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ABSTRACT 
 

 

AUTLER-TOWNES SPECTROSCOPY OF THE LITHIUM DIMER 

MOLECULE 

 

By Omer Salihoglu 

Doctor of Philosophy 

Temple University, 2009 

Doctoral Advisory Committee Chair: Dr. A. M. Lyyra 

 

This thesis consists of two experimental applications of the Autler-Townes (AT) 

spectroscopy. In the first experiment, we have determined the electronic transition 

dipole moment for the 7Li2 A1Σu
+ - X1Σg

+ system experimentally by using a 4-level 

continuous wave extended Λ excitation scheme and compared our results with 

theoretical predictions. 7Li2 is a good test case for the accuracy of the AT 

splitting based technique to determine the transition dipole moment and its 

internuclear distance R dependence.  The molecule has only 3 electrons per atom. The 

A1Σu
+ - X1Σg

+ potential energy curves were well known and thus, one could calculate 

accurate rovibrational wavefunctions for the simulations. In addition two different 

quantum mechanical models were available for the comparison: an all-electron 
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valence bond self-consistent-field method and a pseudo-potential molecular orbital 

method. Our experimental results for the absolute magnitude of the transition dipole 

matrix elements for rovibronic transitions for different R-centroid values are in 

excellent agreement with ab initio theoretical calculations of the transition dipole 

moment.  We believe that this technique will become an important method for 

accurate measurement of the absolute value and R–dependence of electronic transition 

dipole moments in molecules. The comparison with theory reinforces this view on the 

accuracy and universality of the AT method. 

The focus of the second part of this Thesis is on experimentally controlling the 

singlet-triplet character of the 7Li2 molecule by using an external coupling laser field. 

We have demonstrated experimentally for the first time that the frequency domain 

quantum control scheme developed by T.Kirova and F. C. Spano (Physical Review A, 

71, 063816, 2005) can be used to control the mixing coefficients of a weakly 

perturbed pair of singlet and triplet rovibrational levels. The coupling field, when 

tuned to resonance with the rovibronic transition involving the singlet component, 

causes it to AT split, leading to enhanced mixing of the pair of levels, as predicted by 

theory.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

In recent years significant attention has been paid to coherence and quantum 

interference effects in Quantum Optics. The research areas of electromagnetically 

induced transparency (EIT) [1-6], coherent population trapping (CPT) [7-9], 

ultraslow propagation of light [10, 11] and Autler-Townes (AT) splitting [12-26] 

have mainly focused on atomic systems with more recent developments with 

molecular systems.  The reason for this delay has been, that for a given laser E field 

amplitude, the Rabi frequencies Ω=µE/ħ of atomic transitions are much larger than 

those of molecular systems. This is due to the difference of about a factor of 104 

between the atomic and molecular transition dipole moment matrix elements µ. 

Therefore one would expect needing to compensate with larger laser E field 

amplitudes for systems involving molecular transitions with the implicit loss of the 

required resolution. However, our research group at Temple University has 

demonstrated that a multiple resonance excitation scheme with high-resolution cw 

tunable lasers can be used to overcome these obstacles and to observe these effects in 

molecular systems, while still retaining high resolution.  Such an excitation scheme 

eliminates the Doppler broadening of the molecular sample and makes it possible to 
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work around the handicap imposed by weaker molecular transitions with the limited 

power available from cw rather than pulsed tunable lasers, which lack the required 

resolution. 

The Autler-Townes effect and EIT have received a lot of attention because of 

important applications such as; slowing light [18], measuring the absolute magnitude 

of the transition dipole moment [19], lasing without inversion [20], population 

inversion and probe gain in an Autler-Townes doublet [21], control of the index of 

refraction [22], construction of an entangled state in a cavity via Autler-Townes 

spectroscopy [23], localization of a single atom using Autler-Townes microscopy 

[24-25], and quantum state measurement via Autler-Townes spectroscopy [26].  In 

this Thesis, the Autler-Townes effect is the central tool in applying coherence and 

quantum interference effects to molecular systems, both as a high precision probe of 

the molecular electronic transition dipole moment, and its internuclear distance 

dependence, as well as the key to frequency domain quantum control of 

singlet~triplet character of a pair of rovibronic levels perturbed by the spin-orbit 

interaction.  

For molecular applications of these coherence and quantum interference 

effects the alkali dimer systems are useful sample molecules, because the wavelength 

range in which they absorb and emit light is in the visible and near IR. In addition, 

their molecular energy level structure is relatively well known, since there has been a 

revival of spectroscopic studies of the alkali dimers Li2, Na2, K2, Rb2, and Cs2 due to 

a great deal of interest in the context of ultracold molecule formation by 
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photoassociation or by a Feschbach resonance in a Bose Einstein condensate. 

Because of their simple electronic structure and relatively strong transition dipole 

moments, most studies have concentrated on less complex electronic configurations 

such as Li2 or Na2 (Li has 3 electrons per atom and Na has 11 electrons per atom.) 

Both Li2 and Na2 have been used to develop and test new experimental and 

theoretical methods in laser spectroscopy in general. A great deal of research has 

been done on these two molecules, including highly accurate experimental data on 

molecular structure [27-39], ab initio calculations [40-44], and measuring the 

transition dipole moment [5, 19, 45-48]. 

The Autler-Townes effect, at the heart of this work, was discovered by S. H. 

Autler and C. H. Townes in 1955 [48]. They established that when a strong rf field is 

applied, a microwave transition between two energy levels is split into two 

components. After the invention of the laser and the development of tunable 

continuous wave (cw) lasers, it became possible for scientists to observe the optical 

analogue of the Autler-Townes effect [49-51]. The Autler-Townes effect can be 

observed in several different excitation configurations [16, 17, 52-58]. Among them 

the four level excitation scheme [19, 46, 52, 59] has attracted the most attention. In 

this case, three lasers are used to drive coherently a molecular system consisting of 

four rovibronic levels (Fig 1.1). The first laser (L1, the pump laser) is tuned to a 

specific velocity component within the Doppler profile of the pump laser transition 

|2> ← |1>. This is the key step in extending the study of coherence and quantum 

interference effects from atomic systems to the molecular regime. Due to the velocity 
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group selection, the experiment benefits from sub-Doppler resolution. Thus, the 

handicap imposed by the much smaller molecular transition dipole moment matrix 

elements leading to smaller Rabi frequencies is no longer critical and the Rabi 

frequencies are sufficient now. Without the velocity selection it would be impossible 

to overcome the Doppler effect in an inhomogeneously broadened molecular sample 

with molecular Rabi frequencies and to observe the Autler-Townes effect.  The 

second laser L2 is used as a probe laser, which is tuned over the transition frequency 

of a transition from the intermediate level |2> to an upper level |3>. The laser 

induced fluorescence from level |3> to a chosen level |5> reveals the Autler-Townes 

splitting of the intermediate level caused by the coupling laser. The intermediate 

level |2> is coupled with a stronger coupling laser L3 to a lower level |4> separate 

from the lower level of the pump laser.   

This excitation scheme is an all-optical triple resonance (AOTR) [60-62]. 

Introducing the third laser splits the intermediate state into an Autler-Townes 

doublet. This four level extended Λ scheme has an advantage compared to other 

schemes in terms of resolution. Assigning different lasers for the pump and probe 

transitions allows one to use low power on the pump laser, resulting in better 

resolution by avoiding saturation broadening in the initial pump laser velocity 

selection. In addition, the coupling field does not need to be on resonance with a 

transition that involves the thermal population in the ground state. This creates a 

great deal of flexibility in choosing energy levels that lead to higher Rabi frequencies 

for the coupling laser because of the larger Franck-Condon factors available.  
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Figure 1.1 A schematic four level excitation scheme. The first laser (L1, the 

pump laser) is tuned to a specific velocity component within the Doppler profile of 

the pump laser transition |2> ← |1>. The second laser L2 is used as a probe laser, 

which is tuned over the transition frequency of a transition from the intermediate 

level |2> to an upper level |3>. The laser induced fluorescence from level |3> to a 

chosen level |5> reveals the Autler-Townes splitting of the intermediate level caused 

by the coupling laser. The intermediate level |2> is coupled with a stronger coupling 

laser L3 to a lower level |4> separate from the lower level of the pump laser. 
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  In this Thesis we have studied two applications of Autler-Townes 

spectroscopy in the diatomic Lithium system. One of the applications is the mapping 

of the absolute value of the electronic transition dipole moment by Autler-Townes 

splitting for the A1Σu
+ ─ X1Σg

+ transition of 7Li2. The second involves control on the 

wave function’s singlet triplet character using a coherently driven five level system 

of the 7Li2 molecule. We have used All-Optical Triple Resonance (AOTR) excitation 

in both experiments.  

 Chapter 2 gives some general introduction to molecular background 

information without going into great detail. In Chapter 3, the mapping of the absolute 

value of the electronic transition dipole moment by the Autler-Townes effect for the 

Li2 A1Σu
+ ─ X1Σg

+ system is highlighted. We have also compared our experimental 

results with two different ab initio theoretical calculations: an all-electron valence 

bond self-consistent-field method (VB-SCF) [63, 64] and a pseudo-potential 

molecular orbital method [65-68] provided by S. Kotochigova and S. Magnier, 

respectively. Experimental details are also given.   

Chapter 4 describes the experiment in which the Autler-Townes effect is used 

as a frequency domain quantum control mechanism [69, 70] to control the singlet-

triplet mixing coefficients of a pair of rovibronic levels of 7Li2 perturbed by the spin-

orbit interaction. A five level coherently driven excitation scheme was used in this 

experiment. In this chapter for the first time we have demonstrated experimentally 

that controlling singlet~triplet mixing using a strong coupling laser field is possible. 
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We have tested many different experimental configurations to find the best 

conditions for this experiment. The coupling laser causes the AT splitting of the 

A1Σu
+state and consequently the upper component of the AT doublet moves closer to 

resonance with the triplet b3Πu state [69, 70]. Due to the spin-orbit interaction, these 

two states are initially weakly mixed, so that the nominal triplet state acquires more 

singlet character, and vice versa.  Since the triplet state involved has hyperfine 

structure, the theoretical model developed by Dr. Teodora Kirova and Prof. F. C. 

Spano is under further development for inclusion of the hyperfine structure in the 

simulations.  This model is an extension of the one developed in [69] and is based on 

solving the density matrix equations of motion in the interaction picture, to describe 

the molecular system interacting with the laser fields.  
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CHAPTER 2 

 

GENERAL MOLECULAR INTRODUCTION 

 

 

2.1 Introduction 

 

As mentioned in the previous chapter, there has been a great deal of experimental 

and theoretical interest in alkali diatomic molecules. In particular, these molecules 

have been the ‘workbench’ molecules in ultracold atomic and molecular physics [1-

7]. The Lithium dimer molecule, which is used in the research of this Thesis, consists 

of two Lithium atoms and is thus the second simplest diatomic molecule. Its 

spectroscopy is much more complicated that of an atomic system. However, many of 

the electronic states used in this Thesis are well characterized both theoretically as 

well as experimentally, and the radial Schrödinger equation is routinely solved 

numerically to calculate rovibronic wavefunctions and transition dipole moment 

matrix elements [8-14]. 

In this chapter we highlight some key features of the physics of diatomic 

molecules without going into great detail. For a more detailed review, we refer the 

reader to references. 15, 16, 17, and 18.  
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2.2 The Born-Oppenheimer Approximation 

 

Diatomic molecules consist of two nuclei and a number of electrons. Quantum 

mechanically it is very difficult to find an exact analytical solution to these many 

body problems. To understand these difficulties better, let us start with the time 

independent Schrödinger equation, 

 

HΨ =EΨ                                                                                                      (2.1) 

with the Hamiltonian 

H = H0 + H1
 ,                                                                                                                                               (2.2) 

 

where H0 is the electronic Hamiltonian operator for the non-relativistic time 

independent Schrödinger equation and H1 is represents the Coulomb interactions. 

One can use perturbation theory to solve the Schrödinger equation [16, 18] if H0 

contains the strongest interactions and H1 contains the weakest interactions [15, 16].    

 

The electronic Hamiltonian H0 for a diatomic molecule can be written in the 

diatomic coordinate system (Fig. 2.1) as 

 

H0 = TN(R, θ, φ) + Te(r, R) + V(r, R) ,         (2.3) 



 15

 

 

 

 

Figure 2.1 The coordinate system of a diatomic molecule. The angles θ and φ 

specify the orientation of the internuclear axis, ri is the position vector of the ith 

electron with respect to the center of mass of the molecule, and R is the internuclear 

distance. 
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where TN(R, θ, φ) is the nuclear kinetic energy operator, Te(r, R) is the electronic 

kinetic energy operator, and V(r, R) is the total Coulomb potential energy of the 

diatomic system. Substituting Eq. 2.3 into Eq. 2.1 yields 

 

[TN (R, θ, φ) + Te(r, R) + V(r, R)]Ψ(R; r1, r2, …, rn) = EΨ(R; r1, r2, …, rn),        (2.4) 

 

where R is the internuclear distance, ri denotes the electron position with respect to 

the center of mass, and  θ and φ specify the orientation of the internuclear axis with 

respect to the laboratory coordinate system (Fig 2.1).  

TN and Te are given by 

 

TN(R, θ, φ) = 2
2

2 R∇−
μ
h ,       (2.5) 

and  

Te(r, R) = ∑
=

∇−
N

i
r

e
im 1

2
2

2
h ,       (2.6) 

 

where me is the electron mass and μ is the reduced mass of the atom A and B, which 

is given by 
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BA

BA

MM
MM
+

=μ .        (2.7) 

 

The potential energy of the system can be written as a sum of the three Coulomb 

interaction potentials 

 

V(R; r) = VeN + Vee + VNN 

  = 
R
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e
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Rr
eZ BA

ji ojio

n

i Bi

B

Ai

A

o

22

1

22

4
1

4
1

4
1 ∑∑

≠=

+
−

+⎟
⎟
⎠

⎞
⎜
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⎛

−
+

−
−

πεπεπε
,   (2.8) 

 

The first term represents the attractive interaction between the electrons and the 

nuclei, the second term represents electron-electron interactions, and the last term 

represents nucleus-nucleus interactions. R is defined by BA RRR −= .  

Because of the electron-nuclei interactions, an exact solution of the Schrodinger 

equation is impossible. For further simplification we can treat the electronic and the 

nuclear motions in the non-relativistic Hamiltonian separately. This simplification is 

known as the Born-Oppenheimer Approximation [19] and is valid because the 

electrons move much faster than the nuclei since they are much lighter. Thus, we 

rewrite the Hamiltonian as a product of the electronic and the nuclear parts, 

 

),,(),( φθχϕ RRr NelBO =Ψ .       (2.9) 
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When we substitute this into the Schrodinger equation, we obtain the separate 

equations, one for the electronic part and the other for the nuclear part. 

