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ABSTRACT

QUANTUM STATE SINGLET-TRIPLET CHARACTER
CONTROL IN 7Li2
by Sonja Ingram
Doctor of Philosophy
Temple University, 2010
Thesis Advisor: Dr. A. Marjatta Lyyra

We have demonstrated a means of quantum control by all-optical control of
valence electron spin polarization in the lithium dimer. The energy levels of interest are
-

two closely spaced rovibrational levels (the G1Πg (12, 21f) and13Σg (1, 21f) states
separated by 720MHz). In the absence of any optical fields, the spin-orbit interaction
couples the two states, resulting in each state being a mixture of the pure singlet and pure
triplet states. The initial mixing coefficients are governed by the strength of the spin-orbit
coupling between the two levels. In lithium dimer, this mixing is very weak; the nominal
singlet (triplet) state is initially 87% singlet (triplet) and 13% triplet (singlet). When a
iii

strong coupling field is applied to the nominally singlet state, an Autler-Townes (AT)
split pair is created. Since one of the AT components is pushed closer in energy to the
nearby triplet state, the triplet state gains more singlet character. Since the AT splitting is
dependent upon the magnitude of the applied coupling field Rabi frequency, the mixing
coefficients of the perturbed pair can therefore be coherently controlled. Such control
may be useful for applications in cold molecule formation and control of predissociation
rates, and may also provide insight into the role that valence electron spin polarization
plays in reactive collisions.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Quantum Control
The interaction of light with matter is one of the most fundamental and interesting
phenomena occurring in nature. The advent of lasers as coherent sources of light and
improved technology increasing the laser’s versatility has recently sparked great interest
in using light as a means of quantum control over atoms or molecules.

An overview of

the field of molecular quantum control can be found in Ref. [1]. Applications of
coherence effects have led to the discovery of various phenomena including coherent
population trapping (CPT) [2-7], molecular angular momentum alignment [8],
electromagnetically induced transparency (EIT) [9-12], using the Autler-Townes effect to
determine the electronic transition dipole moment matrix element [13] and to map its
internuclear distance dependence [14-17], lasing without inversion (LWI) [18-20],
enhanced index of refraction [21, 22], slow light [23-25], reconstruction of an entangled
state [26], and atom localization [27, 28]. In recent work the constraints imposed by
Doppler broadening on the observation of these quantum interference effects in open
systems has been elucidated by E. H Ahmed et al. [29].
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Using three optical fields, we have demonstrated that the Autler-Townes effect
can be employed to modify the mixing coefficients, and thus the amount of singlet or
triplet character, of a pair of rovibrational states perturbed by the spin-orbit interaction.
An important aspect of this control mechanism is the ability to control valence electron
spin polarization. The mixing between the perturbed levels is dependent upon the
coupling field Rabi frequency, Ω R =

µ E
h

, where E is the electric field amplitude and

µ is the transition dipole moment. Since E =

4 Ptot
(where Ptot is the total power,
πε 0 cw 2

and w is the laser beam spot size), the control is accomplished by varying the power of a
strong coupling field, which optically connects the singlet state of the mixed pair with a
second level in the intermediate state not used in the excitation scheme. Similar work, in
which the mixing between triplet and singlet states is increased using magnetic fields, has
been done in the field of anti-crossing spectroscopy [30].
The theoretical groundwork for quantum control in the frequency domain under
steady state conditions was laid by Kirova and Spano [31, 32]. Beginning with two
dressed states, a and b, a target state of a desirable mixture of states a and b may be
created in accordance to a control equation. This control equation was found to involve
mainly the detuning and Rabi frequency of the coupling field.
Initial results for the experimental confirmation for such quantum control of a pair
of singlet-triplet mixed levels in the lithium dimer were obtained by Salihoglu [33]. The
experiment involved three cw lasers applied to a five-level lambda system in which the
2

closely spaced spin-orbit perturbed levels were the intermediate levels in the scheme.
The molecules were initially excited from the ground state into the intermediate singlettriplet mixed state by a weak pump laser, and then further excited to an upper triplet state.
The fluorescence collected from this upper triplet state indicated how much population
had been transferred from the singlet ground state into each of the singlet and triplet
intermediate levels. The coupling field was then applied between the mostly singlet level
of the perturbed pair and a second ground state rovibrational level not involved in the
main excitation. This caused the singlet level of the perturbed pair to Autler-Townes
split, which increased the mixing between the singlet and triplet perturbed levels. The
results of this experiment indicated that the application of the coupling field to the
intermediate nominally singlet level of the perturbed pair decreased the amount of singlet
character of the nominally singlet level of the perturbed pair and increased the singlet
character of the nominally triplet level, as predicted by theory. The effect of the coupling
field on the mixing was tested for two coupling field powers. The amount of mixing was
found to depend upon the strength of the coupling field applied to the system. A greater
coupling field strength led to greater mixing between the levels of the perturbed pair.
The experiment presented in this thesis is similar in nature to the work of
Salihoglu [33] in that coherent singlet-triplet state character control is achieved.
Molecular lithium was chosen to study because of the weakness of the spin-orbit
interaction, allowing the change in the mixing between the perturbed levels induced by an
applied coupling laser to be easily detectable. The excitation scheme involved a pump
laser which excited molecules from the ground state into the intermediate state in the
3

transition A1Σu+ (11, 21) ←X1Σg+(2, 22), having a transition energy of 15,810.158 cm-1.
The probe laser further moved the population from the intermediate state into the mixed
levels G1Πg (12, 21f) ~13Σg- (1,21f) in the transitions 13Σg- (1,21f) ←A1Σu+ (11, 21) and
G1Πg (12, 21f) ←A1Σu+ (11, 21), the respective transition energies being 17,666.136 cm-1
and 17,666.162 cm-1. The coupling field was then applied to the system at a fixed
frequency of 17,026.872 cm-1, corresponding to the G1Πg (12, 21f) ← A1Σu+ (14, 21)
transition. This energy level scheme was chosen because the perturbed pair is very close
in energy (0.026cm-1 = 780MHz) and comparable to that in the previous work (680MHz)
[33]. The perturbed pair of levels were characterized spectroscopically in Ref [34]. The
work presented in this thesis is different from the work of Salihoglu in two significant
ways: (1) The coupling field power was varied over seven different values in the range
of 0 - 750mW, allowing for the identification of a solid trend in the data. Since the
greatest coupling field power of the previous experiment was modest (~150mW),
obtaining such high coupling field powers in this experiment allowed us to observe a
substantial change in the mixing. (2) A different energy level scheme is studied in which
the perturbed singlet-triplet energy levels compose the uppermost excited state. Not
having the mixed levels in the intermediate region allowed for only one velocity group to
be excited from the ground state into the intermediate state (and subsequently the upper
state), thus removing any Doppler broadening effects which might complicate the results.
The mixed pair chosen for this work is cleaner than previous work because the triplet
state of the perturbed pair displays no hyperfine structure [35, 36]. Since this absence of
hyperfine structure and Doppler broadening effects make computer simulation much
4

more simplified, the prospects for a more thorough comparison of experiment with theory
are good.
Chapter 2 serves as an introduction to the concepts and terms of molecular
spectroscopy that are relevant to this work. The basic molecular Hamiltonian is
presented and the Schrodinger equation is solved while invoking the Born-Oppenheimer
approximation. The labeling of electronic states, calculation of energy of electronic
states, Stark Effect, Rabi frequency, and coupling cases of angular momentum are
described. Electronic selection rules are derived and/or listed. Singlet and triplet states
of lithium are also discussed along with the spectroscopic technique of perturbationfacilitated optical-optical double resonance.
Chapter 3 describes the physics and theory underlying the experimental work of
this thesis. At the heart of this experiment is the Autler-Townes (AT) effect, which was
discovered by Autler and Townes in 1955 [37]. The original experiment involved two
electromagnetic fields, one in the microwave region and one in the radio frequency range.
Since its initial discovery, the AT effect has been employed in a wide range of
experiments and applications [8, 13-17, 29, 38-44]. The present work involves the AT
effect in the optical regime, which was modeled using a dressed state approach by
Cohen-Tannoudji [45-47]. The nature of the spin-orbit interaction is discussed, as well as
the effects the perturbation has on the energy levels of states involved, and how to
calculate the mixing coefficients. The theoretical groundwork laid by Kirova and Spano
for this particular application of the AT effect is discussed in more detail [32]. Kirova’s
work included the potential application of a coupling field to a molecular system as a
5

means of quantum control. This theory of quantum control describes the manipulation
of the mixing coefficients of a pair of levels initially perturbed by the spin-orbit
interaction.
Chapter 4 presents the density matrix formalism used to simulate the experimental
data acquired in the present work. The interaction Hamiltonian is derived, as well as the
specific terms necessary for our simulation, leading to the density matrix equations of
motion. Relaxation terms such as spontaneous emission, collisions, etc…that must be
included to model the data are discussed, as well as the dependence of the Rabi frequency
on magnetic quantum number.
Chapter 5 describes the experimental apparatus and conditions under which the
experiment was performed. The energy level scheme is an extended lambda system
which involves five energy levels and three continuous-wave monochromatic dye lasers.
The highest energy levels in the scheme are separated by only 780MHz and are initially
mixed by the spin-orbit interaction. The coupling field which is resonant with the upper
mostly singlet mixed level and a separate intermediate state is applied to the system,
producing an Autler-Townes split pair from the perturbed singlet level (see Figure 1.1).
As one member of the AT pair of the mixed singlet level is pushed closer to the mixed
triplet state, the mixing coefficients of the singlet and triplet mixed states are altered. The
fact the triplet state gains more singlet character and the singlet state gains more triplet
character is confirmed by the asymmetry of the AT peaks. This asymmetry occurs in
both singlet and triplet detection channels even when the coupling field is exactly
resonant. The coupling field power is applied to the system at various powers (i.e. at
6

AT+

G1Πg(12,21f)

AT-

13Σg- (1,21f)
L2

L3
A1Σu+(14,21)

A1Σu+ (11, 21)

L1
X1Σg+(2,22)

Figure 1.1 Energy Level Scheme for the S-T mixing experiment. The upper singlet
G1 Π g (12,21f) and triplet 13Σg- (1,21f) mixed states are separated by 780MHz. The
energy separation of this mixed pair is exaggerated in the diagram for clarity.

various Rabi frequencies) and the mixing coefficients at each power level are calculated.
From this trend, the extent to which the amount of singlet vs. triplet character of each
mixed level is altered by the coupling field is determined.
1.2 Applications of Quantum Control
Specific applications for the quantum control of the mixing coefficients of a
singlet-triplet mixed pair include enhancing the rate of population transfer to otherwise
“dark” states by either increasing the mixing between existing perturbed pairs or creating
mixed levels out of previously unmixed levels. Another application of quantum control
proposed by Prof. Lyyra's group at Temple University is frequency domain control of
7

predissociation rates by mixing states of bound character to predissociating states using
the Autler-Townes effect. Controlling electron spin polarization could provide a
window into photochemical reactions. Research along these lines continues in Prof.
Lyyra's group with funding from the National Science Foundation. For example, one
might be able to test the effect that spin plays in entrance-channel controlled excited
state reactions. Enhancing the mixing between two perturbed states also has great
potential for applications in cold molecule formation [48-51]. Funds for research on a
proposed scheme by Prof. Lyyra's group using frequency domain quadruple resonance
spectroscopy have been allocated by the NSF [52].
A method for controlling photochemical reactions by means of the non resonant
dynamic Stark effect has been presented which uses pulsed infrared lasers [53]. Sussman
et. al. have shown that reaction channel probabilities of IBr dissociation may be
controlled using nonresonant coupling fields which alter potential energy barriers. The
applied field was shown to alter the potential of interest without causing any secondary
reactions (such as ionization). This is due to the fact that the infrared laser frequencies
are larger than vibrational or rotational frequencies and smaller than electronic transition
frequencies. In such a case, the AC stark effect is dependent upon the pulse envelope
intensity and not the laser frequency. Since the control effect is not dependent upon a
resonance condition and is applicable to any polarizable molecule, their method has
potential for a wide range of applications.
Cold molecules have received much recent interest due to the unique behavior of
Bose-Einstein condensates and their potential use in quantum computing applications.
8

DeMille presented a method in which electric dipole moments of ultracold molecules
could be used as qubits in quantum computation [54]. Ultracold atomic gases have been
studied and utilized as model quantum systems but their usefulness is limited because
their structure is relatively simple, since they are spatially isotropic and can be well
approximated by contact interactions. Ultracold molecules, being more complex, could
prove to be a much richer source for the study of many-body quantum systems.
Specifically, the dipole-dipole interaction in molecules is stronger than in atoms, longranged, and spatially anisotropic. The large polarizability of molecules also means that
they are easily affected by electric fields.
A recent theoretical paper [50] describes how low-intensity laser pulses can be
used to efficiently transfer pairs of atoms in an atomic gas to the v=0, J=0 rovibrational
level of a molecular ground state. The process involves Stimulated Raman Adiabatic
Passage (STIRAP) in the region of a Feshbach resonance of the colliding pair of atoms.
Other recent work on ultracold polar molecules [51], which utilizes the method of
perturbation-faciliatated optical-optical double resonance (PFOODR, see sec. 2.11), has
been performed with the goal to better explore many-body physics phenomena. This
method has been found to be the most efficient way to produce cold molecules, with a
reported efficiency of 83%. In order for the dipole-dipole interaction effects to be
detectable, the interaction energy must be comparable to the thermal energy. The best
conditions for the greatest magnitude of the dipole-dipole interaction are low temperature
and high molecular density. To achieve gases colder than milliKelvin, ultracold
molecular gases are formed using a two-step process involving a Feshbach resonance and
9

a singlet-triplet mixed state. The first step utilizes the magnetic Feshbach resonance,
which occurs when the bound state energy of a molecule is equal to the kinetic energy of
the two colliding atoms that create the molecule. At very low scattering energies, a
magnetic field tuned to the Feshbach resonance drastically increases the effective cross
section of the atoms and creates molecules in the a3Σu state. To then transfer the
molecular population into the lowest vibrational level of the ground singlet state of
40

K87Rb, a mixed state must be used as a level in perturbation-faciliatated optical-optical

double resonance. If a coupling field could be applied to the system, which increased the
mixing between the singlet-triplet mixed state involved in the creation of the ultracold
moecules, the density of the ultracold molecular gas could be increased, thereby
increasing the strength of the dipole-dipole interaction and improving the ability of the
gas to be used as a model for many-body systems.
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CHAPTER 2
INTRODUCTION TO DIATOMIC MOLECULES

2.1 Introduction
Since the lithium dimer has a relatively simple electronic structure (only three
electrons per atom) and possesses many electronic transitions within the visible range, the
molecule has been the object of much theoretical and experimental study. This wide
study of Li2 provided us with the accurate potential curves [1-17] and transition dipole
moments required for the experiment and simulations. Lithium was specifically chosen
for this work since the spin orbit interaction in Li2 is very weak, allowing changes in the
mixing effect easier to detect. Several singlet-triplet mixed pairs in Li2 that are perturbed
due to the spin-orbit interaction have also been identified in the molecule [18, 19],
allowing us to choose a pair that would provide for a conclusive experiment with the least
complicated simulations.
To understand the nature of this work, an understanding of diatomic molecular
structure is necessary. The following discussion is applicable to homonuclear molecules.
For a more complete description of molecular structure, the reader is directed to sources
such as Ref [20].
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2.2 The Born-Oppenheimer Approximation
The only complete quantum mechanical solution to the full Schrödinger equation
can be found for the hydrogen atom. To quantum mechanically describe even a simple
molecule such as the lithium dimer, approximations must be made. We first consider that
a molecule consists of nuclei surrounded by orbiting electrons and recall the timeindependent Schrödinger equation
HΨ = E Ψ .

