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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 HCl, HBr, CF3Br and CH2Br2. 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 

(I(X
+
)/I(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. 





 

Útdráttur 

Aðal vinnan að baki þessarar doktorsritgerðar fólst í að skoða og greina 

ljósrofsferla (e. photfragmentation processes) halógen-haldandi efna. Ferli 

ljóssundrunar (e. photofragmentation channels), sem felast í tengjarofum 

og jónunum skipta miklu máli  í ljósefnafræði og ljóseðlisfræði 

andrúmsloftsins og í geimsefnafræði (e. astrochemistry). Helsta 

tilraunaaðferðin sem notuð var nefnist ,“tvívíð (2D) fjölljóseindajónun“ 

(e.  resonance enhanced multiphoton ionization / REMPI) ásamt 

flugtímamassagreiningum (e. time of flight mass spectrometry/ TOF-MS). 

Tilraunir fólust í mælingum á   massarófum sem fall af tveggja ljóseinda 

örvunarorku til að fá 2D REMPI gögn fyrir HCl, HBr, CF3Br og CH2Br2. 

Ný ástönd voru litrófsgreind og ljóssundrunarferlar sameindanna 

rannsakaðir. 

Stærstur hluti verkefnisins var tileinkaður vetnishalíðunum, HX; X = Cl, 

Br. Styrkir jónaútslaga, hliðranir litrófslína, og breidd litrófslína vegna 

víxlverkana á milli Rydberg og jón-para-ástanda var kannað  

magnbundið.  Hermanir á afstæðum jónstyrkjum (I(X
+
)/I(HX

+
)) voru 

framkvæmdar til að meta styrkleika víxlverkana og til að áætla vægi 

rofferla fyrir Rydberg ástönd. Greiningar- og mæli-aðferðir voru 

betrumbættar. Aftruflunarreikningar (e. deperturbation calculations), 

byggðir á greiningum á staðsetningum litrófslína fyrir Rydberg ástönd og 

jón-para-litróf, voru framkvæmdir til að finna litrófsstuðla  orkuríkra 

ástanda sem og víxlverkunarstyrki. REMPI greiningar og 

truflanagreiningar vegna víxlverkana Rydberg og jónpara-ástanda leiddu í 

ljós mikilvægar upplýsingar varðandi ljóssundrunarferla vetnishalíða. 
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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=E1-E2, where h is the Planck constant and E1 and E2 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.  
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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. 

  eABABAB hhv 1*2
    Resonant excitation and 

photoionization (1.1) 

                     BABA  **/  

Photodissocation     (1.2) 

                                  
BAAAB so  ** /  

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
+
, 

35
Cl

+
, H

35
Cl

+
, 

37
Cl

+
, H

37
Cl

+
 for HCl, 

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) 
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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 (=0) and heterogeneous 

interactions (≠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 HCl 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 HCl [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 

HCl 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
-1

 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 
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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
1


+
 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  > 0 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 > 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  = 0 state interactions.  
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Figure 1.1 Spectral data of HCl, HBr, CH2Br2 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 HCl, HBr, CH2Br2 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. 
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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
-1

) 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 v0, vibrational frequencies e, rotational constants 

Bv’ have been derived and used to compare with or predict experimental 

data. Thus spectroscopy has benefited from the rapid development of 

quantum chemical computational techniques in recent years.  
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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 Schrödinger equation  EH ˆ . 

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. 

),,();(,,,,  RRr vSi

BO

vi                               (2.1) 





vi

BO

vii

T

i c
,

,                                      (2.2) 

The molecular Hamiltonian Ĥ  is divided into electronic and nuclear 

terms in the Born-Oppenheimer approximation, 

 ),,(ˆ),(ˆ),,(ˆ),()(ˆˆ  RTRrHRTRrVrTH NelNe       (2.3) 

where )(ˆ rT e  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  

rotvibeltot EEEE                                  (2.4) 
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where  E
el
 is electronic energy, which includes the electronic kinetic 

energy and the potential energy, E
vib

 is the vibrational energy and E
rot

 is 

the rotational energy[76]. 

