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ABSTRACT 

 

The main focus of this work is using the infrared-infrared (IR-IR ) double 

resonace spectroscopic technique to study the 23
Πg, a

3Σ�� electronic states, and the  

A1
Σu

+ ~ b3
Πu coupled states of the Rubidium dimer molecule. 

The initial analysis of the 23
Πg state involved separated analysis of the rotational 

and vibrational Bv and Gv functions to extract the molecular Dunham coefficients from 

the data. This was to avoid cross correlations between rotational and vibrational 

parameters because there was limited amount of rotational energy level data which 

included in addition perturbations between this state and other electronic states in the 

same region. An initial RKR potential energy curve was constructed based on this 

analysis.  Subsequently this approach was augmented by a joint analysis of the 23
Πg 

state and the a3Σ�� triplet ground state. This analysis was based on bound-free spectra, i.e 

fluorescence from bound levels of the upper state to the continuum of the lower state.  

We present a comparison of these two approaches to the data analysis by testing the 

resulting potential energy functions through comparison of the calculated ro-vibrational 

energies against the observed energy level values 

The fluorescence from a discrete ro-vibrational level of the a bound upper state 

23
Πg also includes transitions to discrete bound ro-vibrational levels of the triplet ground 

state a3Σ�� (bound-bound emission). Accurate determination of the transition frequencies 

of the observed fluorescence spectroscopic lines allowed us to construct a reliable 

potential energy function that augmented our previous results on this state and corrected  

misinterpretation of that data in the literature.  
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Similar infrared-infrared (IRIR) double resonance excitation of the 31Σ�� state 

was also used to observe resolved fluorescence spectra to the A1Σu
+ ~ b3

Πu states coupled 

by strong spin-orbit interaction. From the IRIR resolved fluorescence, we have filled the 

gap in the data range 12000cm
-1

 to 14000cm
-1

 of  these coupled states for  the Ω=0u
+ 

component.   
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CHAPTER 1 

INTRODUCTION 

 

     The Rubidium dimer molecule Rb2 is drawing a great deal of interest in the 

field of laser spectroscopy and ultra-cold molecule formation. Even though the theorists 

can use ab initio methods to calculate all the electronic state potential curves for the Rb2 

dimer,  the Rb2 molecule has a dense ro-vibronic energy level structure and since the 

spin-orbit interaction is strong, there are perturbations between electronic states. Thus 

mapping the experimentally observed potential energy curves and analyzing the 

perturbations is very important.  

In this work we used mainly the IR-IR double resonance experimental technique to 

carry out high resolution spectroscopic studies of the Rb2 molecule. The first laser excites 

the molecule from the thermal population of the singlet ground state to the singlet-triplet 

mixed intermediate state, and through the mixed state, the second laser further excites the 

molecule to the upper triplet 23
Πg state. This excitation is detected by the fluorescence 

from the 23Πg state to the triplet ground state a3Σ��. While scanning the second laser, we 

find many more energy levels that belong to the 23
Πg state. Using the termvalues of these 

ro-vibronic energy levels we construct an RKR potential energy curve based on the 

Dunham coefficients determined from this data. We have also recorded bound-bound and 

bound-free resolved fluorescence spectra for the 23
Πg - a

3Σ��  transition and 

reconstructed the potential energy curve for the triplet ground state a3Σ��.  The joint 



 

2 

analysis of the of 23Πg and a3Σ�� states improved the accuracy of both states. In addition, 

we recorded resolved fluorescence for the transition 31Σ��- b3
Πu, and filled the energy 

level gap of the Ω=0u
+ component of the A1Σu

+~b3
Πu complex of electronic states of Rb2 

in the range of 12,000cm-1 to 14,000cm-1.  

 This thesis consists of 7 chapters. Chapter 2 briefly elaborates the theory of 

diatomic molecular spectroscopy and introduces the Born-Oppenheimer approximation, 

electronic states of diatomic molecules, and selection rules for electric dipole transitions 

between electronic states. Also Chapter 2 introduces the Hund’s case (a) and (b) angular 

momentum coupling schemes. At the end of Chapter 2 the Franck-Condon principle is 

highlighted.    

Chapter 3 describes the experimental set-ups, heatpipe oven for sample preparation, 

the laser systems as well as the detection systems. Chapter 4 describes our calibration 

procedures, which were very important for merging data from multiple laboratories. In 

fact at the end we have calibrated the Burleigh wavemeters used at Temple University 

and at Tsinghua University against the Kitt Peak Uranium Atlas using the Bomem 

Fourier Transform Interferometer (FTIR) in our laboratory. 

 Chapter 5 focuses on the experimental study of 23
Πg. We present in our work a 

separated analysis of the rotational and vibrational functions Bv and Gv in order to avoid 

cross correlations in the fitting of the data to extract the molecular constants. These 

constants were then used to create a preliminary RKR potential energy function. These 
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results were then compared with Dr. V. S. Sovkov's subsequent analysis of all available 

data including that from collaboration with Tsinghua University. 

 In Chapter 6, it became possible to accurately determine experimentally the 

inner wall of the triplet ground state a3Σ�� using the calibrated bound-free spectra of the 

23
Πg - a

3Σ�� transition. In addition, accurate determination of the transition frequencies of 

the observed fluorescence spectroscopic lines from the strong bound-bound spectra of the 

23
Πg - a

3Σ�� transition made it possible for us to construct a reliable potential energy 

function for this electronic state. 

    In Chapter 7, we have collected additional data for the gap region in the Ω = 

0u
+ data during the ongoing effort to observe Ω = 1u components of the Rb2 b

3
Πu 

electronic state to facilitate a more complete de-perturbation analysis of the spin-orbit 

interaction of the A1Σu
+ ~ b3

Πu complex of electronic states. We used the same 

experimental set-up as we did for the 23
Πg - a

3Σ�� experiment. But in this case, the 

resolved fluorescence of the 31Σ��- b3
Πu transition was monitored.  
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CHAPTER 2 

THEORY OF DIATOMIC MOLECULAR 

SPECTROSCOPY 

 

2.1 Born-Oppenheimer and Adiabatic Approximation 

If we are treating the diatomic molecular system as a quantum mechanical system, the 

nonrelativistic molecular Hamiltonian is given by  

H � ���

� ∑ ���

��� � ��

���
∑ ��

�
� � ∑ ∑  � !"�

#$%&'�!()�� � ∑ ∑  �"�

#$%&'*��� � ∑ "�

#$%&'*+�),       (2.1) 

H � -. � -" � /.. � /". � /""                                         (2.2) 

In which Greek subscripts in equation (2.1) refer to the nuclei in a molecule, 

while Roman subscripts refer to the electrons. The terms in the equation (2.1) are: 

The nuclear kinetic energy 

-. � ���

� ∑ >��

��� ,                                                       

(2.3) 

The electronic kinetic energy 

-" � � ��

���
∑ ��

�,�                                                      (2.4) 

The nuclear-nuclear repulsion energy 

/.. � ∑ ∑  � !"�

#$%&'�!()�� ,                                                (2.5) 

The electron-nuclear attraction energy 

/". � � ∑ ∑  �"�

#$%&'*��� ,                                                 (2.6) 

and the electron-electron repulsion energy 
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/"" � ∑ "�

#$%&'*+�), ,                                                  (2.7) 

In order to solve the appropriate Schrödinger equation is to invoke the 

Born-Oppenheimer approximation [1]. The Coulomb forces on the nuclei and the 

electrons are similar in magnitude, but the mass of the electrons are much less. Then the 

electrons move much faster than the nuclei. Thus we can separate the electronic motion 

from the nuclear motion. The electronic structure is solved by “clamping” the nuclei at 

fixed positions and solving the purely electronic equation 

@"AB"A � C"AB"A                                                   (2.8) 

in which 

@"A � -" � /". � /"".                                               (2.9) 

If the nuclei are fixed in space then 

/.. � ∑ ∑  � !"�

#$%&'�!()��                                              (2.10) 

is just a number that can be added in at the end to form the total electronic energy 

U � C"A � /..                                                    (2.11) 

The separation of the Schrödinger equation into electronic and nuclear motion 

(vibration-rotation) parts means that ψ can be approximated as the product function 

ψ F B"AG.                                                        (2.12) 

and that two equations: 

	@"A � /..B"A	r�; r� � I	r�B"A	r�; r�                              (2.13) 

J-. � I	r�KG.	r� � C.G.	r�                                      (2.14) 
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need to be solved. In equation (2.13), the total electronic energy depends on the nuclear 

positions r�. Clamping the nuclei at different positions will result in a different 

numerical value for U and a different function for  B"A. When the nuclei move, the 

electrons move so quickly that the I	r� derived from equation (2.13) serves as the 

potential energy for the nuclear motion. 

The nuclear kinetic energy -. can be further separated into two parts 

-.	L, M, N � -��O	L � -'PQ	L, M, N                                 (2.15) 

-.	L, M, N � � ��

�RS� TU
U VL� U

USW � X
Y�Z[

U
U[ V\]^_ U

U[W � X
Y�Z�[

U�

U`�a  ,          (2.16) 

where b is the reduced mass of the two nuclei.  Hence the total nuclear wave-function 

G.	r� can be written as the product of a vibrational wave-function and a rotational 

wave-function. 

 

2.2 Electronic States of a Diatomic Molecule 

The Born-Oppenheimer approximation separates molecular states into electronic 

states and nuclear motion states. The nuclear states can be further separated into 

vibrational and rotational states. Born-Oppenheimer approximation provides the 

theoretical basis for the classification of molecular states.  

 

Orbital angular momentum: 

The motion of the electrons in an atom happens in a spherically symmetrical field of 

force. Thus the electronic orbital angular momentum L is a constant of the motion. In a 
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diatomic molecule, there is only axial symmetry about the internuclear axis. So only the 

component of the orbital angular momentum of the electrons about the internuclear axis 

Lz is a constant of the motion. The constant component ML can take the values 

cd � e, e � 1, e � 2, … , �e 

We denote  

Λ � |cd| 

The angular momentum vector Λ reprensents the component of the electronic orbital 

angular momentum along the internuclear axis.  Λ =0,1,2,3,.. corresponds to the 

molecular state Σ,Π,Δ,Φ,…state. Π,Δ,Φ states are doubly degenerate since cd have 

two values +Λ and –Λ, while Σ states are non-degenerate. 

 

Spin: 

The spin of a diatomic molecular electronic state S can be integral or half integral 

according to the number of electrons in the molecule is even or odd. If Λ n 0, the 

electron spins precess around the internal magnetic field along the direction of the 

internuclear axis. The component of S is Ms which is denoted by Σ. The values of Σ are 

 Σ � S, S � 1, S � 2, … , �S. 

Spin Σ can have 2S+1 different values. Unlike Λ, the different spin multiplicity states are 

not degenerate. For example, in an alkali metal diatomic molecule, if \X � X
�,\� � � X

�, 

the resultant S=0, Σ � 0. This case corresponds to a singlet state. If \X � X
�, \� � X

�, the 

resultant S=1, Σ � 1,0, �1 and this corresponds to a triplet state. 
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Total angular momentum of the electrons: 

The total electronic angular momentum about the internuclear axis is denoted by Ω 

which is defined by  

Ω � |Λ � Σ|. 

If  Λ n 0, there are 2S+1 different values of Ω  for a given value of  Λ. For example, if the 

electronic state has 1Π symmetry with Λ � 1, S � 0, Ω can only be 1, If it is a 3Π state 

with Λ � 1, S � 1, Ω can have values  0,1,2.. 

Now we can understand why we label each electronic state by the form of 

u�v�XΛΩ,	�,�
�,�  

where X denotes numbering of electronic states in order of increasing electronic energy. 

According to convention, experimentalists have labelled the low lying electronic states by 

letters with X denoting the ground singlet ground state and A the next excited singlet 

electronic state. The low lying triplet states have been labelled by ‘a’ for the triplet 

ground state and by ‘b’ for the first excited triplet state. 