(2.1)

H is the Hamiltonian operator, Ψ is the wavefunction of the system, and E is the total

energy of the system. To help solve the Schrodinger equation for a complicated system,
we can break the Hamiltonian into two terms,
( H 0 + H ′)Ψ = EΨ

(2.2)

where H 0 corresponds to the electronic Hamiltonian operator for the time-independent
non-relativistic Schrödinger equation, in which only the Coulomb interactions have been
incorporated, and H ′ includes all weaker terms, which for our purposes are presently
neglected. We must then solve the time-independent Schrodinger equation of the form

H 0 Ψ = EΨ .

(2.3)

We define H 0 as the sum of three separate terms
r
r
r r
H 0 = TN ( R, θ , φ ) + Te (r ) + V (r , R )

(2.4)

where TN is the nuclear kinetic energy operator, Te is the electronic kinetic energy
operator, and V is the total Coulomb potential energy of the system. The coordinates are

r r
defined graphically in Figure 2.1. The distance between the two nuclei is R , ri is the
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B
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y

r φ
RA
x
A

Figure 2.1 Diatomic molecule coordinate system with respect to the center of mass. The
r
r
internuclear distance between nuclei A and nuclei B is | R A − R B |= R . Each electron “i”

r
has a position vector ri . The angles θ and φ indicate the orientation of the internuclear
axis.

position vector of electron “i” from the center of mass, θ is the angle of the internuclear
axis from the z axis, φ is the angle the internuclear axis makes with the x axis.
The nuclear kinetic energy operator, defined as

TN = −

h2 2 r
∇ R
2µ

contains the reduced mass µ =

(2.5)
M AM B
, where M k is the mass of nucleus “k”. The
MA + MB

electronic kinetic energy operator
17

N

Te = ∑ −
i =1

h2 r 2
∇r
2 me i

(2.6)

is summed over all N electrons in the system, each having a mass of me . The potential
energy term contains expressions for the attractive electron-nucleus interactions, as well
as the repulsive electron-electron and nucleus-nucleus interactions. This potential term is
expressed as

r r
V (r , R) =

N
N
Z e2
Z Z e2
1  N Z A e 2
e2
− ∑ r r − ∑ r B r + ∑ r r + r A Br
4πε 0  i =1 | ri − R A | i =1 | ri − RB | i > j | ri − r j | | R A − RB


.
| 

(2.7)

The complication resulting from the electron-nuclei interactions requires an
approximation to be made in order to proceed in solving the Schrödinger equation. Since
the mass of the electrons is much smaller than the mass of the nuclei, the electrons travel
much faster than the nuclei. By considering the nuclei as stationary compared to the
electrons, we can separate the complete wavefunction into an electronic and a nuclear
part. This approximation was introduced by Born and Oppenheimer [21]. Considering
the motion of the electrons results in a Hamiltonian expressed as
r r
r r
r r
[Te + Ve (r , R )]ϕ el (r , R ) = E el ( R )ϕ el (r , R ) .

(2.8)

Fully writing each electronic Hamiltonian term, the above is written as
N
h2
1
2
∇ rr +
∑ −
2m e
4πε 0
 i =1

2
2
N
N
 N Z Ae 2
 − ∑ r r − ∑ rZ B er + ∑ r e r
 i =1 | r − R | i =1 | r − R | i > j | r − r
i
j
i
A
i
B


r
r

ϕ el (rr, R) = Eel ( R)ϕ el (rr, R) (2.9)

| 

Note that the energies of the electronic Hamiltonian Eel (R) , are functions of the
magnitude of R , which remains fixed for each solution. If there are K electronic states,
satisfying the equation
18

r r
r r
r r
[Te + Ve (r , R)]ϕ el ,k (r ; R) = E el ,k ( R)ϕ el ,k (r ; R)

(2.10)

then the values Eel ,k ( R ) will map out an energy surface, and the exact wave function for
the molecule can be written as a summation of the electronic wavefunctions
K
r r
Ψ0 = ∑ χ N ( R)ϕ el , k (r ; R) .

(2.11)

k =1

r r
r
Since the wavefunctions ϕ el , k (r ; R) form a complete set of functions in r , any function
can be expanded in terms of them. The coefficients χ N (R) are the nuclear wave
functions, which are found by solving the Schrödinger equation for nuclear motion in

r r
each electronic state, ϕ el , k (r ; R) . Assuming that TN does not affect the electronic wave
function, the nuclear Hamiltonian to be solved for each electronic state k is

[T

N

r
+ E el ,k ( R) χ N , k ( R) = E0 χ N ,k ( R)

]

k = 1,…,K

(2.12)

where E0 is the total molecular energy. Note that the electronic energy serves as a
potential energy term in the nuclear Hamiltonian. Specifically, the set of values

r
Eel ,k ( R) map out a potential energy curve for the molecule. Thus, for each electronic
state k, various wavefunctions can be found of the form
Ψ0, k = ϕ el .k (r , R ) χ N , k ( R, θ , φ )

(2.13)

These wavefunctions can be found numerically using programs such as Level 8.0 [22].
The total wavefunction can further be written as a product of electronic, vibrational, and
rotational motion [20]
Ψtotal = Ψe Ψv Ψr

(2.14)
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2.3 Term Values

The total energy of a molecule depends not only upon the electronic
configuration, but on how the atoms that compose the molecule are vibrating and
rotating. Within each electronic state is a series of vibrational levels, v, and rotational
levels, J. A typical anharmonic potential curve for a diatomic molecule modeled as a
vibrating rotor of reduced mass µ is shown in Figure 2.2. The spacing between
successive vibrational levels within an electronic state get closer together as the
dissociation limit is reached. The rotational levels within each vibrational level get
successively further apart as J increases. The total energy or term value for a given
rovibrational level can be found according to the equation [20, 23]
E ( v, J ) = Te + G ( v) + Fv ( J )

(2.15)

where Te is the energy associated with the electronic potential minimum with respect to
the ground state potential minimum, and the vibrational energy G ( v) is given by
1
1
1
G (v) = ω e (v + ) − ωe xe (v + ) 2 + ωe ye ( v + ) 3 + ...
2
2
2

(2.16)

where ω e is the vibrational constant in cm-1 and ωe xe is the principal anharmonic
vibrational constant which determine the width of the well. The constants grow
successively smaller in magnitude ( ω e >> ω e x e >> ω e y e ... ). The rotational energy
Fv ( J ) is given by
Fv ( J ) = Bv J ( J + 1) − Dv J 2 ( J + 1) 2 + ...

Dv << Bv

20

(2.17)

where Bv =

h
8π 2 cI

is the rotational constant which depends upon the moment of inertia I

of the molecule, Dv is the centrifugal distortion constant which accounts for the
stretching of the molecule at high J and depends upon the vibrational quantum number, v,
of the molecule. Since the value of the moment of inertia changes during a vibration, the
rotational and centrifugal distortion constants are determined from
1
Bv = Be − α e ( v + ) + ...
2

α e << Be

(2.18)

1
Dv = De + β e ( v + ) + ...
2

β e << De

(2.19)

where Be and De are the rotational constants at the equilibrium internuclear distance. All
constants can be determined from experimentally obtained spectral data.
2.4 Angular Momenta

The motion of the nuclei and the motion of the electrons traveling in the field of
the nuclei leads to the several different angular momentum vectors. For our case they are
defined as
r
L - the total electronic orbital angular momentum
r
S - the total electron spin
r
R - the nuclear orbital angular momentum
r
I - the total nuclear spin
r r
r
r r
J - the total angular momentum excluding nuclear spin ( J = R + L + S )

21

10000

4000
.

-1

6000

.
.
v=3
v=2
v=1
v=0

2000

0

0

2

4

.

Energy (cm )

8000

.
.
J=5
J=3
J=0
6

8

10

12

14

R(Angstrom)

Figure 2.2 Example of an anharmonic potential curve with vibrational level spacing

illustrated. The spacing between the vibrational levels decreases as the vibrational
number increases. Within each vibrational level is a series of rotational levels. The
spacing between rotational levels (exaggerated in the diagram for clarity) increases as J
increases.
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A graph displaying a simple configuration of these vectors can be seen in figure
2.3(a). With each angular momentum vector comes a correlating magnetic moment.
This magnetic moment then interacts with the various other magnetic moments in the
molecular system. Depending upon the way the different types of angular momenta
couple, different quantum numbers are used to describe the system. Specific cases were
defined by Hund [24, 25] to describe the various angular momentum coupling
configurations within a molecule.
Hund classified the different coupling cases into categories labeled (a), (b), (c),
(d), and (e). Since the interaction terms in the Hamiltonian differ with changes in
internuclear distance, different Hund’s cases may be applicable within the same
electronic state. Case (a) is best used to describe molecules in which the interaction of
nuclear rotation with electronic motion is weak. For states in which Λ = 1, 2, … Hund’s
case (a) usually applies at small internuclear separation and low rotational quantum
r
number J, changing to case (b) as J increases. Case (b) is used when S is weakly

coupled to the internuclear axis. This case generally applies to light molecules in which
r
Λ = 0, S ≠ 0 [26]. In such a case, the molecule rotates under the electronic spin vector S ,

whose orientation remains fixed, and the rotational levels are separated into 2S+1
r
r
components. Case (c) is similar to case (a), the difference being that L and S are very
r
strongly coupled to form a total electronic angular momentum vector J a , whose

internuclear axis projection defines Ω. This case applies to situations in which the spinr
r
orbit interaction is stronger than the interaction of L or S with the internuclear axis.

Cases (a) and (b) are both further subdivided into cases aα , aβ and bα, bβ. Case bα does
23

not apply in our study of molecules, and Case bβ is further split into subcategories bβJ,
bβS, and bβN . Pertinent vector diagrams are displayed in Figure 2.4. For cases (a) and
(c), the conserved quantities are J2, Jz, and Ω, while for case (b) the conserved quantities
are S and J. The vector representations for cases (a) and (b) can be seen in Figures 2.3,
and 2.4.

r
S

r
J

r
R

r
J

r
N

r
R

Ω
Λ

Σ

Λ

r
S

r
L

r
L

(a)

(b)

Figure 2.3 Hund’s coupling cases for a diatomic molecule. (a) Hund’s case (a) vector

r
diagram: the projection of L along the internuclear axis is defined as Λ , the projection

of S along the internculear axis is Σ, and Ω is the total electronic angular momentum
r
along the internuclear axis. (b) Hund’s case (b) vector diagram: N is the total angular

momentum excluding electronic spin.
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Figure 2.4 Hund’s coupling cases. (a) Hund’s case aα (b) hund’s case aβ (c) Hund’s case

r r
r r
r r
r
bβJ: The vectors are defined as J = R + L + S and F = I + J (d) Hund’s case bβS: An
r
r
r
r
r
r
r
intermediate vector G = S + I is formed, which couples to N to form F = G + N .
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2.5 Labeling of Electronic states

Each electronic state within a molecule is labeled according to various properties
and symmetries of that state. Specifically, these properties include quantities such as
angular momentum, spin, rotation, vibrational modes, and wavefunction symmetry.
Each electronic state is generally labeled according to the following form
X 2 S +1Λ± Ω ,( g ,u )

The quantities represented by each symbol above are each eigenvalues of operators that
commute with the Hamiltonian and are termed “good quantum numbers.” They represent
quantities that are conserved in the system.
The “X” above is not a quantum number but simply a character that names a
particular electronic state or indicates the order in energy of this particular state among
the electronic states of the same symmetry. The ground state is usually assigned as the
“X” state. In the 70’s, the experimentalists labeled the excited singlet electronic states
above the ground state dissociation limit with notation “A, B, C,…” in order of energy.
The triplet states were labeled “a, b, c,….” The ab initio theorists introduced the notation
“1, 2, 3,…” for the labeling of states of specific symmetry.
Since a molecule consists of two nuclei which each produce an electric field,
electrons orbiting molecules travel in an axially symmetric electric field. This results in
only the component of the total orbital angular momentum along the internuclear axis
being conserved. Typically, the internuclear axis is defined as the z-axis, therefore the
conserved quantity is Lz . Since Lz commutes with the electronic Hamiltonian, the two
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operators share simultaneous eigenfunctions (i.e ϕ el ,k derived in the previous section);
therefore the eigenvalue equation for Lz is
L zϕ el ,k = M Lϕ el ,k

(2.20)

The values for the electronic orbital angular momentum of the molecule are integers and
can assume the following values
M L = L, L − 1,...,− L = 0,±1,±2,...