 

( ) elelel
ji jio

n

i Bi
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o
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rr
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and 

NNNN EH χχ =  

( ) ( )[ ] N
T

N
eN

N
BA

o

elN
NN ERET

R
eZZRETH χχχ

πε
χ =+=⎥

⎦

⎤
⎢
⎣

⎡
++=

2

4
1  ,              (2.11) 

 

where elϕ  is the pure electronic state and Eel is the electronic energy. 

 

Note that Eel(R) acts as a potential term in the equation for the nuclear motion 

(Eq. 2.11). Consequently, when we solve equation of the electron motion (Eq. 2.10) 

for different values of R, we map the potential energy curve. Numerical solutions to 

these equations yield the wave functions and the eigenenergies [20]. 

 

2.3 Angular Momenta 

 

Depending on the way the molecular angular momenta couple, different 

labels are used to characterize the molecular state. Diatomic molecules have nuclear 
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orbital angular momentum R, total electronic orbital angular momentum L, total 

electron spin angular momentum S, total nuclear spin angular momentum I, and total 

angular momentum excluding nuclear spin J = R + L + S. 

Each angular momentum vector is associated with a magnetic moment. These 

different magnetic moments interact with each other, and the interactions are 

characterized according to Hund’s angular momentum coupling cases. There are five 

pure limiting cases, which are commonly referred as Hund’s cases (a), (b), (c), (d), 

(e) [15-17]. In this chapter I will highlight the first two cases to explain the hyperfine 

structures of the states used in the experiments. 

 

Hund’s case (a) usually applies at small internuclear distance and low 

rotational quantum number, see Figure 2.2.a. It is assumed that the coupling of the 

nuclear orbital angular momentum R with the total electronic orbital angular 

momentum L and the total electron spin angular momentum S is very weak. In 

addition the total electronic orbital angular momentum L and total electron spin 

angular momentum S strongly couple to the line joining the nuclei. Their 

components along the internuclear axis are denoted by lM=Λ  and 

SSS ,...1, +−−=Σ . These two vectors couple to each other to create the total angular 

momentum Ω along the internuclear axis.  

The total angular momentum Ω may take values  
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SSSS +Λ+−Λ+−Λ−Λ=Ω ,.....2,1, . 

 

As a result of this, for any state there are 2S+1 fine structure states. Ω also couples to 

the nuclear orbital angular momentum R and forms the total angular momentum 

excluding nuclear spin J. In Figure 2.2, the nuclear spin angular momentum I is not 

included. The Nuclear spin interactions with other angular momenta form the 

hyperfine structure. For Hund’s case (a), the nuclear spin angular momentum 

interactions are classified in two subcases labeled (aα), (aβ). In Hund’s case (aα), the 

nuclear spin angular momentum I strongly couples to the line joining the nuclei (see 

Figure 2.3.a). 

Its component along the internuclear axis Iz is added to the total angular momentum 

Ω, so that 

 Ω = Λ + ∑ + IZ. 

 

The total angular momentum including nuclear spin is given by F = Ω + R .  

In Hund’s case (aβ), the nuclear spin angular momentum I couples to the total 

angular momentum excluding the nuclear spin J to form the total angular 

momentum, F = I + J. (see Figure 2.3.b).  

Hund’s case (b), usually applies when the spin angular momentum S is not coupled 

(when Λ = 0, and S ≠ 0) to the internuclear axis at all, or is coupled very weakly (as 

is the case for the small light molecules). The projection of the total electronic



 21

 

L S

Λ Σ

Ω

J R
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S

Λ

N
J

R

(a) (b)

 

 

Figure 2.2  (a) Vector diagram for Hund’s case (a). Λ is the projection of the 

electronic orbital angular momentum along the internuclear axis, Σ is the projection 

of the total electron spin S along the internuclear axis, and Ω is the total electronic 

angular momentum along the nuclear axis. (b) Vector diagram for Hund’s case (b). R 

is the nuclear rotational angular momentum, N is total angular momentum excluding 

electron spin, and J is the total angular momentum excluding nuclear spin. 
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angular momentum on the internuclear axis Λ couples to the total nuclear angular 

momentum R to form the total angular momentum excluding spin  

 

N = Λ + R. 

 

Then the total angular momentum excluding spin N couples to the spin angular 

momentum S to form the total angular momentum excluding nuclear spin J (see 

Figure 1a), so that 

J = N ± S  

J = (N + S), (N + S - 1), (N + S - 2), (N + S - 3) ….. |N - S|. 

 

The interaction of the nuclear spin I can be classified according to Hund’s case (bα) 

and Hund’s case (bβ). Hund’s case (bα) occurs when nuclear spin angular momentum 

I couples strongly to the internuclear axis, but the electron spin angular momentum 

does not. This case has no practical application in molecular systems. In Hund’s case 

(bβ), the spin angular momentum S and nuclear spin angular momentum I do not 

strongly couple to the internuclear axis. Other interactions of the S and I are 

classified in three sub categories bβJ, bβS, bβN, of Hund’s case (bβ), shown in Figure 

2.4. In Hund’s case (bβJ), the electron spin angular momentum S couples to the total 

angular momentum excluding spin N to form the total angular momentum excluding  

nuclear spin 

J = N ± S. 
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Figure 2.3  Vector diagrams for the two subcases of Hund’s case (a) for hyperfine 

structure. 
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Then J couples to the nuclear spin angular momentum I to form the total angular 

momentum 

 

F = I + J. 

 

In Hund’s case (bβS), the nuclear spin I couples to the electron spin S to form an 

intermediate vector 

 

G = S + I. 

 

Then G couples to the total angular momentum excluding spin N to form the total 

angular momentum 

 

F= G + N = S + I +N. 

 

Because Hund’s case (bβN) has no practical application, we will not explain it here. 

The nuclear spin interactions with other magnetic moments give rise to hyperfine 

structures of the molecular systems.  In our experiment the upper triplet state and the 

lower triplet state have Hund’s case (bβJ) [21, 22] structure.  
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Figure 2.4  Vector diagrams for two sub cases of Hund’s case (b). 
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2.4 Classification of Electronic States 

 

Good quantum numbers are used in spectroscopic notation [15, 23] to classify the 

electronic states [18]. The notation generally has the form ±
Ω

+ Λ12S , where Ω is only 

applicable in Hund’s case (a). The electronic angular momentum L along the 

internculear axis Lz is conserved, and it can take the values 

 

Lz = L, L-1, L-2... –L. 

 

|Lz| is denoted by Λ and can take values Λ = 0, 1, 2, 3…L and the corresponding 

electronic states are designated as ,....,, ΔΠΣ , respectively. The component of the 

electronic spin angular momentum S along the internuclear axis Σ is used as a 

superscript in the front of the Λ value. It can have the 2S+1 different values. 

 

SSSS −−−=Σ ,...,2,1, . 

 

These values correspond to singlet, doublet, triplet etc. character of the electronic 

state, for Σ = 1, 2, 3.., respectively. For Λ = 0 (Σ) a rotational level is called positive 

(symmetric) or negative (anti-symmetric) depending on whether the total 

eigenfunction remains unchanged or changes sign for a reflection through the origin. 

If it is symmetric, it is labeled as +Σ , and if not −Σ . Homonuclear molecules are also 
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classified according to inversion operation. If under the inversion operation the 

wavefunction remains unchanged, it is called a gerade state, and a subscript “g” is 

placed at the end of the term symbol. If the wavefunction changes its sign under 

inversion operation, it is called an ungerade state, and a subscript “u” is placed at the 

end. For Λ=0 positive rotational levels are additionally labeled 

symmetric/antisymmetric (s/a) for gerade/ungerade states and negative levels are 

antisymmetric/symmetric (a/s) if the wavefunction is unchanged/changed when the 

nuclei are interchanged [15]. Electronic states with the same symmetries are 

numbered in an increasing order corresponding to increasing energy, for example 

11Σg
+, 21Σg

+, 31Σg
+

 …etc. In addition, the rotational levels are labeled with e 

symmetry, if a rotational level with (+) parity has (+)(−1)J = 1, and with f symmetry, 

if  (+) (−1)J = −1. Similarly, if a level with (−) parity has (−) (−1)J = 1, the level is 

labeled by e symmetry, and if (−) (−1)J = −1 its symmetry label is f  [17, 26]. 

Sometimes experimentalists use a shorthand notation for referring to particular 

levels.  For example, in our experiments we have used the following states: 11Σg
+, 

11Σu
+, 13Πu, 41Σg

+. They are often called X, A, b, F, respectively, by experimentalists 

for practical and historical reasons.  

 

Selection rules arise from symmetry operations applied to the transition 

dipole moment matrix element. Without derivation the selection rules for electric 

dipole allowed transitions are as follows: 
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1,0 ±=ΔΛ , 

0=ΔS , 

++ Σ↔Σ , −− Σ↔Σ  

1,0 ±=ΔJ , when 0≠Ω , 

1±=ΔJ , when 0=Ω  

ug ↔  

−↔+  

aa ↔ , ss ↔ . 

0=ΔJ , when fe ↔ , 

1±=ΔJ , when ee ↔  or ff ↔ . 

 

 

2.5 Perturbations 

 

In Chapter 2.2 we considered the non-relativistic Schrödinger equation 

without relativistic interactions for the electron and nuclear spins and the orbital 

angular momenta of the nuclei and electrons. This was required to solve the 

Schrödinger equation using the Born-Oppenheimer approximation.  These ignored 

additional terms can be treated using perturbation theory. In this section we will 

analyze the perturbation part of the total Hamiltonian in Eq. 2.1. 

For a diatomic molecule the spin-orbit Hamiltonian HSO can be written as 
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where n is the total number of electrons, ZA and ZB are the numbers of protons of 

atoms A and B respectively, riA and riB are the distances between the ith electron and 

nuclei A and B respectively, α is the fine structure constant defined as α = e2/ħc, IiA 

and IiB are the orbital angular momenta of the ith electron around nuclei A and B, 

respectively, rij is a vector from the ith electron to the jth electron, si is the intrinsic 

spin angular momentum of the electron, and pi is the momentum of the ith electron. 

The first term in this equation corresponds to the spin-orbit coupling of each electron 

with nuclei A and B, and the second term corresponds to the electron-electron, spin-

orbit interactions [17]. In equation 2.12, the spin–spin and the spin-rotational 

interactions are ignored, since the spin-spin interaction fades away very quickly 

increasing with atomic weight. After the first row of the periodic table, the spin-orbit 

interaction is dominant [17, 18].  

We can neglect the second term of the Equation (2.12) to get a simpler spin-

orbit Hamiltonian by incorporating the two electron part in the one electron part as 

screening [27]. Although it is not the most common form of the spin-orbit 

Hamiltonian, it is the simplest version and remains exact for all calculations [27]. 

Thus, we obtain 
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where ZA,eff and ZB,eff are the effective charges of the nuclei A and B, respectively, 

due to screening of the nuclear charge by the electron-electron interaction [28-30]. 

 

The spin-orbit interaction affects levels that are close in terms of energy 

where the ro-vibrational wave functions have a good overlap. According to Ref. 31, 

the selection rules for the spin-orbit operator are  
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Although the most widely used spin-orbit interaction Hamiltonian SLAH SO
rr

⋅=ˆ  has 

some limitations [16, 32], it is a good approximation when the spin orbit coupling 

constant A is small compared to the term separations.  

In this work the spin-orbit coupling between the A1Σu
+ and b3Πu states of the 

Lithium dimer causes perturbations between the rotational levels of these states. As 
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described in Chapter 4, we attempt to control these mixing coefficients by the 

Autler-Townes effect. If we neglect the weaker second order interactions (i.e. 

coupling between 2
31

1
31 ~~ =Ω

+
=Ω

+ ΠΣΠΣ bAorbA uu  ), the problem can be 

treated as a two state problem. The unperturbed states satisfy 

 

0
i

o
i

o
io EH Ψ=Ψ    (i = 1, 2),       (2.15) 

 

where o
iE  denotes the unperturbed energies, and o

iΨ the two linearly independent 

mutually orthogonal normalized wavefunctions for states A1Σu
+ and b3Πu. Similarly, 

the perturbed wavefunctions satisfy the Schrödinger equation 

 

iiio EHH Ψ=Ψ+ )( 1      (i = 1, 2),      (2.16) 

 

where iΨ denote the perturbed wavefunctions, and iE the energies of the perturbed 

levels. The perturbed wavefunctions can be written as linear combinations of the 

unperturbed wavefunctions since form a complete set. Thus, 

 

o
i

o
ii cc 2211 Ψ+Ψ=Ψ     with  12

2
2
1 =+ ii cc       (i = 1, 2).    (2.17) 
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Substituting Equation 2.8 into Equation 2.7 yields the well known matrix form [15-

17].  
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where o
j

o
iij HH ΨΨ=′ 1  and o

io
o
ii HE ΨΨ= . 

 

Solving this equation, we obtain the perturbed energies E1 and E2 for this system, 

and we rename them as E+ and E- 

 

( ) ( ) ⎥⎦
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2
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The perturbed states have mixed character. The singlet state gains some triplet 

character and the triplet state gains some singlet character.  

 

 

2.6. Singlet, Triplet and Mixed States 

 

As mentioned above, the angular momentum and spin vectors are added 

together to give total angular momentum J. Its values are given by 
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J = L+S, L+S-1, L+S-2 …. ,L-S 

 

leading to 2S+1 different values. This number “2S+1” is called the multiplicity, 

which can take values 1, 2, 3, ….,etc, corresponding to singlet, doublet, triplet etc. 

states, respectively. In this Thesis our focus is on singlet and triplet states. When S is 

equal to zero, 2S+1 equals to 1, and the electronic state is a singlet state. For S = 1, 

2S+1 equals 3, and the electronic state is a triplet state. In Chapter 4 we use the 

singlet ground state X1Σg
+, a singlet-triplet mixed intermediate state A1Σu

+(17, 15) ─ 

b3Πu(22, 15), and a triplet upper state 23Πg(19, 15). The singlet to triplet transition is 

forbidden by the selection rule “transitions are allowed between states with same 

spin multiplicity”, 

 

0=ΔS . 

 

This argument is valid when for a pure singlet or a pure triplet state but not for a 

singlet~triplet mixed state. The singlet state has some triplet properties, and the 

triplet state has some singlet properties. To make it easy to work theoretically, we 

adopted the energy level scheme from reference [33] for our experiment. Figure 2.5 

shows the energy diagram for this case. The total Hamiltonian [34, 35] of this system 

can be written as 
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VHH += 0 , 

 

where H0 is unperturbed Hamiltonian, and V is a perturbation. The unperturbed 

eigenstates are denoted by |a0> and |b0>. The perturbation V leads to mixed states |a> 

and |b> given by  
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where α and β are called the mixing coefficients and 122 =+ βα . The unperturbed 

energy separation 0Δ  has the form [33]  
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In Chapter 4, our main goal is modify these mixing coefficients by applying a strong 

coupling field, which causes the singlet state to form an Autler-Townes (AT) split 

pair of states. One of the two AT states is closer to the intermediate triplet |b> level. 

Thus the triplet level will gain more singlet character, leading to a change of the 

mixing coefficient, resulting in a decrease in α and an increase in β. 

