbation observations as well as com-
parison of (2 + n) and (3 + n) REMPI data proved to be very
helpful for assigning spectra bands. Lines due to transitions to
the 2 (0*) (v = 0) and the A states were reassigned. The v°
= 88948.4 cm~! band, previously assigned to an = 0 state
was reassigned to an € = 2 state.

Il. EXPERIMENTAL

Two-dimensional REMPI data for jet cooled HCI gas
were recorded. 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
elsewhere.!”3":3! Tunable excitation radiation in the 224.0
—225.0 nm wavelength region was generated by an Excimer
laser-pumped dye laser system, using a Lambda Physik
COMPex 205 Excimer laser and a Coherent ScanMatePro
dye laser. The dye C-440 was used and frequency doubling
obtained with a BBO-2 crystal. The repetition rate was
typically 10 Hz. The bandwidth of the dye laser beam was
about 0.095 cm~'. Typical laser intensity used was 0.1
—0.3 mJ/pulse. The radiation was focused into an ionization
chamber between a repeller and an extractor plate. We
operated the jet in conditions that limited cooling in order
not to lose transitions from high rotational levels. Thus,
an undiluted, pure HCl gas sample (Merck-Schuchardt
OHG; purity >99.5%) was used. It was pumped through a
500 pum pulsed nozzle from a typical total backing pres-
sure of about 2.0-2.5 bar into the ionization chamber.
The pressure in the ionization chamber was lower than
10~ mbar during experiments. The nozzle was kept open
for about 200 us and the laser beam was typically fired
500 us after opening the nozzle. lons were extracted into
a time-of-flight tube and focused onto a MCP detector, of
which the signal was fed into a LeCroy 9310 A, 400 MHz
storage oscilloscope and/or a LeCroy WaveSurfer 44MXs-A,
400 MHz storage oscilloscope as a function of flight time.
Average signal levels were evaluated and recorded for a fixed
number of laser pulses (typically 100 pulses) to obtain the

J. Chem. Phys. 134, 164302 (2011)

mass spectra. Mass spectra were typically recorded in 0.05 or
0.1 cm™" laser wavenumber steps to obtain 2D REMPI spec-
tra. REMPI spectra for certain ions as a function of excitation
wavenumber (1D REMPI) 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 performed by
recording an optogalvanic spectrum, obtained from a built-in
Neon cell, simultaneously with the recording of the REMPI
spectra. Line positions were also compared with the strongest
hydrogen chloride rotational lines reported by Green et al.’
The accuracy of the calibration was found to be about
+1.0 cm™' on a two-photon wavenumber scale. Intensity
drifts during the scan were taken into account, and spectral in-
tensities were corrected accordingly. Experimental conditions
for the three-photon excitation are described in Ref. 20.

Ill. RESULTS AND ANALYSIS
A. REMPI spectra and relative ion signals for the
j3Z~1 <« X'z* (0, 0) transitions

Figure 1 shows 2D-REMPI contour (below) and corre-
sponding 1D-REMPI spectra (above) for the narrow spec-
tral region of 88990-89080 cm~'. The figure shows Q lines
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FIG. 1. 2D-(2 + n) REMPI spectra (below) and corresponding 1D REMPI
spectra (above) for HT, 3CI*, H¥CI+, 77CI*, and HYCI* derived from
HCI with isotope ratios in natural abundance for the two-photon excita-
tion region of 88990~ 89080 cm~'. Assignments for the Q line series of
the AE; <« X'E* (0, 0) (H¥CI and HYCI: solid lines) and V' £+
—« X'E* (20, 0) (H¥CI: solid lines; H¥Cl: broken lines) spectra are
shown. J = J'/—numbers are indicated in the figure.
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FIG. 2. H¥CI: Spacings between rotational levels (AEp y_,) as a function
of J' for the /£ (1) () and /* T~ (0") (b) Rydberg states for HCI derived
from Q rotational lines.

due to the transitions X~ <<« X'T* (0, 0) and V'T+
«— <« X'T* (20, 0), for the H¥Cl and H¥'Cl isotopomers and
their ion fragments.