(2.21)

We define the quantum number Λ as
Λ =| M L |= 0,1,2,...

(2.22)

Electronic states are labeled according to the convention Σ, Π, ∆, Φ ,…according to the
respective values for Λ = 0,1,2,3... . In an electric field, the energy of the molecule does
not change when the directions of motion of all electrons are reversed [20, 27]. This
means that for Λ ≠ 0 , M L can have two values ( M L = ± Λ ), therefore each state is
doubly degenerate. However, due to interactions between electronic and nuclear motion,
this degeneracy is lifted, resulting in a splitting of the two degenerate levels. This effect
is referred to as Λ - doubling. When Λ = 0 , M L has only one value (0), therefore states
in which Λ = 0 are not degenerate.
The spin quantum number, S, is the total spin of the electrons in the molecule and
is the sum of the spins of the individual atoms
r r r
S = S1 + S 2

(2.23)

S = S1 + S 2 , S1 + S 2 − 1,..., S1 − S 2
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Since electrons carry a spin of ½ and lithium has one valence electron, S can assume
values of 0 or 1 for the Li2 molecule. The component of spin angular momentum along
the internuclear axis is termed Σ . For a given S, there are 2S+1 possible values of Σ ,
since

Σ = S , S − 1,...,−S

(2.24)

The value of 2S+1 is referred to as the multiplicity. States for which S=0 are
consequently termed “singlet” states, and S=1 states are termed “triplet” states, etc.
The quantum number Ω is the sum of the components of the spin and orbital
angular momentum along the internuclear axis,

Ω =| Λ + Σ |

(2.25)

In Li2, for a given Λ except 0, due to the range of Σ , Ω can range in value from

Ω = Λ + S , Λ + S − 1,..., Λ − S

(2.26)

For Λ ≠ 0 , there are 2S+1 components of an electronic state for a given Λ [28]. The
magnitude of the spin-orbit interaction determines the energy separation between the
components. The labeling of Ω is only valid for Hund’s cases (a) and (c).
The symmetry +/- is added to classify Σ states (i.e. Λ = 0 ). States in which the
electronic wave function remains unchanged upon reflection of the electrons through any
plane containing the internuclear axis are labeled as “+.” If the electronic wave function
changes sign upon the same reflection, a minus sign is added.
The g/u label is pertinent only for homonuclear molecules. Gerade “g” is German
for symmetric, and ungerade “u” means antisymmetric. The state of a molecule is
symmetric “g” if the electronic wavefunction remains unchanged through the inversion of
28

r
r
all electrons through the center of mass ( ri → −ri ), and antisymmetric ”u” if the

wavefunction changes upon the same reflection.
An additional symmetry label of “symmetric” or “antisymmetric” is added to the
rotational levels of homonuclear molecules. Since the two nuclei are identical in a
homonuclear molecule, the wave equation remains unchanged if the nuclei are switched,
therefore the total eigenfunction either remains unchanged or changes in sign only [20].
If the total wavefunction remains the same, the level is labeled “s”; if the wavefunction
changes sign, the level is labeled “a.” Either the positive rotational levels are symmetric
and the negative rotational levels are antisymmetric, or the positive rotational levels are
antisymmetric and the negative levels are symmetric [20].
Rotational levels are also labeled with either e or f symmetry. If an electronic
state has (+) parity and (+)(-1)J = 1 for a particular rovibrational level, the level is labeled
e; if (+)(-1)J = -1, the rotational level is labeled f. However, if the electronic state has

negative parity, and (-)(-1)J = 1 for a particular rovibrational level, the level is labeled e;
if (-)(-1)J = -1, the level is labeled f [23, 29-31]. All rotational levels of the
1

Σ + electronic states have e symmetry.

2.6 Electronic Transition dipole Moments and Selection Rules

If a molecule is subjected to an electromagnetic field of frequency ω =

En − Em
,
h

the molecule can undergo a transition from a state n to a state m according to a certain
probability that is calculated using the eigenfunctions of the states and the electronic
transition dipole moment involved in the transition. In particular, the probability that an
electronic transition will occur between two states n and m is proportional to the square
29

of the electric dipole moment matrix element, also called the transition dipole moment,
which has the form [20]
r

r

r

µ nm = ∫ Ψn e ⋅ r Ψm dr 3 =< Ψn | µ nm | Ψm >
∗

(2.27)

If the transition dipole moment is non-zero, the transition is allowed; if the matrix
element is zero, the dipole transition is forbidden. Transitions may also occur due to the
interaction of the electromagnetic field with magnetic dipole moments, quadrupole
moments, etc., though the transition strengths are much much weaker than electric dipole
transitions. In such cases, the matrix elements of the corresponding quantities must be
determined. Examples for magnetic dipoles, J nm , and electric quadrupole, Qnm , matrix
elements are

< Ψn | J nm | Ψm >

(2.28)

< Ψn | Qnm | Ψm >

(2.29)

Evaluations of such integrals thus give selection rules which govern electronic
transitions. Electric-dipole transitions only occur between states of opposite parity,
therefore the symmetry properties discussed in section 2.6 are used to determine the
selection rules associated with homonuclear molecules. Alternatively, knowledge of
selection rules can lead the determination of wavefunction symmetries and quantum
numbers from observed spectra. Once again, different coupling cases lead to different
selection rules. Though the specific selection rules are not derived in this work, they are
listed in the following paragraphs. More details concerning the derivation of selection
rules can be found in references such as [20].
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Since each vibrational wavefunction corresponds to a separate potential energy
curve, the different vibrational wavefunctions are not orthogonal. Thus, there is no
limitation on the change in vibrational number in an electronic transition.
∆ v = 0, ± 1, ± 2, ± 3, …

The selection rules for the rotational quantum number J are

∆J = 0, ± 1

but

J =0→
/ J =0

Transitions in which ∆J ≡ J upper − J lower = -1, 0, and +1 are called P, Q, and R branches,
respectively. Also, as can be found in ref [32],

∆Ω = 0, ± 1
The symmetry selection rules for homonuclear molecules with nuclei of equal charge are

+↔− , +↔
/ +, − ↔
/ −
s ↔ s, a ↔ a, a ↔
/ s
g ↔u, g ↔
/ g, u ↔
/ u

For Hund’s cases (a) and (b), selection rules for orbital angular momentum along the
internuclear axis are

Λ = 0,±1
Examples for allowed transitions are thus Σ − Σ , Σ − Π , Π − Π , Π − ∆ …. Forbidden
transitions include Σ − ∆ , Π − Φ …. Special cases for transitions involving Σ states are
−
Σ+ ↔ Σ+ , Σ− ↔ Σ− , Σ+ ↔
/ Σ .

Since the dipole moment is independent of spin, the spin selection rule is
∆S = 0
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which means that singlet states can only undergo a transition to other singlet states, and
triplet states can only couple to triplet states. Singlet to triplet state transitions are
forbidden, however, this obstacle can be overcome if singlet-triplet mixed levels are
involved in the transition, as described in section 2.11.
If both states involved in the transition are of Hund’s case (a), the selection rules
that apply are
∆Σ = 0 ,

∆Ω = 0,±1
∆J = 0,±1 , ∆J ≠ 0 for Ω = 0 → Ω = 0
For hund’s case (b), the selection rules are

∆N = 0,±1
But ∆N = ±1 for Λ = 0 → Λ = 0 .
For a Q branch, e ↔ f transitions are allowed. R and P transitions follow e ↔ e ,
f ↔ f selection rules. Since all rotational levels of the ground and intermediate states in

our energy scheme have e symmetry, and since the transition from the intermediate state
to the upper singlet state is a Q branch, it follows that the G 1Π g (12, 21) level of interest
in this work is of f symmetry.
2.7 Franck-Condon Factors

The intensity of a transition between two vibrational levels can be found by
approximately determining the Franck Condon Factor. The factors are calculated based
on the Franck Condon principle, which states that the transition of the electron happens
so quickly that the nuclei can be considered as having the same position and velocity
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before the transition as after the transition. In other words, transitions are “vertical” and
will most likely occur at the turning points of a vibrational state, where the kinetic energy
of the molecule is zero. In the classical picture, in order for the molecule to also have
zero velocity after the transition, the molecule must end up at a turning point of a
vibrational state. Therefore, transitions will most likely occur when Rmax and Rmin for a
given vibrational state are vertically above the classical turning points of vibration of the
ground state. The intensity of each transition is thus determined by the relative position
of the minima of the two potential curves and follows an orderly progression. In a
quantum mechanical wavefunction picture, the turning points correspond to the points
where the vibrational wavefunction has greatest amplitude. Using the assumption that
the transition dipole moment at a particular internuclear distance R is a constant during
the transition, the intensity of the transition is found to be proportional to the square of
the vibrational overlap integral [20, 33]
FCF = < ψ v ' | ψ v '' >

2

(2.30)

2.8 The Stark Effect

When a molecule is in the presence of an external electromagnetic field, the
energy levels of molecules are shifted, usually by a very small amount, due to the
interaction of the molecular magnetic moment (Zeeman effect) or electric dipole moment
(Stark effect) with the field.
Since a change in direction of rotation leaves the energy of the molecule
unchanged, an electric field applied to a molecule of rotational number J splits the state
into J+1 or J + 1 / 2 components (for integer spin and half-integer spin, respectively) [20].
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This phenomenon is known as the Stark effect named after Johannes Stark (1874-1957).
The J+1 components are each doubly degenerate (with the exception of the component
corresponding to J=0, since MJ is single valued for that case). The energy levels will

′ according to the relation [26]
slightly shift in energy by an amount WStark
r r
′ = − < µe • E >
WStark

(2.31)

r
r
where µ E is the electric dipole moment and E is the electric field. The first order Stark

shift occurs for molecules which have permanent electric dipole moments and Λ ≠ 0 .
When the interaction of the molecule with the external electric field is averaged over
molecular rotation, the first order energy correction term is [26]
Wstark

(1)

= ∫∫ψ JM µ e E cosθψ JM sin θ dθdφ
∗

(2.32)

Thus, we find the first order Stark energy shift will be [20, 26, 34]
Wstark

(1)

=

µ e M J ΛE
J ( J + 1)

(2.33)

which is very similar to the splitting due to the Zeeman effect. This expression is valid
when the Λ -doubling is much smaller than the Stark shift. A second order Stark effect
occurs in atoms and can also occur in molecules with no permanent dipole moment. The
second-order interaction term is [26]
Wstark

(2)

µ e 2 E 2 [ J ( J + 1) − 3M J 2 ]
=
2hBJ ( J + 1)(2 J − 1)(2 J + 3)

(2.34)

where B is the rotational constant. The dipole moment induced by the field in such cases
depends upon the J and |MJ| of the state, as well as the proximity of other electronic
states.
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2.9 Rabi Frequency

A quantity which is fundamental to this thesis is the Rabi frequency, defined as
the frequency at which an atom or molecule oscillates between two specific energy states.
The oscillation of the molecule between two states is a consequence of the application of
a coherent field to the molecule. If a laser is at or near the resonance frequency of an
electronic transition in the molecule, the molecule can either absorb the photon (i.e.
stimulated absorption) or emit a photon of the same frequency as the laser (i.e. stimulated
emission). Absorbing the photon causes the molecule to jump to a higher energy state
|2>; emitting the photon causes the molecule to go back down to the lower energy state
|1>. If the stimulating laser field is constantly applied during a time much smaller than
the natural lifetime of the upper state, population will move from the lower to the upper
state until all molecules are in state |2> [26, 34]. Once all population has been pumped
into the upper state, the molecules will then emit photons by stimulated emission until all
population is back in state |1> (see Figure 2.5). The sinusoidally varying field thus
produces a sinusoidally varying transfer of population between states |1> and |2>. The
frequency of oscillation between the higher and lower energy state is referred to as the
Rabi frequency and is expressed as
Ω R = ∆12

2

µ E
+  12 
 h 

2

(2.35)

where ∆12 = ω L − ω12 is the detuning of the laser from the exact transition frequency
(see Fig 2.6), µ12 is the transition dipole moment matrix element between states |1> and
|2>, and E is the amplitude of the applied electric field. Note that if the laser is off
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resonance, the Rabi frequency is larger than if the field frequency was exactly at
resonance. This higher frequency of population transfer means that there will not be a
complete transfer of population from state |1> to state |2> before the population begins to
transfer back to state |1>. At very large detuning, the field does not affect the population
at all. This trend is displayed in Figure 2.7. Only when the field is exactly resonant with
the transition will all the population be transferred to the excited state before the deexcitation process begins.

|2>
|1>
time

Figure 2.5 Time evolution of Rabi oscillations. In the presence of a resonant laser

field, the population all moves to the excited state until no population is left in the lower
energy state. Once all the population reaches the excited state, the population is then all
de-excited through stimulated emission to the lower energy state. This cycle of
population flopping continues as long as the applied field is constant.
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∆12

|2>

ωL

ω12

|1>

Figure 2.6 Energy level diagram illustrating the transition frequency ω12, and the

applied laser field with detuning, ∆12 = ω L − ω12 , from the resonance frequency.

n2(t)
∆=0

∆≠0

time

Figure 2.7 Population transfer as a function of Rabi frequency. When the field is

exactly resonant, the Rabi oscillations occur at the slowest frequency with the greatest
amplitude. Off resonance, the oscillations occur more rapidly with less population being
transferred per cycle.
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2.10 Homogeneous and Inhomogeneous broadening