For Rydberg states, E
el
 can be approached by En in the Rydberg state 

equation (2.5) for known ionization energy IE. 

2)( 


n

R
IEEn

                                     (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
vib

) and rotational (E
rot

) energy levels for diatomic 

molecules are expressed as 

...
2

1

2

1
()

2

1
32



























 vyvvE eeeee

vib 
            

(2.6) 

...)1()1( 22  JJDJJBE vv

rot

                        
(2.7) 

where  











2

1
vBB eev 

                                       
(2.8) 











2

1
vDD eev 

                                     
(2.9) 

Bv’ and Dv’ 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 (LCAO). Thus, two atomic 1s 

orbitals will form 1sg bonding and 1su
*
 antibonding orbitals for 

homenuclear diatomic molecule such as H2. 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   l Bonding molecular orbitals   

s s 

p p, p 

d d, dd 

f f,  fff 

 

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 and respectively. The relationship 

between those is  

 (2.10) 

where =0, 1, 2 … is assigned as …, terms symbols for a 

molecule are 
2S+1

. 

Configuration of the ground state of HCl and HBr at the equilibrium 

distance is given by …



. Configuration of the ground state of 

molecular ion is …



. The term symbols of the states which have been 
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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 HCl 

and HBr concerns analysis of photofragmentations (photodissociations 

and photoionizations), state-to-state interactions and spectral 

perturbations, which involves the Rydberg state E
1


+
, F

1
2 and g

3


+
 as 

well as ion-pair state V
1


+
. 

 

 

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
+ 

(
2S+1The states W

1+
(0

+
),u

32 are assigned and 

reported here for the first time. 

MO 

configuration 

Term 

Symbols 
  

MO 

configuration 

Term 

Symbols 

     




d n

3
(0,1,2) 

   

 
N

1
(1) 

   

   




 X

2
 





 V

1


+
(0

+
) 

   

 
t
3


+
(0

-
) 

 




p 6p

3


-
 

    
W

1


+
(0

+
) 





p f

3
(1,2,3) 

  
u

3
2 

 
F

1
(2) 

   

 
g

3


-
(0

+
,1) 

 




p r

3
(0,1,2) 

 
G

1


-
(0

-
) 

 
R

1
 


e

3


+
(0

-
,1) 

   

 
E

1


+
(0

+
) 

 




s m

3
(0,1,2) 

    
M

1
 





p d

3
(0,1,2) 

   

 
D

1
 

 




d k

3
(0,1,2) 

    
K

1
 





s b

3
 

   

 
C

1
 

 




d i

3
(1,2,3) 

   
I
1
(2) 





 a

3
(0,1,2) 

 
j
3


-
(0

+
,1) 

 
A


 

 
J

1


-
(0

-
) 

   
h

3


+
(0

-
,1) 





 X

1


+
(0

+
) 

 
H

1


+
(0

+
) 
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2.3 Multiphoton ionization 

 

 

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. Ions 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. 

 Visible and near-ultraviolet light can be used to study highly 

electronically excited states of a molecule. 

 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.  

 The method allows high resolution, and high sensitivity signal 

detections. 

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

n

nInW )(
                                       

(2.11) 

where  is the absorption cross section for n photons, and I 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 =0 state 

interactions, these are customarily named as homogeneous perturbations, 

otherwise≠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 (=1) and ion-pair state V
1


+
 of HCl and HBr molecule. 