Small but significant shift of peaks due to transitions
to J' = 2 and 3 levels is observed. This shows as devia-
tion in energy level spacings (AEy y_, = E(J)—EWJ—1))
from linearity for the corresponding rotational energy lev-
els (E(J")) derived from measured peak positions and known

J. Chem. Phys. 134, 164302 (2011)

rotational energy levels for the ground electronic state [see
Fig. 2(a)]. This is a characteristic for a near-resonance level-
to-level rotational interaction between the Rydberg state (1)
and the V('E%) ion-pair state (2)."%?" The smallest spac-
ing between rotational energy levels of the two states for the
same J' quantum numbers (AE; = E;(J)~E2(J")) is found to
be for /' = 2 and 3 for the V(v' = 20) state (see Table I).
First order unshifted energy levels, both for the X~ (1)
and the V('S™) (2) states, E,°(J") and E;"(J"), respectively,
were derived from the linear fits for AE y y_; versus J' [see
Fig. 2(a)] and the energy level values for unshifted levels.
From these and energies of perturbed levels (E(J')) interac-
tion strengths (W2) could be derived as a function of J' from

| 1
wmfw:h|@(ﬁ(ﬂuv+@uw>
5 1/2
—muﬂ)—wﬂuﬁ—ﬁunﬂ}.(n

The interaction strength parameter, W', was derived
from the expression Wi2(J") = W12 (J'(J'+ 1)) which holds
for a heterogeneous interaction (A2 # 0) (see Table II).
The fractional contributions to the state mixing [cf for the
Rydberg state (1) and L'% for the ion-pair state (2)] are now
easily derived from Wy, and the energy difference AE,
= E|(J") =E>(J") as

VIAE)) —4(Wi) |

1
r = i d=1-c. 2

oy =
2 2[AE,

Significant enhancement of the relative CIT signals
IPCIHYIHBCIYY) and ICTCIHYIHYCLY)) is observed
for fE7 <<« X'T*, (0, 0), Q lines, J = 2 [see
Figs. 3(a) and 3(b)] also characteristic for the near-resonance
interaction.'®2%?7 The H¥’Cl isotopomer shows considerably
larger intensity ratio than the H*Cl isotopomer. An expres-
sion for I(C1T)/(HCI") as a function of the mixing fraction,
¢3, based on ionization processes following resonance excita-
tion, has been derived,”

ity
I(HCIY)

oy + a0 —y)]
(1-¢) )
THCIT) = aycf + fac3

HCI) = aacd + Brct:

TABLE I. AEj relevant to near-resonance interactions for PX ) « VIZT 1 =20, 2 (0%) « VIZ* 0 =20, 21, State A < V' £ " = 20, and State

B« VTt =20.

AEy = EFE™ ;v =0)

AEy = EGPE(0%) 0 =0)

AEF = F(State A) AE,J = E(State B)

—E(V'ET v =20) -E(V'EH; v =20021) —E(V'EF v =20) —E(V'EF v =20)

r H¥Cl HYCI H¥CI (v = 20121) HYCl(v" = 20/21) H¥Cl H¥CI
0 196.4/-304.3 214.8/-316.1

1 - 622 —55.7 208.9/-311.6 215.4/-305.7

2 -20.6 - 147 232.4/-284.2 238.2/-280.6 ~96.6 -927
3 402 479 271.6/-245.1 278.9/-241.7 —62.0 -593
4 108.2 115.1 322.5/-193.8 328.9/-190.4 -220 - 138
5 187.3 192.1 384.2/-129.6 394.0/-130.7 26.0 454
6 279.0 457,471 462.6/-65 88.0 117.2

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

101



164302-4

Matthiasson et al.

TABLE II. Parameter values, relevant to state mixing, derived from peak shifts and intensity ratios
(I(CIT)/IHICIT)) as a function of J'. See definitions of parameters in the text.

J. Chem. Phys. 134, 164302 (2011)

FE V=0 SO =0 State B
Isotopomers H¥Cl HYCl H¥Cl HYCI H¥Cl
J closest resonances (J'¢,) 2 7(6) 6(7) 4
IAE( e)lem™") 20.6 2(7y0 65(7)"" 13.8
Wiatem™') 6.5 25 25 2.7
Wl'z(cm") 27 0.6
cfed) 0.89(0.11) 0.81(0.19) 0.88(0.12) 0.82(0.18) 0.96(0.04)
y 0.004 0.003 (0.031 0.013 0.002
o 35 @21y 40 31

*Values for J' = 7 could not be determined since rotational peaks due to transitions to V(v' = 21, J' = 7) were not obsel

Values for J' = 6 were derived from observ

s of weak and broad rotational 1

d.
n the @ series due 1o transitions 1o

W =210 =6) at89317.4 cm " and 89311.1 em ! for H¥Cl and H*7CI, respectively.
Parameters are uncertain due to overlap of spectra peaks for transitions 1o /' = 6 and 8. The p value is an upper limit value.