Since the linewidths of single mode lasers are relatively small, homogeneous and
inhomogeneous broadening are effects which must usually be considered. Homogeneous
broadening occurs when identical molecules emit or absorb radiation identically and
typically produces a Lorentzian line shape. Inhomogeneous broadening arises when
identical molecules are distributed in a system such that separate molecules undergoing
the same transition absorb at different points in a range of frequencies. Such an effect
typically results in a Gaussian spectral line profile. Sources of homogeneous broadening
include natural line broadening, pressure broadening, power saturation broadening,
modulation broadening, and collisional broadening [35]. The natural line broadening
arises from Heisenberg’s uncertainty principle [36]. Homogeneous broadening also
occurs due to the fact that a molecule spends a finite time traveling across the laser beam.
This transit time broadening [37, 38] can be a major effect in Doppler-free molecular
transitions with long lifetimes. Its effects can be reduced by increasing the radius of the
beam or slowing down the molecules in the experiment.
The main source of inhomogeneous broadening arises from Doppler broadening.
Each molecule has a certain velocity due to its thermal energy. This thermal velocity
affects the frequency at which the molecule will be excited. A molecule traveling
towards the incident laser beam will experience an apparent frequency higher than the
actual frequency of the incident EM wave. This can be easily understood by noting that
an observer traveling toward a train of wave crests will see the crests as appearing closer
together (Figure 2.6). A molecule traveling away from the direction of propagation of the
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r
v

r
v

Figure 2.8 Doppler Broadening Effects. When a particle is traveling toward a train of

wave crests with a certain velocity, the particle will see the crests as being closer
together; therefore the particle will see a higher apparent frequency than the incident
frequency. When a particle is traveling away from an approaching train of wave crests,
the particle will see the crests as being further apart; therefore the particle will see a lower
apparent frequency than the actual incident frequency.
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laser beam will subsequently see an apparent frequency smaller than the actual
incident frequency of the EM wave. A molecule traveling perpendicular to the beam will
experience the same frequency as the incident EM beam. Since perpendicular velocity
doesn’t affect the apparent frequency, only the component of the velocity parallel to the
beam path need be considered. The relation is shown in the following equation

ω = ω0 ± ω

vz
c

(2.36)

Since molecules are traveling in all directions in our heat pipe, the full range of
velocity groups is sequentially excited as our laser is scanned across a transition. When
the laser is held fixed at a certain frequency, only one velocity group is excited (as long
as only one energy level is within the range of the Doppler profile). Further excitation by
a second photon results in Doppler-free two photon spectroscopy [39].
2.11 Perturbation-Facilitated optical-optical double resonance

The discovery of perturbation-facilitated optical-optical double resonance
(PFOODR) in 1983 [40] allowed for the study of “dark” triplet states in alkali molecules,
which could not previously be accessed by conventional spectroscopy methods. Since
the ground state of Li2 is a singlet state, access to higher lying triplet states was not
possible from direct excitation due to the spin selection rule ∆S=0. The spin-orbit
interaction acting between a triplet and a singlet rovibrational level causes a mixing of the
two states, leaving each state with part singlet and part triplet character. Population from
the ground singlet state can thus be moved into the intermediate mixed singlet-triplet
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state. This mixing allows either member of the pair to be used as a “window” or
“gateway” level through which high lying triplet states can be probed. Experiments
utilizing PFOODR can be found in ref. [40-47]. Since very few natural window levels
exist in Li2, increasing the mixing between the window levels would lead to a greater
ability to probe “dark” triplet states.
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CHAPTER 3

THE THEORY BEHIND THE QUANTUM
CONTROL OF SINGLET-TRIPLET MIXED STATES

3.1 Introduction

In this chapter we will describe the theoretical background and key concepts
which provide the basis for the quantum control experiment presented in the following
chapters. The most crucial physical effect involved in our experiment is the AutlerTownes (AT) effect. An overview of the original work of Autler and Townes is
presented, as well as an explanation of the AT effect using the dressed state approach.
Also described in this chapter is the nature of the spin orbit interaction and how to
calculate the mixing coefficients of a pair of levels perturbed by the spin orbit interaction.
Lastly, the basic theory is presented which describes how to create a target state that is a
desirable mixture of two weakly mixed levels. The mixing control is dominated by the
application of a strong coupling field which must obey a control equation.
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3.2 The Autler-Townes Effect

The Autler-Townes (AT) effect [1] is a widely known effect that has been utilized
in many experiments [2, 3], particularly in high resolution optical spectroscopy [4],
cavity quantum electrodynamics [5], molecular angular momentum alignment [6], and
measuring transition dipole moments in molecules [7-13]. The AT effect was referred to
by Autler and Townes as “resonant modulation” and is also known as the AC Stark effect
or the dynamic Stark effect. In their paper, Autler and Townes [1] describe a method for
calculating the effect that an oscillating electromagnetic field has on two states of a
quantum mechanical system which are connected by a matrix element of the field.
Observation of the absorption lines revealed that the absorption of a resonant
electromagnetic field was affected when a second strong field, coupled between one of
the absorptive states and a third state, was present. This absorption effect was found to
be caused by the rapid transitions induced by the second strong field. The weak field was
in the microwave range, and the strong field was in the rf range. The same effect was
later found to occur in optical frequency ranges as well. They found that the absorption
of the microwave field depended on the frequency and strength of the rf field.
The Autler-Townes effect was coined as the term to describe the phenomenon that
each quantum state involved in the strong field transition splits into a pair of states when
under the influence of a strong coupling field. The splitting of each state is symmetric
when the coupling field is exactly resonant between two states and asymmetric when the
field is slightly off resonance. The magnitude of the splitting is proportional to the
strength of the coupling field. A partial presentation of the mathematical and
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experimental work by Autler and Townes will be presented in the following section.
Since a full mathematical treatment for the effect can be found in Ref [1], only necessary
expressions will be included in the discussion.
Considering a system which has two energy levels interacting with an oscillating
field, the wave function of this system can be described as a linear combination of the
unperturbed eigenfunctions
r
r
Ψ = Ta (t )U a (r ) + Tb (t )U b (r ) .

(3.1)

The time dependent Schrodinger equation for the system is
r
& = [ H − µr ⋅ E cos ωt ]Ψ
i hΨ
0

(3.2)

r
where the transition dipole moment is represented as µ , the applied electric field
r
is E cos ωt , and H0 is our unperturbed Hamiltonian which satisfies the energy eigenvalue

equations
H 0U a = WaU a

H 0U b = WbU b .

and

(3.3)

Substituting equation (3.1) for Ψ into equation (3.2) and multiplying on the left with
r
r
U a (r ) or U b (r ) and integrating over d3r results in
ihT&a = WaTa − 2hβ ab cos ωtTb
ihT&b = WbTb − 2hβ ba cos ωtTa

respectively, where β ab

(3.4)

r r
< a|µ⋅E |b >
=
, β ab = β ba
2h

Solutions can be found for Ta and Tb using the Floquet theorem, resulting in
Ta = e iλt

∞

∑A e
n

n = −∞

− inωt

and

Tb = e iλt

∞

∑B e

− inωt

n

n = −∞
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(3.5)

The quantities | Ta | 2 and | Tb | 2 signify the probabilities that the system is in state a or state
b, respectively, at a given time; λ is a constant; the index n can be positive, negative, or

0; An and Bn are amplitude coefficients for a given n.
The original “resonant modulation” experiment of Autler and Townes was
completed by applying two EM fields to OCS molecules in the gas phase. The levels
chosen were l-type doublets, which qualified as being isolated pairs of states. The weaker
pump field was in the microwave region, and a much stronger rf field was used as the
coupling laser (see Fig 3.1).
The microwave field could induce transitions from a→c or from b→d. The
energy spacing between energy sets (a, b) and (c, d) are larger in the diagram for clarity.
The spacing of these states are dependent upon the vibration-rotation interaction and are
subsequently dependent on rotational number J, therefore, the spacing between (c, d) is
three times the spacing of (a, b). When the frequency of the rf field approached a
resonance νab or νcd, each absorption line split into two components. State a splits into
two components, A0, A-1, and state b splits into components B0, and B1. When the field
was exactly resonant between states a and b, both absorption sets from these levels were
found to be of about equal intensity. The secondary sets of components A+2, A+1, and B-2,
and B-1 were also symmetrically split with equal intensity, but their intensity is much less
than the primary split energy levels. The absorption intensity of the components
corresponding to the A0, A-1 and B0, B1 levels depended on the frequency of the rf field.
Autler and Townes also noted that if the rf field strength was held constant but the
frequency was varied across the resonance, the split became asymmetric as first one and
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C+1
d
J=2

38.28Mc.
c

D0
C-1
D1
C0
D-1

24,380.8Mc.
24,355.5Mc.

b
J=1

12.76Mc.

a

A+2

A1+
ν
B0

B+1
-A0

A-1

B-1

B-2

A-2

A-3
(a) No rf field

ν
v

(b) ω≥ωab

Figure 3.1 The energy levels of the OCS molecule used in the original AT experiment.

(a) The unperturbed energy levels involved in the experiment. Frequencies are listed in
Megacycles per second (Mcps), more familiarly known as Megahertz (MHz). (b)
Resultant energy levels that arise due to the application of an rf field to the system.
A0 and A-1 are two components separated by an energy which is proportional to the
magnitude of the rf field. The two sets of transitions occur at the same microwave
frequency. If ω<ωab, the components of each pair are in the same energy positions and
are simply relabeled (A-3 ↔A-2, B-2↔B-1,…).
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then the other peak became more intense. Their calculations for a weak rf field (to first
approximation) indicated that the intensity of the two components should depend on the
frequency of the field, being equal when the rf field is exactly on resonance, and be
independent of the strength of the field. However, higher approximations revealed, and
experiment proved, that for strong rf fields the relative intensity of the components
depended on both field strength and frequency. This is because the rf field, though
resonant with the a-b transition, still affects states c and d, though not very strongly.
To avoid any field intensity effects, Autler and Townes found that the energy difference
between two states will be most accurately measured using as weak a coupling field as
possible.
Interestingly, the trend of the AT effect was found not to be consistent as the
applied field varied widely in frequency. In the DC Stark effect, the perturbed states lie
further apart than unperturbed states. This statement holds true in the low frequency
range for the AT effect, but at higher frequencies, the components of the perturbed states
actually lie closer together than the unperturbed states. For this reason, Autler and
Townes present several solutions using different approximations to determine
expressions for the energy splittings in each frequency and intensity regime. In the
simplest approach, a solution is sought which is valid near the resonance region (i.e.

ω ab − ω ). Such a treatment leads to all coefficients in the wavefunction solutions being
negligible except for A0, B0, A-1, and B1. Better approximations providing a more
complete treatment of the system lead to more complicated calculations and solutions,
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and can be found in Ref [1]. Each treatment provides solutions which, in the resonance
region, reduce to the same expression for a wide range of frequencies.
The solution obtained by Aulter and Townes can be understood by first defining
the quantities
1

K ab

1
2
= {(ω ab − ω ) ± [(ω ab − ω ) 2 + 4 β ab ] 2 }
2

(3.6)

1
2 2

2

γ = [(ω ab − ω ) + 4β ab ]
The molecule oscillates

(3.7)

γ
times each second between states a and b, commonly
2π

referred to as the Rabi frequency (sec 2.9). At resonance ( ω ab = ω ), this oscillation
frequency is equal to β ab =

γ
2

, and therefore is directly proportional to the strength of the

applied field. A complete solution for the wave function is then expressed as

ψ = Ua

Ub

e

e

1
− i ( ω a +ω b ) t
2

2γK ab

1

{K ab e 2

1
− i ( ω a +ωb ) t
2

2γK ab

{β ab e

i (ω + γ ) t

1

− e −iθ β ab e 2

i (ω − γ ) t

}−

(3.8)
1
i ( −ω +γ )t
2

+ e −iθ K ab e

1
− i (ω + γ ) t
2

}

Autler and Townes summarize their findings as follows:
If there is a third stationary state of the unperturbed system,
having the wave function Uc for which |< a | u ⋅ E | c >| 2 does not vanish,
transitions to this state may be induced by a weak oscillating field of the
right frequency. Equation [3.8] shows that this will occur at two frequencies
separated by γ / 2π sec-1 and with relative probabilities | K ab / β ab | 2 . Thus,
the a→c spectrum which is a single line in the unperturbed system splits
into two components in this approximation. Absorption lines involving
state b will be similarly split. When ω ab = ω , K ab = β ab = γ / 2 , so the
spectrum of the a-type states consists of two equally intense components
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which are separated in angular frequency by 2 β ab sec-1. The separation
of the two components is thus proportional to the intensity of the perturbing
field, but their relative amplitudes is independent of it. [1]

In the absence of a strong rf field, the A0 component is simply Stark shifted by the
microwave field. When the rf field is present and resonant (i.e. when ω/ωab=1), A0 and
A-1 are approximately equal and all other components are much smaller. An absorption

line involving state a thus appears to split into two nearly intense lines when the resonant
rf field is turned on. The magnitude of the splitting γ is equal to
1


2


β ab 2 ρ 2 − 1
8ω ab 2
 (ω ab − ω )
| γ |= β ab 
+
 −

2
2
2
ω ab + ω 
2ω ab ρ + 1 
 β ab



(3.9)

where ρ is the solution for La in the equation
1

λ + ωa
ω ab − ω 1  (ω ab − ω ) 2
ω ab − ω  2
La ==
=−
± 
+
a
+
4
 .
β ab
ω ab + ω 
2 β ab
2  β ab 2

(3.10)

Therefore, exactly at resonance, the expression for the splitting reduces to

β 
| γ |= 2 | β ab | 1 − ab 2 
 8ω ab 

(3.11)

From the above expression, we see that the magnitude of the splitting depends on the
amplitude of the applied field.
Autler and Townes saw the main benefit of their “resonant modulation” discovery
as being a means to measure the energy separation between two levels that could
previously not have been found by another method. In this work, we will apply the AT
effect as a means to control the amount of singlet and triplet character of a quantum state.
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3.3 The Autler-Townes Effect in the Dressed State Approach

Autler and Townes presented their theory for the observed splitting using a semiclassical approach. Alternatively, the AT effect can be described in the dressed state
picture in which the field is quantized [14-17]. Since this approach deals with the
coupling between the atom and the photons, the treatment is perhaps more intuitive for
the reader and provides more physical significance. The key concept in the AT effect in
this approach comes from an anticrossing that occurs between two of the levels involved
in the coupling transition. The following analysis is valid when the coupling field is
strong, that is, when the Rabi frequency is large compared to any broadening effect due
to spontaneous emission or collisions. The AT effect has been experimentally observed
even when the inhomogeneous broadening is much larger than the Rabi frequency using
multiple resonance spectroscopic techniques that allow for velocity group selection,
which bring the sample to the homogeneous broadening regime [18].
The energy level diagram used is a three-level cascade system (Figure 3.2),
similar to the previous case. A strong coupling field is quasi-resonant between level a
and b, which are spaced hω 0 apart. A weaker probe field then further excites the atom or

′
molecule in the transition between b and c, spaced apart by hω 0 . We define the detuning
of the coupling field as

δ = ω L − ω0 ,

δ << ω 0 , ω 0 ′

(3.12)
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′
and note that the energy difference between hω 0 and hω 0 is large enough that the
coupling field solely induces transitions between levels a and b and does not significantly
affect transitions between b and c. The Hamiltonian of the system can be expressed as
the sum of three separate terms: the Hamiltonian of the atom or molecule, the laser field,
and the interaction between the atom or molecule and the field (the electric dipole
interaction), respectively
H = H A + H L + H AL .