 

2.3 Coupling of Rotational and Electronic Motions 

Now we will consider all existing angular momenta in a molecule: the electron 

spin, the electronic orbital angular momentum, the angular momentum of nuclear 

rotation, and the total angular momentum J. They are coupled to each other in different 

ways. These coupling schemes were first analyzed by Hund [2-4]. 
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Hund’s case(a) 

The interaction between the nuclear rotation with the electronic motion is very weak. 

The strongest interaction is the electrostatic correlation that couples the electron spin 

and orbital angular momenta individually to the molecular axis. Figure 2.1 shows the 

vector diagram for Hund’s case(a). The projection of L on the internuclear axis is 

denoted by Λ; the projection of S is  Σ  ; and the total angular momentum projection 

along the internuclear axis is  Ω � |Λ � Σ|. R is the molecular rotational angular 

momentum vector, which is perpendicular to the plane containing the molecular axis. R 

coupling with   Ω forms the total angular momentum J. The vector J is constant both in 

magnitude and direction. L and S are coupled to the internuclear axis. The rotational 

energy in Hund’s case(a) is that of a symmetric top with   Ω as the angular momentum 

about the figure axis: 

  Fx	J � BxJJ	J � 1 � Ω�K                                          (2.17) 
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Figure 2.1 Vector diagram for Hund’s case(a). The solid elliptical line represents the 

nutation of the axis. The dashed elliptical lines represent the rapid precessions of L and 

S around the line through the internuclear axis.  
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Hund’s case (b) 

When  Λ=0, and { n 0, the spin vector S is not coupled to the internuclear axis at all 

(see Figure 2.2). The electron spin remains in a fixed orientation while the molecule 

rotates under it. The angular momenta  Λ and N form a resultant (as  Ω and R in case (a)) 

which is denoted by K here. 

 

2.4 Transitions Between Molecular States 

When the molecular system interacts with an outside coupling field, a laser, for 

example, the molecule will absorb or emit energy by changing energy states from one to 

another. We will discuss in the following the electronic transition selection rule, the 

rotational transition selection rule and the Franck-Condon principle that governs 

vibrational transitions. 

 

2.4.1 Selection Rules for Electronic and Rotational Transition 

Based on quantum mechanics, the molecular transitions depend strongly on the 

transition dipole moment matrix element|B�}b"}B~�. This quantity cannot be zero if an 

electronic transition takes place. B� , B~  are the wave functions of molecular states 

before and after an electronic transition. b" is the electronic dipole moment operator. 

The symmetry of the product of several functions is the product of the each 

individual symmetry. For example, even � even = even, even � odd = odd, odd �  
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Figure 2.2 Vector diagram for Hund’s case (b). The dashed elliptical line represents the 

nutation of the figure axis which is faster than the precessions of K and S about J. The 

solid line ellipse represents the precession of K and S.  
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odd = even.  

If we apply the symmetry operator σ to the electronic dipole moment element, we 

have 

σ|B�}b"}B~� � 	�1.��.��.�|B�}b"}B~�,                              (2.18) 

where N1,N2,and N3 characterize the parities of the wave functions and the dipole 

moment under the symmetry operation respectively. The value of Eqn. (2.13) is zero if 

N1+N2+ N3 is an odd integer. The value of N1+N2+ N3 must be an even integer in order 

for molecular transition to occur. 

The electronic transition selection rules are summarized as follows: 

∆Λ � 0, �1, 

∆S � 0, 

ΔΩ � 0, �1, 

Σ� � Σ� and Σ� � Σ�, 

g � µ, which does not apply to hetero-nuclear molecules. 

ΔJ � �1 ,where ΔJ � J� � J��  is the difference between the upper level rotational 

quantum number (J� and the lower level rotational quantum number (J��. Molecular 

transitions with different  ΔJ values are defined by  

P branch: ΔJ � �1  

Q branch: ∆J � 0 

R branch: ΔJ � �1. 
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2.4.2 Vibrational Transitions According to the Franck-Condon Principle 

Vibrational transitions do not have such selection rules as electronic or rotational 

transitions have. The vibrational quantum number change within a molecular transition 

can be anything. But we have to consider that the intensity of the transition has to be 

strong enough to be observed by the experimental detection system. Actually, the 

vibrational transition is governed by the Frank-Condon principle. 

Consistent with the Born-Oppenheimer approximation, the mass of nuclei are much 

larger than the electron mass, and the electronic state changes too quickly for the nuclear 

vibration to take place. The position of the nuclei during the electronic transition does not 

change yet. For this reason electronic transitions are also called vertical transition on the 

electronic state potential curves with the fixed internuclear distance (R). 

From quantum mechanics point of view, The Frank-Condon factors (FCF) that are 

critical for electronic transitions to take place, are defined by  

FCF � }|��}�,�}�
                                                  (2.19) 

Where �� and �, are ro-vibronic wave functions in the initial and final electronic states. 

Eqn.(2.19) represents the probability of the overlapping of these two wave functions of 

the two different states. To a first order, if the FCF is large, the intensity of the absorption 

or emission of light is strong. Thus the Franck-Condon principle is very important, when 

we are planning an OODR experiment. We have to choose the candidate levels with large 

FCF to make possible large population of molecules to be excited to the higher electronic 

state. Usually ab initio calculated potential energy curves are used as input data for the 
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program LEVEL[5], which solves the radial Schrödinger equation numerically to 

calculate the ro-vibronic wavefunctions and their overlap FCF factors and eigen-energies 

for the various combinations of electronic states. We use those results as a guide to carry 

out our experiments and collect the experimental data.  In most cases this works but the 

electronic transition dipole moment matrix element is also a critical parameter in this 

context.  Theoretical ab initio calculated transition dipole matrix elements can be used 

with ro-vibronic wave functions to calculate these matrix elements to include the effect of 

the transition dipole moment in case the transition dipole function is zero even if the FCF 

factor is good. This matrix element can be also determined experimentally [6].   
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CHAPTER 3 

EXPERIMENT 

 

3.1 Overview of the Experimental Set-up  

The experimental setup used is described in our earlier work on the a3Σu triplet ground 

state of Rb2 [1].The Rubidium metal was loaded in the center of the heatpipe oven and 

heated up to 200°C. In the vapor phase the dimer concentration was about 2% [2]. Argon 

was used as buffer gas at pressure of 1 to 1.5 Torr. A Titanium:Sapphire laser (Coherent 

Model #899-29) was used as the pump laser to excite molecules from the singlet ground 

state X1
Σg

+ to a singlet-triplet mixed A1Σu
+～b3

Πu intermediate level. The mixed A1
Σu

+～

b3
Πu intermediate level [1] has both singlet and triplet character, which provides a 

gateway to observe the upper excited triplet state 23
Πg starting from the singlet ground 

state X1
Σg

+. A diode laser (Toptica DL100), used as a probe excites the molecules from 

the A1
Σu

+～b3
Πu intermediate level to a ro-vibronic energy level of the 23Πg state. The 

pump laser and the probe laser were counter-propagating and overlapping in the center of 

the heatpipe. Using a lens the waist(1/e2) of each laser beam was focused to a spot size of 

about 1mm. While to prevent the TiSa from getting to the diode TiSa polarization was 

initially rotated from vertical to horizontal with an λ/2 waveplate. 
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The pump laser was modulated by a mechanical chopper (Stanford Research Systems 

SR Model #540) with a modulation frequency set to 1 kHz. The pump transition A←X 

was confirmed by observing the resolved fluorescence with BOMEN DA8 FTIR 

spectrometer. In order to detect the near IR fluorescence with the DA3 instrument silicon 

avalanche detector was used. The IR-IR double resonance was observed as a fluorescence 

to the triplet ground state a3
Σu using a photomultiplier tube (Hamamatsu R928) with a 

750nm short pass filter. The photomultiplier signal was amplified with a lock-in amplifier 

(Stanford Research Systems Model #SR 850). Since the range of the florescence from the 

23
Πg was about 500-600nm. A SPEX 1404, 0.85 m dual-grating monochromator and the 

BOMEN DA3 FTIR interferometer were both used for detecting the resolved 

fluorescence from the 23
Πg electronic state to the a3

Πu state. 

 

 

 

 



Figure 3.1 A schematic of the experimental setA schematic of the experimental set-up.
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3.2 Heatpipe Oven Molecular Source  

The heatpipe oven as a way to generate metal vapors was initially introduced by 

Vidal and Cooper [3]. The key processes taking place inside the heatpipe are as follow; i) 

continuous evaporation of liquid metal, ii) convective transport of the metal vapor 

throughout the oven, iii) return of the condensates by capillary action along a wick from 

the cooler regions to the center of the oven. The heatpipe used in the experiments of this 

work consists of five arms and is constructed from stainless steel. Four of the arms are in 

one plane, while the fifth (top) arm is perpendicular to that plane. The top arm is used for 

loading of the heatpipe with rubidium metal. To the end of each arm a flange with an 

o-ring grove is welded and the ends are closed with a Pyrex (2.0" in diameter, 0.188" in 

thickness) windows. Vacuum seal is achieved using an o-ring between the glass windows 

and the flanges. Clam shell heaters (Lindberg Model #50101, type 1704-KSP) were 

installed at each arm for heating the heatpipe.  For insulation several layers of ceramic 

fiber blanket were wrapped around all five arms. The voltages across the heaters were 

controlled using Variacs. The temperature of the heatpipe was monitored using a 

temperature probe inserted inside the insulation. The pressure of the buffer gas was 

measured using MKS Baratron type 222B pressure gauge. To prevent hot metal vapor 

from reaching the windows, the ends of each heatpipe arm were cooled with chilled water 

to create a region of cold Argon gas. To contain as well as to facilitate the transportation 

of the condensed liquid metal by capillary action the inner wall of each arm was lined 
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with a stainless steel mesh. The metal vapor consisted of 99% Rubidium atoms and 1% 

Rubidium dimers at 500K [3]. 

3.3 Laser Systems 

3.3.1 Verdi V18 Laser 

Verdi V-18 is a fixed wavelength (green, 532nm) frequency doubled diode pumped 

continuous wave (cw) YAG laser [4]. It consists of a laser head and a power supply 

connected by an umbilical which contains fiber optic cables and electrical cables. The 

electrical cables provide control and monitoring signals between the laser head and the 

power supply and the fiber optic cables transmit light from the diode bars in the power 

supply to the laser head. The laser head is cooled by flowing temperature controlled 

cooling water through the base. The maximum output power of the Verdi V-18 is 18W. 

3.3.2 Titanium Sapphire Laser (Model Coherent 899-29) 

Verdi V18 laser is used as a pump laser for the Titanium Sapphire Laser. At 15W 

pump laser power, the broadband Titanium Sapphire laser output power is in the range of 

2W at the top of the laser gain curve. In single longitudinal mode operation the laser 

power is about 30% lower. The laser is tunable from 680nm to 1025nm [5]. 

As shown in Figure 3.2, an optical diode is used in this ring laser cavity to enforce 

unidirectional oscillation. The diode consists of a quartz prism, which is inserted in a 
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strong magnetic field (Faraday effect) inside the laser cavity. Coarse adjustment of the 

laser frequency can be done by turning the three plate birefringent filter, which allows 

broadband operation with a bandwidth of 2GHz. Fine adjustment of laser frequency to a 

single longitudinal laser cavity mode can be achieved by the intracavity etalon assembly 

(ICA), which consists of thick and thin etalons. The laser bandwidth in single 

longitudinal mode is narrowed to 0.5MHz. While the laser is scanning by tilting the 

Brewster plate slightly off the Brewster angle and thus changing the optical path length of 

the laser cavity, the frequency control is achieved with an electronic servo loop and by 

using the reference cavity to lock the laser to a single longitudinal cavity mode. The servo 

loop uses the error signal derived from the Fabry Perot reference cavity which is applied 

to a piezoelectric element on the tweeter mirror for fast adjustment of the cavity length. 