 



 35

 

 

 

 

Figure 2.5 Schematic explanation of singlet triplet mixed state.  |a0> and |b0> are 

unperturbed eigenstates. The perturbation V causes unperturbed states |a0> and b0> 

to form a |a> ~ |b> mixed states. |S> and |S`> denote the two lower singlet states, and 

|T> denotes the upper triplet state. Omega denotes the Rabi frequency of the strong 

coupling field that causes the AT splitting of the singlet |a> state.  

Ω 

} { Δ 

|a〉 

|b〉 

|a0〉 

|b0〉 
Δ0 

|S〉 
|S`〉

|T〉 
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CHAPTER 3 

 

MAPPING OF THE ABSOLUTE ELECTRONIC TRANSITION DIPOLE 

MOMENT BY AUTLER-TOWNES SPLITTING FOR THE Li2 A1Σu
+ ─ X1Σg

+ 

TRANSITION USING A FOUR LEVEL EXTENDED Λ EXCITATION 

SCHEME 

 

 

3.1 Introduction 

 

 During last decade it became possible to develop molecular applications of 

coherence and quantum interference effects such as the Autler-Townes effect and 

Electromagnetically Induced Transparency (EIT), which had been studied previously 

in atomic systems [1]. Since the molecular transition dipole moment matrix elements 

are much smaller for molecular transitions than those for atomic transitions (a factor 

of about 100 to 10,000) it was generally expected that the Rabi frequencies Ω = μE/ħ 

required to demonstrate these effects would require the use of higher power pulsed 

lasers, which would lead to a loss of resolution critical to overcome spectral 

congestion. Here μ is the transition dipole matrix element and E is the coupling laser 

electric field amplitude. However, by careful experimental design made possible by 

multiple resonance spectroscopic techniques such as the all-optical triple resonance 
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technique [2], it was possible to overcome the Doppler effect, which would 

otherwise mask these coherence effects due to the modest Rabi frequencies available 

with continuous wave lasers. Multiple resonance excitation schemes have also 

allowed us to avoid the loss of spectral resolution resulting from the broader 

bandwidths of pulsed lasers. An additional advantage is that the modest E fields of 

cw lasers do not lead to other parasitic population depletion effects such as 

multiphoton ionization. As a result new aspects of molecular quantum optics have 

emerged through several experimental and theoretical studies [3-5] from our group.  

More recently we  have demonstrated that these coherence effects can be used to 

study the internuclear distance dependence of the electronic transition dipole 

moment by measuring the  absolute magnitude of the electronic transition dipole 

moment matrix elements [6-8] and by using the R-centroid approximation [9]. Using 

the Autler-Townes effect to measure the transition dipole moment matrix element is 

superior to previous measurement techniques because of its simplicity and accuracy. 

Unlike intensity measurements [10-12] and lifetime measurements [13, 15], the AT 

splitting method is based on extracting the transition dipole matrix element from the 

Rabi frequency associated with the coupling laser transition,  which is roughly half 

of the AT splitting  observed by probing the structure of one of the terminal levels of 

the coupling laser transition.  An accurate measurement of the coupling laser E field 

can be achieved by measuring the coupling laser intensity and coupling laser spot 

size.  To determine the Rabi frequency from the AT split line profile, density matrix 

equations of motion based simulations are used in addition. Thus recording AT split 
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spectra combined with an accurate measurement of the electric field amplitude 

makes this procedure straightforward and yields a very accurate absolute transition 

dipole moment matrix element value. Other methods to achieve the same goal 

traditionally only yield relative values for this quantity. For example, calibrated 

intensity measurements can be used to determine the shape of the transition dipole 

moment function but on a relative scale. Lifetime measurements suffer from many 

problems including the fact that in molecular systems the upper level radiatively 

decays to several lower electronic states. This decay process involves several 

separate transition dipole moments.  In addition, lifetime measurements of ionic 

species can suffer from systematic errors due to Coulomb repulsion of the sample 

ions, which can escape from the viewing region during the measurement depending 

on the length of the measured lifetime [15]. 

 

In this work we report on the transition dipole moment and its nuclear 

coordinate dependence by using the Autler-Townes effect for the molecular 

electronic transition between the ground (X1Σg
+) and the first excited (A1Σu

+) states 

of 7Li2. The 4-level extended Λ triple resonance excitation shown in Figure 3.1 is 

used. The same excitation scheme was also used in a similar study of the X1Σg
+ ─ 

A1Σu
+ system of Na2.  Since the 7Li2 dimer is the simplest diatomic molecule with a 

core and a total of three electrons per atom, the theoretically calculated ab initio 

transition dipole moment is expected to be very accurate. Therefore, this system 
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offers a good opportunity to compare the accuracy of our experimental results with 

theory. 

 
In our experiments we have determined the absolute transition dipole 

moment matrix elements for 20 different X1Σg
+ ─ A1Σu

+ transitions of the diatomic 

Li2 molecule. The range of the internuclear separation R for these transitions varies 

between 6.0 and 11.3 Å. This data was used to fit the function μe(R) using a second 

order polynomial expansion μe(R) = μ0 + μ1R + μ2R2.  

At the same time we compared our results with theoretical calculations of the 

transition dipole moments using two different quantum-mechanical models: an all-

electron valence bond self-consistent-field method (VB-SCF) [16, 17] and a pseudo-

potential molecular orbital method [18-21]. It is beneficial to compare theoretical 

predictions obtained by the different methods, as this comparison allows us to 

estimate more confidently the theoretical uncertainties.  

 

3.2 Excitation Scheme 

 

The experimental configuration is shown in Figure 3.1. It is a 4-level 

extended Λ excitation scheme. To label the four levels of this excitation scheme, we 

use the notation |1>, |2>, |3>, |4> for levels X1Σg
+(v",J"), A1Σu

+(v',J'), F1Σg
+(v,J), 

X1Σg
+(v1", J1"), respectively. The experimental data was collected by monitoring the 

fluorescence of the F1Σg
+(v,J) ─ A1Σu

+(v1',J1') transition. We use the index 1 in the 
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Figure 3.1 Li2 Energy level diagram for the extended Λ four-level system. The pump 

(L1) and coupling (L3) lasers excite molecules from lower states X1Σg
+(v",J") and 

X1Σg
+(v1",J1") (|1> and |4>), respectively, to the same intermediate state A1Σu

+(v',J') 

(|2>).  The Autler-Townes splitting spectra are observed by monitoring fluorescence 

of a given rovibronic transition F1Σg
+(v,J) ─ A1Σu

+(v1',J1') as a function of the probe 

laser L2 detuning around the resonance frequency of the transition between the upper 

state F1Σg
+(v,J) (|3>) state and the intermediate state A1Σu

+(v',J') (|2>), which is also 

the upper level of the coupling laser transition. The probe laser scan reveals the 

Autler-Townes splitting of the intermediate level |2>, when the probe laser Rabi 

frequency is small compared to the coupling laser Rabi frequency. 

A1Σu
+(v',J') 

A1Σu
+(v1',J1') 

X1Σg
+(v",J") 

F1Σg
+(v,J) 

X1Σg
+(v1",J1") 

L1 

L2

L3 

|1>

|2>

|3>

|4>

|5>
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notation for vibrational and rotational levels to distinguish the two lower levels |1>, 

and |4> and the two intermediate levels |2> and |5> in the figure for the excitation 

scheme. The conventional notation F1Σg
+(v,J), A1Σu

+(v',J') and X1Σg
+(v",J") is used 

for the upper, intermediate and lower states, respectively, sometimes.   

Three CW lasers were used in the experiment. The pump laser (L1) was 

tuned to resonance with the A1Σu
+(v',J') ─ X1Σg

+(v",J") pump transition, the probe 

laser (L2) was used to excite the F1Σg
+(v,J) ─ A1Σu

+(v',J') transition,  and the coupling 

laser was tuned to resonance with the A1Σu
+(v',J') ─ X1Σg

+(v",J") coupling laser 

transition. The pump (L1) and probe (L2) lasers were in a co-propagating 

configuration, and the coupling laser (L3) counter-propagated relative to them. The 

pump and probe laser frequencies were always kept on resonance with their 

respective transition frequencies, and the probe laser frequency was scanned.  

 

3.3 Experimental Setup 

 

The experimental setup is shown in Figure 3.2. It is similar to those used in 

previous work [3, 4, 6]. The Lithium metal was heated in a stainless steel five-arm 

heatpipe oven [22] to about 700 oC. Eight half cylinder 280W ceramic heaters from 

Lindberg with insulated wiring, placed in pairs in the four horizontal arms of the 

heatpipe, were used to supply the heating. A wire heater (ARI-BXX-093B38-4T) 

was wrapped around the reservoir of Lithium below the center of the five-arm cross  



 45

 

 

 

Figure 3.2 Experimental Setup: The four-level (extended Λ-configuration) excitation 

scheme was used with the two dye laser beams co-propagating in the opposite 

direction of the coupling field. A mechanical chopper was used to modulate one of 

the laser beams for phase-sensitive detection. The resulting double resonance signal 

was detected by a SPEX 1404 double grating monochromator, a photomultiplier tube 

(PMT) and lock-in amplifier (SR850) system, the output of which was recorded by 

the computer, which also controlled the laser scan. 
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in the middle of the heatpipe.  Thickly wrapped insulation was used to reduce heat 

leakage and to provide more homogeneous heat distribution in the active region. To 

achieve the required heating, a constant voltage of 75 V and 70 V was applied to the 

arm heaters and the center heater, respectively. To avoid condensation of Lithium 

vapor on the heatpipe windows, Argon gas was used as a buffer gas with a pressure 

of about 200 mTorr. Water cooling lines wrapped around the outer surface of the 

heatpipe arms near the windows created a cool region, which kept the Lithium vapor 

from reaching the windows. The windows were 2 inch in diameter and of 3/16 inch 

thick Pyrex glass.  

Two Coherent Autoscan 699-29 dye lasers, operating with R6G and DCM 

dyes, and a Coherent 899-29 Titanium Sapphire (Ti-Sa) laser were used in our 

experiment. The 0.5 MHz frequency bandwidth of all three lasers allowed us to 

excite a particular velocity group within the 7Li2 Doppler profile. Each laser was 

equipped with Autoscan software installed in the computer controlling the laser scan. 

An internal wavemeter was used to measure the laser frequency with an absolute 

accuracy of 200 MHz. The precision (reproducibility) of the wavemeter is 50 MHz, 

which is also the smallest step size of the laser scan. The laser beams were linearly 

polarized in the same direction. Both dye lasers were pumped by separate Coherent 

Argon ion lasers (Innova 400 and Sabre DBW-25), operating at a power of 6 Watts. 

The Titanium-Sapphire laser was pumped by a Coherent Verdi V10 solid state laser 

operating at a power of 10 Watts.  
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The dye lasers were calibrated with the molecular Iodine Atlas [23, 24] using 

the experimental setup illustrated in Figure 3.4. The dye laser beam was modulated 

using a mechanical chopper. An Iodine cell was placed in its path so that the laser 

beam passed through it with minimal scattering from the cell walls. The dye laser 

was scanned over about two cm-1 to record a sufficient number of Iodine 

fluorescence lines for the calibration. The resultant fluorescence spectrum was 

recorded using a PMT and a lock-in amplifier system, and the continuity of the laser 

scan was monitored by recording the scans of two Vernier etalons in the wavemeter 

simultaneously with the Iodine scan. The recorded experimental calibration scan was 

compared on a computer screen with the Iodine Atlas scan to match the two spectra.  

 

Figure 3.3 shows an example of the experimental calibration data for the R6G 

dye laser used in this experiment. The solid line shows the molecular Iodine 

spectrum from the Atlas in our scan range, and the dotted line shows the Iodine cell 

fluorescence data. In this example, we only used strong lines for calibration. Table 

3.1 shows the peak positions, taken from Figure 3.3, of the Iodine Atlas data and the 

experimental calibration data. The difference of the corresponding peaks was 

calculated, and an average of this difference for different peaks was used for 

calibration of that particular laser at that particular wavelength. In this example the 

average calculated difference was ∆ = 2.9452 cm-1, meaning that the laser wavemeter 

reading was 2.9452 cm-1 higher than the actual wavelength. The two dye lasers with 
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Figure 3.3 The calibration of the dye lasers. The solid line shows a sample of the molecular Iodine Atlas in our scan range. 
The dotted line shows the Iodine cell fluorescence data. The difference between related peaks positions is used for the 
calibration error of the laser wavemeter. 
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R6G and DCM dyes were calibrated using this method, and the Titanium Sapphire 

laser was calibrated using optogalvanic spectroscopy with a Uranium hollow cathode 

lamp [25]. A Uranium Atlas was used for calibration. The calibration procedure was 

repeated regularly.  

 

 

 

I2 Atlas (cm-1) Laser Scan (cm-1) Difference (cm-1) 

16829.2548 16832.1990 2.9442 

16829.5562 16832.5026 2.9464 

16829.8657 16832.8101 2.9444 

16830.2356 16833.1801 2.9445 

16830.3541 16833.3001 2.9460 

16830.7271 16833.6717 2.9446 

16830.8885 16833.8354 2.9469 

 

 

 

Table 3.1 Comparison of the experimental peak position with the Iodine. The 

average difference is ∆ = 2.9452 cm-1. 
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Figure 3.4 A schematic diagram of the laser calibration setup. The dye laser is 

controlled by the Autoscan software and scanned around the desired wavenumber. A 

PMT is connected to the Iodine cell. Filters were used to transmit light in the desired 

wavelength range and to reduce scattered light. The PMT signal was fed to a lock-in 

amplifier (SRS 850) and recorded along with the Vernier etalon scans of the laser. In 

this particular experiment the laser was scanned between the wavenumbers 16832.00 

cm-1 and 16834.00 cm-1.  
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As shown in Figure 3.2, a mechanical chopper modulated one of the laser 

beams for phase-sensitive detection. The pump laser excited population from 

thermally populated ground state levels to well known rovibrational levels in the 

A1Σu
+ state [26]. The second dye laser (probe) operating with a DCM dye moved 

population to the F1Σg
+ state [27-29] from the A1Σu

+ state. To calculate resonance 

frequencies and rovibronic wavefunctions, molecular constants from reference [30] 

were used for the 7Li2 X1Σg
+ ground state. In these calculations the LEVEL 8.0 

computer program was used to solve the radial Schrödinger equation [31].  The 

double resonance signal resulting from the probe laser scan was detected by a 

photomultiplier tube (PMT) and lock-in amplifier (SR850) system, the output of 

which was recorded by the computer used to control the laser scan. Neutral density 

filters were used to control the power of the lasers. A third laser, the Titanium 

Sapphire laser, was used as the coupling laser between the ground X1Σg
+ state and the 

A1Σu
+ state. This laser had a higher power than the pump and probe dye lasers. The 

former was fixed to a resonance frequency corresponding to a selected velocity 

group within the Doppler profile of ground state molecules. The latter was used to 

observe the AT splitting by monitoring fluorescence resulting from the scan of this 

laser through the probe transition. This fluorescence was detected by monitoring a 

spectrally isolated fluorescence transition from the excited state using the SPEX 

1404 double monochromator as a narrow band filter.  