(3.13)

Let us first consider the energy level diagram of the Hamiltonian H = H A + H L ,
corresponding to the situation when the atom or molecule and laser are uncoupled (Figure
3.2). Two quantum numbers are necessary to describe the states: the level in which the
atom resides, and the number of photons present. When the coupling field with N+1
photons of frequency ωL is applied to an atom in state |a> the system can be described by
the state vector |a, N+1>. The atom can absorb a photon and be excited to the state
|b, N>. The difference in energy between state |a, N+1> and |b, N> is
E a + ( N + 1)hω L − Eb − Nhω L = h (ω L − ω 0 ) = hδ

(3.14)

as shown in Figure 3.3. When the coupling field is exactly resonant between states a and
b, the detuning is zero, and thus |a, N+1> and |b, N> are degenerate.
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c

ω
ħω0'
ωL

b

ħω0
a

Figure 3.2 Energy level diagram for the three level atom discussed by Cohen-Tannoudji

[15]. The coupling field, whose photons are represented by ωL, induces transitions from
level a to b. The weaker probe laser of frequency ω further excites the atom from state b
to c.

In the rotating wave approximation, the interaction energy couples only states |a,
N+1> and |b, N>. When we include the coupling effect between the field and the atom
into our dressed state picture, the coupling term matrix element is written as
< b, N | V AL | a, N + 1 >=

hΩ 1
2

(3.15)

where Ω1 is the Rabi frequency of the system induced by the coupling field. This
interaction term between the states |a, N+1> and |b, N> results in these two states
|a, N+1> and |b, N> repelling each other, thus forming two new perturbed states. In the
dressed state picture these states are represented by |1,(N)> and |2, (N)> (Figure 3.3),
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which are linear combinations of states |a, N+1> and |b, N>. The energy separation
between the newly formed pair is given by
2

hΩ = h Ω1 + δ 2

(3.16)

Since these two perturbed states each contain a certain proportion of state |b, N>, the
probe field can then produce further transitions from states |1,(N)> and |2, (N)> to state
|c, N>. In summary, the interaction between the coupling field and the atom causes two
dressed states (which would be degenerate in the absence of the field) to split into two
components separated by an energy of hΩ .
The relative positions and intensities of the two components depend on the
detuning of the coupling field. A graph showing how the energies of the components

|c,N>

|c,N>
ħω0'
|1(N)>

|a,N+1>
ħΩ

ħδ
|b,N>

|2(N)>
Figure 3.3 The energy level diagram for the uncoupled states and the dressed states. The

coupling between the atom and the field results in an anticrossing between states
|a,N+1> and |b, N>. These perturbed states become |1(N)> and |2(N)>, a split pair
separated by an energy difference hΩ .
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vary with coupling field frequency is shown in Figure 3.4. The horizontal axis is hω L ,
and the vertical axis is the energy of the state. The origin is chosen to be the energy of
uncoupled state |a, N>. The energies of the uncoupled states |b, N> and |c, N> are
represented by horizontal dashed lines, and the energy of |a, N+1> is represented by a
dashed line of slope 1. If there were no interaction between the coupling field and the
atom, states |a, N+1> and |b, N> would be exactly degenerate when the coupling field is
at frequency ω 0 , indicated by the intersection of the dashed lines. The interaction term,
however, produces an anticrossing which results in the creation of the dressed states
|1(N)> and |2(N)>. The energies of these dressed states are represented by hyperbolas
whose asymptotes are the dashed line energies of states |a, N+1> and |b, N>. With the
coupling laser fixed at a certain frequency, scanning the probe laser will result in the
excitation of two states, indicated by the arrows in Figure 3.4. When the coupling field is
exactly at resonance, the two components will be symmetrically split about the state |b,
N>, with the energy separation between the two components being minimized. If the
coupling field is detuned from resonance, the energy separation between the two
components increases, and the splitting becomes antisymmetric about state |b, N>. The
intensity of each component in the AT pair can be calculated according to the percentage
of state |b, N> that each dressed state contains (i.e the mixing coefficients). When the
coupling field is exactly at resonance, the components will be of equal intensity. As the

′
coupling field is detuned from resonance, the component nearest the frequency ω 0 will
be more intense.
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′
h (ω 0 + ω 0 ) | c, N >
| 1( N ) >

hω 0

hΩ1
| b, N >

| 2( N ) >
| a, N + 1 >

| a, N >

hω 0

hω L

Figure 3.4 Autler-Townes splitting energy diagram in the dressed states representation.

The energies of states |a, N> (the x-axis), |b, N>, and |c, N> are represented by horizontal
dashed lines. The energy of state |a, N+1> is a diagonal line of slope 1. At resonance,
the uncoupled states cross in energy. Inclusion of the coupling causes an anticrossing,
thus the dressed state energies of |1(N)> and |2(N)> (solid lines) follow the hyperbolas
with |a, N+1> and |b, N> as asymptotes. As the frequency of the laser is scanned and
approaches the resonance region, an AT split pair will be seen. The component of the
pair closest in energy to state |b, N> will be most intense. Exactly at resonance, the AT
pair is symmetric about the state |b, N> and the components will be of equal intensity.
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3.4 Collisional Energy Transfer

Collisions between molecules results in an energy transfer that can induce
transitions between energy levels of the same or different electronic states. Collisional
population transfer can occur between nearby rovibrational levels of singlet and triplet
states. Since collisional population transfer is a nonselective method of population
transfer, several triplet states can be populated simultaneously, resulting in more complex
fluorescence spectra and, thus, a loss of spectroscopic detail [19-21]. More selective
population transfer from a singlet to a triplet state can be achieved if the states are mixed
by a perturbation, such as the spin-orbit interaction, which is significant when the
rovibrational levels have the same rotational number and are close in energy (see Sec
3.5). These mixed levels are called gateway levels and have been studied in Na2 [22, 23],
CO [24] and Li2 [25, 26]. Li et. al [25] observed that population can collisionally transfer
from a singlet state that is not part of a gateway level to triplet states if the singlet state is
perturbed by a separate singlet state that is part of the gateway level. Population
occupying a singlet vibrational level that is not part of a mixed pair is also able to transfer
to triplet states through nearby vibrational levels that are members of gateway levels [22,
25]. Several gateway levels between the A1Σu+ and b3 Π u states have been found in Li2.
The velocity projection along the excitation laser propagation direction of a molecule in a
level populated by collision is mostly preserved [25]. This allows high-lying energy
levels which have been collisionally populated to be studied in sub-Doppler resolution
[25, 27], one of which is used as the higher-lying mixed level in our experiment.
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3.5 The Spin-Orbit Interaction

To achieve a more complete treatment of our molecular system than that given by
the Born-Oppenheimer approximation discussed in section 2.2, the effects of angular
momenta interaction must be included. The four interaction terms to be considered are
the following:
•

Spin-orbit interaction, which accounts for the interaction between the spin and
orbital angular momentum of the electrons in the molecule

•

Spin-rotation interaction, which describes the interaction between the electron
spin and the nuclear rotational angular momenta

•

Spin-spin interaction, which includes the interaction between the spins of the
electrons in the molecule

•

Hyperfine interaction, which describes the interaction between the electron and
nuclear spins

In molecules with light nuclei, the spin and orbital angular momenta are weakly coupled
[28], therefore the spin-orbit interaction in the lithium molecule is small. However, the
spin-orbit interaction for lithium is still much larger than the spin-rotation and spin-spin
interaction term [29]. Significant spin-orbit coupling occurs in states that have
significant vibrational overlap whose energy difference is comparable to the spin-orbit
matrix element [30, 31]. Energy corrections due to the spin-orbit interaction will be
added to our Hamiltonian using perturbation theory.
The Hamiltonian for our system can now be written as
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H = H 0 + H SO .

(3.17)

The spin-orbit Hamiltonian for a diatomic molecule is of the form [29]
H SO =

α2
2

∑[
i

Z A r r ZB r r
α2
l
⋅
s
+
l
⋅
s
−
]
i
i
3 iA
3 iB
2
riA
riB

r
1 r r r
(rij × pi )(s i + 2s j )
3
i , j ,i ≠ j rij

∑

(3.18)

where the fine structure constant α is defined as e 2 / hc , Z K is the number of protons in
r
nucleus K, riK is the distance from electron “i” to nucleus K, l iK is the orbital angular

r
momentum of electron i about nucleus K, si is the spin angular momentum of the ith
r
electron , pi is the momentum of electron i in a molecule-fixed frame, and the sum over i
and j are taken over all electrons in the system. The first sum involves the spin-orbit
interaction between each individual electron with each individual atom. The second term
incorporates the electron-electron spin-other-orbit interactions, which can be included in
the first term as a screening effect [32]. This leads to a simplification of the spin-orbit
Hamiltonian, which can now be written in the form [33]

r
H SO = ∑ aˆ i l i ⋅ si

(3.19)

i

where
aˆ i l i = ∑
K

α 2 Z eff , K r
2

riK

3

(3.20)

l iK

r
The orbital angular momentum of the ith electron about nucleus K is liK , and Zeff,K takes

into account the electron-electron interaction that screens the nuclear charge [34], and
therefore signifies the effective charge of the Kth nucleus.

62

When the spin-orbit operator is applied, the electronic portion of the wave
function is mainly affected. The spin-orbit interaction in our case occurs between a
singlet and a triplet level, therefore the more cumbersome form of the spin-orbit

r r
interaction is necessary, since the more familiar form, H SO = AL • S , is not an exact
r r
expression for a system in which ∆S = ±1 [33]. The form L • S can be used as a good
approximation when calculating diagonal matrix elements of H SO or when the spin-orbit
coupling is small compared to the separation between two diagonal elements [31].
The selection rules for the spin-orbit interaction can be found upon calculating the
matrix element of H SO between two states. We find that H SO can connect states of only
the same total angular momentum J and projection of the total angular momentum MJ.
Also, H SO does not affect the 2J+1-fold degeneracy of each J level. HSO is also limited to
only connecting levels of the same parity. The complete list of selection rules for the
spin-orbit interaction are [29, 33, 35, 36]

∆J = 0, ∆Ω = 0
∆S = 0,±1
∆Λ = ∆Σ = 0K or K ∆Λ = −∆Σ = ±1
∆M J = 0
e ↔ e, f ↔ f
g ↔ g, u ↔ u
Σ+ ↔ Σ−

Conceptually, the spin-orbit interaction causes the unperturbed energy levels of
our singlet and triplet states to shift repulsively, pushing the states further away from one
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∆
Ea0

Ea

{

δ

{

}

δ

}

∆

Eb
Eb0

Figure 3.5 The spin-orbit interaction acting as a perturbation between two states. The

vertical axis is energy, and the horiztonal axis is internuclear distance. The unperturbed
energies of the states are represented by dashed lines, and the perturbed state energies are
represented with solid lines. The perturbation causes the nearly degenerate states to shift
further apart in energy.

another (Figure 3.5). The state higher in energy is shifted up and the state lower in
energy is shifted down by the same amount [37].
One way to determine the magnitude of the spin-orbit interaction is to measure
the energies of the perturbed levels in the mixed pair and the ratio of intensities of the
fluorescence from each level [38]. The method for calculating the mixing coefficients
from the data is discussed below in section 3.6. From the ratio of fluorescence intensity
from each level in the perturbed pair we can extract the mixing coefficients, and therefore
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determine the amount of singlet and triplet character each perturbed state in our
experiment possesses.
3.6 Mixing Coefficients

Two closely spaced eigenstates coupled by a perturbation (such as the spin-orbit
interaction) form two mixed states which have characteristics of both unperturbed states
[20, 21, 37]. The interaction Hamiltonian for our two-state system in matrix form is
[30,38]
 E a0 − E

 H SO


H SO  a ′ 
  = 0
E b0 − E  b′ 

(3.21)

The eigenstates of the unperturbed Hamiltonian (which in our case represent the pure
triplet state and the pure singlet state) are | a0 >, | b0 > , having eigenenergies of
Ea0 and Eb0 . The values of a′ and b′ represent the mixing coefficients for each wave

vector solution, which have the form a ′ | a 0 > +b ′ | b0 > . The spin-orbit matrix element is
defined as
| H SO |=|< a 0 | Hˆ SO | b0 >|

(3.22)

Setting the determinant of the interaction Hamiltonian equal to zero and solving for the
eigenenergies of the perturbed states, we find
E a ,b

1

1
2
2 2
=  Ea0 + Eb0 ± [( E a0 − Eb0 ) + 4 | H SO | ] 
2


(

)

(3.23)

We then write the perturbed state wave functions
| a >= α | a 0 > −β | b0 >

| b >= α | b0 > + β | a 0 >

where the mixing coefficients α , β satisfy the condition
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(3.24)

α2 + β 2 =1

(3.25)

Using this normalization condition the mixing coefficients for this system are found to be

α=

β=

| H SO |

(3.26)

δ 2 + | H SO | 2
δ

(3.27)