In addition, the drive that tilts the Brewster plate is controlled to compensate for the 

slower cavity length changes achieved by the tilt.  

Right behind the output coupler (M4) in Figure 3.2 , a 45。incidence beamsplitter 

will direct two reflected beams go to the reference cavity, and the transmitted beam  

travels up and enters the wavemeter after 45。incidence beamsplitter. The detailed 

explanation about wavemeter is in Section 4.2, which describes the laser wavelength 

calibration. 
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The laser control box consists of nine electronics boards that control optical 

components within the laser cavity. A computer interface board connects the control box 

to the computer and facilitates the operation of the laser under computer control.   The 

laser can be scanned while lock-in amplifier signals are monitored and recorded as a 

function of laser frequency [6].    

 

Figure 3.2 Schematic of the Coherent 899-21 Titanium Sapphire laser cavity. 

Explanation of the symbols: 

P1: Lower periscope optical mirror; P2: Upper periscope optical mirror; 

P3: Pump mirror; M5: Upper fold mirror; M3: Lower fold mirror; 

M1: Intermediate fold mirror; M4: Output coupler; L1: Focusing lens; 
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BRF: Birefringent filter assembly; BP: Brewster plate; PR: Pick-off rhomb; 

OD: Optical diode; SET: Thin etalon; FET: Thick etalon. 

3.3.3 Diode Laser (Toptica DL100) 

Toptica DL100 is a tunable diode laser with a linewidth of 100MHz. It includes 

diode laser power supply rack [7] and diode laser head [8]. The diode laser power supply 

rack has the obligatory monitor unit, a diode laser controller pair for current and 

temperature to operate the diode laser head. Besides these basic plug in modules, the 

frequency change is facilitated by turning of a diffraction grating. Coarse change can be 

done by adjusting manually with a micrometer screw while being careful not to 

overstress the mechanical joints because the grating will not relax to its initial position. 

Fine adjustment of the grating can be done through the scan control module of the laser 

power supply rack. Actually, low-voltage piezoelectric crystals are mounted into the 

grating holder which can be controlled with voltage in the range of 0V to 150V. 

3.4 Detection System 

3.4.1 Lock-in Amplifier and the Photomultiplier Detection System 

When a laser is tuned to resonance with a rovibronic molecular transition, the 

excited state relaxes radiatively to all allowed lower energy levels allowed by electric 

dipole selection rules. The resulting fluorescence is detected by a photomultiplier tube. In 
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our experiments a Hamamatsu R928 photomultiplier tube equipped with a wavelength 

range selective optical filter is mounted on the top window of the heatpipe. The PMT 
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converts the detected photons in the dynode chain to an electric current, which is then 

amplified by the lock-in amplifier (SRS 850). A mechanical chopper placed in the laser 

pathway modulates the laser beam by a preset frequency (1 kHz). Input signals with 

similar modulation frequency as the reference signal will be amplified while the out of 

phase signals will average to zero after time integral.  

3.4.2 Monochromator 

The SPEX 1404, 0.85 meter dual grating monochromator used in the experiments 

has a resolution of 0.047A. It is used to resolve the fluorescence collected from the center 

of the heatpipe oven to its wavelength components. The monochromator gratings are 

tilted by a stepping motors controlled externally by a computer. The PMT at the output 

slit converts the fluorescence to a current signal. At lower light levels a photon counting 

system is used instead. The SPEX 1404 system operates in the visible and the near 

infrared. 

 

3.4.3 Fourier Transform Interferometer 

In contrast to the dispersive spectrometer such as the Spex 1404 monochromator,  

the Bomem DA3 FTIR spectrometer simultaneously collects data in a broad spectral 

range and then generates a spectrum by means of a Fourier transformation. The detailed 
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explanation of this operation is given in Section 4.4. The Silicon and InGaAs detectors 

used in our experiments are efficient in the 10000-12000cm-1 and 8000 -10,000 cm-1 

ranges, respectively. 

3.5 Ground State Thermal Population  

 The intensity of the spectral lines depends not only on the Frank-Condon factor 

for the two vibrational levels for the electronic transition but also on the number of 

molecules in the initial state. We need to know the distribution of the molecules for 

different quantum states under the thermal equilibrium condition. The number of 

molecules in each vibrational level is proportional to the Boltzmann factor: 

�� � �� �
�� � ������/�� � ����/�.����� 

where Gv is the vibrational energy in cm-1 units and T is in degrees Kelvin (see Figure 

3.3). 

For the thermal distribution of the rotational levels, we have to consider the 	2
 �

1-fold degeneracy because each state of a molecular system with total angular 

momentum 
 consists of 2
 � 1 levels. The number of molecules �� in the rotational 

level is: 

��  � 	2
 � 1���	���
�� � 	2
 � 1����	��X��

�� � 	2
 � 1����	��X/�.����� 
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where B is the rotational constant for a given vibrational level in units cm-1 and T is in 

degrees Kelvin (see Figure 3.4). 

 

 

 

Figure 3.3 The thermal distribution of the vibrational levels of the X1
Σg

+ ground state of 

the Rb2 dimer.  
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Figure 3.4 Thermal distribution of the rotational levels for v=0 of the X1
Σg

+ ground state 

in the Rb2 dimer. 
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3.6  Rotational Quantum Number Confirmation of the A1
Σu

+-X1
Σg Pump Laser 

Transitions. 

 For the rotational quantum number assignment, according to the electric dipole 

selection rule ∆J=±1, the Titanium Sapphire laser can be tuned to a known A1
Σu

+～b3
Πu 

(v',J') ←X1
Σg(v'',J''=J'±1) transition. Using the BOMEN FTIR interferometer and the 

resolved fluorescence A1
Σu

+～b3
Πu (v',J') →X1

Σg
+ (v'',J''=J'±1) spectra can be recorded. 

The spectra obtained by the two excitation branches should be identical (see Figure 3.5). 

An additional method to confirm the rotational quantum number of the upper 23
Πg 

level involves tuning the Titanium Sapphire laser to the transition A1Σu
+～b3

Πu (v',J'-2) 

←X1
Σg (v'', J''=J'-1,J'-3) . Using this method the two different intermediate levels A1Σu

+～

b3
Πu (v', J') and A1Σu

+～b3
Πu (v',J'-2), the diode laser can reach the same upper 23

Πg 

level(v, J=J'-1), respectively, at the same energy (see Figure 3.6). By doing so, we can 

confirm the rotational quantum number J of upper state with absolute certainty. The 

initial confirmation from J”-1 and J”+1 with excitation to a given J’ level is not always 

sufficient. 

Table 3.1 lists all the intermediate A1
Σu

+~ b3
Πu levels which have been used in the 

experiments. The ncc index is used for counting the vibrational levels and is not a 

quantum number in the deperturbation publication of the Rb2 A
1
Σu

+~ b3
Πu system [9]  
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Figure 3.5 The resolved fluorescence for the A1
Σu

+～b3
Πu (116,50) →X1

Σg
+ (0,50±1) 

transition of Rb2. 
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Figure 3.6 Illustration of excitation scheme for the quantum number J confirmation.  

By convention, the definition for P, Q, and R branches is ∆J= J’-J”= -1 for P, 0 for Q and 

+1 for R. 
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Table 3.1 List of the chosen intermediate A1
Σu

+~b3
Πu levels. ncc is the index for counting 

the vibrational levels and is not a quantum number, J is the rotational quantum number. 

 

ncc J A/b ratio 
Term 

values(cm-1) 

83 

83 

87 

30 

50 

50 

0.81/0.18 

0.63/0.37 

0.51/0.49 

11096.928 

11125.638 

11182.191 

89 50 0.69/0.30 11202.91 

93 50 0.87/0.12 11248.789 

96 50 0.75/0.24 11399.702 

106 50 0.86/0.12 11422.391 

112 50 0.35/0.65 11488.961 

116 50 0.52/0.47 11152.79 

116 52 0.56/0.43 11546.573 

116 70 0.52/0.47 11585.261 

124 96 0.57/0.13 11778.329 

129 89 0.73/0.16 11803.925 

130 32 0.88/0.11 11690.045 

156 80 0.74/0.25 12108.678 

156 82 0.71/0.28 12114.128 

157 44 0.88/0.11 12035.146 

157 46 0.88/0.11 12038.095 

157 50 0.88/0.11 12044.331 

157 52 0.88/0.11 12047.686 
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CHAPTER 4 

CALIBRATION 

 

    The high resolution laser excitation experiments require a high accuracy 

wavelength calibration using an accepted wavelength standard. The Titanium Sapphire 

Coherent Autoscan 899-29 laser is equipped with its own internal wavemeter which is 

used to read the laser wavelength or wavenumber of the laser in the Autoscan mode. 

These wavemeter readings need to be calibrated. We cannot assume that the deviation of 

the wavemeter reading from the wavelength standard is constant and can in fact vary as 

the Titanium Sapphire laser is scanned over a large frequency distance such as the range 

covered by the mid wavelength optics. Therefore, during the experiment, we use 

optogalvanic spectroscopy of a Uranium hollow cathode lamp (Model #P863 ordered 

from www.aalamp.com) to calibrate the laser. 

 

4.1 Optogalvanic Spectroscopy: Working Theory 

When the laser frequency matches with the transition Ei-Ef between the two energy 

levels of the Uranium atoms or ions in the discharge of the hollow cathode lamp, the 

population desities ni(Ei) and nf(Ef) are changed. This change in the population densities 

will result in a change of the discharge current. If connected across a resistor, an AC 

voltage is detected. When the laser amplitude modulated (chopped), the AC voltage can 

be directly fed into the lock-in amplifier [1]. 
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The electronic circuit to monitor the hollow cathode lamp discharge current is shown 

in Figure 4.3. This current was used as input to the SRS 850 lock-in amplifier. Figure 4.1 

depicts the experimental arrangement for optogalvanic spectroscopy for calibration and 

Figure 4.2 illustrates the Uranium hollow cathode lamp used for this purpose. Figure 4.3 

shows a circuit used to monitor the hollow cathode lamp discharge current, which was 

used as input to the SRS 850 lock-in amplifier.  

 

 

 

 

Figure 4.1 Experimental arrangement of optogalvanic spectroscopy in a hollow cathode 

lamp.   
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Figure 4.2 Image of P863 Hollow Cathode Lamp used in optogalvanic spectroscopy to 

calibrate the Titanium Sapphire laser.  
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Figure 4.3 Electronic circuit diagram used for optogalvanic spectroscopy in this 

work.  

 

 

Table 4.1 lists the frequency reading of the Titanium Sapphire laser compared with 

the frequency listed in the Uranium Atlas [2], the intensity of the signal listed in the 

Uranium Atlas, the voltage applied to the lamp, the intensity of the photogalvanic 

spectral line signal from the lock-in amplifier with the gain value indicated on the lock-in 

amplifier setting. By comparing the data in the first two columns, we can calibrate the 

Titanium Sapphire laser. Below Table 4.1 we show a couple of recorded calibration 

spectra with the Uranium lamp for our pump transitions used in the experiment. 
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Table 4.1 Frequency reading of the Titanium Sapphire laser compared with the frequency 

listed in the Uranium Atlas 

Laser 
frequency(cm-1) 

Frequency in 
the atlas(cm-1) 

High 
voltage(V) 

Intensity in 
the atlas 

Signal 
intensity /gain 

value on 
lock-in 

11613.74 11613.97 300 912 165nA/200nA 

11682.4395 11682.6773 350 32.3 6nA/10nA 

11669.3340 11669.5723 350 14.6 16nA/50nA 

11632.4860 11632.7192 370 9.28 6nA/10nA 

11656.1605 11656.3981 390 5.35 4nA/10nA 

11638.7700 11639.0065 420 2.59 4nA/10nA 

11617.7499 11617.9846 440 1.58 4nA/10nA 

 

 

 

 



 

40 

4.2 The Titanium Sapphire Wavemeter       

 

Figure 4.4 Optical schematic of the Titanium Sapphire laser wavemeter.  
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The Titanium Sapphire laser wavemeter assembly is located outside the laser cavity. 