This experiment required careful overlap of the three lasers. Initially the three laser 

beams were aligned by maximizing the optical-optical double resonance (OODR) 
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fluorescence signal. For finer adjustment, the magnitude of the observed AT splitting 

was used to maximize the overlap. The desired spot size for each laser was obtained 

with a lens or a combination of two lenses. The spot size of the laser was measured 

in both the vertical and horizontal directions to check that beam profile did not 

change after placing a neutral density filter in its path.  The profile measurements 

were made using a razor blade technique with accuracy of 10μm [32]. The laser spot 

size is defined as the radius of a Gaussian shaped laser beam profile at 1/e2 of the 

maximum intensity. The razor blade was attached to a high precision one-

dimensional translational mechanism (a micrometer screw) which moved the razor 

blade across the Gaussian shape beam profile. In order to ensure E field homogeneity 

of the coupling field in the interaction region of the three laser beams, the spot size 

of the coupling laser was kept about twice as large as the probe and pump laser spot 

sizes. Figure 3.5 shows the laser beam overlap arrangement in the interaction region. 

In the experiment, typical laser power values were about 3, 20 and >200 mW for the 

pump laser (L1), probe laser (L2) and coupling laser (L3), respectively. The pump and 

probe laser power levels were kept as low as possible to eliminate their effects on the 

AT splitting line profile but high enough to get a reasonable signal to noise ratio. For 

each data point the AT split line profile was observed at least five times to estimate 

the experimental error. Using these experimental results for each data point, we 

calculated a mean value of the AT splitting and the standard deviation to describe the 

experimental error. The power of the laser beams was measured with a coherent 

Lasermate/D power meter with an absolute accuracy of 1.5 %.  
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Figure 3.5 Laser beam overlap region in our experiment (the figure is not to scale). 

The actual spot sizes in the experiment were about 400, 240 and 540 μm for the 

pump, probe and coupling lasers, respectively. The spot sizes were measured by 

using a razor blade technique [32]. The spot size is defined as width of the Gaussian 

shaped laser beam profile where the intensity is 1/e2 of the maximum value. 
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3.4 Experimental Data 

 

The Autler-Townes splitting spectra were observed by monitoring F1Σg
+(v,J) ─ 

A1Σu
+(v1',J1') fluorescence as a function of the probe laser L2 detuning around the 

resonance frequency of the F1Σg
+(v,J) ─ A1Σu

+(v',J') transition, while the pump laser 

L1 was held fixed at the resonance frequency of the A1Σu
+(v',J') ─ X1Σg

+(v",J") 

transition.  Table 3.2 lists the combinations of rovibronic energy levels used in our 

experiment. Different background colors distinguish the various OODR conditions.  

 The coupling transitions are chosen according to their high Franck-Condon 

factors (FCF) from the set of transitions in which their transition energy is consistent 

with coupling laser’s range. In addition to that, in order to have maximum effect of 

the AT splitting, we wanted to work with coupling transitions which have relatively 

high Rabi frequency. Rabi frequency in the unit of Hz is defined as Ω = μE/h, where 

h is the Planck constant (h=6.626E-34 J⋅s), μ is the transition dipole moment matrix 

element which is computed from known potential energy functions and the 

theoretical ab initio electronic transition dipole moment function by using the 

program LEVEL 8.0 [31]. The transition dipole moment matrix element μ is 

calculated by using the program LEVEL in column <v'J'|M|v"J">. The dipole 

moment matrix element from LEVEL program <v'J'|M|v"J"> is given in Debye. In 

order to have it in unit of Coulomb⋅Meter (C⋅M), we multiplied it by  2.541765
30-e8.47835267  
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(1a.u=8.47835267E-30C⋅M, and 1a.u=2.541765Debye), and E is the coupling laser 

electric field. 
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in this expression Ptot is the measured laser power with unit Watt, c is the speed of 

light (c = 2.9989E8 m/s), ε0 is the permittivity of free space (ε0 = 8.854E-12 C2 / 

N⋅m2), and w is the spot size radius in unit of meters.  

The pump and probe laser wavenumbers were calibrated using the standard 

Doppler-limited Iodine calibration [24].  The coupling laser wavenumber was 

monitored by a Burleigh WA-1600 wavemeter, while the coupling laser was held at 

the resonance frequency. The resulting optical-optical double resonance (OODR) 

signal is illustrated in Figure 3.6.  The probe laser scan is shown for the excitation 

sequence F1Σg
+(v=16,J=11) ─ A1Σu

+(v'=17,J'=10) ─ X1Σg
+(v"=2,J"=9) followed by 

fluorescence decay to the A1Σu
+(v'=8,J'=10) level. When the coupling laser L3 beam 

was added to this excitation scheme, it was held fixed at the resonance frequency of  

another A1Σu
+(v',J') ─ X1Σg

+(v1",J1") transition with a larger Franck-Condon factor to 

enhance its Rabi frequency. A subsequent probe laser scan produced the desired AT 

splitting, as is illustrated in Figure 3.7.  The coupling laser was held fixed to the 

A1Σu
+(v'=17,J'=10) ─ X1Σg

+(v"=17,J"=11) transition resonance frequency. All other 

coupling laser transitions used in this work are listed in Table 3.3. The spot sizes and 

powers of L1, L2 and L3 were 400, 240 and 540 μm and were 23, 2.4, and 498 mW, 

respectvly. 
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F1Σg
+ A1Σu

+ X1Σg
+ X1Σg

+ 
Pump 
Laser 

Probe 
Laser 

Coupling 
Laser 

(v, J) (v', J') (v", J") (v1", J1") L1 (cm-1) L2 (cm-1) L3 (cm-1) 
16,11 17,10 2,11 17, 11 17184.637 15137.928 12735.897 
16,11 17,10 2,11 19, 11 17184.637 15137.928 12252.877 
16,11 17,10 2,11 21, 9 17184.637 15137.928 11819.989 
16,11 17,10 2,11 22, 9 17184.637 15137.928 11604.729 
16,11 17,10 2,11 24, 9 17184.637 15137.928 11199.515 
17,11 18,10 2,9 18, 9 17389.229 15102.344 12712.124 
17,11 18,10 2,9 20, 9 17389.229 15102.344 12221.992 
17,11 18,10 2,9 23, 9 17389.229 15102.344 11578.071 
17,11 18,10 2,9 25, 11 17389.229 15102.344 11191.732 
18,11 19,10 2,11 26, 11 17558.281 15067.953 11208.849 
18,11 19,10 2,11 26, 9 17558.281 15067.953 11226.225 
20,11 21,10 3,11 25, 9 17304.373 15001.114 11789.818 
20,11 21,10 3,11 25, 11 17304.373 15001.114 11771.712 
20,11 21,10 3,11 27, 9 17304.373 15001.114 11439.843 
20,11 21,10 3,11 27, 11 17304.373 15001.114 11423.341 
20,11 21,10 3,11 28, 9 17304.373 15001.114 11280.722 
20,11 21,10 3,11 28, 11 17304.373 15001.114 11264.613 
21,11 22,10 4,11 26, 9 17464.561 14969.484 11797.013 
21,11 22,10 4,11 26, 11 17464.561 14969.484 11779.521 
21,11 22,10 4,11 28, 11 17464.561 14969.484 11451.605 

 

 

Table 3.2 List of F1Σg
+(v,J), A1Σu

+(v',J'), X1Σg
+(v",J") and X1Σg

+(v1",J1") state 

combinations used in our experiment to achieve optical-optical double resonance 

(OODR) with corresponding laser wavenumbers. The L1 and L2 laser wavenumbers 

were obtained from laser control software and corrected using the particular laser’s 

calibration. The L3 laser wavenumber was obtained from a Burleigh WA-1600 

wavemeter the after resonance condition was achieved. 
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The pump and probe laser power were kept as low as possible, to have a 

minimal effect on the observed AT splitting spectrum and yet result in an acceptable 

signal to noise ratio. To test the effect of the coupling laser L3 power on the AT 

splitting signal, the pump and probe laser power were kept constant while the 

coupling laser power was varied between 100 and 500 mW, as shown in Figure 3.8. 

The experiment indicates a linear relation between the experimentally observed AT 

splitting and the coupling laser Rabi frequency, which is linearly proportional to the 

square root of the coupling laser power. 

The AT splitting spectra were used to calculate the electronic transition 

dipole moment matrix element for the A1Σu
+(v',J') ─ X1Σg

+(v",J") transition of 7Li2.  

Density matrix equations-of-motion-based simulations were used, as described in 

reference [6], to fit the experimental AT splitting spectra by varying the Rabi 

frequency (see Appendix B) of the coupling field Ω24. After obtaining Ω24 from the 

best fit, we used the expression Ω24 = μE/ħ to calculate the transition dipole moment 

matrix element μ between the ro-vibrational levels coupled by E3. Here μ is transition 

dipole moment matrix element, ħ is reduced Planck constant (ħ = 1.0545729 ×10−34 

J⋅s) and E is the coupling laser electric field defined by 
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In this expression Ptot is the measured laser power, c is speed of light 
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Figure 3.6 Spectrum observed by monitoring the F1Σg
+(v=16,J=11) ─ 

A1Σu
+(v1'=8,J1'=10) fluorescence as a function of the detuning of the probe laser. The 

OODR spectrum observed without the coupling laser, with the pump L1 held fixed at  

A1Σu
+(v'=17,J'=10) ─ X1Σg

+(v"=2,J"=11)  resonance frequency, while the probe laser 

L2 was modulated and scanned. The power values of lasers L1 and L2 were 23 and 

2.4 mW, respectively. The wavenumbers of the pump laser and probe laser at the 

resonance were 17184.637 cm-1 and 15102.344 cm-1, respectively. 
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Figure 3.7 The probe laser scan for the excitation sequence F1Σg
+(v=16,J=11) ─ 

A1Σu
+(v'=17,J'=10) ─ X1Σg

+(v"=2,J"=9) followed by fluorescence decay to the 

A1Σu
+(v1'=8,J1'=10) level. The coupling laser L3 was held fixed at the resonance 

frequency of the A1Σu
+(v'=17,J'=10) ─ X1Σg

+(v"=17,J"=11) transition, while the other 

lasers were at the same conditions. The spot sizes and powers of the pump laser, 

probe laser, and coupling laser were 275, 208, and 506 μm and were 2.4, 23 and 498 

mW, respectively. The wavenumbers of the pump laser, probe laser and coupling 

laser were 17184.637 cm-1, 15137.928 cm-1 and 12735.897 cm-1, respectively. 
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Figure 3.8 AT splitting versus coupling laser Rabi frequency. The probe laser scan 

for the excitation sequence F1Σg
+(v=16,J=11) ─ A1Σu

+(v'=17,J'=10) ─ 

X1Σg
+(v"=2,J"=9) was carried out by monitoring the fluorescence decay to the 

A1Σu
+(v'=8, J'=10) level, while the coupling laser L3 was held fixed at the resonance 

frequency of the A1Σu
+(v'=17,J'=10) ─ X1Σg

+(v"=17,J"=11) transition. The power of 

the coupling laser was varied between 100 and 500 mW to monitor the coupling 

laser power dependence of the AT splitting.  
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(c = 2.9989E8 m/s), ε0 is the permittivity of free space (ε0 = 8.854E-12 C2 / N⋅m2), and 

w is the spot size radius at which the intensity is reduced from its maximum value by 

a factor of 1/e2. The observed and simulated spectra are shown for comparison in 

Figure 3.9. In this case the probe laser scan for the excitation sequence 

F1Σg
+(v=16,J=11) ─ A1Σu

+(v'=17,J'=10) ─ X1Σg
+(v"=2,J"=9) is followed by 

fluorescence decay to the A1Σu
+(v'=8,J'=10) level, with the coupling laser L3 held 

fixed at the resonance frequency of the A1Σu
+(v'=17,J'=10) ─ X1Σg

+(v"=17,J"=11) 

transition. In the simulation illustrated with a solid line in Figure 3.9, the laser spot 

sizes and powers for L1, L2 and L3 were 402, 238 and 536 µm and 23, 2.4 and 498 

mW, respectively. The lifetimes of the A1Σu
+(v'=8,J'=10) and the F1Σg

+(v=16,J=11) 

levels were τ2 = 18.63 ns [33] and τ3 = 8.47 ns, respectively. The branching ratios 

were W32/W3 = 0.06, W21/W2 = 0.005 and W24/W2 = 0.04. Here Wij/Wi represents 

the fraction of population decaying from level i to level j. The Doppler width was 2.9 

GHz, and the transit relaxation rate w1/2π = 5.0 MHz, calculated according to Sagle 

et al. [34]. The pump and the probe laser Rabi frequencies were Ω21/2π = 9.08 MHz 

and Ω32/2π = 58.22 MHz, based on the experimental laser power values in the 

interaction region. The Rabi frequency of the coupling field Ω24/2π = 241.62 MHz 

was then obtained from the best fit to the recorded experimental spectrum. Using the 

expression Ω24 = μE/ħ, we obtained the transition dipole moment matrix element μ = 

1.57 ± 0.1 Debye for the A1Σu
+(v'=17,J'=10) ─ X1Σg

+(v"=17,J"=11) transition. 
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Figure 3.9 The solid line shows the experimental AT splitting with the coupling 

laser on resonance with the A1Σu
+(v'=17,J'=10) ─ X1Σg

+(v"=17,J"=11) transition. The 

dashed line shows the density matrix equations-of-motion-based simulation. The 

branching ratios were W32/W3 = 0.06, W21/W2 = 0.005 and W24/W2 = 0.04, the 

Doppler width was 2.9 GHz, and the transit relaxation rate was w1/2π = 5 MHz. The 

Rabi frequencies were Ω21/2π = 9.08 MHz, Ω32/2π = 58.22 MHz. The Rabi 

frequency of the coupling field Ω24 = 241.62 MHz was obtained from a best fit to the 

recorded experimental spectrum. Using the expression for the Rabi frequency Ω24 = 

μE/ħ, we obtained the transition dipole moment matrix element μ = 1.57 ± 0.1 Debye 

for the A1Σu
+(v'=17,J'=10) ─ X1Σg

+(v"=17,J"=11) transition.  
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The transition dipole matrix element is defined by "")('' JvRJv eμμ = , 

represents an overlap integral of the wavefunctions of the two levels weighted with 

the electronic dipole moment operator μe(R). Table 3.3 shows our results for the 

μe(R) calculated from experimentally measured transition dipole matrix elements for 

the A1Σu
+ ─ X1Σg

+ ro-vibrational transitions as a function of the R-centroid values for 

R [7]. For each data point the AT split line profile was observed at least five times to 

estimate the experimental error. Using these experimental results, for each data point 

we calculated the mean value of the AT splitting and the standard deviation to 

describe the experimental error. The other error sources were the error in the 

measurement of the laser power and the coupling laser spot size.  Reasonable 

estimates for these parameters were 5 mW and 10 μm, respectively.   