δ 2 + | H SO | 2

where δ is the difference in energy between the perturbed and unperturbed states
( δ = E a − E a0 = E b0 − Eb ). If two of the four values, α , H SO , ∆E0 , ∆E are known, the
other two can be calculated. The value of ∆E is easily found by experiment. The
mixing coefficients can be found by measuring the intensity of fluorescence from each of
the mixed levels. For state |a>, we note that the amount of singlet character is signified
by the coefficient β , while the triplet character is assigned to α . Taking into account
the efficiency of the fluorescence detectors, ε , and the Einstein coefficients of the pure
singlet and triplet states,

1

τ

, where τ is the lifetime of the state, we find for state |a> the

relation
 I triplet

I
 singlet

2

 = εt τ s | α |
2

a ε s τ t | β |

(3.28)

where ( I triplet )a is the intensity of the triplet fluorescence from state |a> (the
predominately triplet state in our case), and (I singlet )a is the intensity of the singlet
fluorescence from state |a>. For state |b> the relation becomes
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 I triplet

I
 singlet

2

 = εt τ s | β |
2

b ε s τ t | α |

(3.29)

Equations (3.28) and (3.29) are valid if total singlet and triplet fluorescence from state |a>
or state |b>, respectively, to all lower electronic states is collected. The mixing
coefficients can be found from combining equations 3.28 and 3.29, resulting in the more
simplified equation [38]
1

α  (It / I S )a
=
β  ( I t / I S ) b

 4  ( I t ) a /( I t ) b
 = 

 ( I S ) a /( I S ) b

1

4



(3.30)

Equation (3.30) is valid in our case since the fluorescence ranges being detected were the
same from both states |a> and |b>. By determining the change in mixing coefficients for
our system, we can determine the amount of control exemplified over the mixed states by
the application of a coupling field. The spin-orbit interaction can also be found from [38]
H SO = ∆δ

H SO = δ

(3.31)

α
β

(3.32)

where ∆ = Eb − E a0 = Eb0 − E a .
As mentioned previously, the spin-orbit interaction is very weak in lithium dimer
compared to that in sodium dimer. An average ab initio calculation for the spin-orbit
matrix element in Lithium is ~0.1cm-1 [39], meaning that two states with the same
rotational number with a large Franck-Condon factor must be within 0.2cm-1 in order for
the singlet state to have significant triplet character (and the triplet state to have
considerable singlet character) [30]. Such strong vibrational overlap and near
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degenercies does not happen frequently in lithium, but several perturbative pairs have
been found and studied extensively [40, 41].
3.7 Theoretical Groundwork for Singlet-Triplet Mixing Experiment

The theoretical groundwork for quantum control of the singlet-triplet mixing of
two states was laid by Kirova and Spano [42, 43]. Beginning with two dressed states a
and b that are very close in energy and weakly mixed by a small perturbation, a target
state of a desirable mixture of states a and b may be created. The target state is created
by applying a strong coupling laser that is resonant between one of the levels in the
perturbed pair and a separate, third level. A control equation is derived which is
dependent upon the coupling field strength and the detuning of the same field. When this
control equation is satisfied under certain conditions, a target state may be created which
is a preselected mixture of states a and b.
An energy scheme involving only three eigenstates is introduced (Figure 3.6).
The first two levels are the mixed levels |a> and |b>, and the third level is a singlet state
to which one of the perturbed levels is coupled.
The Hamiltonian of our system is of the same form as the previous section [44]
H = H 0 + Vˆ

(3.33)

where H 0 is the unperturbed Hamiltonian and Vˆ is the perturbation between the
unperturbed levels | a0 > and | b0 > . In our case, the eigenstates of H 0 are pure singlet
and triplet states, and the spin-orbit interaction is the perturbation. The perturbation
creates the mixed states | a > and | b > which are eigenstates of H, written similarly to
above
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|S >

|b >

| b0 >
∆

∆0

δ
| a0 >
|a>

Figure 3.6 Energy scheme for theoretical development of the quantum control of

the singlet-triplet character of two weakly perturbed levels by application of a strong
coupling field. Levels | a0 > and | b0 > are the unperturbed triplet and singlet states,
respectively, separated in energy by ∆0. The coupling laser optically connects states
| b0 > and |S>.

69

| a >= α | a 0 > −β | b0 > ,

| b >= α | b0 > + β | a 0 >

where again α 2 + β 2 = 1 . The unperturbed energy separation, ∆ 0 = E b0 − E a0 , can be
found from the mixing coefficients and the perturbed energy separation, ∆ = E b − E a ,
from the relation [30]
∆ 0 = (α 2 − β 2 )∆ .

(3.34)

The perturbation strength can also be found from these quantities;
V = αβ ∆ .

(3.35)

Since we define state | b0 > to be a pure singlet state, we assume that the coupling field ,
with a field detuning defined by

δ = Es − Ea − ω L ,

(3.36)

connects only states | b0 > and S, while state | a0 > is unaffected.
When the coupling field is applied to the system, three states are created: the
target state |T>, along with two other eigenstates, | λ1 > and | λ2 >. In the unperturbed
basis, the target state has the form
| T >=

1
1+ x2 + ε 2

{| a 0 , n > + x | b0 , n > +ε | S , n − 1 >}

(3.37)

where x indicates the controlled contribution of state | b0 , n > , and ε indicates the
contribution of | S , n − 1 > to the target state, which upon solving the eigenvalue equation
is found to be

ε=

− 2(αx − β )(α + β x ) ∆
Ω

(3.38)
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The transition dipole moment, which is directly proportional to the Rabi frequency of the
coupling field, is MJ-dependent (see section 4.6), hence, the control equation governing
the creation of the target state is also MJ-dependent. The actual Rabi frequency which
includes this dependence on magnetic quantum number is determined by including the
orientation factor FΛ→ Λ , which varies depending upon the type of transition (Σ→Σ,
Σ→ Π ,…) [45]. If we define state |b> as level |2>, the MJ -dependent Rabi frequency is
written as
Ω = Ω c | FΛ →Λ ( J , M J ; J 2 , M J 2 ) |

(3.39)

where Ωc is the coupling field Rabi frequency excluding F. In the case of a strong
coupling field, ε becomes very small (equation 3.38). Thus, for the case of the control
parameter x=1 which corresponds to an optimal mixture of the unperturbed states, the
control equation in the unperturbed basis is [42]

δ = β ∆ (α + β ) −

Ωc

2

4∆ ( β 2 − α 2 )

| FΛ →Λ ( J , M J ; J 2 , M J 2 ) | 2 .

(3.40)

When the control equation is satisfied for different values of MJ, two eigenstates with
equal mixtures of the unperturbed wave functions | a0 > and | b0 > and no admixture of
state | S , n − 1 > are created along with a third state. The forms of these states are given
by
| T >=

| λ1 >=

1
2
1
2

| a0 , n > +

| a0 , n > −

1
2
1
2

| b0 , n >

(3.41a)

| b0 , n >

(3.41b)
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| λ2 >=| S , n − 1 >

(3.41c)

The energy splitting between the orthogonal pair | T > and | λ1 > is found to be equal to
|2V| when Ω c >> 2 | β 2 − α 2 | ∆ , and the energy of state | λ1 > diverges as the coupling
field Rabi frequency increases.
When the perturbation is weak ( β <<1) the AT effect may be used to describe the
mixing that occurs. The basis set used in this case includes the perturbed states |b, n>,
|S, n-1>, and |a, n>. When the coupling field is exactly resonant with the perturbed
singlet state |b, n> (i.e. δ = ∆ ), the AT splitting is maximized. Pronounced mixing will
occur when the coupling field Rabi frequency is near 2∆, at which point the lower
component of the AT pair becomes resonant with the perturbed triplet state |a,n>. When
this occurs, the spin-orbit interaction, V, occurring between state |a,n> and the lower AT
component results in the creation of two new states | ε + > and | ε − > , which are split in
energy by 2V . The three dressed eigenstates which are created in the Autler-Townes
picture are then found to be
| AT + >=

1
2

| b, n > +

1
2

| S, n −1 >

(3.42a)

| ε + >=

1
1
1
| b, n > − | S , n − 1 > −
| a, n >
2
2
2

(3.42b)

| ε − >=

1
1
1
| b, n > − | S , n − 1 > +
| a, n >
2
2
2

(3.42c)
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3.8 Conclusion

In this chapter the nature of the Autler Townes effect was investigated in the
semi-classical as well as the dressed state picture. The AT effect states that when a level
is connected to another level by a strong field, each level will split into two components,
the splitting between which depends upon the frequency and strength of the applied field.
The nature of the spin-orbit interaction was also presented along with a method for
determining the mixing coefficients of two states which are perturbed by the spin-orbit
interaction. Finally, the theoretical background was outlined which describes how to
create a target state with a desired amount of character from a perturbed pair.
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CHAPTER 4
DENSITY MATRIX FORMALISM
4.1 Introduction

Several theoretical methods have been developed to model the interaction of light
with matter. In this chapter, we introduce a model to simulate our experimental data that
is based on the density matrix equations of motion developed by J. von Neumann in
1927. In this method, the atom is treated quantum mechanically, while the
electromagnetic fields of each laser are treated semi-classically. Such treatment makes
the approach easier to visualize and not as abstract as a pure quantum mechanical
treatment. This method utilizes a statistical average approach to model an ensemble of
quantum systems. Another desirable feature of this approach is the inclusion of
relaxation terms, such as spontaneous decay, collisional effects, and other decoherence
phenomena that give rise to broadening in linewidths. Since these key physical processes
are included in this model, the density matrix approach is an excellent method to simulate
our experimental data.
4.2 The Density Matrix

Our system can be represented by an ensemble of atoms in given quantum
mechanical states. Any pure quantum mechanical state can be described by a wave
function,ψ k , from which all observable information about the state can be extracted.
Such wave functions must satisfy the well known Schrodinger equation
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ih

dψ k
= Hˆ ψ k
dt

(4.1)

where Ĥ is the Hamiltonian operator of the system. In our case, the atoms occupy
mixed states for which the exact wavefunctions cannot be known. Each pure state ψ k ,
however, can be expanded in an orthonormal basis set of the energy eigenvectors of the
unperturbed Hamiltonian | φ i>, which satisfy the condition

∫φ

∗

n

r
r
( r )φ m ( r ) dr 3 = δ nm .

(4.2)

Therefore, our pure state can be written in the form
N

→

→

ψ k ( r , t ) = ∑ ci (t ) | φi ( r ) >

(4.3)

i =1

where the sum is over the total N energy eigenstates of the system, and the coefficients ci,
define the probability amplitude of finding a system in state | φ i> at a time t, and satisfy
the condition
N

∑ | c (t ) |

2

i

= 1.

(4.4)

i =1

Since the wavefunctions of these pure states form a complete set, our mixed state can be
written as a superposition of these pure states, with statistical weights pk, which indicate
the probability of finding the system in a state ψ k , and which satisfies the condition

∑p

k

= 1.

(4.5)

k

The expectation value of an operator Ô for a system in a pure state can be expressed as
∗
< Oˆ >=< ψ k | Oˆ | ψ k >= ∑ c m c n Omn

(4.6)

m ,n
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with Omn being the matrix representation of Ô defined by

r
r
Omn = ∫ u ∗ m (r )Oˆ u n (r )dr 3 .

(4.7)

The specific operator necessary for our case is the density operator. The density operator
of a pure state is defined as [1-3]

ρˆ =| ψ k >< ψ k |

(4.8)

and can be represented as an N x N matrix. The elements of the matrix are written as

ρ nm =< φ n | ρ | φ m >=< φ n | ψ k >< ψ k | φ m >= c n c ∗ m .

(4.9)

Therefore, the expression for our expectation value in a pure system (equation 4.6) can
now be written as
< Oˆ >= ∑ ρ nm Omn = ∑ ( ρO ) nn = Tr ( ρˆOˆ )
m ,n

(4.10)

n

If we use the identity operator in the above equation, we find
n

Tr ( ρˆ1̂) = ∑ ρ ii = 1

(4.11)

i =1

which is the trace normalization property. This can be rewritten as
n

ρ11 = 1 − ∑ ρ ii

(4.12)

i =2

Using the above relation we can eliminate one degree of freedom in our system, thus
reducing the number of equations that have to be solved.
Since our system is an ensemble of molecules, we need to use the average value
of the expectation value of an operator. The average value of an operator in an ensemble
is defined as
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∗
< Oˆ >= ∑ p k < Oˆ > k = ∑ p k < ψ k | Oˆ | ψ k > = ∑ p k ∑ c m c n Omn .
k

k

k

(4.13)

mn

Therefore the density operator for our mixed states is then [3, 4]

ρˆ = ∑ p k | ψ k ><ψ k |

(4.14)

k

whose individual elements have the form

ρ nm =

∑p

∗

k

cm cn .

(4.15)

k

Once the density matrix for a given system is known, any observable of that
system can then be found. Diagonal elements of the density matrix, ρnn, give the
probability of finding the system in the nth state, and therefore indicate the population of
that state. Off diagonal elements of the density matrix, ρmn, represent the coherences
between states m and n since they involve the phase differences between cm and cn [5].
Hence, off diagonal elements vanish for incoherent processes. The coherences can be
broken up into real and imaginary parts. The real part of the expression corresponds to
the dispersion of the system and the imaginary part corresponds to the absorption
between states “m” and “n”.
The density matrix equations of motion can now be derived. First, we take the
time derivative of the density operator

ρˆ& = ∑ p k | ψ& k >< ψ k | +∑ p k | ψ k >< ψ& k | .
k

(4.16)

k

Using the Schrodinger equation, this expression can be rewritten as

ρ&ˆ = −

i
i
p k Hˆ | ψ k >< ψ k | + ∑ p k | ψ k >< ψ k | Hˆ .
∑
h k
h k

Since the pk are statistical weights (i.e. just numbers), our equation becomes
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(4.17)

i
h

ρˆ& = − Hˆ ρˆ +

i ˆ
ρˆH .
h

(4.18)

Using the definition for the commutator [ Hˆ , ρˆ ] = Hˆ ρˆ − ρˆHˆ , we then arrive at
i
h

ρˆ& = − [ Hˆ , ρˆ ] ,

(4.19)

which is the Liouville equation, or the density matrix equations of motion.
The equation of motion for a given element of the matrix is written as
i
h

i
h

ρ& nm = − [ Hˆ , ρˆ ]nm = − ( Hˆ ρˆ − ρˆHˆ ) nm = −

Noting that

∑

i
< n | Hˆ ρˆ − ρˆHˆ | m > .
h

(4.20)

| k >< k |= 1 , we can insert this expression into the above equation,

k =1

which then becomes

ρ& nm = −

i
∑ [ < n | Hˆ | k >< k | ρˆ | m > − < n | ρˆ | k >< k | Hˆ | m >] ,
h k =1

ρ& nm = ∑ ( H nk ρ km − ρ nk H km ) .