Table 2.3  Off-diagonal elements of the total Hamiltonian 
a
 

Neglected terms in the Born-

Oppenheimer approximation 

Nature of  the 

interactions 

Selection rules                 

J=0 and g←/→u 

  S 

<S v| H
el 

| ’S’’’ v’> 
Electronic 

(Homogeneous) 
0 0 0 0 

<S v| T
N 

| ’S’’’ v’> 
Vibational 

(Homogeneous) 
0 0 0 0 

<S v| H
so 

| ’S’’’ v’> 
Spin Orbital 

(Homogeneous) 

0 or 

±1 

0 or 

±1 

0 or 

1 
0 

<S v|
22

1

uR
 JL | ’S’’’ v’> L-uncoupling 

(Heterogeneous) 
±1 0 0 ±1 

<S v|
22

1

uR


JS | ’S’’’ v’> S-uncoupling 

(Heterogeneous) 
0 ±1 0 ±1 

a
 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
rot

) 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]. 



17 

Table 2.4   Relative interaction strengths [45] 

Hund case H
el
 H

so
 H

rot
 

(a) strong intermediate weak 

(b) strong weak intermediate 

(c) intermediate strong 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
1


+
 and the ion-

pair states V
1


+
 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
 a

. E: electrostatic 

interactions, JL: L-uncoupling interactions, SO: spin- orbit interactions  

 Bound states  Continuum states 

 E
1


+
 V

1


+
 C/D

1
  t

3


+
 A

1
 a

3
 

E
1


+
 - E JL   JL SO 

g
3


-
 SO SO     JL 

H
1


+
 E E JL     

F
1
  JL JL     

f 
3
       SO 

e
3


+
     E  JL 

a
 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
1


+
 interacts strongly with other Rydberg states and ion- pair states V

1


+
. 

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. 

 

 

 

 

From figure 2.4, we can easily derive the expressions 2.12-2.15, which 

can be used to calculate Eshift 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. 

20

2

0

1

2

121 ||||4
2

1
EEWEE cen 

                         

(2.12) 

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 E
0

12 and unperturbed energy levels are E
0

1 and E
0
2, 

respectively. On the right the effect of the interactions is shown, where 

both energy levels shift by Eshift in opposite directions. The energy 

difference becomes E12 

Without interaction 

0

1E

 

0

2E

 

0

12E

 

12E

 

1E

 

2E

 

shiftE

 

cenE

 

Interaction  

Rydberg  state 
Ion-pair  state 
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20

2

0

1

2

122 ||||4
2

1
EEWEE cen                         (2.13) 

20

12

2

12

20

2

0

1

2

1212 ||4||||4 EWEEWE               (2.14) 






  2

12

2

1212 ||4
2

1
WEEEshift

                    
(2.15) 

 

 

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 ), and when perturbation selection rules are satisfied (see table 

2.3). Tunnelling also can affect state lifetime, for example the E
1


+
 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 

22

0

0
)2/()(

2/
),(











                            

(2.16) 

The Gaussian shape function is 
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2
0 )(2ln42/1

0

ln22
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 e

                          
(2.17) 
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In both equation (2.16), (2.17), v0 is central wavenumber. The linewidth 

  ( full width at half maximum, FWHM) can be obtained by a line 

fitting to give the lifetime (ps)  by the equation (2.18).  

)(cm

5.3
(ps)

1-
                                   (2.18) 

2.4.3 Ion signal intensity ratio 

The major photofragmentation processes following two-photon 

excitations from the ground state HX(X
1


+
) 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= Cl, 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) 
hv2  

(i) HX
*
(R) 

hv  HX
+ 

+ e
−
; HX

+ 
 

hv  H
+
 + X; 

(ii) HX
*
(R) →H+X/X

*
; X/X

*
 hv3 X

+ 
+ e

−
; 

(iii) HX
*
(R) 

hv  H + X
*
; X

*
 

hv  X
+ 

+ e
−
; 

(iv) HX
*
(V) 

hv HX
+
 + e

−
; HX

+ 

hv H

+
 + X; 

(v) HX
*
(V) 

hv H + X
*
; X

*

hv X

+ 
+ e

−
; 

(vi) HX
*
(V) 

hv H
*
+ X; H

*

hv H

+
 + e

−
; 