The « value is a lower limit value.

where « = aa/ee;) measures the relative rate of the two
major/characteristic ionization channels, i.e., for the CIT
formation for excitation from the diabatic ion-pair state («>)
to the HCI* formation from the diabatic Rydberg state («)).
Here, y (=f,/a;) represents the rate of CIT formation via the
diabatic Rydberg state (B: referred to as the “dissociative
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P
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channel” in Ref. 28) to that of its formation from the diabatic
ion-pair state (), which is one of the major/characteristic
ionization channels. Hence, y is a relative measure of the im-
portance of the “dissociative channel.” Expression (3) allows
the relative ion signals as a function of J' to be fitted to derive
« and y [Figs. 3(a) and 3(b) and Table II]. The larger CI*
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FIG. 3. Relative ion signal intensities, I CI*WI(H'CI*) (i = 35 and 37) vs J' derived from Q rotational lines of REMPI spectra due (o resonance transitions
to Rydberg states (gray columns) and simulations, assuming J' level-to-level interactions between the Rydberg states and the V'Z* (v/ = 20, 21) states (white
and black columns): (a) H¥CI, 2 £~ < VIE® (v = 20) interactions, (b) HY'CI, 2 £~ « VIE* (v = 20) interactions, (¢) H®CL, - (0") & VI T+ [/
= 20 (white columns) and v = 21 (black columns)] interactions, and (d) H¥'Cl, A £~ (0%) < VIE* [/ = 20 (white columns) and v = 21 (black columns)]

interactions.
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FIG. 4. (a) and (b) 2D-(2 + n) REMPI spectra (below) and corresponding

1D REMPI spectra (above) for H*, 33CI*, H3CI*, 7CI*, and HYCI* derived

from HCI with isotope ratios in natural abundance for the two-photon excitation regions of 89264-89285 cm™" (a) and 89235-89265 cm™" (b). Assignments
for the Q line series of the 2X~(0%) <<« X'£* (0, 0) (H*Cl and H¥'Cl) spectra are shown. The intensities of the 1D REMPI spectra in the 89235

~89265 cm~" spectral region (b) have been multiplied by factor 4 with re:

spect to the corresponding intensities in 89264-89285 cm™' spectral region (a).

(¢) 1D-(3 +n) REMPI spectrum for total ionization of HCI for the three-photon excitation region of 89295-89430 cm™'. Assignments for the j*£~(07)
<« X'£%(0,0) and Pd3 <« X'+ (0, 0) transitions (H**Cl and H3’Cl) are shown. J = J'—numbers are indicated in the figures.

fragmentation observed for H*’CI compared to that for H¥CI
can be understood by comparison of the derived parameters
listed in Table II. Whereas the interaction strengths are com-
parable, for the two isotopomers the ion-pair mixing fraction
(¢3) is significantly larger for H7Cl (¢3 = 0.19) than for H¥CI
(c% = 0.11). This is primarily due to the smaller energy gap
(AEy = 14.7 cm™") between the mixing rotational states for
H¥7Cl compared to that for H¥Cl (AE; = 20.6 cm™'). The
gamma values (y) obtained, both for the H¥CI (y = 0.004)
and the H¥'CI (y = 0.003) isotopomers are small values and
comparable to those obtained before for the triplet states £ A |
and g X253 indicating a small, but non-negligible contri-
bution of the dissociation channels to the CI* signal. Judging
from a coupling scheme given by Alexander ez al.*? this could

Author complimentary copy. Redistribution subject to Al

be formed after a direct predissociation of the /£~ state by
spin-orbit coupling with the repulsive £+ state and/or af-
ter predissociation of nearby Rydberg states (' TT, *TT,) which
could act as gateways via S/O coupling with the j* ¥~ states.

B. REMPI spectra and relative ion signals for the
j3Z-(0%) <« X'x+ (0, 0) transitions

Figures 4(a) and 4(b) show 2D and 1D (2 + n)
REMPI spectra for the narrow excitation region of 89235—
89285 cm™!. The figures show the Q lines due to the /£~ (0*)
<« <« X'2% (0, 0) resonance transitions for H3Cl and H¥7CI.
Total 1D (3 + n) REMPI spectrum is shown in Fig. 4(c) for
the spectral region 89300-89430 cm~". It shows R lines for
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TABLE III. Rotational lines for the j"Z (0) = X'zt (0, 0) transi-
tions (HC1). The line positions are common to H3Cl and HY'Cl except for
the Q lines, J' = 6 and 7, in which case the values for H¥C1 are inside
brackets.