(4.21)

(4.22)

k =1

This is a commonly used form for the density matrix equations of motion.
The complete Hamiltonian of our molecule-laser system consists of three parts:
the Hamiltonian of the unperturbed molecule Hmol, the spin-orbit perturbation VSO
between the mixed states, and the interaction of the molecule with the electric field Hint.
Therefore, the Hamiltonian of our system can be written as
H = H mol + V SO + H int .

(4.23)

We will write the molecular Hamiltonian as the sum of two parts [3], one involving the
laser frequencies, H 0 , and one involving the detunings, H 1
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H mol = H 0 + H 1 ,

(4.24)

which will allow us to use the rotating wave approximation for our rapidly oscillating
fields. This gives the full expression for our Hamiltonian as
H = H 0 + H 1 + V SO + H int .

(4.25)

Substituting this into the density matrix equations of motion described above gives
i
dρ
= − [ H 0 + H 1 + V SO + H int , ρ ] .
dt
h

(4.26)

To model our system in the interaction picture, which involves the interaction of the
molecule with the laser light, we will impose a unitary transformation of the form [1]

ρI = e

iH 0t
h

ρe

− iH 0t
h

.

(4.27)

Differentiating the above expression with respect to time gives

dρ I
i
= e
dt
h

iH 0t
h

Substituting

[ H 0 , ρ I ]e

− iH 0t
h

+e

iH 0t
h

dρ
e
dt

− iH 0t
h

.

(4.28)

dρ
from equation (4.26) into equation (4.28) results in the more simplified
dt

form

dρ I
i
=− e
dt
h

iH 0 t
h

[H1 + V

SO

+ H int , ρ I ]e

− iH 0 t
h

.

(4.29)

The Hamiltonian in the interaction picture is obtained through another unitary
transformation, namely

HI = e

iH 0 t
h

(H1 + V

SO

+ H int )e

− iH 0t
h

(4.30)
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which we will use in section 4.5 to obtain the density matrix equations of motion in the
interaction picture
dρ I
i
= − [H I , ρ I ] .
dt
h

(4.31)

4.3 Decay Terms

Equation (4.31) only includes the interaction of the optical fields with the
molecule. To accurately describe our system, all decay phenomena (spontaneous
emission, collisions, transit time of molecules through the laser beam, etc.) must also be
included in the density matrix expressions
i
h

ρ& nm = − [ Hˆ , ρˆ ]nm + relaxation terms.

(4.32)

All of these relaxation terms are collectively expressed by an N x N matrix Γ( ρ )
Γ( ρ ) = δ nm (−Wn ρ nm + ∑ Θ(ε k −ε n )Wkn ρ kk ) − (1 − δ nm )γ nm ρ nm .

(4.33)

k =2
k ≠i

A level “n” can spontaneously emit a photon to all lower energy levels to which electric
dipole transitions are allowed. We denote the total radiative decay rate from level n as

Wn, defined as
N

Wn = ∑ Wnm

(4.34)

m =1

where Wnm is the rate of decay between levels n and m, and the sum is over the total
number of levels in the system lower than level n. Spontaneous emission directly affects
the population of a given level, and therefore involves the elements ρ nn . Typical radiative
decay rates are of the order of ~50 rad/s for levels with lifetimes of ~20ns. To account
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for the fact that the molecules are traveling in and out of the laser beam, the beam transit
rate, wt, is included for levels with long lifetimes [6, 7]. The expression for the transit
rate is found to be [7]
wt = 0.962

u rms
r1 / e 2

(4.35)

where the root mean square velocity of the molecules is u rms =

3RT
(where R is the gas
M

constant, T is the temperature in Kelvin, and M is the molar mass in kg), and r1/ e 2 is the
distance from the center of the laser beam to where the intensity drops to 1/e2 of its peak
value. Since the temperature for our experiment was around 855K, the values used to
calculate wt were u rms =1240m/s, and r1/ e 2 =100 – 250 µ m, giving a transit rate range of
30 – 75 rad/s. An additional positive term, which we denote as λ , must be added to the
•

ground state equation of motion ( ρ 11 ) to account for new molecules entering the path of
the laser beam.
The off diagonal elements of Γ( ρ ) include the phenomenological dephasing
parameters γ ij . These terms account for the processes that prevent the natural inclination
of the system toward equilibrium and are commonly expressed as [8, 9]

γ nm =

1
∑ (Wnk + Wmk ) + γ c nm .
2 k =1,5

(4.36)

n≠m

The term γ c nm includes the dephasing effects from collisions of the atoms or molecules.
A diagram of all possible decay channels for our five level experiment is displayed in
Figure 4.1.
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To summarize the form for all relaxation terms that must be included in each
element of the equations of motion:

ρ& nn = ... − (Wn + wt ) ρ nn + ∑ Wmn ρ mm

diagonal elements

m>n

ρ& nm = ... − (γ nm + wt ) ρ nm

off-diagonal elements

ρ&11 = ... − wt ρ11 + λ

ground state

(4.37)

Since we now know the form of all terms in the density matrix equations of motion,
i
h

ρ& nm = − [ Hˆ , ρˆ ]nm + Γ( ρ )

(4.38)

we can proceed to find the exact form of the expressions for our system.

|4>
|3>

W43
W45
W35

W42

|5>
|2>

W56
W26

W21

W51
|6>

|1>

Figure 4.1 Spontaneous decay channels between all levels involved in our excitation

scheme. Level |6> represents all other ground state levels to which the other levels may
decay.
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4.4 Energy Scheme

The five-level energy level scheme involving three lasers used in this analysis is
displayed in Figure 4.2. Levels 1 and 2 are the ground and intermediate states in our
excitation scheme, respectively. Levels 3 and 4 represent the unperturbed triplet and
singlet states of our spin-orbit mixed levels, respectively. The coupling field connects
Level 4 with a second intermediate Level 5. The unperturbed energy separation between
the upper singlet and triplet states is denoted by ∆0. The frequency of the lasers are
represented by ω Li , and the Rabi frequency between levels “i” and “j” is shown in the
diagram as Ω ij .
|4>

∆0

|3>

Ω54, ω3
Ω24, ω2

Ω23

Ω53
|5>

|2>

Ω12, ω1

|1>

Figure 4.2 Excitation scheme of a five-level molecular system interacting with three

laser fields. Ωij indicates the Rabi frequency between levels i and j. The laser field
frequency is indicated by ωi. ∆0 is the unperturbed energy separation between the upper
singlet and triplet states.
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4.5 Deriving the Hamiltonian

As previously mentioned, the Hamiltonian for our system can be expressed as
H = H mol + V

SO

+ H int

or H = H 0 + H 1 + V SO + H int .

(4.39)

For an N level system, the molecular Hamiltonian of the unperturbed molecule is
diagonal in the basis set of the molecular states |k>, and can simply be expressed as
N

H mol = ∑ ε k | k >< k |

(4.40)

k =1

The eigenvalues of the molecular Hamiltonian, εk, are the energies of the kth level.
Therefore, by setting ε1=0, our five-level system unperturbed molecular Hamiltonian is
expressed as

H mol = ε 2 | 2 >< 2 | + ε 3 | 3 >< 3 | +ε 4 | 4 >< 4 | + ε 5 | 5 >< 5 | .

(4.41)

Dividing the molecular Hamiltonian into two parts, we define H 0

H 0 = hω1 | 2 >< 2 | + (hω1 + hω 2 ) | 3 >< 3 | + (hω1 + hω 2 ) | 4 >< 4 | +
(hω1 + hω 2 − hω 3 ) | 5 >< 5 |

(4.42)

and H 1 , which involves the detunings of the optical fields,

H 1 = −(hω1 − ε 2 ) | 2 >< 2 | −(hω1 + hω 2 − ε 3 ) | 3 >< 3 | −
(hω1 + hω 2 − ε 4 ) | 4 >< 4 | −(hω1 + hω 2 − hω 3 − ε 5 ) | 5 >< 5 | .

(4.43)

The perturbation VSO can be written as

V SO = hV (| 4 >< 3 | + | 3 >< 4 |)

(4.44)

where V is the spin-orbit interaction defined by equation (3.35). Using the dipole
approximation, the interaction Hamiltonian is generally defined as [1, 2]
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→ →

→ →

H int = −e r ⋅ E = − µ ⋅ E

(4.45)
→

→

where µ is the dipole moment operator, and E is the electric field of the applied laser.
The electric field of each laser is written in the form
→

E (t ) = E 0 eˆ cos(ωt )

(4.46)

where E0 is the electric field amplitude, ω is the frequency of the incident radiation, t is
the time elapsed, and ê is the direction of polarization. The Rabi frequencies, as
discussed in section 2.9, corresponding to each transition, are defined as
Ω12 =

µ12 E1
h

, Ω 23 =

µ 23 E 2
h

, Ω 24 =

µ 24 E 2
h

, Ω 53 =

µ 53 E3
h

, Ω 54 =

µ 54 E3
h

(4.47)

Therefore, the interaction term of the Hamiltonian, which involves off diagonal elements,
can be written as
Ω12
Ω
[| 2 >< 1| + | 1 >< 2 |][e −iω1t + eiω1t ] + h 23 [| 3 >< 2 | + | 2 >< 3 |][e −iω2t + e iω2t ] +
2
2
Ω 24
Ω
(4.48)
[| 4 >< 2 | + | 2 >< 4 |][e −iω2t + e iω2t ] + h 53 [| 5 >< 3 | + | 3 >< 5 |][e −iω3t + e iω3t ] +
h
2
2
Ω
h 54 [| 5 >< 4 | + | 4 >< 5 |][e −iω3t + e −iω3t ].
2
H int = h

Performing the unitary transformation of (4.30) will give us the Hamiltonian in the
interaction picture for our system. Since our system oscillates at a frequency much
smaller than the frequency of our resonant optical fields, we can employ the rotating
wave approximation [10] and obtain a much simplified expression for HI, namely
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H I = −h∆1 | 2 >< 2 | −h(∆1 + ∆ 2 ) | 3 >< 3 | −h(∆1 + ∆ 2 − ∆ 0 ) | 4 >< 4 | −
Ω12
(| 2 >< 1 | + | 1 >< 2 |) +
2
(4.49)
Ω
Ω
Ω
+ h 23 (| 3 >< 2 | + | 2 >< 3 |) + h 24 (| 4 >< 2 | + | 2 >< 4 |) + h 53 (| 5 >< 3 | + | 3 >< 5 |)
2
2
2
Ω 54
(| 5 >< 4 | + | 4 >< 5 |)
+h
2

h(∆1 + ∆ 2 − ∆ 3 − ∆ 0 ) | 5 >< 5 | +hV (| 4 >< 3 | + | 3 >< 4 |) + h

where the detunings of each laser are defined as
∆1 = ω1 −

ε2
h

, ∆ 2 = ω2 −

ε3 −ε2
h

, ∆ 3 = ω3 −

ε4 −ε5
h

(4.50)

and the energy difference between the two unperturbed states is
∆0 =

ε4 −ε3
h

.

(4.51)

To account for the slight effect of Doppler broadening upon our system, we introduce a
velocity-dependent detuning for each laser. The pump laser L1 co-propagates with the
coupling field L3, while the probe field L2 counter-propagates to both L1 and L3.
Molecules traveling along the propagation direction will experience a smaller frequency
than the actual frequency of the laser, therefore the laser detunings in the molecule frame
of reference are defined as

δ 1 ≡ ∆1 − k1 vz , δ 2 ≡ ∆ 2 + k 2 vz, δ 3 ≡ ∆ 3 − k 3 vz

(4.52)

where k i is the wave number of laser “i” whose beam has a propagation axis z, and v z is
the z-component of the velocity of the molecule. This gives the final Hamiltonian in the
interaction picture the form
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HI = −hδ1 | 2 >< 2 | −h(δ1 + δ2 ) | 3 >< 3 | −h(δ1 + δ2 − ∆0 ) | 4 >< 4 | −h(δ1 + δ2 − δ3 − ∆0 ) | 5 >< 5 | +
Ω12
Ω
(| 2 ><1 | + | 1 >< 2 |) + h 23 (| 3 >< 2 | + | 2 >< 3 |) +
2
2
Ω
Ω
Ω
h 24 (| 4 >< 2 | + | 2 >< 4 |) + h 53 (| 5 >< 3 | + | 3 >< 5 |) + h 54 (| 5 >< 4 | + | 4 >< 5 |).
2
2
2
hV (| 4 >< 3 | + | 3 >< 4 |) + h

(4.53)

Now that we have our Hamiltonian in the interaction picture, we can substitute it
into the interaction picture density matrix equations of motion
dρ I
i
= − [ H I , ρ I ] + relaxation terms
dt
h

and obtain the individual elements of the density matrix with all pertinent relaxation
terms. The density matrix equations with all included relaxation terms are listed below.
All equations were checked for correctness against Ref. [11].