The optical schematic of the wavemeter is shown in Figure 4.4. The most important parts 

of the wavemeter are the Optical Activity Meter (OAM) and the Vernier Etalon (VET). 

The OAM consists of two quartz crystal bars [3]. A linearly polarized laser beam 

travelling through the quartz will experience a rotation of its polarization. Table 4.2 gives 

the specific rotation ρ of quartz for a range of optical wavelengths.  

 

Table 4.2 Specific Rotation of Polarization by Quartz[4] 

λ(nm)                       ρ(degree/mm) 

226.503                       201.9     

404.656                       48.945 

435.834                       41.548 

546.072                       25.535 

589.290                       21.724 

670.786                       16.535 

      

The amount of rotation experienced by the laser beam in the OAM of the wavemeter 

can be measured by a rotating polarizer wheel. The relationship between laser beam 

frequency and the specific rotation can be determined by  

� � �� �

��� � � ¡�                                                   (4.1) 
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where  ¡X and �X are characteristic constants of quartz and ¡� is an 

instrumental parameter. The rotation angle � has units of degrees/mm. In order to 

maintain the accuracy of determining the polarization angle, the length of the quartz bar 

is sufficient if it leads to rotation angle of greater than 1000 degrees. The OAM has two 

quartz bars of slightly different lengths. The resulting difference of the two angles is less 

than 180 degrees. This provides an unambiguous estimate of the specific rotation 

��P¢'Y": 

��P¢'Y" � 	[��[�
∆d                                                    (4.2) 

The error of ��P¢'Y" is of the order of 25 cm-1. The Autoscan computer program will 

continue to estimate the number of degrees of rotation through each bar of quartz. 

^X � ]^£�¤�¥ V¦§¨©ª«��d�[�
X¬�° W                                          (4.3) 

and  

^� � ]^£�¤�¥ V	¦§¨©ª«��	d�∆d�[�
X¬�° W                                     (4.4) 

By combining the information for n1 and n2 above a more accurate value for the rotation 

angle is obtained: 

�~�Z" � 	Z��Z��X¬��[��[�®
	�d�∆d                                            (4.5) 

The error of this parameter  �~�Z" is approximately 0.5cm-1. Considering the other 

systematic errors, the total error remains below the critical value of 2.5cm-1, which is 

within the requirements of the Vernier Etalon (VET) based wavelength measurement. 

After the OAM based measurement, the laser beam travels through a parallel pair of 

etalons of slightly different thickness called the Vernier etalon (VET).The transmission of 
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the etalon is a periodic function of the laser frequency. The separation between 

transmission peaks is the etalon free spectral range, and each peak represents a different 

etalon order. Since the Titanium Sapphire laser is a continuously scanned, the laser 

frequency is determined by 

¯A¢Y"' � ^"Q¢APZ � °{L � ∆¯                                         (4.6) 

Where netalon is the etalon order number over the range the laser was scanned. 

In practice, ∆¯ is on the order of 1% of the etalon free spectral range. If the laser 

frequency is determined to ±50MHz, this implies the FSR of the etalon is less than 10 

GHz. This seems impractical at the first glance, because the OAM accuracy is ±75 GHz, 

which is not sufficient to distinguish between adjacent orders of a 10GHz FSR etalon. 

This problem can be solved by using a parallel pair of etalons of slightly different 

thickness. The laser is scanned through each VET channel. The frequency difference 

between the nearest VET1 peak and the next lower VET2 peak can be written by: 

± � ^²��X � °{L²��X � ^²��� � °{L²���                              (4.7) 

where ^²��Xand ^²��� are the absolute order numbers of the two etalons, 

and  °{L²��X and °{L²���  are their corresponding free spectral ranges.  

The Autoscan program used to control the Titanium Sapphire laser will compute a 

coarse estimate for the two etalon order numbers: 

^²��X,"YQ � ]^£�¤�¥ V  ³´µ
�¶S·¸¹�

W                                        (4.8) 

^²���,"YQ � ]^£�¤�¥ V  ³´µ
�¶S·¸¹�

W                                        (4.9) 

Then the expected value for the difference D is: 
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±"½¾"�Q"¿ � ^²��X,"YQ � °{L²��X � ^²���,"YQ � °{L²���                  (4.10) 

and the true value for nVET1 and nVET2 differs from the estimated values: 

^²��X � ^²��X,"YQ � ∆^X                                            (4.11) 

^²��� � ^²���,"YQ � ∆^�                                            (4.12) 

with the crucial assumption in the VET algorithm of: 

∆^X � ∆^�                                                       (4.13) 

Now, the difference between ±"½¾"�Q"¿and ± must be an integral multiple of  

°{L²��X -°{L²���.  The difference ± can be written as: 

± � ^²��X,"YQ � ∆^X® � °{L²��X � ^²���,"YQ � ∆^�® � °{L²���          (4.14) 

and ∆^Xcan be calculated from: 

À^1 � ]^£�¤�¥ V Á�ÂÃ�§Ä�Å�Á
�¶S·¸¹���¶S·¸¹�

W                                      (4.15) 

As a result, the final determination of laser wavelength is simple: 

^²��X � °{L²��X � ∆¯ 

 

4.3 The Burleigh WA-1600 Wavemeter 

 The Toptica DL-100 diode laser used in the experiments doesn't have an internal 

wavemeter like the Titanium Sapphire laser does. Therefore, we have to place a 

beamsplitter on the diode laser pathway, and couple the partial laser light reflected from 

the beamsplitter to a fiber optic cable, the other end of which is connected to a Burleigh 

WA-1600 wavemeter. The Burleigh wavemeter is basically a Michelson interferometer 

(see Figure 4.5) [5]. By comparing the counts of the interference fringes produced by the 
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input laser radiation and the reference HeNe laser, the ratio of the fringe counts of the 

input laser and the reference laser provides the wavelength of the input laser. If the 

retro-reflector assembly moves a distance d, the number of fringes produced is given by 

the equation: 

ÆÇ � 4^ÉÊ                                                       (4.16) 

where m is the number of fringes generated by the input laser, Ç is the 

wavelength of input laser beam, ^É is the refractive index of air at the wavelength Ç. 

The above equation can be used to determine the wavelength of the laser in vacuum 

by measuring d very accurately while counting the number of fringes m, and substituting 

the refractive index of air. The accuracy of such a measurement is limited to the precision 

in the measurement of d and our knowledge of ^É. To perform high accuracy wavelength 

measurements, the reference beam is traveling the same distance d as the laser beam, the 

wavelength of which is being measured. 

Æ�Ç� � 4^�Ê�                                                    (4.17) 

Combining the above two equations gives 

Ç � T�&
� a TZË

Z&
a Ç�                                                     (4.18) 

The accuracy of the wavelength measurement is dependent on the terms in the 

equation above: 

T�&
� a - this ratio is calculated from the number of fringes generated for each laser 

over the distance scanned by the retro-reflector assembly. If the fringes are accurately 

subdivided, the numerator and denominator do not have to be integers. 
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TZË
Z&

a this ratio accounts for the difference in optical distances traveled by two laser 

beams with different wavelengths. Such a dispersion correction is necessary to determine 

the wavelength relative to vacuum. It is dependent on the temperature, pressure and 

humidity of the air inside the interferometer. 

Ç� - is the reference laser vacuum wavelength. Its absolute accuracy is 

fundamental to the accuracy of the measurement. 

The WA-1600 uses a stabilized single frequency He-Ne laser as a reference laser, 

that is calibrated to accuracy better than ± 50 MHz relative to the Ne-20 atomic line 

center. This corresponds to a reference accuracy of ± 0.1 parts per million. By comparing 

the WA-1600 wavemeter reading with optogalvanic calibration of the Titanium Sapphire 

laser using a Uranium hallow cathode lamp  

We conclude that the absolute accuracy of the wavemeter is about 0.04 cm-1. 
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Figure 4.5 Basic diagram of a Michelson interferometer based wavemeter. 
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4.4 The BOMEM DA3 Fourier Transform Interferometer 

In the experiments instead of using a dispersive spectrometer such as the Spex1404 

in the visible part of the spectrum, the fluorescence was resolved using the Bomem DA3 

FTIR spectrometer, which simultaneously collects spectral data in a wide spectral range. 

The Spex 1404 monochromator measures intensity over a narrow spectral wavelength 

range at a time. In the FTIR the different frequencies are separated by means of a Fourier 

transform computation. 

The Fourier transform infrared spectrometer is basically a Michelson interferometer 

as shown in Figure 4.6. The incoming light is divided into two equal amplitude beams at 

a beamsplitter. One of the beams is transmitted to a fixed mirror and the other one is 

reflected to a moving mirror, which introduces a time delay. Then both beams return to 

the beamsplitter, where they are recombined to interfere constructively and destructively 

By making measurements of the signal at many discrete positions of the movable 

mirror, the temporal coherence of the light is measured at each different time delay 

setting. The spectrum can be reconstructed using a Fourier transform from time domain 

into a frequency domain. Figure 4.7 below shows a typical interferogram (raw data, trace 

A) and a spectrum (processed data, trace B) from the BOMEM FTIR. The maximum 

peak in (A) occurs when the moving mirror is at the same distance with the stationary 

mirror and we get the constructive interference. 
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 Figure 4.6 The optical configuration of the Bomem FTIR Model #DA3 
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Figure 4.7 (A) A typical interferogram (raw data) and (B) a spectrum (processed data) 

from the BOMEM FTIR. 
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4.5 Calibration of the Temple University Burleigh Wavemeter and the Bomem 

FTIR and the Tsinghua University Burleigh Wavemeter Using Optogalvanic 

Spectroscopy with the Titanium Sapphire Laser and the Uranium Atlas. 

 Since we have merged in our research data sets from our laboratory with data 

from Tsinghua University in Beijing, we have calibrated our instruments at both 

laboratories against a common reference, that of the Uranium Atlas measured by the Kitt 

Peak FTIR [2]. Table 4.3-4.5 lists the calibration data collected by members of our 

research group at different time periods. 

Since the Uranium Atlas [2] is the most accurate reference standard for our 

optogalvanic spectroscopic measurements, we have calibrated each instrument against 

this standard. From the tables (4.3-4.7), we can see that the Titanium Sapphire laser 

wavemeter has an almost constant shift compared with the Uranium Atlas. Thus we 

believe that the Titanium Sapphire Autoscan wavemeter provides the most stable 

wavelength measurement compared with the Bomem FTIR and the Burleigh WA-1600 

wavemeter. The Bomen FTIR calibration varies around a constant value. The Burleigh 

wavemeter readings vary somewhat more because of its shorter mirror travel distance 

even if it follows the same working theory as the Bomem FTIR. One reason that may 

explain the fluctuating error is the following. It is possible that the reference HeNe 

spectral line is not at the maximum of the 20Ne line but 490 ± 50 MHz towards higher 

frequencies. If the HeNe laser power is set at 75 % of its maximum intensity (the user 

manual explains the procedure for reading the power and explains in the attached sheets 
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how to read the power and how to determine this percentage), this would mean that the 

reference is shifted 0.016± 0.0017cm-1 from the central Ne line. If the power is indeed 

75% of the max, the computer inside the wavemeter will take Reference Laser vacuum 

Wavelength = 632.99070 nm, and the measurement will be correct at ± 50MHz (± 

0.0017cm-1). But if this is not true, the real reference line will be shifted, and a systematic 

error will appear, depending on this power ratio, directly linked to the frequency shift 

from the maximum. This systematic error might drift with time. 

The diagram below in Figure 4.8 illustrates the calibration of the various instruments 

used in collecting the data in the experiments from which results were merged in this 

work.  
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Table 4.3 TiSa laser calibration constants relative to the Uranium Lamp, BOMEN, Wavemeter and the different laser wavelength 

reading between each two instruments (By Ergin Ahmed). 