(vii) HX
*
(V) 

hv H
+
 + X

−
; 
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Figure 2.6 Simplified  potential energy diagram for HCl, 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
1


+
 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
1


+
 state and X

2
 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, I(X
+
)/I(HX

+
) to derive the state to state interaction 

strengths W, and fractions of state mixing. The relevant equations are the 

following. 
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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
1


+
(v´) 

(E(v´))  and the V
1


+
(v´)  states closest in energy (VH and VL), the 

following expression is derived, 
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IE

WIE
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(2.20) 

where 
2

2 Ic (I = H,L) are the fractional contributions of the VI (I = H,L) 

state to the state mixing. EJ´(1, 2H)  and  EJ´(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. WH and 

WL are the corresponding interaction strengths.  1, 1, 2I, 2I (I = H,L) 

are ionization rate coefficients. γI  and αIγI  are measures of 
i
X+ ion 

formations via dissociation of the Rydberg state, relative to that of the 
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formations of 
i
X+ via exciations of the ion-pair state (γI) and relative to 

that of the formations of H
i
X+ via excitation of the Rydberg state (αIγI).  

To the first approximation WL = WH = W ,  L = H = and L = H  =   is 

assumed[80], which gives a simplified expression. 
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Fractional mixings of the three states, 
2

2

2

1 , LCC  and 
2

2HC   are determined 

as, 
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Where kL=c
2

2L/c1
2
,  kH=c

2
2H/c1

2 
. 

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
el
 is the 

electrostatic interaction. The next three terms represent rotational 

interaction. Other terms are relativistic parts of the Hamiltonian.  
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Table 2.6  Effective Hamiltonian matrix elements, Ryd. is Rydberg state.  

P1 and  P2  are Perturbing states. WP1 and WP2 are the interaction 

strengths. 

 Ryd. P1 P2 

Ryd. 
0

RydE  WP1 WP2 

P1 WP1 
0

1PE   

P2 WP2  
0

2PE  

 

The diagonal matrix elements are expressed as  

     
22'

v

'

v0

0

Ryd )1'(')1'('  JJDJJBE                          (2.24) 

    22'

P

'

P

0

P

0

P )1'(')1'('  JJDJJBE iiii 
 
;    i =1,  2               (2.25) 

Interaction strengths are constant for homogeneous perturbations, 

whereas for heterogeneous perturbations, these depend on rotational 

quantum numbers J’ as  

)1'(''  JJWW
                                      

(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
-1

 

Intensity 1.5 W 10~30 mW 

Resolution - 0.1 cm
-1

 

 

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 10
-6 

mbar during experiments, by a diffusion pump. A turbo pump was used to 

evacuate the TOF chamber. 

 

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 s. The molecular 

beam was crossed by a delayed laser beam. Ions 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 10
-7

 mbar) through a 

pulsed nozzle to create gas pulses. The nozzle diameter was about 500 m. 

Backing pressure was typically about 2 bar. Laser pulses were typically 

delayed about 450~550 s 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, HCl, CH2Br2 and CF3Br. 

 

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.  

bMat                                             (3.1) 

2

2)(

a

bt
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 HCl is 

give in figure 3.3 

Table 3.2  Time of flight analysis of some ions 

Ion TOF (s) M/z (amu) 

H
+
 1.71 1 

C
+
 3.63 12 

35
Cl

+
 5.54 35 

H
35

Cl
+
 5.61 36 

37
Cl

+
 5.67 37 

H
37

Cl
+
 5.73 38 
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Figure 3.3 Superimposed mass spectra of HCl 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 1, 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 1 to 2 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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Figure 3.4 Control sequence 

3.5 Program design for experiment 

Ions 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 REMPI.vi 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 Igor Pro software. Ion 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
+
, 

35
Cl

+
, H

35
Cl

++
, 

37
Cl

+
, H

37
Cl

+
 for HCl experiments. 

Finally REMPI spectra, which show ion signals as a function of excitation 

wavenumbers can be achieved. Typical REMPI spectra for HCl molecule 

are shown in figure 3.5. 