To compare our experimental results with theory, we have calculated μe(R) 

between the A1Σu
+ ─ X1Σg

+ states by a valence bond as well as a pseudo-potential 

method to be discussed below.  Subsequently the LEVEL 8.0 program [31] was used 

to calculate theoretical transition dipole moment matrix elements using the two ab 

initio theoretical transition dipole moment μe(R) functions. The difference between 

the experimental and theoretical transition dipole moment matrix elements is shown 

in Figure 3.10 as a function of the calculated R-centroid value.  The dots indicate the 

difference between experiment and theory using the VB-SCF method based μe(R) 

function, and the squares show the difference between experiment and theory for the 

μe(R) function calculated using the pseudo-potential molecular orbital method. 
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v' J' v1" J1" μexp (Debye) Rcentroid (Å ) μe(Rc)(Debye) <v'J'|v"J"> 

17 10 17 11 1.58 3.24 9.0788 0.17415 
17 10 19 11 1.87 3.39 9.3314 -0.20069 
17 10 21 9 1.81 3.55 9.5896 0.18851 
17 10 22 9 1.52 3.61 9.7776 -0.15498 
17 10 24 9 5.17 4.40 10.0285 0.51582 
18 10 18 9 1.19 3.28 9.1229 0.12995 
18 10 20 9 1.82 3.41 9.3570 -0.19425 
18 10 23 9 1.28 3.47 9.7888 -0.1308 
18 10 25 11 5.90 4.46 10.0209 0.58881 
21 10 25 9 1.98 3.81 9.6205 0.20571 
21 10 25 11 1.94 3.83 9.6203 0.20201 
21 10 27 9 2.49 5.45 9.8928 0.25123 
21 10 27 11 2.79 5.31 9.8983 0.28201 
21 10 28 9 6.31 4.59 9.9753 0.63291 
21 10 28 11 6.21 4.59 9.9782 0.62269 
19 10 26 9 6.24 4.51 10.0093 0.62332 
19 10 26 11 6.36 4.54 10.0138 0.63549 
22 10 26 9 2.10 3.98 9.6426 0.21765 
22 10 26 11 2.07 4.01 9.6440 0.21499 
22 10 28 11 3.81 5.14 9.8741 0.38553 

 

 

 

Table 3.3 List of experimentally determined transition dipole moment matrix 

elements μexp and their R-centroid values for the A1Σu
+ ─ X1Σg

+ system. 
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Figure 3.10 The difference (Δ) between experimental and theoretical transition 

dipole moment matrix elements versus the calculated R-centroid value for each 

transition. The dots and the squares show the difference between the experimental 

and calculated values for the VB-SCF method and the pseudo-potential molecular 

orbital method, respectively. 
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The R-centroid method can be used in cases where there is only one classical 

turning point in the overlap integral and the integral accumulates over a small R 

interval. When there is more than one classical turning point and the integral 

accumulates over a relatively large R interval, the R-centroid approximation can not 

be used reliably. In such cases a higher order polynomial expansion is needed to 

represent the electronic transition dipole moment function )(Reμ . We have 

calculated the overlap integrals    

∫ ΨΨ
R

drrr
0

"' )()(  

for all the coupling transitions we considered in order to understand how well the R-

centroid approximation [35, 36]  applies (see Appendix A). In Figure 3.11 we have 

plotted the overlap integral as function of R for the selected coupling transitions. R-

centroid approximation is valid for transitions that have one classical transition point. 

Ref. 35 introduces a method to treat cases when there are two classical turning points 

by dividing overlap region into two segments with each containing one classical 

transition point. In addition to this, R-centroid approximation works better for 

classical molecules [35]. Since Li2 is a relatively light molecule (less classical), R-

centroid approximation may not work well for some transitions even when there is 

only one classical transition point. The overlap integral for the transition 

A1Σu
+(17,10) ─ X1Σg

+(17,11) (Figure 3.11.a) has one classical transition point. 

Calculated R-centroid value R=3.24 Å may be acceptable for this transition. But 
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overlap integral for the transition A1Σu
+(21,10) ─ X1Σg

+(27,11) (Figure 3.11.b) have 

two classical transition point (see Appendix A), this condition makes R-centroid 

approximation unreliable. The calculated R-centroid value R = 5.31 Å definitely does 

not appear to  work well for this particular transition as can be seen clearly in the 

Figure 3.11.b in which the R-centroid value is almost outside the overlap region. 

Thus, for obtaining μe(R) from the experimentally measured transition dipole 

moments μ given in Table 3.3 we used the following polynomial expansion of the 

electronic transition dipole moment  

 

2
210)( RRRe μμμμ ++= . 

 

We limited the expansion to second order, since the inclusion of higher order terms 

did not substantially improve the fit for μe(R). From the fitting procedure we 

obtained the μ0 = 0.064 Debye, μ1 = 4.43 Debye/Å, μ2 = -0.49 Debye/Å2.  Figure 

3.12 compares the quadratic polynomial expansion fit (solid line) and the ab initio 

calculation (pseudopotential MO - dashed line) provided by S. Magnier and the ab 

initio calculation (VB-SCF - dotted line) provided by S. Kotochigova. Experimental 

data points for transition dipole moment with R-centroid values can be found in 

Figure A.1 in Appendix A. As indicated in Figure 3.11 and Figure 3.12, our 

experimental results are in very good agreement with the theoretical calculations. 
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   a) 

 

  b) 

 

Figure 3.11 Plot of the overlap integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(v', J') and 

X1Σg
+(v", J") ro-vibrational levels. Dotted vertical line shows R-centroid value. 
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Figure 3.12 Comparison of the experimental and theoretical transition dipole 

moments. The results from the fit of experimental transition dipole moment matrix 

elements with a quadratic polynomial expansion are shown as a solid line.  
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3.5  Laser Spot Size in the Overlap Region 

The laser spot sizes were measured by using a razor blade technique, because 

of its simplicity and high precision. For the laser beam a Gaussian profile (Figure 

3.13) 

( ) ( ) ( )zw
r

ezIzrI
2

2

0,
−

=  

is assumed. Here, w(z) is the beam waist where the intensity drops to 1/e2 of  the 

maximum intensity I0(z). In this technique a razor blade is mounted on a micrometer 

driven translational stage and passed between the laser beam and a photo detector, 

and the light intensity is measured as a function of the blade position, as in Figure 

3.14, providing the integrated laser beam profile. Taking the derivative of recorded 

power vs. blade position curve, one can easily obtain the spot size of the beam by 

determining the 1/e2 position of the intensity. An easier way to use razor blade 

technique is to record data when the intensity of the laser beam is 25 % and 75% of 

the maximum intensity instead of recording data at every step of the razor blade 

translation. The spot size can be easily obtained using formula,  

)(
2
1

2575 dd
C

w −= , 

where, C ≈ 0.47 is the solution of the nonlinear equation 
2
1)( =Cerf .  However, this 

shorter procedure lacks the Gaussian beam diagnostic capability of the full 

procedure. By profiling the beam in both vertical and horizontal directions it is 

possible to detect any asymmetry in the beam profile. 
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Figure 3.13 Gaussian profile of the laser beam: ( ) ( ) ( )zw
r

ezIzrI
2

2

0,
−

= . Here w(z) is 

beam waist, where the intensity drops 1/e2 of  the maximum intensity I0(z). We used 

a razor blade technique to determine the beam waist (dotted line in the picture).  
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Figure 3.14 The experimental setup to measure the spot size of the laser beam. The 

spot sizes were measured using a razor blade technique, because of its simplicity and 

high precision. This technique involves passing a razor blade mounted on a 

micrometer driven translational stage between the laser beam and a photo detector 

and measuring the light intensity as a function of blade position. 
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3.6 Density Matrix Formalism 

 

 We have used a density matrix equation of motion method to interpret our 

experimental data. In this section the basic features of the density matrix formalism 

are explained without going into great detail, because the approach is very well 

known and widely used in the literature [37, 38]. Time evolution of the quantum 

system is described by the density matrix equation of motion. [37, 38] 

 

termsrelaxationHHi
t kmnkkmnk
nm +−−=

∂
∂ ∑ )( ρρ
ρ

h
.       [3.1] 

 

The relaxation terms include collisional and radiative transfer of population, transit 

relaxation and collisional decoherence [37-40]. These are represented in the density 

matrix equation of motion by an nn × relaxation matrix )(ρΓ so that equation 3.1 

takes the form 

 

( )ρρρ
ρ

Γ+−−=
∂

∂ ∑ )( kmnkkmnk
nm HHi
t h

,      [3.2] 

where 
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Here Wij is the radiative decay rate from level i to level j Wi is the total radiative 

decay rate of level i, and γij is the damping rate, and defined by 

 

( )∑ ++=
k

c
nmmknk WW γγ

2
1  

The term c
nmγ is the damping contribution due to collisions with other atoms or 

molecules. 

The Hamiltonian of the system can be written as 

 

( )∑ ∑
=

−
⎥
⎦

⎤
⎢
⎣

⎡
Δ++

Ω
=

n

k j
jkk

k kkkllkH
2

1

2
h ,     [3.3] 

 

where 

h
1

1
−

− =Ω k
k

Eμ
 

is the Rabi frequency, Ek-1 is the electric field amplitude, and ∆j is the difference 

between the transition frequency and the corresponding laser frequency. From 

equation 3.2 and equation 3.3, one can determine the individual components of the 

density matrix equation of motion. These components can be found in reference 41. 
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3.7 Conclusion 

 

 We have determined the electronic transition dipole moment for the 7Li2 

A1Σu
+ ─ X1Σg

+ system experimentally and compared our results with theoretical 

predictions. Our experimental results for the absolute magnitude of the transition 

dipole matrix elements for rovibronic transitions for different R-centroid values are 

in excellent agreement with ab initio theoretical calculations of the transition dipole 

moment.  Two different quantum-mechanical models were used for this comparison- 

an all-electron valence bond self-consistent-field method and a pseudo-potential 

molecular orbital method.  As expected, the agreement between experiment and 

theory is very good since the 7Li2 molecule is the smallest molecule with core 

electrons and, as a result, has a relatively simple electronic structure.  

 



 76

References 

 

[1] E. Arimondo, Progress in Optics, 35, 257 (1996) 

[2] A. M. Lyyra, H. Wang, T.-J. Whang, L. Li, and W. C. Stwalley, Phys. Rev. 

Lett., 66, 2724 (1991) 

[3] J. Qi, G. Lazarow, X. Wang, L. Li, L. M. Narducci, A. M. Lyyra, and F. C. 

Spano, Phys. Rev. Lett., 83, 288 (1999) 

[4] J. Qi, F. C. Spano, T. Kirova, A. Lazoudis, J. Magnes, L. Li, L. M. Narducci, 

R. W. Field, and A. M. Lyyra, Phys Rev. Lett., 88, 173003 (2002) 

[5] F. C. Spano, J. Chem. Phys., 114, 276 (2001) 

[6] E. Ahmed, A. Hansson, P. Qi, L. Li, T. Kirova, J. Qi, A. Lazoudis, S. 

Magnier, S. Kotochigova, and A. M. Lyyra, J. Chem. Phys., 124, 084308 

(2006) 

[7] E. Ahmed, P. Qi,  B. Beser, J. Bai, R. W. Field, J. P. Huennekens, and A. M. 

Lyyra, Phys. Rev. A, 77, 053414 (2008) 

[8] O. Salihoglu, P. Qi, E. Ahmed, S, Kotochigova, S. Magnier, and A. M. 

Lyyra, J. Chem. Phys., 129, 174301 (2008) 

[9] J. Tellinghuisen, in Photodissociation and Photoionization, edited  by K. P. 

Lawley, (Wiley, New York, 1985), pp. 299–369, and references therein 

[10] M. M. Hessel, E. W. Smith, and D. E. Drullinger, Phys Rev. Lett., 33, 1251 

(1974) 

[11] J. Tellinghuisen, J. Chem. Phys., 58, 2821 (1972) 



 77

[12] M. Lamrini, R. Bacis, D. Cerny, S. Churassy, P. Crozet and A. J. Ross, J. 

Chem. Phys., 100, 8780 (1994) 

[13] J. Brzozowski, N. Elander, P. Erman, and M. Lyyra, The Astrophysical J., 

193, 741 (1974) 

[14] M. Tamaris, M. Auzinsh, I. Klincare, O. Nikolayeva, R. Ferber, A. 

Zaitsevskii, E. A. Patzyuk, and A.V. Stoloyarev, J. Chem. Phys., 109, 6725 

(1977) 

[15] J. Brzozowski, N. Elander, P. Erman, and M. Lyyra, Astrophys. J., 193, 741, 

(1974) 

[16] S. Kotochigova, J. Chem. Phys., 128, 024303, (2008) 

[17] S. Kotochigova, and E. Tiesinga, J. Chem. Phys., 123, 174304 (2005) 

[18] J.C. Barthelat, and P. Durand, Theor, Chim. Acta, 38, 283 (1975) 

[19] M. Foucrault, P. Millié, and J.P. Daudey, J. Chem. Phys., 96, 1257 (1992) 

[20] R. Poteau, and F. Spiegelmann, J. Mol. Spect., 171, 299 (1995) 

[21] S. Magnier, M. Aubert-Frécon, and A.R. Allouche, J. Chem. Phys., 121, 1771 

(2004) 

[22] C. Vidal., and R. Cooper, J. Appl. Phys., 40, 3370 (1969) 

[23] S. Houssam, and R. J. Amanda, J. Mol. Spect., 233, 157 (2005) 

[24]  The Aimé Cotton Iodine Atlas, S. Gerstenkorn and P. Luc, Atlas du Spectre 

d’Absorption de la Molecule d’Iode, Editions du CNRS, Paris, 1978, was 

recalibrated in S. Gerstenkorn and P. Luc, Rev. Phys. Appl. 14, 791 (1979) 



 78

[25] B. A. Palmer, R. A. Keller, and R. Engleman, Jr., "An atlas of uranium 

emission intensities in a hollow cathode discharge" LASL Rep. LA-8251-MS 

(Los Alamos Scientific Laboratory, Los Alamos, N. M., 1980) 

[26]  K. Urbanski, S. Antonova, A Yiannopoulou, A. M. Lyyra, and W. C. 

Stwalley, J. Chem. Phys., 104, 2813 (1996). Errata: K. Urbanski, S. 

Antonova, A Yiannopoulou, A. M. Lyyra, and W. C. Stwalley, ibid. J. Chem. 