Atlas (cm-1) Tisa laser (cm-1) Wavemeter (cm-1) Bomen (cm-1) A-L (cm-1) A-W (cm-1) A-B (cm-1) W-B (cm-1)

11041.3737 11041.37064 11041.334 11041.3438 0.00306 0.0397 0.0299 -0.0098

11010.0931 11010.09434 11010.087 11010.0747 -0.00124 0.0061 0.0184 0.0123

11046.0148 11046.01804 11045.978 11045.9868 -0.00324 0.0368 0.028 -0.0088

11082.1804 11082.18124 11082.173 -0.00084 0.0074

11093.1953 11093.19514 11093.17 11093.17 0.00016 0.0253 0.0253 0

11112.8638 11112.86404 11112.831 11112.8414 -0.00024 0.0328 0.0224 -0.0104

11120.5186 11120.51834 11120.508 11120.4873 0.00026 0.0106 0.0313 0.0207

11139.0927 11139.09064 0.00206 0

11167.6798 11167.68163 11167.643 11167.6525 -0.001833 0.0368 0.0273 -0.0095

11193.6145 11193.61623 11193.602 11193.5879 -0.001733 0.0125 0.0266 0.0141

11199.3745 11199.37353 11199.35 11199.3442 0.000967 0.0245 0.0303 0.0058

11247.4602 11247.46033 11247.447 11247.434 -0.000133 0.0132 0.0262 0.013

11248.3361 11248.33373 11248.322 11248.3069 0.002367 0.0141 0.0292 0.0151

11267.2606 11267.26023 11267.218 11267.2362 0.000367 0.0426 0.0244 -0.0182

Average -1.286E-06 0.023261538 0.026608333 0.001869231
 

         Note: A=Uranium Atlas, L=TiSa laser, W=Temple University Burleigh Wavemeter, B=BOMEM. 
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Table 4.4 TiSa laser calibration constants relative to the Uranium Lamp, BOMEM, Wavemeter and the different laser wavelength 

readings between each two instruments (By this work). 

Atlas (cm-1) TiSa laser (cm-1) Wavemeter (cm-1) Bomen (cm-1) A-L (cm-1) A-W (cm-1) A-B (cm-1) W-B (cm-1)
11010.09867 11010.0931 11010.083 11010.0714 -0.005567 0.0101 0.0217 0.0116

11082.1856 11082.1804 11082.164 11082.1665 -0.0052 0.0164 0.0139 -0.0025

11112.87037 11112.8638 11112.848 11112.8482 -0.006567 0.0158 0.0156 -0.0002

11120.51917 11120.5186 11120.504 11120.5012 -0.000567 0.0146 0.0174 0.0028

11167.68397 11167.6798 11167.667 11167.6643 -0.004167 0.0128 0.0155 0.0027

11193.61447 11193.6145 11193.595 11193.5959 3.3E-05 0.0195 0.0186 -0.0009

11199.38087 11199.3745 11199.353 11199.3476 -0.006367 0.0215 0.0269 0.0054

11282.84397 11282.8384 11282.83 11282.8186 -0.005567 0.0084 0.0198 0.0114

11339.16367 11339.1681 11339.154 11339.1477 0.004433 0.0141 0.0204 0.0063

11401.15387 11401.1523 11401.133 11401.1302 -0.001567 0.0193 0.0221 0.0028

11415.30577 11415.3094 11415.277 11415.2917 0.003633 0.0324 0.0177 -0.0147

11420.61897 11420.6225 11420.59 11420.5876 0.003533 0.0325 0.0349 0.0024

11453.27267 11453.275 11453.26 11453.2432 0.002333 0.015 0.0318 0.0168

11476.89227 11476.8971 11476.866 11476.8654 0.004833 0.0311 0.0317 0.0006

11502.61907 11502.6232 11502.609 11502.5951 0.004133 0.0142 0.0281 0.0139

11613.96967 11613.9771 11613.945 11613.9541 0.007433 0.0321 0.023 -0.0091

Average -0.0003253 0.0193625 0.0224437 0.00308125 

         Note: A=Uranium Atlas, L=TiSa laser, W=Temple University Burleigh Wavemeter, B=BOMEM 
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Table 4.5 TiSa laser calibration constants relative to the Uranium Lamp, Wavemeter and the different laser wavelength readings 

between each two instruments (By Xiaoming Han, Tsinghua University). 

Uranium atlas (cm-1) TiSa laser (cm-1) TW (cm-1) A-L (cm-1) A-TW (cm-1) TW-L (cm-1)

11167.6798 11167.4619 11167.669 0.2179 0.0108 0.2071

11193.6145 11193.3943 11193.592 0.2202 0.0225 0.1977

11195.9152 11195.6972 11195.892 0.218 0.0232 0.1948

11248.3361 11248.118 11248.319 0.2181 0.0171 0.201

11267.2606 11267.0425 11267.238 0.2181 0.0226 0.1955

11339.1681 11338.9502 11339.16 0.2179 0.0081 0.2098

11415.3094 11415.0878 11415.281 0.2216 0.0284 0.1932

11420.6225 11420.399 11420.591 0.2235 0.0315 0.192

11843.3959 11843.1656 11843.363 0.2303 0.0329 0.1974

11837.5371 11837.3063 11837.514 0.2308 0.0231 0.2077

11831.0249 11830.7945 11831.006 0.2304 0.0189 0.2115

Average 0.2224 0.0217 0.2007
 

               Note: TW= W=Temple University Burleigh Wavemeter, A=Uranium Atlas, L=TiSa laser. 
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Table 4.6 Temple Universtiy Burleigh Wavemeter readings comparison with Tsinghua University Wavemeter readings through the 

same pump transitions used in the experiments. 

Pump Transition Tisa Laser (cm-1) TU-WM (cm-1) THU-WM (cm-1) Bomem (cm-1) THU-Tisa Laser (cm-1) THU-TUWM (cm-1)

X(0,43)--A/b(93,44) 11167.747 11167.945 11167.977 11167.9411 0.23 0.032

X(0,45)--A/b(93,46) 11166.864 11167.061 11167.09 11167.0504 0.226 0.029

X(0,37)--A/b(93,36) 11167.588 11167.784 11167.816 11171.0381 0.228 0.032

X(2,49)--A/b(116,50) 11338.72 11338.928 11338.957 11338.9129 0.237 0.029

X(2,51)--A/b(116,50) 11340.009 11340.22 11340.239 11344.6798 0.23 0.019
 

      Note: TU-WM: Temple University Wavemeter; THU-WM: Tsinghua University Wavemeter.



 

 

 

 

 

 

 

Figure 4.8 Calibration of the instruments used to collect data in the experiments 

discussed here. THU stands for the WA

University, TU for that at Temple Universi

Bomem FTIR.  
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Calibration of the instruments used to collect data in the experiments 

discussed here. THU stands for the WA-1600 Burleigh wavemeter at Tsinghua 

University, TU for that at Temple University and Bomem for the Temple University DA3 

 

Calibration of the instruments used to collect data in the experiments 

1600 Burleigh wavemeter at Tsinghua 

ty and Bomem for the Temple University DA3 
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CHAPTER 5 

  IR-IR DOUBLE RESONANCE EXPERIMENTAL 

STUDY OF 23
Πg STATE 

 

5.1 Introduction 

     The Rubidium dimer molecule Rb2 has attracted a great deal of attention 

recently in connection with ultra-cold molecular physics and laser cooling of molecules 

with the ultimate goal of a molecular Bose Einstein condensate [1-4]. The alkali dimer 

23
Πg molecular state has strong transition dipole moment matrix elements with energy 

levels close to the dissociation limit of the a3
Σu

+ triplet ground state for  7Li 2, for 

example [5]. There are also very recent calculations on the transition dipole moments for 

the low lying states of Rb2 by Allouche et al. [6], which help with the design of optimal 

excitation pathways to both achieve cooling and singlet-triplet conversion of triplet 

ground state molecules to the singlet ground state X1
Σg

+, v''=0, J''=0 level. In a very 

recent paper P. Pillet et al. describe this process for Cs2 [7] . The potential energy curves 

of the a3Σu
+ triplet ground state of Rb2 and the A1Σu

+ ~ b3
Πu low-lying excited states have 

been experimentally determined by our group already [8].  However, no high-lying 

states of Rb2 have been characterized experimentally. 

The Rb2 2
3
Πg state has been observed by using the IRIR double resonance method, 

see Figure 5.1. The total data range from our collaboration with Prof. Xingcan Dai’s 



 

59 
 

group at Tsinghua University covers vibrational levels v=0-51 and rotational levels J = 

0-96 The vibrational numbering of the 23
Πg was determined by the resolved fluorescence 

into the bound levels and the continuum of the triplet a3
Σu

+ ground state. The rotational 

assignment of the 23
Πg was determined by the rotational selection rule for electric dipole 

transitions and the intermediate A1
Σu

+ ~ b3
Πu level selection for the pump laser transition 

from the X1
Σg

+ state. In the beginning, due to the limited amount of experimental data for 

the rotational levels, and in order to avoid cross correlations between rotational and 

vibrational parameters, we attempted to use separated analysis of rotational and 

vibrational Bv and Gv functions to extract the Dunham coefficients from the data and to 

further construct the RKR energy potential curve of 23
Πg as shown in reference [9] for 

the K2 A
1
Σu

+ state. Later Dr. Sovkov used data both from our group and our collaborators 

at Tsinghua University for the Rb2 2
3
Πg state in a combined analysis of the 23

Πg and 

a3
Σu

+ states. In this approach the intensity patterns of the fluorescence spectra from the 

upper state are used to pin down the triplet ground state potential energy function in both 

its attractive and repulsive portions [10,11]. 

  In the following we present a comparison of these two approaches to the data 

analysis by testing the resulting potential energy functions through comparison of the 

calculated ro-vibronic energies against the observed energy level values.  

5.2 Separated Analysis of the Rotational, Bv , and Vibrational, Gv, Functions 
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An analysis of the rotational and vibrational progressions in the 23Πg state with the 

data range v=4-31, J= 29,31,49,51 follows the procedure illustrated in reference [9]. The 

rotational and vibrational Dunham coefficients in the Dunham expansion  

- � ∑ ÌA,	Í � X
�AA, 
,	
 � 1,                                       (5.1) 

are then used to construct a Rydberg-Klein-Rees (RKR) potential curve [12-14]. 

We can extract the experimental term value for the 23
Πg by adding the ground state 

X1
Σg

+ term value and the pump laser (Coherent 899-29 Titanium Sapphire laser) 

frequency and the probe laser (Toptika DL100 diode laser) frequency. The observed 

energy levels for the Rb2 2
3
Πg state are listed in Table 5.1. 

For a given vibrational state, the measured level energies are fit to  

C	Í, 
 � �� � ��
	
 � 1 � ±�J
	
 � 1K� � Î,                        (5.2) 

wherer C	Í, 
 is a measured level energy, ��  represents the energy of the 


 � 0 level for the vibrational state being considered, �� is the rotational constant, ±� 

is a correction term taking into account centrifugal distortion. We calculate the ±� value 

from LEVEL program using the ab initio calculated 23Πg potential curve [6] 

Subsequently, a set of �� values was calculated from the observed vibrational rotational 

energies according to the formulae: 

∆� °	
 � °	
 � 1 � °	
 � 1                                     (5.3) 

 

∆�°	
 � 8±�	
 � X
�Ð � 4��	
 � X

�                                （5.4）                         
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Next we plotted the rotational constants �� as a function of Í � X
�  (see Figure 

5.2). The constants are scattered around an implied smooth approximation.  The Rb2 

23
Πg levels are perturbed by neighboring electronic states. The �� constants for highly 

perturbed levels were dropped from the fit and the remaining points were fit to a second 

order polynomial (see Figure 5.3). The fitting parameters present Ì�X,Ì��,Ì�Ð in the 

Dunham expansion. The fitted �� values were then used to calculate rotationless 

vibrational energy ��	
 � 0. The ��	
 � 0 values are plotted as a function of Í (see 

Figure 5.4) and the fitted values are ÌX�,Ì��,ÌÐ� in the Dunham expansion. As a 

summary, Table 5.2 lists all the Dunham constants from this polynomial Dunham fit.  