FETOT) X2t (0,0)

7 0 0 s

89219.6
89176.2
89131.4

89282.0
89280.5
892773
89272.1
89266.8
89259.0
89246.3
(89244.7)
7 89261.1
(89259.9)
8 89246.3
9 89237.1

89340.1
89377.3
89412.8
89446.7
80475.9

L N

the same electronic transitions as well as peaks due to tran-
sitions to the £ ®5 state.”® Clear gap between the J' = 6 and
J' = 7 rotational lines is observed for the R lines. This gap
corresponds to the smallest spacing between observed rota-
tional energy levels for the j*X~(0%) (v" = 0) and rotational
energy levels for the VI X ™ (v = 21) states for equal J' val-
ues (see Table I) suggesting a near-resonance interaction be-
tween the two states.'®>%27 Comparison of peak positions in
(3 + n) and (2 + n) REMPI spectra and relative intensities of
ion peaks, allowed assignment of the @ line rotational peaks
both for H**Cl and HCl in the (2 + n) REMPI spectrum. Ir-
regular arrangement of peaks, with respect to J' numbering, is
seen for J' = 5-9 [see Fig. 4(b)] and enhanced intensity ratios
(I('CIT)I(H'CI™)) are observed for transitions to J' = 6 and
7 [Figs. 3(c) and 3(d)]. See also Table III. Peak assignments
differ from earlier assignments.”°

Analogous and relatively large deviation in energy level
spacings (AEy y_;) from linearity is clearly seen both for
H*Cl and H¥'CI [see Fig. 2(b)]. This allowed the interaction
strengths (W)2) to be evaluated for J' = 5-8 analogous to that
described before, A relatively large interaction strength value
of about 25 = 3 cm~' was obtained both for HCl and H7C1
independent of J' as to be expected for homogeneous inter-
actions (Table IT). Despite difference in line assignments this
value is comparable to that reported earlier in Ref. 20 (W)
=20+ 4 cm™"). The large homogeneous interaction strength
results in off-resonance interactions between J' states show-
ing as significant mixing contribution for the ion-pair state
(L'%:l over a wide range of J states, both for V(v' = 20) and
V(v = 21). This results in significant contributions to the ion
ratios from off-resonance interactions according to Eq. (3).
Mixing contributions from vibrational states further away in
energy (V' < 20 and v' > 21), on the other hand, are negligible,
assuming the interaction strength (W) to be comparable.

Assuming, to a first approximation, that the ion intensity
ratio is a sum of contributions due to interactions from the V(1/
= 20) and V(v' = 21) states for common « and ¥ parameters

J. Chem. Phys. 134, 164302 (2011)
ICTCIMYIHYCIY) can be expressed as

1(CIH)

[¥ +e30l =»)] | [y +au0-9)]

1HC ~ Y (=) (1-¢2.)

@)

where ¢} 5, and ¢ ,, are the fractional mixing contributions
for V(v = 20) and V(' = 21), respectively. Figure 3(d) shows
least square fit of the data for I(7CI*YI(H¥ CI*) versus J' as
well as the V(v = 20) and V(+' = 21) contributions for the &
and y parameters listed in Table II. The calculations are lim-
ited to J' < 7 since rotational lines for higher /', hence energy
levels, for V(v = 21) could not be observed. Due to uncer-
tainty in the ion-ratio value for J' = 6 because of overlap of
Q line peaks for J' = 6 and 8 analogous least square analyses
could not be performed for H¥CI [Fig. 3(c)]. The character-
istic large and J'-independent ion intensity ratios for J' < 5,
observed both for H**Cl and H¥'Cl result in a relatively large
y factor, an order of magnitude bigger than those determined
for other triplet states, €2’ > 0 mentioned before. This suggests
that the “dissociation channels™ are of greater importance. As
mentioned before the small contributions to the dissociation
channels for the other triplet states has been interpreted as be-
ing due to predissociation via gateway states.”® Based on the
coupling schemes given by Alexander er al.** such channels
for the L states are limited. The “enhanced” importance
of “dissociation channels” therefore could be due to an open-
ing of a dissociation channel via photoexcitation to an inner
wall of a bound excited Rydberg state above the dissociation
limit.2

C. REMPI spectra and relative ion signals for the
A«—« X5 (0,0)and B «—<« X'x* (0, 0) transitions

ID-REMPI spectra for the nar-
row spectral region of 88865-88985 cm~!. The
figure shows the @ lines due to the transitions A
«« X'S* (0, 0)and B <<« X '£* (0, 0) both for
the H¥CI* and HYCI* ions and corresponding ion frag-
ments. Also it shows rotational lines due to the transitions
FET <« XITH (0, 0), 2 <2 <« X'E (0, 0), and
VIE+ ««X'E* (20, 0).