Phys., 116, 10557 (2002) 

[27]  S. Antonova, G. Lazarov, K. Urbanski, A. M. Lyyra, L. Li, G.- H. Jeung, and 

W. C. Stwalley, J. Chem. Phys., 112, 7080 (2000) 

[28] A. Pashov, W. Jastrzebski, and P. Kowalczyk, J. Chem. Phys., 113, 6624 

(2000) 

[29] P. Qi, G. Lazarov, and A. M. Lyyra, J. Mol. Spectrosc., 247, 184 (2008) 

[30] P. Kusch, and M. M. Hessel, J. Chem. Phys., 67, 586 (1977) 

[31]  University of Waterloo, “Level 8.0: A computer Program for Solving the 

Radial Schrodinger Equation for Bound and Quasibound Levels” Report 

(2007) 

[32] D. R. Skinner, and R. E. Whitcher, J. Phys. E, 5, 237 (1972) 

[33] G. Baumgartner, H. Kornmeier, and W. Preuss, Chem Phys. Lett., 107, 13 

(1984) 

[34] J. Sagle, R.K. Namiotka, and J. Huennekens, J. Phys. B, 29, 2629 (1996) 

[35] C. Noda, and R. N. Zare, J. Mol. Spectrosc., 95, 254 (1982) 



 79

[36] S. M. Yazykova, and E. V. Butyrskaya, J. Phys. B: Atom. Molec. Phys, 13, 

3361 (1980) 

[37] S. Stenholm, Foundations of Laser Spectroscopy, (Wiley Interscience, New 

York, 1984) 

[38] M. O. Scully and M. S. Zubairy, Quantum Optics, (Cambridge University 

Press, Cambridge, 2002) 

[39] M. J. O'Callaghan, and A. Gallagher, Phys. Rev. A, 39, 6190 (1989) 

[40] M. J. O'Callaghan, and J. Cooper, J. Phys. Rev. A, 39, 6206 (1989) 

[41]  E. Ahmed, Ph.D. Thesis, Temple University, (2007) 

 



 80

 

CHAPTER 4 

 

FREQUENCY DOMAIN CONTROL OF THE WAVEFUNCTION 

SINGLET~TRIPLET CHARACTER OF A PERTURBED PAIR OF 

ROVIBRONIC LEVELS OF 7Li2 USING A COHERENTLY DRIVEN FIVE 

LEVEL SCHEME 

 

 

4.1 Introduction 

 

The Lithium dimer has a relatively simple electronic structure with only three 

electrons per atom. Because of this, the molecule has been studied for several 

decades [1-49], resulting in a great deal of information on the electronic structure. 

Thus, the Lithium dimer is a perfect choice for testing experimental and theoretical 

techniques. In addition, due to the weakness of the spin-orbit interaction (about 

0.1cm-1 for the molecular case), it is possible to find singlet and triplet rovibronic 

levels that are separated by a small energy gap. For example, the energy difference 

∆E between rovibronic A1Σu
+(v'=17,J'=15) and b3Пu(v'=22,N'=16,J'=15) mixed states 

is only 0.023 cm-1 or 690 MHz [26].   Thus the Lithium dimer molecule is an 

excellent choice for our experiment,  which is to control the  mixing coefficients of 
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this A1Σu
+ ~ b3Пu pair of ro-vibrational levels perturbed by the spin orbit interaction 

by using the Autler-Townes effect [50].   

For an optimal effect, Ωh , where Ω=μE/ħ is the Rabi frequency, should be of 

the same magnitude as the separation of the perturbed energy levels. Here μ is the 

transition dipole moment matrix element, and E is electric field amplitude of the 

coupling laser. The Rabi frequencies available with narrow bandwidth commercial 

continuous wave lasers for a molecule such as the Lithium dimer are of the order of 

500 MHz. 

When the manifolds of ro-vibrational energy levels in the potential energy 

wells of the singlet A1Σu
+ and triplet b3Пu electronic states cross each other (Figure 

4.1), some of the triplet levels and singlet levels are coupled by the spin-orbit 

interaction to create a singlet-triplet mixed state. In the crossing region of the two 

manifolds there is no pure singlet or pure triplet state. The states have both singlet 

and triplet characteristics. Since the spin-orbit interaction in the Lithium dimer is so 

weak, only a few singlet-triplet mixed states have been observed [26] Table 4.1 lists 

some of these mixed states. We chose the A1Σu
+(v'=17,J'=15) ~ 

b3Пu(v'=22,N'=16,J'=15) pair of mixed levels, since this particular pair has the 

smallest energy difference between singlet and triplet levels. In spite of the fact that 

so few mixed levels are known, for many years such mixed states have been widely 

used in Perturbation Facilitated Optical-Optical Double Resonance (PFOODR) 

experiments to reach upper triplet states that are “dark” in the sense that they cannot 

be reached through a pure singlet intermediate state by double resonance.  
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Figure 4.1 Selected potential energy curves of 7Li2. The potential curves from 

references [13], [46], [47], [48], and [49] for the states A1Σu
+, X1Σg

+, b3Пu, F1Σg
+, and 

23Пg, respectively. 
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A1Σu
+(v', J') b3Пu(v', N', J') Termvalues (cm-1)

A1Σu
+ 

Termvalues (cm-1) 
b3Пu 

(13, 4) (19, 5, 4) 17243.398 17243.496 

(13, 7) (19, 7, 7) 17258.703 17258.913 

(13, 11) (19, 10, 11) 17291.042 17290.996 

(8, 9) (15, 8, 9) 16167.811 16167.623 

(17, 15) (22, 16, 15) 18163.216 18163.239 

 

Table 4.1 Ro-vibrational levels of the A1Σu
+ ~ b3Пu states of 7Li2 coupled by 

the spin- orbit interaction. 

 

 

The ground state of Lithium dimer is a singlet state, X1Σg
+, and a singlet-

triplet electronic transition is spin forbidden. This makes it very difficult to reach 

upper triplet states. Mixed states perturbed by the spin-orbit interaction are an 

immediate solution to this problem. In the early 80’s, for the first time Perturbation 

Facilitated Optical-Optical Double Resonance (PFOODR) spectroscopy [38, 39] 

technique was  introduced and used to successfully reach upper triplet states. With 

this technique cw or pulsed lasers pump molecules from the singlet ground state to 

an intermediate singlet- triplet mixed state, and from these intermediate energy levels 

another laser is used to probe higher lying excited triplet states. Since the perturbed 

intermediate state has both singlet and triplet character, it serves as a gateway, 
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making it possible to move population from the singlet ground state to upper triplet 

states, thus overcoming the obstacle imposed by spin selection rules.  

Recent studies have reported that singlet-triplet mixed states are also very 

helpful in creating ultracold molecules [51-53] in the singlet ground state X1Σg
+. The 

formation of cold molecules is achieved in a vapor-loaded magneto-optical trap 

(MOT) via photoassociation in the triplet ground state a3Σu
+. A laser L1 is used to 

transfer molecules from the a3Σu
+ state to a mixed intermediate state A1Σu

+ ~ b3Пu. 

Then another laser L2 transfers population from the mixed state A1Σu
+ ~ b3Пu to the 

singlet X1Σg
+ state. Note that a direct transition from the a3Σu

+ state to the X1Σg
+ state 

is spin-forbidden. However, using a mixed state as a gateway between these two 

states allows experimentalists to move population from a triplet ground state to a 

singlet ground state which is thermally more stable.  We expect that our frequency 

domain control of the singlet-triplet character of such intermediate states will be 

helpful for both PFOODR spectroscopic probing of so far inaccessible triplet states 

and for experiments on ultracold molecule formation. This is due to the fact that by 

controlling the mixing coefficients of the intermediate perturbed levels, it is possible 

to increase the final singlet population. Furthermore, by using our technique it is 

possible to create a totally new mixed state from initially un-mixed singlet and triplet 

states. This may enhance the efficiency of the PFOODR technique as well as 

ultracold molecule formation experiments dramatically.  

In this work we demonstrate experimentally that the mixing coefficients of a 

singlet-triplet mixed pair of ro-vibrational levels can be controlled using the Autler-
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Townes effect [54, 55]. To achieve our experimental goal, we tested many possible 

excitation configurations to find the best conditions. We tried different laser 

propagation directions, e.g. co-propagating and counter-propagating laser beams, 

with different excitation schemes (singlet or triplet upper state), different laser scan 

modes (pump scan or a probe scan) and different buffer gas pressures. We obtained 

the best results when the pump and probe lasers were co-propagating and the probe 

laser scan was observed by monitoring the 23Пg(v=19,N=16,J=15f) ─ a3Σu
+(v",J") 

total violet side fluorescence as a function of the probe laser L2 detuning around the 

resonance frequency of the 23Пg(v=19,N=16,J=15f) ─ A1Σu
+(17,15) ~ 

b3Пu(v'=22,N'=16,J'=15e) transition. During the scan, the pump laser L1 was held 

fixed at the resonance frequency of the A1Σu
+(17,15) ─ X1Σg

+(3,14) transition, and 

the coupling laser L3 was held fixed at the resonance frequency of the A1Σu
+(17,15) 

─ X1Σg
+(24,16) transition. 

 

 

4.2 Experimental setup 

 

Figure 4.2 shows the experimental setup. It is very similar to the one 

described in Chapter 2 except that the buffer gas pressure is kept at a lower pressure 

of 200 mTorr.  Pressure values up to 2 Torr were used to check for collisional effects 

on the spectra. In addition, we added removable mirrors to change the laser 

propagation directions whenever needed. Two Coherent Autoscan 699-29 dye lasers,  
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Figure 4.2 Experimental Setup: This setup is similar to one in Chapter 2. A cooled 

side PMT with filters (QB5 and QB24) was added. To be able to test co-propagating 

and counter-propagating laser arrangements, we also added extra mirrors and lenses.  
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operating with R6G and DCM dyes, and a Coherent 899-29 Titanium Sapphire (Ti-

Sa) laser were used as the pump, probe and coupling lasers, respectively. In addition, 

we used a cooled side PMT with QB5 and QB25 violet filters. These UV filters 

eliminated single laser excitation signals by either the pump or the probe lasers. 

 

We used the extended lambda scheme where the propagation directions 

(counter-propagation vs. co-propagation) of the pump and probe lasers are important 

for the AT spectroscopy [40]. In the counter-propagation geometry, the pump and 

probe lasers enter the heatpipe from opposite sides, and the coupling field enters 

from either side, see Figure 4.3.a. In the co-propagation case, the pump and probe 

lasers enter the heatpipe from the same side, and the coupling laser enters from the 

opposite side, see Figure 4.3.b. We did not expect to observe AT splitting in the 

counter-propagation case [40].  We also expected that the distance between the 

singlet spectral component and the triplet peak of the OODR fluorescence scan 

would be different in the counter-propagating case [42]. The energy separation, ΔE, 

of the mixed states A and b when pump and probe lasers counter-propagate is 

defined as 

 

)/1(int PUMPPROBEermediateOODR EE νν−Δ=Δ .   (4.1) 
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When the pump and probe lasers co-propagate, the separation between the singlet 

and triplet state is 

 

)/1(int PUMPPROBEermediateOODR EE νν+Δ=Δ .   (4.2) 

 

These equations (4.1 and 4.2) are derived in the ref 42 for the splitting of the two 

hyperfine components. The same equations can be used for the splitting of the two 

mutually mixed intermediate states. 

Figure 4.4 shows two scans taken when the pump and probe lasers were 

counter propagating. The dotted line shows the OODR signal without the coupling 

field, and the solid line shows the OODR signal with the coupling field. The 

coupling field travels in the direction of the probe laser. This experiment showed that 

there is no AT splitting when the pump and the probe lasers counter-propagate, 

which is required to achieve our goal. Based on Chapter 3 and Ref. 40, we know that 

we observe AT splitting (Fig. 3.7) when the pump and the probe lasers co-propagate 

and the coupling laser counter-propagates relative to them. For the rest of the 

experiments in this Chapter we use this arrangement, shown Fig 4.3.b.  According to 

equation (4.2), the separation of optical-optical double resonance excitation lines of 

the singlet ~ triplet pair OODREΔ , is about twice the separation of the intermediate 

levels intΔ  if the pump and probe laser frequencies are both in the same range.   
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Figure 4.3 Laser propagation geometry. (a) Counter-propagation case: pump and 

probe lasers enter the heatpipe from opposite sides. (b) Co-propagation case: both 

lasers enter the heatpipe from the same side. 
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Figure 4.4 OODR scan for counter-propagating laser geometry. The dotted line 

shows the OODR signal without the coupling field L3, and the solid line shows the 

signal with the coupling field L3. 
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In a typical optical-optical double resonance (OODR) experiment, either the 

pump laser or the probe laser can be scanned. Figure 4.5 shows two OODR spectra 

for different laser scans. The solid line shows the OODR signal, when the probe laser 

was scanned, and the dotted line shows the signal, when the pump laser was scanned. 

The energy of the singlet A1Σu
+(v'=17,J'=15) level is lower than that of the triplet 

b3Πu(v'=22,N'=16,J'=15) level, as shown in Fig. 4.7. When the pump laser is 

scanned, the pump frequency first becomes resonant with the A1Σu
+(v'=17,J'=15) ─ 

X1Σg
+(v"=3,J"=14) transition frequency and at a higher frequency resonant with the 

b3Πu(v'=22,N'=16,J'=15) ─ X1Σg
+ (v"=3,J"=14) transition. As a result, the singlet 

peak is observed first, and the triplet peak subsequently (dotted line in Fig. 4.5) in 

the pump laser scan. When the probe laser is scanned, the transition from the 

b3Пu(v'=22,N'=16,J'=15) level is observed before the transition from the 

A1Σu
+(v'=17,J'=15) level to the 23Πg(19,15) state is observed (solid line in Fig. 4.5). 

Thus, their positions in the spectra are switched. These scans demonstrate that both 

scan configurations can be used for our purpose. We chose the configuration in 

which the probe laser is scanned, because it has a slightly better resolution, and this 

configuration is also compatible with our previous experiments. 
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Figure 4.5  Pump laser scan versus probe laser scan. When the pump laser is 

scanned, the pump frequency becomes resonant first with the A1Σu
+(v'=17,J'=15) ─ 

X1Σg
+(v"=3,J"=14) transition frequency and at a higher frequency resonant with the 

b3Πu(v'=22,N'=16,J'=15) ─ X1Σg
+(v"=3,J"=14) transition. When the probe laser is 

scanned, the transition from the b3Пu(v'=22,N'=16,J'=15) level is observed before the 

transition from the A1Σu
+(v'=17,J'=15) level to the 23Πg(19,15) state is observed. 

Thus, singlet ~ triplet peak positions in the spectra are switched 
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For optimizing the signal-to-noise ratio, we compared single channel 

detection with the total side fluorescence detection system. The former involves 

monitoring the fluorescence of a single rovibronic transition from the probe laser 

upper level by using the SPEX 1404 double monochromator as a spectral filter. The 

latter involves using a PMT with a spectral filter at the side window of the heatpipe 

for detection.   

To avoid complexity in the simulations due to the hyperfine structure of the 

upper state, we used a singlet rather than a triplet upper state for the probe transition. 