 

 

 

 

 

 

 

 

 

 

 



 

62 
 

 

 

               (a)                          (b) 

 

Figure 5.1 (a) Excitation scheme for the Rb2 2
3
Πg IRIR double resonance experiment 

(b) Illustration of how to extract the 23
Πg rovibrational energy term values 

from the experiment. 
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Table 5. 1 Observed experimental energy level for 23
Πg (work done by the author of this Thesis at Temple University) 

X 
Pump Laser 

f A/b Probe Laser f  23Pg 
Calibrated against U atlas 

v" J" T" 
  

n J' T' _Fitted 
  

T v J Ti:Sa Cal 
WM 
Cal Calibrated 

1 51 145.4650 10979.9890 83 50 11125.638 9342.310 20467.948 4 49 0.2125 0.0217 20467.9982 

1 51 145.4650 10979.9890 83 50 11125.638 9344.924 20470.562 4 51 0.2125 0.0217 20470.6122 

1 29 105.7765 10990.9384 83 30 11096.928 9385.343 20482.271 5 29 0.2125 0.0217 20482.2921 

1 29 105.7765 10990.9384 83 30 11096.928 9387.041 20483.969 5 31 0.2125 0.0217 20483.9901 

1 51 145.4650 10979.9890 83 50 11125.638 9407.674 20533.312 6 49 0.2125 0.0217 20533.3622 

1 51 145.4650 10979.9890 83 50 11125.638 9410.287 20535.925 6 51 0.2125 0.0217 20535.9752 

0 49 83.6002 11098.4200 87 50 11182.191 9384.380 20566.571 7 49 0.2115 0.0217 20566.6334 

0 49 83.6002 11098.4200 87 50 11182.191 9387.025 20569.216 7 51 0.2115 0.0217 20569.2784 

0 49 83.6002 11098.4200 87 50 11182.191 9415.944 20598.135 8 49 0.2115 0.0217 20598.1974 

0 49 83.6002 11098.4200 87 50 11182.191 9418.566 20600.757 8 51 0.2115 0.0217 20600.8194 

0 51 88.1063 11160.4547 93 50 11248.789 9415.218 20664.007 10 49 0.2139 0.0217 20664.0146 

0 51 88.1063 11160.4547 93 50 11248.789 9417.919 20666.708 10 51 0.2139 0.0217 20666.7156 

0 51 88.1063 11211.3757 96 50 11299.702 9395.627 20695.329 11 49 0.2117 0.0217 20695.3424 

0 51 88.1063 11211.3757 96 50 11299.702 9398.241 20697.943 11 51 0.2117 0.0217 20697.9564 

1 51 145.4650 10979.9890 83 50 11160.706 9632.760 20758.398 13 49 0.2125 0.0217 20758.4482 
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1 51 145.4650 10979.9890 83 50 11160.706 9635.482 20761.120 13 51 0.2125 0.0217 20761.1702 

1 51 145.4650 10979.9890 83 50 11160.706 9665.541 20791.179 14 49 0.2125 0.0217 20791.2292 

1 51 145.4650 10979.9890 83 50 11160.706 9668.152 20793.790 14 51 0.2125 0.0217 20793.8402 

0 49 83.6002 11098.4200 87 50 11182.191 9640.936 20823.127 15 49 0.2115 0.0217 20823.1894 

0 49 83.6002 11098.4200 87 50 11182.191 9643.552 20825.743 15 51 0.2115 0.0217 20825.8054 
Table 5.1 continued 
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Figure 5. 2 Initial estimate of the rotational constants �� of the Rb2 2
3
Πg state. 
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Figure 5.3 �� fitting after removing the most perturbed rotational data as a function  

 of vibrational quantum number v. 
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Equation y = Intercept + B1*x^1 + B2*x^2

Weight No Weighting

Residual Sum of Squares 6.42413E-8
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B

Intercept 0.01293 6.93091E-5

B1 4.43638E-8 8.24564E-6
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Figure 5.4 Rotationless vibrational energy values, ��	
 � 0, as a function of v. 
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Table 5.2 Summary of molecular constants of the Rb2 2
3
Πg state from �� and ��	
 � 0 

fits. 

Parameter          value(cm-1)          error(cm-1) 

-"                20287.93016           �0.56342 

Y	1,0             33.31491              �0.07022 

Y(2,0)             -0.05431              �0.00191 

     Y(0,1)             1.293 � 10��          �6.93091 � 10�� 

     Y(0,2)             4.43638 � 10�¬        �8.24564 � 10�� 

     Y(0,3)             �4.17199 � 10�¬      �2.19775 � 10�× 
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5.3  Rydberg-Klein-Rees (RKR) Potential Energy Curves 

The Rydberg-Klein-Rees [12-14] method can be used to construct a potential energy 

curve from spectroscopic measurements of vibrational and rotational energies. In the 

following discussion, we assume: 

ħ � Æ" � |�| � 1                                                  (5.5) 

This method starts with the well-known quantization of the time independent 

action 

Ù VÍ � X
�W � Ú ÛÊLSÜ

SÝ
                                               (5.6) 

where L�  and L� are the inner and outer turning points of the molecular 

vibration and Û is the magnitude of the momentum which can be expressed from the 

expression: 

C � ¾�	S
�R � /	L � �&

�RS�                                            (5.7) 

where ¡� � 
	
 � 1. Another integral must also be defined, 

α � Ú ÊÍ�
�ß*à

	C� � C	Í, ¡�X �á                                       (5.8) 

where C� and Í��Z are fixed energy and minimum vibrational quantum 

number,respectively. After some partial derivative calculations and considerable algebra, 

the partial derivative of equation with respect to C� and ¡� can be written as 

â U�
U�&

ã
�&

� ä�R
# JL� � L�K                                             (5.9) 

and 

â U�
U�&

ã
�&

� X
#ä�R T X

SÝ
� X

SÜ
a                                            (5.10) 

When ¡� � 0, C � �	Í and âåC å¡�⁄ |�&ç& � ��.Then 
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â U�
U�&

ã
�&

� 1 2á Ú JC� � �	ÍKX �á ÊÍ � è�
�ß*à

                              (5.11) 

and 

â U�
U�&

ã
�&

� � 1 2á Ú ��
J�&��	�K� �á ÊÍ � ¤�

�ß*à
                                (5.12) 

With the two quantities introduced by Klein, 

2è � L� � L�                                                    (5.13) 

and 

2¤ � X
SÝ

� X
SÜ

                                                     (5.14) 

we obtain from the above equations the well-known expressions for the turning points of 

a particular vibrational level, 

L� � Tè� � ~
�a

X �á
� è                                              (5.15) 

With the constants listed in Table 2 as the input file, we run the “RKR1” program 

[15].  The “RKR1” program calculates the potential energy curve for the Rb2 2
3
Πg state 

(see Table 5.3)  
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Table 5.3 The RKR potential energy function of the Rb2 2
3
Πg state based on the 

molecular constants in Table 5.2. 

RMIN (Å) RMAX (Å) E (cm-1) RMIN (Å) RMAX (Å) E (cm-1)
5.47291 5.61102 20291.26106 4.73341 6.49008 20791.26326
5.44472 5.64007 20294.59096 4.70902 6.52405 20822.84026
5.42318 5.66246 20297.91976 4.68541 6.5573 20854.30866
5.40509 5.68142 20301.24746 4.66251 6.5899 20885.66836
5.38919 5.69818 20304.57406 4.64027 6.6219 20916.91956
5.37485 5.71338 20307.89956 4.61863 6.65337 20948.06206
5.36169 5.7274 20311.22396 4.59755 6.68434 20979.09596
5.34947 5.74048 20314.54736 4.57699 6.71486 21010.02116
5.33802 5.7528 20317.86956 4.55692 6.74496 21040.83786
5.3272 5.76448 20321.19076 4.5373 6.77467 21071.54586
5.31693 5.77562 20324.51086 4.51811 6.80403 21102.14526
5.30714 5.78628 20327.82986 4.49932 6.83305 21132.63606
5.29775 5.79653 20331.14776 4.4809 6.86176 21163.01826
5.28874 5.80642 20334.46456 4.46284 6.89018 21193.29176
5.28005 5.81597 20337.78036 4.44512 6.91833 21223.45676
5.27166 5.82523 20341.09496 4.42771 6.94624 21253.51306
5.26353 5.83422 20344.40856 4.41061 6.97391 21283.46076
5.25566 5.84297 20347.72106 4.39379 7.00136 21313.29976
5.248 5.85149 20351.03246 4.37725 7.0286 21343.03026

5.24056 5.85981 20354.34276 4.36098 7.05566 21372.65206
5.2333 5.86794 20357.65196 4.34495 7.08253 21402.16526
5.22623 5.87588 20360.96006 4.32916 7.10924 21431.56986
5.21932 5.88366 20364.26716 4.3136 7.13579 21460.86586
5.20595 5.89877 20370.87796 4.29825 7.16219 21490.05316
5.14631 5.96719 20403.86706 4.28312 7.18845 21519.13196
5.09513 6.0272 20436.74746 4.26819 7.21459 21548.10206
5.04968 6.08154 20469.51926 4.25346 7.2406 21576.96356
5.00843 6.13174 20502.18246 4.23891 7.2665 21605.71636
4.97044 6.17874 20534.73706 4.22454 7.29229 21634.36066
4.93507 6.22318 20567.18296 4.21035 7.31798 21662.89626
4.90185 6.26553 20599.52036 4.19632 7.34358 21691.32326
4.87046 6.30612 20631.74906 4.18246 7.3691 21719.64166
4.84062 6.34521 20663.86916 4.16875 7.39453 21747.85146
4.81215 6.383 20695.88056 4.15519 7.41989 21775.95256
4.78488 6.41966 20727.78346 4.14178 7.44517 21803.94516
4.75867 6.45531 20759.57766 4.12851 7.4704 21831.82906 
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5.4 Comparison with the Results Using the MLR Method 

Even though we have plotted our potential energy curve of the 23Πg state with 

limited experimental data, Dr. Sovkov [16] merged all available data to a joint analysis of 

both the 23Πg and a3Σu
+ electronic states of Rb2. He used both our bound –bound and 

bound-free fluorescence data for 23
Πg –a3

Σu
+ transition. The bound-free or 

bound-continuum fluorescence upper state wavefunction was completely defined by the 

23
Πg state and the bound-free spectra made it possible to probe the inner wall of the 

shallow triplet ground state a3
Σu

+. This more complete analysis of the a3
Σu

+ state was of 

critical importance because our earlier analysis and spectral assignments were changed by 

the Tiemann group in Hamburg [17]. The data obtained in this Thesis work gained 

additional value in this context and our group’s initial quantum number assignment 

reported in our group’s earlier paper on the Rb2 a
3
Σu

+ state [8] was confirmed to be 

correct. The method used by Dr. Sovkov in his analysis was similar to what he used for a 

similar case for the Cs2 a
3
Σu

+ state [11, 18]. This method involved using a multiparameter 

piece-wise model function in the analysis. The resulting potential energy curve for the 

Rb2 a
3
Σu

+ state now spans both its attractive and repulsive regions starting from R~4.5 Å 

as a result of using the bound-free fluorescence data from this work. The 23Πg state 

analysis was in the form of an RKR potential.  
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Table 5.4 Dunham coefficients Ì�,(cm-1) of the Rb2 2
3
Πg state (By Dr. Sovkov [16]). 