Slight but significant enhancement in spacing between
rotational levels J' = 5 and 4 is observed for the B state and
clear increase in the relative **CI* signal intensity is detected
forthe B <<« X '£% (0, 0),J' = 4 transition (see Fig. 6). This
corresponds to the smallest spacing between observed rota-
tional energy levels of the B and the V' £+ (v = 20) states for
equal J" values for J' = 4 (see Table I) due to a near-resonance
interaction between the two states.'®2%27 Analysis of the line
shifts allowed evaluation of Wy, = 2.7 em™! (W, = 0.6
cm™!) for J' = 4 for H¥CI. Good consistency in calculated
and experimental values for the ion ratios I(**CI* YI(H*CI*)
was obtained for y = 0.002 and & = 3.1 (Fig. 6 and Table I1).
The B state has been assigned as an © = 2 state.” The low
y value of 0.002 resembles those observed earlier for triplet
states (see above and Ref. 28) which indicates that the B state
is a A, state.

Figure 5 shows
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FIG. 5. 1D-(2 -+ n) REMPI spectra for H*, 3 CI*, H**CI*, 37CI*, and H¥7C1* derived from HCI with isotope ratios in natural abundance for the two-photon
excitation region of 88865-88985 cm™~'. Assignments for A <« X 'E% (0,0), B <« X ' (0,0), /£ <« X' (0,0),and Q' <2 <« X'E+
(0, 0) spectra [H"S(‘I and H”Cl) are shown. Assignments for VIEt e X'Et (20, 0) are shown for H¥*CI as solid lines and for H¥7Cl as broken lines.
Assignments from Ref. 9 for 4 <« X '£+ (0, 0) are in brackets. J = J'/—numbers are indicated in the figure.

The spectral peaks due to the A <« X 'E* (0, 0) tran-
sition are marked according to the assignment given by Green
et al.” with numbers inside brackets in Fig. 5. These have been
reassigned based on our analysis of the 2D REMPI data, as
shown in the figure, for reasons which will now be discussed.

Both the A and the B spectra show characteristic drops
in peak intensities for the parent ions (H**C1* and H7CI*)
as J' increases. The intensities for the B-spectra, reach min-
ima for the resonance perturbed levels J' = 4. As a matter of
fact that peak is hardly observable for H¥’CI*. Similarly, the
A-spectra show either no peaks or very weak peaks’ corre-
sponding to the J' = 2 assignment given by Green er al. both
for H¥Cl and H¥CI. This is characteristic for near-resonance
interactions with the ion-pair state V(' £%)*, which in this
case must be for v/ = 20. Both for the B and the A states the

B 2'=2

03

02

XP.

.l

I
4 s 6

T

~
=

FIG. 6. Relative ion signal intensities, I3 CI*)/I(H¥CI*) vs J derived from
@ rotational lines of REMPI spectra due to resonance transitions to the @' =2
(88959.9 cm™ ') (B) state (gray columns) and simulations, assuming J' level-
to-level interactions between the Rydberg state and the V' £+ (v = 20) state
(white columns).

closes rotational levels, in energy, which belong to the V(v'
= 20) state are those for J' = 4 (see Fig. 5). The spacing,
AEy _ 4, for the A state (H*>CI) is about 22.0 cm™' (see Ta-
ble I for the B state). It can, therefore, be concluded that the
peaks assigned as J' = 2 for the A spectrum are in fact due
to transitions to J' = 4 levels. This puts the first peaks in
the line series as J' = 2, suggesting that the A state is an §
= 2 state. Other peaks in the A spectrum are reassigned ac-
cordingly in Fig. 5. Furthermore, there are no significant C1T
masses detected for any of the rotational transitions in the A
<<« X 'E7 (0, 0) system which would be expected if the A
state was an €2 = 0 state.”” Whereas the previous assignment
gives a low rotational constant , B, of 5.7941 cm™~! for the A
state, which certainly might be expected if it was an Q" =0
state,'>'® our reassignment gives B = 9.08 cm~!, which is
typical for a Rydberg state with weak or negligible Rydberg-
valence state mixing. Further analysis of the A state spectrum,
based on the new assignment gives D' = 0.0185 ecm ™" and 1"
= 88957.6 cm™!. For comparison, B’ = 8.954 cm™! and D’
= —0.0042539 cm ™! for the B state, which has been assigned
as an ' = 2 state.”