We will discuss the singlet upper state versus triplet upper state question in the 

following section. We used the singlet upper state (F1Σg
+) to test which detection 

system has a better signal to noise ratio. Since the F1Σg
+ state has been studied more 

thoroughly than the 23Πg state and the term values are exactly known, we did not 

need to spend extra time to search for transition frequencies for this test. The 

resulting scans for the two different detection systems are shown in Figure 4.6. The 

observed spectra for monitoring the total fluorescence involved F1Σg
+(16,16) ─ 

A1Σu
+(v',J') transitions for different v' levels with good Franck- Condon factors, and 

the transition F1Σg
+(16,16) ─ A1Σu

+(8,15) for single channel fluorescence. The 

OODR signals were recorded as a function of the probe laser L2 frequency around 

the resonance frequency of the F1Σg
+(16,16) ─ A1Σu

+(17,15) ~ b3Πu(22,15) 

transition, while the pump laser L1 was held fixed at the resonance frequency of the  
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Figure 4.6 To compare the single channel detection system and the total side 

fluorescence detection system, we repeated the same scan using both detection 

systems. We considered the transition F1Σg
+(16,16) ─ A1Σu

+(v',J') for total 

fluorescence and for F1Σg
+(16,16) ─ A1Σu

+(8,15) single channel fluorescence. The 

OODR signals were recorded as a function of the probe laser L2 frequency around 

the resonance frequency of the F1Σg
+(16,16) ─ A1Σu

+(17,15) ~ b3Πu(22,15) 

transition, while the pump laser L1 was held fixed at the resonance frequency of  the 

A1Σu
+(17,15) ─ X1Σg

+(3,14) transition. 



 95

A1Σu
+(17,15) ─ X1Σg

+(3,14) transition. We did not see a major advantage for either 

the single channel detection method or the side fluorescence method. The side 

fluorescence leads to slightly better total signal strength, and the single channel 

fluorescence gives slightly better resolution and a slightly better signal to noise ratio. 

For all three experiments described in this section (Fig. 4.4, Fig. 4.5 and Fig 4.6), the 

values of the laser power were about 2 and 20 mW for the pump laser (L1) and probe 

laser (L2), respectively. The pump and probe laser powers were kept as low as 

possible to eliminate their effects on the AT splitting but high enough to achieve a 

reasonable signal to noise ratio. The spectral profile was observed at least ten times 

for each condition. 

 

4.3 Experimental details: 
 
 
 

Due to the small energy gap between the singlet and triplet components of the 

spin-orbit perturbed levels, we chose the A1Σu
+(17,15) ~ b3Πu(22,15) as the 

intermediate set of levels for this experiment.  For the upper state we had two 

choices:  a triplet upper state or a singlet upper state.  In Figure 4.7 a triplet state 

23Πg(19,15) is used as the upper level. This figure illustrates the excitation scheme 

for monitoring the 23Πg(19,15) ─ a3Σu
+(v",J") total violet side fluorescence as a 

function of the probe laser L2 detuning around the resonance frequency of the 

23Πg(19,15) ─ A1Σu
+(17,15) ~ b3Πu(22,15) transition, while the pump laser L1, and  
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Figure 4.7  Excitation scheme for monitoring the 23Πg(19,15) ─ a3Σu
+(v",J") total 

violet side fluorescence as a function of the probe laser L2 detuning around 

resonance frequency of the 23Πg(19,15) ─ A1Σu
+(17,15) ~ b3Πu(22,15) transition. 

The pump laser L1 was held fixed at the resonance frequency of the A1Σu
+(17,15) ─ 

X 1Σg
+(3,14) transition, and the coupling laser L3 was held fixed at the resonance 

frequency of the A1Σu
+(17,15) ─ X1Σg

+(24,16) transition. For the side fluorescence 

detection, a cooled PMT was used with QB24 and QB5 UV filters.  
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Figure 4.8 Excitation scheme for monitoring the fluorescence of the F1Σg
+(16,16) ─ 

A1Σu
+(8,15) transition. The OODR signals were recorded as a function of the probe 

laser L2 scan around the resonance frequency of the F1Σg
+(16,16) ─ A1Σu

+(17,15) ~ 

b3Πu(22,15) transition, while the pump laser L1 was held fixed at the resonance 

frequency of the A1Σu
+(17,15) ─ X1Σg

+(3,14) transition and the coupling laser L3 was 

held fixed at the resonance frequency of the A1Σu
+(17,15) ─ X1Σg

+(24,16) transition. 
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the coupling laser L3, are held fixed at the resonance frequencies of  the A1Σu
+(17,15) 

─ X1Σg
+(3,14)  and the  A1Σu

+(17,15) ─ X1Σg
+(24,16) transitions, respectively. In 

Figure 4.8 a singlet state F1Σg
+(16,16) was used as the upper state. The fluorescence 

of the F1Σg
+(16,16) ─ A1Σu

+(8,15) OODR signals was recorded as a function of the 

probe laser L2 scan around the resonance frequency of the F1Σg
+(16,16) ─ 

A1Σu
+(17,15) ~ b3Πu(22,15) transition, while the pump laser L1 was held fixed at the 

resonance frequency of  the A1Σu
+(17,15) ─ X1Σg

+(3,14) transition and the coupling 

laser L3 was held fixed at the resonance frequency of the A1Σu
+(17,15) ─ 

X1Σg
+(24,16) transition. Figure 4.9 shows experimental spectra for these two 

different configurations highlighted above (Fig. 4.7 and Fig. 4.8). The spectral lines 

on the left originate from the triplet level, which has hyperfine structure, and the 

peaks on the right originate from the singlet level. The solid line shows the OODR 

signal when we used the triplet state as the upper level. The dotted line shows the 

OODR signal when we used the singlet state as the upper level. For the singlet upper 

state a very small triplet peak was observed. The weakness of this feature is due to 

the fact that both the lower and upper levels were singlet states and our detection 

channel was also singlet. In this dominant singlet environment, the contribution of 

the b3Πu(22,15) state is directly proportional to its singlet character, which results 

from the singlet-triplet mixing. 
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Figure 4.9 The solid line shows the OODR signal when a triplet upper state was 

used in the probe laser scan. The dotted line shows the OODR signal for a singlet 

upper state. For the singlet upper state, we observed a very small triplet peak. Both 

spectra were recorded using side fluorescence signal detection. For the singlet upper 

state, the singlet peak larger, and for the triplet upper state the triplet peak is larger.  

We believe that the triplet peak observed through the singlet upper level reflects the 

hyperfine structure of the intermediate level. The triplet upper level spectrum is 

dominated by the hyperfine structure of the upper triplet state. 
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This scan gives us a direct indication of the amount of mixing of the intermediate 

levels.   If we use the triplet upper state as the probe laser upper level (solid line in 

Fig. 4.9) with triplet detection channel, the triplet peak is stronger than the singlet 

peak.  In other words, the b3Πu(22,15) ─ 23Πg(19,15) probe transition gives a 

stronger signal than the A1Σu
+(17,15) ─ 23Πg(19,15) probe transition. We know that 

both the 23Πg(19,15) and the b3Πu(22,15) levels have hyperfine structure [14]. Thus, 

a probe laser scan involving a singlet upper state exhibits the pure hyperfine structure 

of the b3Πu state [14]. On the other hand, when the probe laser scan involves a probe 

laser triplet upper level, we observe a combination of hyperfine structures from both 

the upper triplet level as well as the intermediate triplet level. If the upper level and 

the intermediate level have same HFS coupling scheme (bβJ or bβS), it is easy to 

simulate. If not, the spectrum is complicated. Shapes are different in the two spectra, 

indicating the difference of the coupling schemes. Although it was not an issue in the 

experiment, having one triplet state in the configuration may simplify the theoretical 

calculations. However, the signal to-noise-ratio for the probe laser singlet upper level 

experiment may not be high enough for hyperfine analysis of the intermediate state.  

Based on these considerations, we decided to use a triplet upper state for the probe 

laser scans. 
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4.4 Excitation Scheme 

 

Figure 4.10 shows the final excitation scheme after performing a series of 

experiments described in Sections 4.2 and 4.3. This is a 5-level coherently driven 

extended-Λ excitation scheme [40]. We monitored the 23Πg(19,15) ─ a3Σu
+(v",J") 

total violet side fluorescence as a function of the probe laser L2 detuning around the 

resonance frequency of the 23Πg(19,15) ─ A1Σu
+(17,15) ~ b3Πu(22,15) transition,  

while the pump laser L1 was held fixed at the resonance frequency of  the 

A1Σu
+(17,15) ─ X1Σg

+(3,14) transition and the coupling laser L3 was held fixed at the 

resonance frequency of the A1Σu
+(17,15) ─ X1Σg

+(24,16) transition. The values of 

the laser power and other parameters were varied to control the mixing coefficient of 

the A1Σu
+(17,15) ~ b3Πu(22,15) intermediate mixed states in this experiment. The 

pump (L1) and probe (L2) lasers were in a co-propagating configuration, and the 

coupling laser (L3) counter-propagated relative to them [40].  
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Figure 4.10 The 23Πg(19,15) ─ a3Σu
+(v",J") total violet side fluorescence was 

monitored as a function of the probe laser L2 detuning around resonance the 

frequency of the 23Πg(19,15) ─ A1Σu
+(17,15) ~ b3Πu(22,15) transition, while the 

pump laser L1 was held fixed at resonance frequency of the A1Σu
+(17,15) ─ 

X1Σg
+(3,14) transition and the coupling laser L3 was held fixed at resonance 

frequency of A1Σu
+(17,15) ─ X1Σg

+(24,16) transition. 
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4.5  Experimental data 

 

 As described above, after many test scans we found the best conditions to 

experimentally demonstrate the change in mixing coefficients of a singlet-triplet pair 

of rovibronic levels. The energy levels used in this extended Λ excitation scheme are 

labeled in Figure 4.10. The pump laser operating with the R6G dye, L1, moves 

population from the thermally populated ground state level X1Σg
+(3,14) to the 

intermediate levels A1Σu
+(17,15) ~ b3Πu(22,15). The probe laser moves population 

from A1Σu
+(17,15) ~ b3Πu(22,15) to the 23Πg(19,15) level. The resulting optical-

optical double resonance (OODR) signal is recorded by observing the fluorescence 

from the upper 23Πg(19,15) level to the lower triplet a3Σu
+(v",J") states by using 

violet filters with cooled PMT system at a side window of the heatpipe while 

scanning the probe laser around the given resonance frequency.  The pump laser and 

the coupling lasers were held fixed at 16829.671 cm-1 and 11171.088 cm-1, 

respectively.  The probe laser was scanned between 15063.81 cm-1 and 15063.91 cm-

1. The laser power values were 2 and 10 mW for the probe and pump lasers, 

respectively, and the coupling laser power was changed between 0 and 300 mW in 

order to study the coupling laser power dependence of the Autler-Townes splitting. 

Figure 4.11 shows one of the scans recorded under these conditions. The laser power 

values were 2 mW, 13 mW and 150 mW, for the pump, probe and coupling lasers, 

respectively. The buffer gas (Ar)  
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pressure was 200 mTorr. The time constant and the sensitivity of the lock-in 

amplifier were 300 ms and 1 nA, respectively.  The solid line shows spectra recorded 

when the coupling laser (L3) was off, and the dotted line shows spectra, when the 

coupling laser was on. The total intensity of the triplet peak clearly increases when 

we turn on the coupling laser. The singlet peak exhibits AT splitting as explained in 

Chapter 3, and one of the AT split singlet components moves closer to the triplet 

state.  This leads to increased mixing of the singlet-triplet mixed system [54,55]. 

This can be seen in the figure as an increase in the triplet hyperfine intensities. Our 

ground state, X1Σg
+(3,14), is a singlet state. If the A1Σu

+(17,15) ~ b3Πu(22,15) 

singlet-triplet mixing is enhanced, the transition from the singlet ground state, 

X1Σg
+(3,14), to the intermediate triplet state, b3Πu(22,15), also increases. This causes 

an increase in the probe upper level triplet state hyperfine intensities. Figure 4.11 

shows another peak between the singlet and the triplet peaks. This peak originates 

from rapid, collisional energy transfer [43] between the A1Σu
+(17,15) ~ b3Πu(22,15) 

mixed levels. It can only be observed if there is a mixed singlet-triplet pair of levels 

[15].  If there is not, the gateway effect cannot be observed, even when the singlet 

and triplet states are very close.  Since the buffer gas pressure affects the collision 

rate, we wanted to see what happens to this middle peak when the pressure of the 

buffer gas is increased. 
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Figure 4.11  Spectra of the 23Πg(19,15) ─ a3Σu
+(v", J") total violet side fluorescence 

as a function of the probe laser L2 scan over the  resonance frequency of the 

23Πg(19,15) ─ A1Σu
+(17,15) ~ b3Πu(22,15) transition while the pump laser L1 was 

held fixed at the resonance frequency of the  A1Σu
+(17,15) ─ X1Σg

+(3,14) transition 

and the coupling laser L3 was held fixed at the resonance frequency of the 

A1Σu
+(17,15) ─ X1Σg

+(24,16) transition. The dotted line shows the spectrum with the 

coupling laser on, and the solid line shows the spectrum when the coupling laser was 

off. 
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Figure 4.12 shows a buffer gas pressure dependent scan for fixed values of the other 

parameters. The solid line shows a scan with 200 mTorr buffer gas pressure, the 

dotted line shows a scan with 1 Torr buffer gas pressure, and the dashed line shows a 

scan with 2 Torr buffer gas pressure. These three scans were recorded on different 

days, since changing the pressure required cooling down the heatpipe oven and 

reheating it at the new pressure. From Figure 4.12 it is evident that when we increase 

the buffer gas pressure, the collisional cross over peak in the middle gets bigger 

relative to the singlet and triplet peaks, and the singlet peak becomes bigger relative 

to the triplet peak. To see this effect clearly, we made the triplet peaks equal to each 

other in the figure.  In this configuration the upper state is a triplet state, and we 

observe fluorescence from the upper triplet state to the lower triplet states 

(23Πg(19,15) ─ a3Σu
+(v",J")). This means that our detection channel is triplet and can 

only detect triplet signals. Increasing the buffer gas pressure increases collisional 

transfer between the singlet and triplet peaks. This explains why we find a larger 

singlet peak when we increase buffer gas pressure. In these scans there actually is no 

pure singlet signal. The entire signal comes from the triplet peak or triplet character 

of the singlet peak. In other words, what we see as a singlet peak is the triplet 

character of the singlet peak. 

 Figure 4.13 shows scans with different values of the coupling laser power. 

These scans were recorded under the same experimental conditions as previously 

except for the coupling field laser power.  The pump laser and probe laser power 
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Figure 4.12  The effect of the buffer gas pressure on the intensities of the singlet-

triplet pair components.  
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 values were 11 mW and 1 mW, respectively. The laser power was measured in front 

of the heatpipe window. The buffer gas pressure was 200 mT. The high voltage of 

the cooled PMT was 750 V. The lock-in amplifier settings for the sensitivity and the 

time constant were 2 nA and 300 ms, respectively.  When the coupling field power 

was increased, the AT splitting of the singlet component became larger, as expected 

[54, 55]. The triplet peak intensities also became larger, and the collisonal gateway 

peak became slightly larger.  Thus, a larger coupling field intensity leads to a larger 

E field amplitude and larger Rabi frequency, which in itself is the energy separation 

of the AT splitting peaks (Chapter 3). The singlet component moves closer to the 

triplet component of the mixed pair of levels, leading to an increase in the mixing of 

the singlet and triplet state.  This means that the triplet state gains more singlet 

character, leading to a stronger transition from the ground singlet state to the mixed 

pair of levels.  This, in turn, can be observed as an increase in the triplet peak 

intensity.  There is a slight shift of one of the singlet AT splitting components 

towards the triplet peak with increasing coupling laser power.  