 

 

Figure 3.5 (2+n) REMPI spectra for HCl showing resonance exictation to 

E
1+

(v’=0), V
1+

(v’=10,11). 
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4 Analysis 

4.1 F1
2(v’=1) state of HCl 

The Rydberg state F
1
2 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
1
2(v’=1) and V

1


+
(v’=13,14) states for HCl 

are shown in figure 4.1. Mass resolved spectra of the F
1
2(v’=1) Q 

branch are shown in figure 4.2. Near-resonance interaction (NRI) is 

clearly seen for the J’=8 state of F
1
2(v’=1). This also shows from 

intensity ratios, I(
35

Cl
+
)/I(H

35
Cl

+
) 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
1
2(v’=1), V

1


+
(v’=13,14)) mixings 

give an interaction strength W’=0.6 cm
-1 

(WH’=WL’, given interaction 

strengths from high and low ion-pair state vibrational energy level have 

an equal value) and a predissociation constant 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 HCl 

F
12 (v’=1) and V

1+
(v’=13、14) states. Figure from reference [84]; 

Copyright ©2013 Chinese Physical Society. 

 

 

R
e
la

ti
v

e
 i

n
te

n
si

ty
  
 /

a
.u

.

85.6x10
385.485.285.084.8

Wavenumber 2h/cm
-1

F 12 (v'=1)

V1

(v'=13) 

V1

(v'=14) 

Q

S

R

Q
Q

012345678
012345678

2 3 4 5 6 7

2 3 4 5 6 7

P

8 9

O

29

234567

234567



37 

 

 

Figure 4.2 Mass-resolved (2+n) REMPI spectra for HCl, F
12 (v’=1) Q 

branch. Figure from reference [84]; Copyright ©2013 Chinese Physical 

Society. 
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Figure 4.3 Experimental and calculated ion signal intensity ratios for 

HCl, F
12(v’=1). Figure  from reference [84]; Copyright ©2013 Chinese 

Physical Society. 

 

Figure 4.4 The deviation of experimental and unperturbed peak positions 

for F
12(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
1
2 

state, the evidence of which also was found by Liyanage [9]. 

Experimental data and its analysis indicates that the majority of the Cl
+
 

ions formed via the F
1
2(v’=1) J’=8 excitation is attributed to an 

interaction with the ion-pair state V
1


+
(v’=14).  

Table 4.1 Experimental and calculated parameters. All has a unit of cm
-1

 

except  and .  

    F 
1
2(v'=1)   

  Exp. Intensity ratio Deperturbation 

0 
85363 

- 
85363 

Bv' 
10. 17 

- 
10. 18 

Dv'×10
3
 1.9 - 2.2 

 - 0.07 - 

 - 0.025 - 

WL’ - 0.6 0.9 

WH’ - 0.6/0.65
a
 0.9 

a
 Value from reference [36] . 
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Figure 4.5 Potential energy curves and excitations for HCl. Figure from 

reference [84]; Copyright ©2013 Chinese Physical Society. 

Figure 4.5 shows potential energy curves for HCl and the main 

photoionization and photodissociation channels via resonance excitation 

to the Rydberg state F
1
2. Lower probable channels, which may occur, 

are not shown. Direct ionization of the Rydberg state will give  HCl
+
 

dominantly [42,76], whereas ionization of the ion-pair state will mainly 

produce the atomic ions, H
+
 and Cl

+
. Therefore, the majority of the Cl

+
 

ion formed though F
1
2 state is due to interactions between the Rydberg 

state F
1
2 and ion-pair state V

1


+
. 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 F
12(v’=1) and the nearest V

1+
 

(v’=13、14) states, interaction strengths W and fraction populations CF
2
, 

CL
2
+CH

2
. 