IV. CONCLUSIONS

Two-dimensional (2 + n) REMPI data for HCI, obtained
by recording ion mass spectra as a function of the laser fre-
quency, were recorded for the two-photon resonance excita-
tion region 88865— 89285 cm™ . Spectra for HCl and H'CI,
due to resonance transitions to the ion-pair states VIEtT (v
= 20, 21) and four Rydberg states, FEOH = 0),
FE7 (v = 0) and states centered at = 88957.6 cm~! (A)
and 88959.9 cm™! (B) for H¥Cl were studied. A combined
analysis of rotational line shifts and ion signal intensities
was performed, developed, and used to derive information
relevant to state interactions strengths, photofragmentation
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channels, rotational energy characterization, and/or state as-
signments.

Interaction strengths, W2, and fractional state
mixing (c}/c3) due to Rydberg to jon-pair (V'Z* (v
= 20, 21)) state interactions were evaluated for the
Rydberg states FE-(0M)v = 0), 77, (v = 0) for
HCl; i = 35, 37 and for the B state (H®CI) from ro-
tational line shift analysis. Enhancements in relative
CI* ion intensities, I(CIY)/I(H'CIY), are observed in
all cases for J' levels corresponding to near-resonance
interactions. Data for intensity ratios as a function of J'
were compared to model expressions which take account of
the major ion formation channels following excitations to the
Rydberg states, state interactions as well as dissoci-
ation channels. The observations for the j3):‘1(v“
= 0) and the B states could be interpreted as being due
to level-to-level interactions between the Rydberg states and
the V(' = 20) states, whereas interactions both with V(v' = 20
and 21) needed to be taken account of to explain the observa-
tion for theﬁZ‘(O*)(u’ = 0) states. Fit analysis gave param-
eters which measure the importance of dissociation (predis-
sociation and/or photodissociation) channels in the ionization
processes. The weight of dissociation channels are found to
be significantly larger for the Q' = 0 states (*%(0")) than
for the ' = 1, 2 states which have been studied.

Relative ion signals as a function of J' proved to be use-
ful guide to assigning rotational peak spectra and allowed
reassignments of the spectra due to the transitions to the
FAE(0M)(" = 0) and the A (v° = 88957.6 cm™!) state. The
A state was characterized as an Q" = 2 state with rotational
parameters B’ = 9.08 cm™" and D’ = 0.0185 cm™'.
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Appendix
Program codes

2DREMPIV1.2.ipf

#pragma rtGlobals=1 /I ' Use modern global access method.

menu "Macros" /luser-defined macros menu in Igor pro
"Use_cursor” /I display cursor in the graph, and initiate
variables.

"Add_reference" //add the known reference masses
"Produce_masssaxis" /lproduce a mass axis to assign unknown mass
peak

"REMPI_Integrate” // integrate specific mass peak for each
wavenumber

end

macro REMPI_Integrate(wavestart,waveend,finallyname)

string wavestart

Prompt wavestart, "Beginning Wavename:", popup,WaveList("*",";","")
string waveend

Prompt waveend, "Ending Wavename:", popup,WaveList("*",";","")
string finallyname

Prompt finallyname, "Wavename:"
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variable startpoint

variable endpoint

variable/G wavenum /lgetthe number in input wavename and
global

string wavenameconstant  //set "wave" as a string constant
wavenameconstant="wave"

variable startwave

variable endwave

variable wavedeta

variable eachwaveintegrate

string wavenam

variable x1

variable x2

variable detax

x1=pcsr(A)

x2=pcsr(B)

if (x1<x2)

startpoint=x1

endpoint=x2

else

startpoint=x2

endpoint=x1

endif

detax=endpoint-startpoint

getwavenum(wavestart) /luse "getwavenum" function to get the
number

startwave=wavenum
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getwavenum(waveend)

endwave=wavenum

wavedeta=endwave-startwave+1 //obatin the delta between start wave

and end wave

make/O/N=(wavedeta) $finallyname //make a new wave, and name as

user defined

variable i

i=0

variable yaveragevalue
do

wavenam=wavenameconstant+numz2str(i+startwave)