Since this configuration (Fig. 4.10) was relatively simple and the separation 

between the singlet-and triplet component rovibronic levels was small [26, 27], we 

used it with the extended lambda excitation scheme [40] to test the new idea of 

controlling singlet-triplet properties of the mixed state. Despite the experimental 

simplicity, the theoretical simulations are relatively difficult. The OODR signal 

comes from two different triplet states, which have hyperfine structure. 
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Figure 4.13  Probe laser OODR scans with different coupling laser powers. The 

scans were taken under the same experimental conditions except for the coupling 

laser power, which was varied. The solid line shows the OODR scan when the 

coupling laser was off, the dotted line shows the OODR scan when the coupling laser 

power was 123 mW, and dashed line shows the OODR scan when the coupling laser 

power was 140 mW.  
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This makes it very difficult and time consuming in terms of simulations. In addition, 

having the singlet and triplet rovibronic levels under the Doppler profile of the pump 

transition adds other difficulties to simulations.  Figure 4.14 shows the singlet~triplet 

components of the mixed intermediate state under the Doppler profile. Since the 

triplet state is so close to the singlet state, other velocity groups are excited 

simultaneously. Because of these difficulties, simulations are difficult but not 

impossible. Details of the simulations can be found in reference 56. 

 

 

4.6 Conclusion   

 

In this work, we have demonstrated experimentally for the first time that the 

frequency domain quantum control scheme developed by T.Kirova and F. C. Spano 

[53, 54] can be used to control the mixing coefficients of a weakly perturbed pair of 

singlet and triplet rovibrational levels. The coupling field, when tuned to resonance 

with the singlet component, causes it to AT split, leading to enhanced mixing of the 

pair of levels, as predicted by theory. We believe that this experiment is the first step 

in quantum state character control, leading to many other possible future experiments 

on the control of electron spin polarization of a pair of singlet and triplet rovibronic 

levels.   
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Figure 4.14  Effect of the Doppler broadening on the experiment. Both singlet and 

triplet states are excited simultaneously, but with different velocity components. 

Doppler profile of the pump laser (dots) observed while pump laser was scanned 

around the resonance frequency of the A1Σu
+(17,15) ~ b3Πu(22,15) ─ X1Σg

+(3,14) 

transition. OODR signal (solid line) observed while the pump laser scanned around 

the resonance frequency of the A1Σu
+(17,15) ~ b3Πu(22,15) ─ X1Σg

+(3,14) transition, 

and the probe laser was at resonance of the 23Πg(19,15) ─ A1Σu
+(17,15) transition.  
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APPENDIX A 

 
 

THE OVERLAP INTEGRALS ∫ Ψ ′′Ψ′
R

drrr
0

)()(  BETWEEN SELECTED  

RO-VIBROTIONAL LEVELS 
 
 
 
 
 

Figure A.1 shows the comparison between the experimental data along with 

R-centroid value (circular dots with error bars) and ab initio calculations. In this 

figure some of the R-centroid data points are deviated from theoretical calculations 

because R-centroid approximation may not be good for these data points. R-centroid 

approximation works better for heavier molecules (more classical), in addition to that 

R-centroid approximation requires only one classical transition point. Some of the 

transitions in our data set have more than one classical transition points. Figure A.2 

shows classical transition points for selected transitions. Dotted line shows Mulliken 

difference potential (R. S. Mulliken, J. Chem. Phys., 55, 309 1971) 

 

UM(R) = U"(R) + EV' - U'(R), 

 

where U'(R) and U"(R) are the potential energy functions for excited and ground 

states respectively, and EV' is the excited state vibrational energy. Classical transition 
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point R* is the point where Mulliken difference potential UM(R) crosses the ground 

state vibrotional energy EV".  

Figures A.3 - A.22 show Overlap integral  ∫ Ψ ′′Ψ′
R

drrr
0

)()(  calculations for 

all transitions listed in the Table 3.2. The RKR potential curves (Table A.1, A.2) 

from B. Barakat et al. (Chem.Phy., 102, 215 1986), and K. Urbanski et al. (J. Chem. 

Phys., 104, 2813 1996) are used for the A1Σu
+(v', J'), and X1Σg

+(v", J") states, 

respectively. For these calculations the LEVEL 8.0 computer program was used to 

solve the radial Schrödinger equation (R. J. Le Roy, Chem. Phys. Research Report 

No. CP-663, University of Waterloo, 2007).  
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Figure A.1 Comparison between the Experimental data (circular dots with error 

bars) and ab initio calculation (dashed line) provided by S. Magnier and ab initio 

calculation (dotted line) provided by S. Kotochigova.  The results from the fit with 

polynomial expansion are given as solid line.  
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Figure A.2 Classical transition points R* where the kinetic energy does not change 

during the transition. Dotted line shows Mulliken difference potential UM(R). a) 

Calculations for excited state A1Σu
+(17,10) and ground state X1Σg

+(17,11). There is 

only one classical transition point R*. b) Calculations for excited state A1Σu
+(21,10) 

and ground state X1Σg
+(28,11). There are two classical turning points R<

* and R>
*. 
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Figure A.3 Plot of the excited state A1Σu
+(17,10) and ground state X1Σg

+(17,11) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(17,10) and X1Σg

+(17,11) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.4 Plot of the excited state A1Σu
+(17,10) and ground state X1Σg

+(19,11) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(17,10) and X1Σg

+(19,11) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.5 Plot of the excited state A1Σu
+(17,10) and ground state X1Σg

+(21,9) wave 

functions ψ' and ψ" as function of internuclear distance R and the overlap integral 

∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(17,10) and X1Σg

+(21,9) ro-vibrational levels. Dotted 

vertical line shows R-centroid value. 
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Figure A.6 Plot of the excited state A1Σu
+(17,10) and ground state X1Σg

+(22,9) wave 

functions ψ' and ψ" as function of internuclear distance R and the overlap integral 

∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(17,10) and X1Σg

+(22,9) ro-vibrational levels. Dotted 

vertical line shows R-centroid value. 
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Figure A.7 Plot of the excited state A1Σu
+(17,10) and ground state X1Σg

+(24,9) wave 

functions ψ' and ψ" as function of internuclear distance R and the overlap integral 

∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(17,10) and X1Σg

+(24,9) ro-vibrational levels. Dotted 

vertical line shows R-centroid value. 
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Figure A.8 Plot of the excited state A1Σu
+(18,10) and ground state X1Σg

+(18,9) wave 

functions ψ' and ψ" as function of internuclear distance R and the overlap integral 

∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(18,10) and X1Σg

+(18,9) ro-vibrational levels. Dotted 

vertical line shows R-centroid value. 
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Figure A.9 Plot of the excited state A1Σu
+(18,10) and ground state X1Σg

+(20,9) wave 

functions ψ' and ψ" as function of internuclear distance R and the overlap integral 

∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(18,10) and X1Σg

+(20,9) ro-vibrational levels. Dotted 

vertical line shows R-centroid value. 
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Figure A.10 Plot of the excited state A1Σu
+(18,10) and ground state X1Σg

+(23,9) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(18,10) and X1Σg

+(23,9) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.11 Plot of the excited state A1Σu
+(18,10) and ground state X1Σg

+(25,11) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(18,10) and X1Σg

+(25,11) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.12 Plot of the excited state A1Σu
+(19,10) and ground state X1Σg

+(26,9) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(19,10) and X1Σg

+(26,9) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.13 Plot of the excited state A1Σu
+(19,10) and ground state X1Σg

+(26,11) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(19,10) and X1Σg

+(26,11) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.14 Plot of the excited state A1Σu
+(21,10) and ground state X1Σg

+(25,9) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(21,10) and X1Σg

+(25,9) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.15 Plot of the excited state A1Σu
+(21,10) and ground state X1Σg

+(25,11) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(21,10) and X1Σg

+(25,11) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 



 143

2 3 4 5 6

 

 

 
R (Å)

A1Σ+
u(21, 10)

X1Σ+
g(27, 9)

∫R0ψ'(r)ψ"(r)dr

  

 

Figure A.16 Plot of the excited state A1Σu
+(21,10) and ground state X1Σg

+(27,9) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(21,10) and X1Σg

+(27,9) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.17 Plot of the excited state A1Σu
+(21,10) and ground state X1Σg

+(27,11) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(21,10) and X1Σg

+(27,11) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.18 Plot of the excited state A1Σu
+(21,10) and ground state X1Σg

+(28,9) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(21,10) and X1Σg

+(28,9) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.19 Plot of the excited state A1Σu
+(21,10) and ground state X1Σg

+(28,11) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(21,10) and X1Σg

+(28,11) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.20 Plot of the excited state A1Σu
+(22,10) and ground state X1Σg

+(26,9) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(22,10) and X1Σg

+(26,9) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.21 Plot of the excited state A1Σu
+(22,10) and ground state X1Σg

+(26,11) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(22,10) and X1Σg

+(26,11) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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Figure A.22 Plot of the excited state A1Σu
+(22,10) and ground state X1Σg

+(28,11) 

wave functions ψ' and ψ" as function of internuclear distance R and the overlap 

integral ∫ ΨΨ
R

0

(r)dr"(r)' for the A1Σu
+(22,10) and X1Σg

+(28,11) ro-vibrational levels. 

Dotted vertical line shows R-centroid value. 
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E(v) (cm-1) Rinner (Å) Router (Å)  E (cm-1) Rinner (Å) Router (Å) 
0 3.109 112 3.109 112  6 504.561 5 2.127 328 5.882 603 

127.298 9 2.926 116 3.315 095  6 657.503 0 2.119 007 5.968 111 
379.584 7 2.805 351 3.482 527  6 806.592 2 2.111 041 6.055 894 
628.762 8 2.728 274 3.607 051  6 951.734 3 2.103 425 6.146 228 
874.827 6 2.669 082 3.714 332  7 092.828 0 2.096 156 6.239 420 

1 117.787 8 2.620 280 3.811 766  7 229.765 1 2.089 229 6.335 816 
1 357.657 5 2.578 442 3.902 714  7 362.431 6 2.082 639 6.435 801 
1 594.451 0 2.541 663 3.989 043  7 490.708 8 2.076 384 6.539 804 
1 828.180 5 2.508 758 4.071 925  7 614.474 4 2.070 396 6.648 302 
2 058.855 3 2.478 934 4.152 156  7 733.605 4 2.064 686 6.761 648 
2 286.482 0 2.451 632 4.230 311  7 847.980 2 2.059 271 6.880 674 
2 511.064 7 2.426 442 4.306 828  7 957.482 8 2.054 162 7.005 939 
2 732.605 6 2.403 057 4.382 048  8 062.005 8 2.049 338 7.138 148 
2 951.105 2 2.381 237 4.456 251  8 161.455 8 2.044 795 7.278 072 
3 166.562 0 2.360 793 4.529 666  8 255.757 6 2.040 530 7.426 539 
3 378.973 0 2.341 573 4.602 491  8 344.859 1 2.036 536 7.584 434 
3 588.332 6 2.323 452 4.674 896  8 428.736 4 2.032 808 7.752 688 
3 794.632 9 2.306 325 4.747 035  8 507.398 0 2.029 339 7.932 271 
3 997.862 7 2.290 101 4.819 045  8 580.888 2 2.026 122 8.124 167 
4 198.007 2 2.274 705 4.891 054  8 649.290 2 2.023 148 8.329 362 
4 395.047 9 2.260 067 4.963 186  8 712.726 8 2.020 406 8.548 807 
4 588.961 7 2.246 129 5.035 555  8 771.360 0 2.017 887 8.783 390 
4 779.721 4 2.232 836 5.108 279  8 825.388 3 2.015 578 9.033 901 
4 967.295 0 2.220 143 5.181 472  8 875.042 1 2.013 465 9.301 008 
5 151.646 2 2.208 005 5.255 252  8 920.576 5 2.011 537 9.585 256 
5 332.734 0 2.196 386 5.329 738  8 962.262 6 2.009 778 9.887 083 
5 510.512 7 2.185 253 5.405 056  9 000.376 8 2.008 176 10.206 920
5 684.932 6 2.174 577 5.481 339  9 035.189 8 2.006 717 10.545 320
5 855.938 7 2.164 333 5.558 728  9 066.956 2 2.005 391 10.903 169
6 023.471 8 2.154 502 5.637 375  9 095.906 3 2.004 185 11.281 876
6 187.467 4 2.145 067 5.717 446  9 122.243 9 2.003 090 11.683 457
6 347.855 8 2.136 012 5.799 122  9 146.152 0 2.002 099 12.110 208

 
 
Table A.1  The RKR potential curve for the A1Σu

+ state of  7Li2 from B. Barakat et 
al. (Chem.Phy., 102, 215 1986). 
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E(v) (cm-1) Rinner (Å) Route (Å) 
175.032 2.517207 2.848951 
521.2611 2.413867 2.992096 
862.2642 2.34158 3.098852 
1197.997 2.296439 3.191166 
1528.413 2.254114 3.215416 
1853.457 2.217124 3.354534 
2173.072 2.185675 3.430172 
2487.191 2.156911 3.503385 
2795.742 2.130967 3.574908 
3090.641 2.107177 3.64529 
3395.798 2.085263 3.714965 
3687.109 2.064963 3.784295 
3912.462 2.046073 3.853594 
4251.731 2.028431 3.923163 
4524.776 2.011906 3.993263 
4191.421 1.996354 4.06416 
5051.534 1.98171 4.135091 
5304.932 1.967947 4.209387 
5551.399 1.954984 4.2844 
5190.106 1.942111 4.36137 
6022.658 1.931173 4.440679 
6246.948 1.920282 4.522846 
6463.314 1.910173 4.608426 
6671.398 1.900497 4.697788 
6870.893 1.891368 4.791595 
7061.42 1.882864 4.49086 
1242.556 1.874904 4.996566 
7413.843 1.867431 5.109851 
7574.874 1.860716 5.232506 
1724.917 1.854376 5.366746 
7863.708 1.848639 5.514781 
7990:416 1.843462 5.580896 
8104.473 1.838851 5.870023 
8205.232 1.834867 6.089904 
8292.029 1.831708 6.352341 
8364.307 1.828918 6.615221 
8421.613 1.826127 7.090991 
8463.965 1.825118 7.657218 
8492.044 1.824057 8.495553 
8507.842 1.823462 9.863785 

 
   Figure A.2  The RKR potential curve for the X1Σg

+ state of 7Li2 K from Urbanski 
et al. (J. Chem. Phys., 104, 2813 1996). 