 

Parameter         Value(cm-1)         Parameter          Value(cm-1)   

-" � Ì��        20284.5                Y�X               0.01291 

YX�            34.433                 YXX             �1.8 � 10�� 

Y��             �0.1857               Y�X                2.32 � 10�� 

YÐ�            0.00744                YÐX             �8.0 � 10�¬ 

Y#�            �2.196 � 10�#          Y#X                 7.4 � 10�X�   

Y��             3.264 � 10��           Y��             �7.26 � 10�� 

Y��             �1.94 � 10�¬          Y��             �0.038 
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Figure 5.5 The RKR potential curve created using the Dunham coefficients presented in 

Table 5.2 and Table 5.4 along with the theoretical curve by Dr. Allouche [6]. 
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Table 5.5 The RKR potentials [16] of the Rb2 2
3
Πg state base on the molecular constants 

in Table 5.4. 

RMIN (Å) RMAX (Å) E (cm-1) RMIN (Å) RMAX (Å) E (cm-1)
5.39694 5.70133 20301.709 4.68803 6.55994 20854.3226
5.38299 5.71658 20305.1325 4.66413 6.59149 20885.6725
5.37019 5.73067 20308.5526 4.64097 6.62251 20916.92
5.35831 5.74383 20311.9693 4.61849 6.65307 20948.0645
5.34717 5.75624 20315.3826 4.59668 6.68323 20979.1048
5.33665 5.76803 20318.7925 4.5755 6.71305 21010.0398
5.32665 5.77928 20322.1992 4.55492 6.74259 21040.8682
5.31712 5.79006 20325.6026 4.53492 6.77188 21071.5886
5.30798 5.80043 20329.0028 4.51549 6.80098 21102.1998
5.2992 5.81044 20332.3998 4.49661 6.82991 21132.7008
5.29074 5.82013 20335.7937 4.47825 6.85871 21163.0906
5.28256 5.82952 20339.1845 4.46041 6.88739 21193.3685
5.27464 5.83865 20342.5722 4.44306 6.916 21223.5341
5.26695 5.84753 20345.9569 4.4262 6.94453 21253.5869
5.25948 5.85619 20349.3386 4.40981 6.97301 21283.5271
5.2522 5.86465 20352.7173 4.39387 7.00144 21313.3546
5.24511 5.87291 20356.0931 4.37837 7.02985 21343.0697
5.23819 5.881 20359.4661 4.3633 7.05822 21372.6727
5.23143 5.88892 20362.8361 4.34864 7.08658 21402.164
5.21834 5.90431 20369.5679 4.33437 7.11493 21431.5437
5.15965 5.97404 20403.0664 4.32047 7.14326 21460.8121
5.1089 6.03516 20436.3199 4.30693 7.17159 21489.9688
5.06348 6.09035 20469.3548 4.29371 7.1999 21519.0134
5.02195 6.14112 20502.1943 4.28079 7.22822 21547.9445
4.98343 6.18842 20534.8578 4.26815 7.25654 21576.7605
4.94733 6.2329 20567.3619 4.25575 7.28486 21605.4585
4.91324 6.27504 20599.7206 4.24356 7.31321 21634.0349
4.88086 6.3152 20631.9451 4.23154 7.34158 21662.4846
4.84997 6.35368 20664.0448 4.21966 7.36999 21690.8012
4.82038 6.3907 20696.0269 4.20785 7.39846 21718.9765
4.79196 6.42647 20727.897 4.19608 7.42703 21747.0006
4.7646 6.46114 20759.6592 4.18428 7.4557 21774.8613
4.73821 6.49486 20791.3165 4.1724 7.48454 21802.5438
4.7127 6.52776 20822.8707 4.16036 7.51357 21830.031 
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In order to see the difference between the ab initio calculation, the RKR potential 

curve with limited experimental data, and the RKR potential curve based on large amount 

of experimental data, Figure 5.5 shows all three results for the potential curve for the 

23
Πg state. The ab initio curve is far off from the experimental RKR curves. The two 

RKR curves are similar and we can further examine, which one is more accurate, by 

reproducing the experimental data using LEVEL program [19], which solves the radial 

Schrodinger equation with the potential energy curve as input, and it calculates 

numerically the ro-vibronic energy eigenvalues. In Figure 5.6 we illustrate how these 

eigenvalues compare with our experimental data. Most of the residuals of the 

reproduction the Rb2 2
3
Πg state in this work are mostly below the experimental data. 

While the residuals of the reproduction the Rb2 2
3
Πg state by Dr. Sovkov are spread 

equally around the experimental data. So Dr. Sovkov’s RKR potential curve produced 

base on large amount of data is more reliable. 
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Figure 5.6 Residual differences between experimental measured and calculated (using 

LEVEL with the RKR potential) Rb2 2
3
Πg ro-vibronic level energies as a function of 

vibrational quantum number. The data points are in pairs because the upper 23
Πg data are 

J � 1 values. 
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CHAPTER 6 

EXPERIMENTAL STUDY OF THE Rb 2 TRIPLET 

GROUND STATE a3éê� BASED ON THE RESOLVED 

FLUORESCENCE SPECTRA 

 

6.1 Introduction 

 The Rb2 triplet ground state is of interest in laser cooling and cold molecule 

studies [1-6]. In the literature there are both theoretical calculations [7-10] and 

experimental studies [11-13] of the a3Σ�� state. In our experiment, the excitation scheme 

is the same as the one used in ref.[13] (see Figure 6.1).The fluorescence from a discrete 

ro-vibronic level of the bound upper state 23
Πg includes transitions to discrete bound 

ro-vibronic levels of the a3Σ�� state (bound-bound emission) as well as to the continuum 

of the a3Σ�� state (bound-free emission). The bound-bound emission and the bound-free 

emission were observed in our experiment with a SPEX 1404 double monochromator and 

the bound-bound emission was also observed with a BOMEM DA8 Fourier transform 

interferometer (FTIR) due to its superior resolution and accuracy. Since we already know 

the upper state 23
Πg energy level (work done in Chapter 5) where our fluorescence come 

from, subtracting the transition frequencies of the observed fluorescence spectroscopic 

lines from the upper state known energy level would allow us to assign the specific 

ro-vibronic levels of the a3Σ�� state and construct a reliable potential energy function for 

this electronic state. 
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Figure 6.1 Ab initio [10] potential energy curves of Rb2 along with the excitation scheme 

and fluorescence emission paths of the transitions. 
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6.2 Bound-free Spectra 

 We have recorded the IR-IR double resonance resolved fluorescence back to the 

a3Σ�� state. Figures 6.2, 6.3, 6.4 and 6.5 illustrate both the bound-free spectra and the 

bound-bound spectra. As the excited upper state ro-vibronic levels 23Πg relax radiatively, 

the fluorescence to the triplet ground state is shifted to the blue compared to the 

wavelengths used in the excitation. The well calibrated bound- free spectra were then 

used to pin down the shape of the inner wall of the a3Σ�� potential curve. 

Figure 6.6 illustrates schematically bound-free spectra [14] from a fixed upper 

ro-vibronic energy level for a range of different lower potential energy curves. According 

to the Franck-Condon principle, during the electronic transitions in a molecule, both the 

nuclear positions and the momenta (hence the kinetic energies) tend to remain fixed. If 

we add the upper state kinetic energies to the lower state potential curve, the resulting 

Mulliken difference potential is shown by the dashed line in Figure 6.6. The spectra will 

appear different according to the Mulliken different potential for these different cases. 

Case I: The difference potential is monotonic and the spectrum is a pure reflection 

spectrum. 

CaseⅡ-Ⅴ:The lower potential becomes progressively flatter, producing an 

extremum in the difference potential. As the B-C region expands, the characteristic 

interference structure develops at the end and spreads to the blue.  For Case V, the entire 

spectrum shows this structure, but for Cases Ⅱ through Ⅳ there is still considerable 

reflection-type structure at the blue end. 
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Case Ⅵ: The lower potential is flat (no well):  In this case the lower 

wavefunction is a travelling wave. This is the case where the spectrum can be expressed 

in terms of the momentum representation of the initial state. In principle it is also the case 

for a pure interference spectrum, but without the well to produce standing waves in the 

lower state, the spectrum displays just the course structure. 

 Figures 6.2, 6.3, 6.4, and 6.5 show the resolved fluorescence spectra from this 

experiment on the Rb2 for the 23
Πg - a

3Σ�� transition. These spectra all fall into the Case 

Ⅱ category. They show both the interference structure and the discrete bound-bound 

structure. For lower lying upper state ro-vibronic energy levels, the starting point of the 

spectra moves to redder wavelengths.  
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Figure 6.2  85Rb2 resolved fluorescence 23
Πg (v=4,J=49,T=20467.998cm-1)→a3Σ�� with the SPEX monochromator. 
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Figure 6. 3  85Rb2 resolved fluorescence 23
Πg (v=14,J=49,T=20791.229cm-1)→a3Σ�� with the SPEX monochromator. 
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Figure 6.4 85Rb2 resolved fluorescence 23
Πg (v=21,J=49,T=21011.405cm-1)→a3Σ�� with the SPEX monochromator. 
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Figure 6.5 85Rb2 resolved fluorescence 23
Πg (v=27,J=49,T=21195.170cm-1)→a3Σ�� with the SPEX monochromator 
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Figure 6.6 Illustration of bound-free spectra from reference [14]. 
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6.3 Bound-bound Spectra and Data 

 Spectra of the resolved fluorescence to the bound part of the 85Rb2 a
3Σ�� state 

from the 23Πg (v=0, J=79; v=4, J=49; v=5, J=29) levels were recorded with the BOMEM 

DA8 FTIR spectrometer. They are shown in Figures 6.7, 6.8 and 6.9. The resolved 

fluorescence spectra also help determine the vibrational assignments of the upper 23
Πg 

state. Though Figure 6.7-6.9, the number of pumps over the whole spectra outline is 

equal to v+1 of upper state vibrational quantum number. 

 The spectral line positions (the frequencies of the bound-bound transitions 23
Πg

→a3Σ��) determined from these resolved fluorescence spectra are presented in Table 6.1. 

Frequencies of the transitions to the 85Rb2 a
3Σ�� (J=28, 30, 48, 50, 78, 80) levels 

determined from the fluorescence FTIR spectra are reported in Table 6.1. 
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Figure 6.7 85Rb2 resolved fluorescence 23
Πg (v=0,J=79,T=20383.099cm-1)→a3Σ�� with the BOMEM FTIR spectrometer. The 

lines are labeled with the vibrational quantum number v of the a3Σ�� state. 
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 Figure 6.8 85Rb2 resolved fluorescence 23
Πg (v=4,J=49,T=20467.998cm-1)→a3Σ�� with the BOMEM FTIR spectrometer. The 

lines are labeled with the vibrational quantum number v of the a3Σ�� state. 
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 Figure 6.9 85Rb2 resolved fluorescence 23
Πg (v=5,J=29,T=20482.292cm-1)→a3Σ�� with the BOMEM FTIR spectrometer. The 

lines are labeled with the vibrational quantum number v of the a3Σ�� state. 
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Table 6.1 Frequencies (cm-1) of the transitions to the 85Rb2 a
3Σ��state from the fluorescence FTIR spectra. 

v T0,79-Tv,78 T0,79-Tv,80 T4,49-Tv,48 T4,49-Tv,50 T5,49-Tv,48 T5,49-Tv,50 

0 16559.195 16555.9035 16684.0323 16681.9327 16714.6339 16713.3698 

1 16546.9603 16543.7094 16671.1490 16669.0878   

2 16535.1103 16531.9191   16688.7464 16687.5206 

3 16523.6549 16520.5199 16646.5447 16644.5348 16676.3772 16675.1733 

4 16512.6011 16509.5228 16634.8180 16632.8442   

5 16501.9492 16498.9276   16652.7805 16651.6176 

6 16491.7011 16488.7406 16612.5252 16610.6206 16641.5621 16640.4265 

7 16481.8617 16478.9642 16601.9539 16600.0924 16630.7156 16629.6296 

8 16472.4357 16469.6030 16591.7843 16589.9709   

9 16463.4242 16460.6578   16610.2280 16609.1521 

10 16454.8344 16452.1299   16600.5704 16599.5034 

11 16446.6659 16444.0373 16563.7325 16562.0145 16591.3216 16590.2762 

12 16438.9323 16436.3690 16555.1725 16553.4848   

13 16431.6094 16429.1349 16547.0158 16545.3644   

14 16424.7762 16422.3605 16539.3021 16537.6722 16565.9113 16564.9495 

15     16558.2293 16557.2917 
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Table 6.1 Continued 