J' 
EF-L 

/cm
-1

 
EH-F 

/cm
-1

 

WL=WH 
a 

/cm
-1

 

CF 
2 

/% 
CL

2
+CH

2
 

/% 

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 

a
 Derived by Eq.( 2.26) for W’=0.6 cm

-1
 listed in table 4.1 from the 

calculation of ion signal intensity ratios.  

4.2 CF3Br 

Absorption and fluorescence spectra of CF3Br have been studied 

experimentally [85-88]. We recorded mass spectra of CF3Br showing the 

CF3
+
, C

+
 and Br

+
 ions in (2+1) REMPI for the two-photon resonance 

excitation region 71320 – 84600 cm
-1

. CF3Br was found to be resonantly 

excited from the ground state (X) to Rydberg states (Ryd.) followed by 

dissociations to form CF3/CF3
*
 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) CF3Br(X) 
hv2

  CF3Br
**

(Ryd.) 

(ii) CF3Br
**

(Ryd.) →CF3 + Br/Br
*
 

(iii) CF3Br
**

(Ryd.) →CF3
*
 + Br/Br

*
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(iv) Br/Br
* 


hv2

 Br
**

; Br
**

 
hv1

Br
+
 + e

-
 

(v) CF
*
3 

hv1
 CF3

+
+e

-
 

(vi) CF
*
3Br

**
(Ryd.) → CF3

+
Br

-
 →CF3

+
+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 

CF3
*
. Br atomic lines due to the transitions Br

**
 ([

3
P]c 5p, 6p; [

1
D], 

5p)←←Br
* 
(
2
P1/2),  Br

**
([

3
P]c 5p) ←← Br

 
(4p

2
, 

2
P3/2) are shown in figure 

4.7. 

 

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 CF3
*
+Br formation is marked. Figure 

taken from reference [18]; Copyright©2011 Elsevier B.V. 

The bromine atomic REMPI signals between 70987 - 72012 cm
-1

 are 

found to be very weak due to insignificant transition to Rydberg states in 

this region, whereas the bromine signals between 74300 - 84600 cm
-1

 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)). 
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The predissociation channel (ii) is dominant for excitation energies lower 

than 75332 cm
-1

. For higher energies channel (vi) competes with (ii) 

followed by (v) to form CF3
+
 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 CF3
+
 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 CF3
+
. 

 

 

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 CH2Br2 

(2 + n) REMPI mass spectra of CH2Br2 were recorded for the 71200 - 

83680 cm
-1

 resonance excitation range. A typically mass spectrum 

showing the C
+
, CH

+
, CH2

+
, 

79
Br

+
 and 

81
Br

+
 ions as well as some impurity 

signals is given in figure 4.9. For excitation larger than 83200 cm
-1

 H2
+
 

signals were also found (see figure 4.13). No Br2
+
, CBr

+
, CH2Br

+
 and 

HBr
+
 ions were detected. Although a number of experimental and 

theoretical studies on CH2Br2 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 CH2

+
 along with the 

CH2Br2 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
-1

), for example, a broad peak of 
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C
+
 peak, were observed at about 80600 cm

-1 
as well as many sharp CH

+
 

peaks (see figure 4.11). Analogous broad C
+
 peak at 80600 cm

-1
 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 

A
2
v’ to the D

2
v’ state. Consequently the excited CH

*
 (D

2
) 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

2
, 

2
P3/2) and spin-orbit excited Br

* 
(
2
P1/2) to Br

**
 ([

3
P]c 

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 CH2
+
 ions. This suggests that all these fragments are formed by 

photodissociation via the same excited CH2Br2 Rydberg states. 

 

 

Figure 4.9 1D (2+n) REMPI mass spectra of CH2Br2 in the excitation 

range of 83520-83680 cm
-1

. 
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Figure 4.10 CH2Br2: C
+
, CH

+
 and CH2

+
 1D REMPI spectra along with 

the absorption spectrum of CH2Br2 (the black line) from reference [95]. 