if (mean($wavenam,startpoint-
2,startpoint+2)<mean($wavenam,endpoint-2,endpoint+2))
yaveragevalue=mean($wavenam,startpoint-2,startpoint+2)
else
yaveragevalue=mean($wavenam,endpoint-2,endpoint+2)
endif
$finallyname[i]=area($wavenam,startpoint,endpoint)-
detax*yaveragevalue

i+=1

while(i<wavedeta)

print" O k! You get the wave name is: "+finallyname
display $finallyname

killvariables/A

endmacro
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macro Use_cursor()
showinfo

make/n=0/0O massreference
make/n=0/0O masspoint

endmacro

function getwavenum(wavenam)  //this function is used to find the
number of wave

string wavenam

variable/G wavenum

sscanf wavenam,"wave%f", wavenum

end

macro Add_reference(mass)
variable mass

prompt mass,"Please input its mass:"
variable x1

x1=hcsr(A)

insertpoints 0,1,massreference
insertpoints 0,1,masspoint
massreference[0]=mass
masspoint[0]=x1

endmacro
macro Produce_masssaxis() //function to produce mass axis

variable masspoints

string wavenamefromcsr=csrwave(A)
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masspoints=numpnts($wavenamefromcsr)
make/d/n=2/0 constants

hideinfo

funcfit /h="00" massfit constants masspoint /x=massreference /d
display masspoint vs massreference
modifygraph mode(masspoint)=3, rgh=(0,0,0)
appendtograph fit_masspoint
make/n=(masspoints)/O massaxis
massaxis=((x-constants[1])/constants[0])"2
if(constants[1]>0)
massaxis[0,constants[1]]=-massaxis[p]

endif

doalert 0, "Ok! You get a mass axis. Its name is 'massaxis' ! Now you can
replace x with new axis :)"

Killwaves constants

killwaves W_sigma

endmacro

function massfit(constants, m):FitFunc // derive a, b constant by fitting
known mass.

wave constants

variable m

return constants[0]*m”0.5+constants[1]

end
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ECalibrationV2.1.ipf

#pragma rtGlobals=1 /I ' Use modern global access method.
#pragma rtGlobals=1 /I ' Use modern global access method.

menu "Macros"

submenu "ECalibration"

"ECalibration” /[To calibrate the spectrum according to power
changing during one scanning.

"CancelECali" /ITo cancel the last Ecalibration.
"ChangeScale" //Using one standard power to unify all spectra,
eg. power and photons.

end

submenu "Calibrate"

"Calibrate™ /[To connect the ending of the spectrum to the
beginning of next spectrum for two different scannings.

"Back" //To cancel the last calibration.

end

end

/lyou need to use cursor A to get the wave name which you want to
calibrate!!

macro ECalibration(power_start, power_end,nn)

Variable power_start

Prompt power_start, "Power in the beginning :"

Variable power_end

Prompt power_end, "Power in the end :"

variable nn

prompt nn, "Number of photons :"
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string wavey

string wavex

wavey=CsrWave(A)

wavex=CsrXWave(A)

variable lengthofwave
lengthofwave=numpnts($wavex)

variable kslope

variable valueb
kslope=(power_end-power_start)/($wavex[lengthofwave]-$wavex[0])
valueb=power_start-kslope*$wavex|[0]
make/O/N=(lengthofwave) powerline
powerline=valueb+kslope*$wavex
powerline=(1/(powerline”nn))*(power_start"nn)

$wavey=$wavey*powerline

print "Power at start :",power_start,"mwW"
print "Power at end :",power_end,"mwW"
print "Numbers of photons:", nn

print "Calibrated wave name is :", wavey

macro CancelECali()

doalert 1,"Are you sure you cancel last calibration?"
if (V_flag==1)

string wavey

wavey=CsrWave(A)

123



$wavey=$wavey/powerline

killwaves powerline

print "You cancel the last energy calibration™
endif

end

macro ChangeScale(power0)

variable power0

string wavechange

variable apositionvalue

variable bpositionvalue

apositionvalue=vcsr(A) /[ use cursor A to get the wave
name and determinate le value!!

bpositionvalue=vcsr(B) I use cursor B to determinate
the value of lo.

wavechange=CsrWave(A)
$wavechange=((2.7/power0)"2)*$wavechange // Here you can
set the value of the standard power and the number of photons.