16     16550.9656 16550.0656 

17     16544.1103 16543.2530 

18   16512.4543 16511.0962 16537.6830 16536.7952 

19   16506.8092 16505.1689   

20   16501.5784 16500.2751   

21   16496.7710 16495.5174 16520.7426 16519.9789 

22   16492.3761 16491.1998 16515.9763 16515.2346 

23   16488.4312 16487.3195 16511.5596 16510.8674 

24   16484.9117 16483.8548 16507.5581 16506.8983 

25   16481.8110 16480.8119 16503.9731 16503.3463 

26   16479.1312 16478.2308 16500.7720 16500.1932 

27   16476.8807 16476.0353 16497.977 16497.4308 

28   16475.0309 16474.3035 16495.5476 16495.0418 

29     16493.5136 16493.0479 

30     16491.8388 16491.3951 

31     16490.4694 16490.1207 

32     16489.4650 16489.1488 
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6.4 Analysis 

The observed ro-vibronic levels of the 23
Πg state are used as upper levels in resolved 

fluorescence experiments. The rotational assignments are determined from the upper state 

rotational quantum number J, J-1 and J+1 are the two branches coming down to the a3Σ�� 

state for each vibrational level. The inclusion of the intensity data presented in Figure 

6.2-6.5 and Figure 6.7-6.9 help determine the a3Σ�� state potential function in both the 

attractive and the repulsive regions. Thus the most reliable results can be obtained from a 

combined simultaneous fit of the available experimental data to the potential functions of 

both states. Multiparameter piece-wise model function is used for the a3Σ�� state potential 

instead of the generalized Morse potential type. The more detailed analysis done by Dr. 

Sovkov has been published in reference [15]. 
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CHAPTER 7 

COMPLETION OF DATA COLLECTION FOR THE 

Ω= 0u
+ COMPONENT FOR THE Rb 2 A

1
Σu

+ ~ b3
Πu 

COMPLEX 

 

7.1 Introduction 

The Rb2 A
1
Σu+ ~ b3

Πu complex of electronic states have been the subject of three 

high resolution spectroscopic studies [1-3] . Amiot et al. [1]as well as Ross et al. [3]used 

resolved fluorescence spectroscopy, recorded by a high resolution Fourier transform 

spectrometer following single- or double resonance excitation. The data collected in our 

laboratory [2] involved two color double resonance polarization spectroscopy that 

extended earlier forms of this experiment [4] to include collisional population transfer in 

which the orientation created by the circularly polarized pump laser in the pump 

transition survived in the collisional populated levels. As shown in Figure 7.1 or 

reference [5] collisional transfer of population and orientation was with |∆J| up to 58 was 

observed,  thus facilitating the observation of a whole rotational manifold of levels with 

a single pump laser transition for a given vibrational level.  

 As indicated in references [2] and [3] the extensive de-perturbation analysis of 

the spin-orbit interaction between the A1
Σu

+ and b3Πu electronic states has now led to the 

ability to reproduce data and predict unobserved energy levels within the range of the 

analysis with accuracy of 0.005cm-1 [3]. This is an improvement from 0.08cm-1 accuracy 

in reference [2].  
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Current observations still stop at 200cm-1 below the lowest levels below the 

dissociation limit observed in cold atom photo-association studies [6] for the Ω = 0u
+ 

levels.  Currently there is enough data to describe the diagonal spin-orbit function over a 

range of internuclear distance from 2.9 Å to 9.6 Å. 

 During the ongoing effort to observe Ω = 1u  components of the Rb2  b3
Πu 

electronics state to facilitate a more complete de-perturbation analysis of the spin-orbit 

interaction of the A1Σu
+ ~ b3

Πu complex of electronic states,  we have collected 

additional data for the gap region in the  Ω = 0u
+ data as described in the following. 

 

7.2 Experimental Data  

   Based on our experience with the Rb2 2
3
Πg electronic state, the laser induced 

fluorescence to the triplet ground state a3Σ�� was quite stong. We decided to test using 

similar infrared-infrared (IRIR) double resonance excitation to observe resolved 

fluorescence spectra for the transition 23
Πg - b

3
Πu (see Figure 7.1).  

From the spectra in Figure 7.1 we see two series of ro-vibronic structure due to the 

fluorescence to the A1Σu
+ state and to the b3

Πu state. We continued to tune the second 

probe laser frequency (Toptica DL100) lower and recording the resolved fluorescence to 

the b3
Πu state again. The recorded resolved fluorescence spectra are shown in Figure 7.2. 

The fluorescence spectra give a longer vibrational progression than Figure 7.1 

However, the strongest transitions are to the A 1
Σu

+ state and the extra lines are to the 

b3
Πu state. In addition, there are many collisional lines on each side of the PR pairs. The 

upper electronic state in the spectra of Figure 7.2 is identified from the very small 

rotational constant to be the 31Σ�� state. 
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The excitation scheme and the transmission pathway of the experiment is shown on 

the Figure 7.3. We have found 20 ro-vibronic levels from upper 31Σ�� state and recorded 

the corresponding resolved fluorescence spectra to the A/b complex state. The data range 

from each spectra is listed in Table 7.1. 

From the IRIR resolved fluorescence, we have filled the gap in the data range 

12000cm
-1

 to 14000cm
-1

 of A/b complex states for Ω=0u
+ components of the Rb2 A

1
Σu+ ~ 

b3
Πu complex of electronic states as illustrated in Figures 7.4-7.6. 
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Figure 7.1 85Rb2 resolved fluorescence 23
Πg(v=0,J=51,T=20331.905cm-1)→b3

Πu with the 

BOMEM FTIR spectrometer. 
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Figure 7.2 85Rb2 resolved fluorescence 31Σ��→b3
Πu with the BOMEM FTIR 

spectrometer. 
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Figure 7.3 Ab initio [7] potential energy curves of the Rb2 molecule along with the 

excitation scheme and emission paths of the transitions. 
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Table 7.1 Data range of ro-vibronic energies in the A/b complex observed in fluorescence 31Σ��→A1Σ��/b3
Πu 

v'' j'' T''(cm-1) v' j' T'(cm-1) A/b Tisa (cm-1) Diode (cm-1) j T (cm-1) EA-b(cm-1)

1 49 140.9704 157 50 12044.331 0.88/0.11 11903.178 8290.437 49 20334.768 11539 - 14118

1 49 140.9704 157 50 12044.331 0.88/0.11 11903.178 8292.534 51 20336.865 11375 - 13924

1 51 145.465 157 52 12047.686 0.88/0.11 11902.018 8291.388 53 20339.074 12556 - 14282

2 79 283.7506 156 80 12108.678 0.74/0.25 11824.7198 8296.932 79 20405.61 12608 - 14359

2 81 290.8623 156 82 12114.178 0.71/0.28 11823.1031 8298.15 83 20412.328 13000 - 14336

0 51 88.1063 116 50 11542.79 0.52/0.47 11454.435 8366.067 49 19908.857 11970 - 13194

0 51 88.1063 116 50 11542.79 0.52/0.47 11454.435 8368.743 51 19911.533 11995 - 13261

0 69 136.6214 116 70 11585.261 0.52/0.47 11448.3826 8355.032 69 19940.293 11627 - 13370

0 69 136.6214 116 70 11585.261 0.52/0.47 11448.3826 8358.748 71 19944.009 11713 - 13374

0 95 231.8087 124 96 11778.329 0.57/0.13/0.28 11546.3045 8374.36895 20152.697 12220 -14043

0 95 231.8087 124 96 11778.329 0.57/0.13/0.28 11546.3045 8378.90897 20157.237 12026 - 14083

0 88 203.2821 129 89 11803.925 0.73/0.16b1 11600.3739 8351.43 88 20155.355 11928 - 14128

0 90 211.2155 129 89 11803.925 0.73/0.16b1 11592.44 8355.578 90 20159.503 11845 - 14134
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Figure 7.4 Data range of ro-vibronic energies in the A~b complex observed in 

fluorescence. The black shaded area is from the data acquired from reference [3]. The 

yellow shaded area corresponds to current work. 
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Figure 7.5 Previous data for the Ω=0u
+ components of the Rb2 A

1
Σu

+ ~ b3
Πu complex of 

electronic states. 
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Figure 7.6 The new data for the Ω=0u

+ components of the Rb2 A
1
Σu

+ ~ b3
Πu complex of 

electronic states. 
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7.3 Summary 

When we tried to look for the minimum part of the b3
Πu state and the other Ω 

components of b3Πu by studying the resolved fluorescence 23
Πg - b

3
Πu, we did not find 

what we were expecting to see because of the observed fluorescence signals were  

weaker. But we found another new state 31Σ��state nearby the 23
Πg state, which had not 

been studied experimentally earlier. Since the 31Σ��state has a wider potential well 

compared with the 23Πg state, the resolved fluorescence from the 31Σ�� state to the  

A1
Σu

+ ~ b3
Πu  complex of states covered a large range of energy in these states that had 

not been observed previously experimentally. By observing fluorescence from 13 

different ro-vibronic levels in the upper 31Σ�� state, we observed 1866 ro-vibronic energy 

levels within 12000-14000cm-1 range of A1Σu
+ / b3

Π0u states. When we find the other 

Ω=1 and 2 components of the Rb2 b
3
Πu state, we will combine this work and perform a 

more complete de-perturbation analysis of the Rb2 A1
Σu

+ ~ b3
Πu complex of states. 
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CHAPTER 8 

CONCLUSION AND FUTURE WORK 

 
 

We have used the IR-IR double resonance excitation technique to study the Rb2 

excited state 23Πg state. We have studied the lower a3Σ�� and A1
Σu

+ ~ b3
Πu states by 

recording the resolved fluorescence spectra from the 23
Πg state and 31Σ��states. 

Due to the limited range of available diode laser frequencies and thus limited amount 

of data, in this work, we carried out separated rotational Bv function and vibrational Gv 

function analyses to fit an initial set of Dunham constants to construct an RKR potential 

energy curve for the 23
Πg state. In order to test the RKR potential curve from the limited 

amount of data, an additional joint analysis of the 23
Πg and  a3Σ�� states by Dr. Sovkov 

was performed using all available data including that from our collaborators at Tsinghua 

University. 

By recording both bound-free and bound-bound resolved fluorescence spectra to the 

a3Σ�� state from the 23Πg state, we improved the previous experimental study of the 

a3Σ�� state by our group. The calibrated bound-free spectra helped to pin down the inner 

wall of potential energy curve of the a3Σ�� \£ë£�. A series of bound-free spectra helped 

also to assign the vibrational quantum number of the upper state. Accurate transitions 

frequencies recorded in the bound-bound fluorescence spectra helped to construct a 

more accurate a3Σ�� state. And the joint analysis of two states 23
Πg and a3Σ�� made it 

possible to characterize both electronic states more accurately. 
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By studying the resolved fluorescence spectra 31Σ�� - A1
Σu

+ / b3
Πu, we collected 

enough data to fill the gap region of 12000-14000cm-1 of A1
Σu

+ / b3
Π0u states for the 

Ω=0u
+ component. 

We will continue to look for the Ω=1u,even Ω=2u components of the b3
Πu state and 

for the data for the minimum part of the b3
Πu potential energy curve in preparation for a 

new de-perturbation analysis in addition to our previous paper on this. We will continue 

to study other electronic states nearby, for example the 23
Σg

+, 13
∆g, and 11∆g states and 

study the perturbations between them. 

 