 

Figure 4.11 One photon ionization of the CH radical formed by 

photodissocation of CH2Br2: Ours (red) and others (blue) [97]. 
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Weak but significant sharp H2
+
 signals were found in the excitation 

energy region 83200- 83500 cm
-1

 (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 HCl and HBr at 

82260 cm
-1

. The signals at 82260 cm
-1

 primarily corresponded to the H 

(2+1) REMPI due to the resonance transitions (
2
P1/2, 3/2(2p); 

2
S1/2(2s) 

←←
2
S1/2 (1s)). However, the regular H

+
 spectrum is actually (2+1) 

REMPI spectra of the impurity HCl molecules in the vacuum chamber. 

 

Figure 4.12 CH2Br2: Br atomic (2+1) REMPI spectra (red) for the two-

photon wavenumber excitation region 71200 – 82300 cm
-1

 along with 

REMPI spectra of the C, CH
+
, CH2

+
 ions (gray). Peaks due to two-photon 

resonance transitions from Br(4p
5
;
2
P1/2) (top)and Br(4p

5
;
2
P3/2) (below)) 

to ((
3
PJ )c; J=2,1,0; 5p, 6p) are marked. (

3
PJ )c are the ion core terms. 
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Figure 4.13 CH2Br2: H2
+
 (2+n)REMPI spectrum (red) and 

H
+
(2+n)REMPI spectra(black) 

 

 

Figure 4.14 CH2Br2: 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 CH2Br2: (2+n) REMPI of CH2Br2: 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) CH2Br2(X)  
hv1

  CH2Br+Br/Br
*
 

(ii) CH2Br2(X)    
hv2

 CH2Br2
 **

(Ryd.) 

(iii) CH2Br2
 **

(Ryd.) →CH2 + Br/Br
*
 

(iv) CH2Br2
 **

(Ryd.) →CH
*
(A

2
) + Br/Br

*
 

(v) CH
*
(A

2
) 

hv1
 CH

**
(D

2
) 

hv1
 CH

+
+e

-
 

(vi) Br/Br
* 

hv2
 Br

**
; Br

**
 

hv1
  Br

+
 + e

-
 

(vii) CH2Br2
 **

(Ryd.) →C
*
 +H2+ Br2 

(viii) CH2Br2
 **

(Ryd.) →CH +H+ Br2 

(ix) H 
hv2

H
*
; H

*
 

hv1
H

+
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5 Included papers 

The papers are included in this thesis: 

 Jingming Long, Huasheng Wang, Ágúst Kvaran, 

Photofragmentations, state interactions, and energetics of 

Rydberg and ion-pair states: Resonance enhanced multiphoton 

ionization via E and V (B) states of HCl and HBr. J. Chem. 

Phys. , 2013. 138: p. 044308. 

 Jingming Long, Helgi Rafn Hróðmarsson, Huasheng Wang, Ágúst 

Kvaran, Photofragmentations, State Interactions and Energetics 

of Rydberg and Ion-pair states  Two Dimensional Resonance 

Enhanced Multiphoton Ionization of HBr via Singlet-, Triplet-, 

 = 0 and 2 states. J. Chem. Phys., 2012. 136: p. 214315. 

 Jingming Long, Huasheng Wang, Ágúst Kvaran, Rydberg and 

Ion-pair states of HBr: New REMPI observations and analysis. 

Journal of Molecular Spectroscopy, 2012. 282 p. 20–26. 

 Ágúst Kvaran, Kári Sveinbjörnsson, Jingming Long, Huasheng 

Wang, Two-dimensional REMPI of CF3Br: Rydberg states and 

photofragmentation channels. Chemical Physics Letters, 2011. 

516(1-3): p. 12-16. 

 Kristján Matthíasson, Jingming Long, Huasheng Wang, Ágúst 

Kvaran, Two-dimensional resonance enhanced multiphoton 

ionization of H
i
Cl; i = 35, 37: State interactions, 

photofragmentations and energetics of high energy Rydberg 

states. The Journal of Chemical Physics, 2011. 134(16): p. 164302. 
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Appendix  

 

Program codes 

 

2DREMPIV1.2.ipf 

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

menu "Macros"                   //user-defined macros menu in Igor pro 

"Use_cursor"                      // display cursor in the graph, and initiate 

variables. 