print wavechange, "*=(2.7/", powerQ, ")"2"

end

macro Calibrate()
string wavechange
string wavechangex
variable lo

variable le

le=vcsr(A)
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lo=vcsr(B)
wavechange=CsrWave(A)

wavechangex=CsrXWave(A)

variable lengthofwave
lengthofwave=numpnts($wavechangex)
make/O/N=(lengthofwave) backupwave
backupwave=$wavechange

variable aa

variable bb

variable nn

variable cc

nn=2 //set the number of photons
cc=($wavechangex[0])*nn
aa=((le/lo-1)/(abs((hcsr(A))*nn-cc)))
bb=1-aa*cc

make/O/N=(lengthofwave) tempwave
tempwave=($wavechangex)”nn
$wavechange=$wavechange/(aa*tempwave+bb)
Killwaves tempwave

Print "Delta I :", lo-le, " Number of photons :", nn
print"a: ", aa," b:", bb

end
macro Back()

string wavechange

wavechange=CsrWave(A)
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$wavechange=backupwave
killwaves backupwave
print "You cancel the last calibration”

end

Deperturbation function

Before a deperturbation calculation, make three waves named “result”,
“line” and “J ” respectively, and input fitting functions provided as below:
Deperturbed0

(33 line) = (v1+(B1-B0)*JJ*(JJ+1)-(D1-D0)*(3J*(JJ+1))"2-line)

Deperturbed:
f(3J,line) = (V1+(B1-B0)*JJ*(JJ+1)-(D1-D0)*(IJ*(JJ+1)) 2-
line)*(v2+(B2-B0)*JJ*(JJ+1)-(D2-D0)*(3J*(JJ+1))"2-line)-W"2

Deperturbed2:

f(3J,line) = (V1+(B1-B0)*JJ*(J+1)-(D1-D0)*(3J*(3J+1))"2-
line)*(v2+(B2-B0)*JJ*(JJ+1)-(D2-D0)*(3J*(JJ+1))"2-line)*(v3+(B3-
B0)*JJ*(JJ+1)-(D3-D0)*(JJ*(JJ+1))"2-line)-(W"2)*((v2+(B2-
B0)*JJ*(JJ+1)-(D2-D0)* (3I*(3J+1))"2-line)+(v3+(B3-B0)*JJ*(JJ+1)-
(D3-D0)*(JI*(33+1))*2-line))

Deperturbed2W

f(J3J,line) = (V1+(B1-B0)*JJ*(3J+1)-(D1-DOY*(JI*(3I+1))"2-
line)*(v2+(B2-B0)*JJ*(3J+1)-(D2-D0)* (JJ*(3J+1))"2-line)* (v3+(B3-
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BO)*JJ*(JJ+1)-(D3-DOY* (JI*(3J+1))2-line)-(W3r2)* (v2+(B2-
BO)*JJ*(JJ+1)-(D2-DO)* (JI*(3J+1))2-line)-(W2/2)*(v3+(B3-
B0)*JJ*(3J+1)-(D3-DO0)*(3J*(3J+1))2-line)

Deperturbed1Wheter

f(JJ,line) = (v1+(B1-B0)*JJ*(JJ+1)-(D1-DO)*(JJ*(JI+1))"2-
line)*(v2+(B2-B0)*JJ*(JJ+1)-(D2-D0)*(3J*(JJ+1))"2-line)*(v3+(B3-
B0)*JJ*(JJ+1)-(D3-D0)*(3J*(3I+1))"2-line)-(3J*(JI+1)*W2/2)* (v2+(B2-
B0)*JJ*(JJ+1)-(D2-D0)*(3J*(3I+1)) 2-line)-(3J*(JI+1)*W2/2)*(v3+(B3-
B0)*JJ*(JJ+1)-(D3-D0)*(JI*(JJ+1))*2-line)

Deperturbed2Wheter
£(3J,line) = (V1+(B1-B0)*JJ*(JJ+1)-(D1-D0)*(JJ*(3J+1))"2-
line)*(v2+(B2-B0)*JJ*(JJ+1)-(D2-D0)*(JJ*(JJ+1)) 2-line)*(v3+(B3-
B0)*JJ*(JJ+1)-(D3-D0)*(JJ*(JJ+1))"2-line)-(JJ*(JJ+1)*W3"2)*(v2+(B2-
B0)*JJ*(JJ+1)-(D2-D0)*(JJ*(JJ+1))"2-line)-(JJ*(IJ+1)*W2/2)*(v3+(B3-
B0)*JJ*(JJ+1)-(D3-D0)*(JJ*(JJ+1))"2-line)
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