"Add_reference"                //add the known reference masses 

"Produce_masssaxis"          //produce 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                 //getthe 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)              //use "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+num2str(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/O massreference 

make/n=0/O 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/O constants 

hideinfo 

funcfit /h="00" massfit constants masspoint /x=massreference /d 

display masspoint vs massreference 

modifygraph mode(masspoint)=3, rgb=(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  // Use modern global access method. 

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

menu "Macros" 

submenu "ECalibration"    

 "ECalibration"                 //To calibrate the spectrum according to power 

changing during one scanning. 

 "CancelECali"                 //To 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 

//you 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"---------------------------------------------------------------" 

print "Power at start :",power_start,"mW" 

print  "Power at end :",power_end,"mW" 

print "Numbers of photons:", nn 

print  "Calibrated wave name is :", wavey 

print "--------------------------------------------------------------" 

end 

  

macro CancelECali() 

doalert 1,"Are you sure you cancel last calibration?" 

if (V_flag==1) 

string wavey 

wavey=CsrWave(A) 
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$wavey=$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 Ie value!!  

bpositionvalue=vcsr(B)                              // use cursor B to determinate 

the value of Io. 

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/", power0, ")^2" 

end 

 

macro Calibrate() 

string wavechange 

string wavechangex 

variable Io 

variable Ie 

Ie=vcsr(A) 
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Io=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=((Ie/Io-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 :", Io-Ie, "    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 

f(JJ,line) = (v1+(B1-B0)*JJ*(JJ+1)-(D1-D0)*(JJ*(JJ+1))^2-line) 

 

Deperturbed1: 

f(JJ,line) = (v1+(B1-B0)*JJ*(JJ+1)-(D1-D0)*(JJ*(JJ+1))^2-

line)*(v2+(B2-B0)*JJ*(JJ+1)-(D2-D0)*(JJ*(JJ+1))^2-line)-W^2 

 

Deperturbed2: 

f(JJ,line) = (v1+(B1-B0)*JJ*(JJ+1)-(D1-D0)*(JJ*(JJ+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)-(W^2)*((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)) 

 

Deperturbed2W 

f(JJ,line) = (v1+(B1-B0)*JJ*(JJ+1)-(D1-D0)*(JJ*(JJ+1))^2-

line)*(v2+(B2-B0)*JJ*(JJ+1)-(D2-D0)*(JJ*(JJ+1))^2-line)*(v3+(B3-
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B0)*JJ*(JJ+1)-(D3-D0)*(JJ*(JJ+1))^2-line)-(W3^2)*(v2+(B2-

B0)*JJ*(JJ+1)-(D2-D0)*(JJ*(JJ+1))^2-line)-(W2^2)*(v3+(B3-

B0)*JJ*(JJ+1)-(D3-D0)*(JJ*(JJ+1))^2-line) 

 

Deperturbed1Wheter 

f(JJ,line) = (v1+(B1-B0)*JJ*(JJ+1)-(D1-D0)*(JJ*(JJ+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)*W2^2)*(v2+(B2-

B0)*JJ*(JJ+1)-(D2-D0)*(JJ*(JJ+1))^2-line)-(JJ*(JJ+1)*W2^2)*(v3+(B3-

B0)*JJ*(JJ+1)-(D3-D0)*(JJ*(JJ+1))^2-line) 

 

 Deperturbed2Wheter 

f(JJ,line) = (v1+(B1-B0)*JJ*(JJ+1)-(D1-D0)*(JJ*(JJ+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*(JJ+1)*W2^2)*(v3+(B3-

B0)*JJ*(JJ+1)-(D3-D0)*(JJ*(JJ+1))^2-line) 

 