ρ& 11 = −i

Ω 12
Ω
ρ 21 + i 12 ρ12 + W21 ρ 22 + W31 ρ 33 + W41 ρ 44 + W51 ρ 55 − wt ρ11 + λ
2
2

(4.54a)

ρ& 12 = −i

Ω12
Ω
Ω
Ω
ρ 22 + i 12 ρ 11 + i 23 ρ13 + i 24 ρ14 − (γ 12 + iδ 1 + wt ) ρ12
2
2
2
2

(4.54b)

ρ& 13 = −i

Ω12
Ω
Ω
ρ 23 + i 23 ρ12 − (iδ 1 + iδ 2 + wt + γ 13 ) ρ13 + iVρ14 + i 53 ρ15
2
2
2

(4.54c)

ρ&14 = −i

Ω
Ω12
Ω
ρ 24 + i 24 ρ12 − (iδ1 + iδ 2 − i∆ 0 + wt ) ρ14 + iVρ13 + i 54 ρ15 − γ 14 ρ14 (4.54d)
2
2
2

ρ& 15 = −i

Ω 12
Ω
Ω
ρ 25 + i 53 ρ13 − (iδ 1 + iδ 2 − iδ 3 − i∆ 0 + wt ) ρ 15 + i 54 ρ14 − γ 15 ρ15
2
2
2

ρ& 21 = ρ&12 ∗
ρ& 22 = −i

(4.54e)
(4.54f)

Ω12
Ω
Ω
Ω
Ω
Ω
ρ12 − i 23 ρ 32 − i 24 ρ 42 + i 12 ρ 21 + i 23 ρ 23 + i 24 ρ 24 +
2
2
2
2
2
2

+ W42 ρ 44 + W32 ρ33 + W52 ρ55 − (W21 + wt ) ρ 22
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(4.54g)

ρ& 23 = −i

Ω
Ω
Ω
Ω12
ρ13 − (iδ 2 + wt ) ρ 23 − i 23 ρ 33 − i 24 ρ 43 + i 23 ρ 22 +
2
2
2
2

+i

ρ& 24 = −i

(4.54h)

Ω 34
Ω
ρ 24 + i 53 ρ 25 − γ 23 ρ 23
2
2

Ω12
Ω
Ω
Ω
Ω
ρ14 − i 23 ρ 34 − i 24 ρ 44 + i 24 ρ 22 + iVρ 23 + i 54 ρ 25
2
2
2
2
2

(4.54i)

− (iδ 2 − i∆ 0 + γ 24 + wt ) ρ 24

ρ& 25 = −i

Ω 12
Ω
Ω
Ω
ρ 15 − i 23 ρ 35 + i 53 ρ 23 − i 24 ρ 45 − (iδ 2 − iδ 3 − i∆ 0 + wt ) ρ 25 +
2
2
2
2

+i

(4.54j)

Ω 53
Ω
ρ 23 + i 54 ρ 24 − γ 25 ρ 25
2
2

ρ& 31 = ρ&13 ∗

(4.54k)

ρ& 32 = ρ& 23 ∗

(4.54l)

ρ& 33 = −i

Ω 23
Ω
Ω
Ω
ρ 23 − iVρ 43 − i 53 ρ 53 + i 23 ρ 32 + iVρ 34 + i 53 ρ 35 + ρ 33 +
2
2
2
2

(4.54m)

+ W43 ρ 44 − (W3 + wt ) ρ 33

ρ& 34 = −i

Ω 23
Ω
Ω
Ω
ρ 24 − iVρ 44 − i 53 ρ 54 + i 24 ρ 32 + iVρ 33 + i 54 ρ 35
2
2
2
2

(4.54n)

+ i∆ 0 ρ34 − (γ 34 + wt ) ρ34

ρ& 35 = −i

Ω 23
Ω
Ω
Ω
ρ 25 − iVρ 45 − i 53 ρ 55 + i 53 ρ 33 + i 54 ρ 34
2
2
2
2

(4.54o)

+ (i∆ 0 + iδ 3 − wt − γ 35 ) ρ35

ρ& 41 = ρ&14 ∗

(4.54p)

ρ& 42 = ρ& 24 ∗

(4.54q)
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ρ& 43 = ρ& 34 ∗

(4.54r)

ρ& 44 = −i

Ω 24
Ω
Ω
Ω
ρ 24 − iVρ 34 − i 54 ρ 54 + i 24 ρ 42 + iVρ 43 + i 54 ρ 45 − (W4 + wt ) ρ 44
2
2
2
2

(4.54s)

ρ& 45 = −i

Ω
Ω
Ω
Ω 24
ρ 25 − iVρ 35 − i 54 ρ55 + i 53 ρ 43 + i 54 ρ 44 − (wt − iδ 3 ) ρ 45 − γ 45 ρ 45
2
2
2
2

(4.54t)

ρ& 51 = ρ&15 ∗

(4.54u)

ρ& 52 = ρ& 25 ∗

(4.54v)

ρ& 53 = ρ& 35 ∗

(4.54w)

ρ& 54 = ρ& 45 ∗

(4.54x)

ρ& 55 = −i

Ω 53
Ω
Ω
Ω
ρ 35 − i 54 ρ 45 + i 53 ρ 53 + i 54 ρ 54 − (W5 + wt ) ρ 55 + W45 ρ 44 + W35 ρ 33
2
2
2
2

(4.54y)

Since continuous wave lasers were used in our experiment, the above equations
can be solved under steady state conditions ( ρ& I = 0 ), simplifying them into a set of
homogeneous linear equations. All of the equations of motion (4.54) can then be used to
construct a matrix of the form
Ρ& = iLΡ + iI

(4.55)

where L is a 25x25 matrix in which all experimental parameters are included, such as
laser detunings, spin-orbit interactions, decay terms, and Rabi frequencies. P is a column
vector containing 25 elements corresponding to the populations and coherences
(P(1)= ρ11 , P(2)= ρ12 , P(3)= ρ13 ,… P(25)= ρ 55 ). The column vector I contains all
inhomogeneous terms. As mentioned above, we can then set Ρ& =0, allowing the system
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to be numerically solved for P using the process of matrix inversion. An exact solution
can then be found for all populations and coherences.
4.6 Rabi Frequency MJ-dependence and Averaging Effects

Since states with the same J but different MJ have the same energy in the absence
of an electric field, there are 2J+1 degenerate magnetic sublevels for each molecular state
of rotational number J. The application of an external field lifts this degeneracy, and
each magnetic sublevel experiences a slightly different transition dipole moment
depending upon the molecules orientation to the laser field [12, 13]. Thus, for each sublevel MJ, a separate AT pair arises upon application of the coupling field to the system.
The energy shift of each sublevel is |MJ|-dependent for the linearly polarized coupling
field [12] and also depends upon the variety of the electronic transition. The rotational
orientation factors, FΛ →Λ' ( J ' , M J' ; J , M J ) , of the transition dipole moment are included in
the transition dipole moment expression in the form
n ' , v ' , J ' , M 'J µ n, v, J, M J = µ el v ' v FΛ→ Λ' ( J ' , M J' ; J , M J )

(4.56)

where µ el is the electronic part of the transition dipole moment, and v' v is the
vibrational overlap or square root of the Franck-Condon factor. For our excitation
scheme, the rotational factors for the Q branch of a 1 Σ →1 Π transition and a P branch for
a 1 Σ →1 Σ transition, respectively, are

FΣ0→Π ( J ' = J , M J ; J , M J ) =

M
J ( J + 1)

FΣ0→Σ ( J ' = J − 1, M J ; J , M J ) =

(4.57)

J 2 − M J2
.
(2 J + 1)(2 J − 1)
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(4.58)

The appropriate term for the MJ-dependent transition dipole moment is substituted into
each Rabi frequency expression. Since the solution to the density matrix equations are

MJ-dependent, a sum over the magnetic sublevels must be included in our simulation,
which is of the form

ρ ii = ∑ ρ ii

(M J )

(4.59)

MJ

The frequency separation between the different MJ-dependent peaks may be resolved
when the rotational number is very low [14]. For our case J=21, so with the available
Rabi frequencies, the many sets of peaks simply result in a broadening in the typical
observed Autler-Townes lineshape.
To account for the different thermal velocities of the molecules, an integration
over the velocity distribution must also be performed, leading to the integration

ρ ij

∞

vz ,M J

= ∑ ∫ ρ ij

MJ

−∞

MJ

(vz) N(vz) dvz

(4.60)

where N(vz) is the one dimensional Maxwell distribution

N(vz) =

1

u mp π

−

e

vz

2

u mp 2

.

(4.61)

Here , ump is the most probable speed of the molecules of mass m at temperature T

u mp =

2kT
.
m

(4.62)

Since the laser electric field has a Gaussian spatial profile, a final averaging over
the radial distribution of the field
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E (r ) = E 0 e

−

r2
w2

(4.63)

can also be included. However, since the coupling field spot size was kept much larger
than the spot sizes of the pump and probe lasers, the molecules in the interaction region
experience a near uniform field, and this averaging was not included in our simulation.
-

Calculations were further simplified since the hyperfine structure of the 13Σg state is
negligible due to the electron density at the nuclei being zero [15, 16].
After completing all density matrix calculations and performing all averages, the
fluorescence signal in our experiment can be simulated by plotting ρ 33 and ρ 44 (which
correspond to the triplet and singlet detection channels, respectively) as a function of the
detuning ∆P from the perturbed G1Πg(12,21f) state of the probe laser L2.
4.7 Conclusion

A density matrix formalism was developed which can be used to simulate the
experimental data presented in this work. The density matrix approach was used to solve
the various equations of motion for a five-level system interacting with three laser fields
using the rotating wave approximation. Relaxation terms were included in the system of
equations to account for all phenomenological decay terms such as spontaneous emission
and the transit time of the molecules. Once all elements were obtained, a matrix was
constructed from which solutions could be obtained under steady state conditions using
matrix inversion. The exact solutions can then be used to plot populations and
coherences of the system as a function of laser detuning, allowing for the comparison of
experimental data with theoretical simulations.
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CHAPTER 5
EXPERIMENTAL DETAILS AND RESULTS

5.1 Introduction

As previously discussed, the goal of much recent research in modern quantum
mechanics has been toward achieving coherent quantum control. This work involves the
quantum control of a pair of singlet and triplet states in Li2 which are initially weakly
mixed by the spin orbit interaction. Experimental results reveal that one can control the
amount of mixing between two perturbed states by varying the strength of an applied
coupling field which is resonant with the singlet component of the perturbed state. A
description of the experimental equipment and parameters used to obtain the
experimental data are presented in this chapter. The effect that the coupling field has
upon the population of the mixed levels at various powers will be shown. The mixing
coefficients are calculated for the cases of no coupling field and when the coupling field
was 750mW.
5.2 Diatomic Lithium Potential Curves

The potential energy curves of Li2 for the states used in this experiment are
displayed in Figure 5.1. As illustrated by the figure, the A1Σu+ and b3 Π u states have the
same dissociation limit (2s + 2p), as do the G1 Π g, and 13Σg- states (2p + 2p). The
illustrated crossings of potential curves results in the mixing of rovibrational levels from
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the A1Σu+ and b3 Π u states, and from the G1 Π u and 13Σu states, by the spin orbit
interaction. As discussed in section 3.5, this mixing occurs between two closely spaced
levels having the same rotational number. A mixed A1Σu+ ~b3 Π u pair was used in
previous work [1], while in this work a perturbed pair between the G1 Π u ~13Σu- states
was chosen. A list of perturbed levels that have been found in molecular lithium can be
found in Refs. [2-4].

3

Li(2p)+Li(2p)

-

1 Σg
35000

1

G Πg

Energy (cm-1)
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L3

L2
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Li(2s)+Li(2p)
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+

A Σu

3

b Πu

10000

Li(2s)+Li(2s)
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1
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X Σg
0
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Figure 5.1 Potential energy curves of 7Li2 as a function of internuclear distance R. The

data from which the X1Σg+, A1Σu+, b3 Π u, G1 Π g, and 13Σg-curves were constructed can be
found in references [5-10].
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5.3 Experimental Details

Lithium gas was produced in a five-arm, stainless steel heatpipe oven. Three
heaters were positioned on the sidearms and the bottom reservoir at the center of the
heatpipe and wrapped in insulation. The side arm heaters were 280hm heaters from
Lindberg, and the center heater was an ARI heater (BXX-093B38-4T). The voltage
applied to the center and side heaters was 95V and 85V, respectively. Most of the vapor
produced in the heatpipe is atomic lithium, with about 5% of the atoms forming
molecular lithium. A small reservoir is located at the bottom center of the heatpipe to
allow the lithium to pool in the region where the laser beams are focused and from which
light is detected. Steel mesh was placed inside each horizontal arm to allow the liquid
lithium to circulate smoothly inside the heatpipe. The end of each arm of the heatpipe
was covered with an o-ring vacuum seal in the flange holding the window in place. The
arms of the heatpipe were water-cooled to prevent the lithium from condensing on the
windows. Argon gas was added as a buffer gas. The lithium vapor pressure varied from
100-200 mTorr, and the temperature was ~850K.
The temperature was calculated from the Doppler profile obtained while scanning
the pump laser over the pump laser transition. Using equation 5.1, which is based on the
Maxwell-Boltzmann distribution, we were able to determine the temperature of our
system

T =(

∆ωc 2 m
)
2ω 0 2k ln 2

(5.1)

where ∆ω is the full width at half maximum (FWHM), c is the speed of light, ω0 is the
center frequency, m is the molecular weight of the lithium dimer in kilograms, and k is
100

Boltzmann’s constant. The calculated temperature for the heater voltage settings of
85V/95V/85V (side/center/side, respectively) was 856K. The singlet fluorescence
detection channel used was 672.06 nm, which corresponds to the A1Σu+ (11, 21) →
X1Σg+(5, 20) transition. The Doppler profile obtained while scanning the pump laser can
be seen in Figure 5.2. To ensure an accurate temperature calculation, the pump laser was
scanned at very low power (~1mW) to mitigate any power broadening effects, and the
scan was taken very slowly to minimize background noise. The Vernier etalon (VET)
signal from the laser wavemeter was also collected throughout every scan in this
experiment to ensure that the scan was smooth and that no mode hops occurred.
5.4 Experimental Setup

The experimental setup is shown in Figure 5.3. The pump (L1), probe (L2), and
coupling (L3) lasers were all Coherent Autoscan 699-29 ring dye lasers. The bandwidth
of each laser is 0.5MHz. All three lasers were pumped by separate pump lasers
manufactured by the Coherent Laser Group operated at about 6W output power. The
pump laser L1was pumped by a Sabre DBW-25 argon ion laser, while the probe and
coupling lasers were pumped with Coherent Verdi V10 lasers. All lasers were linearly
polarized in the same direction. The pump laser was operated with dicyanomethylene
(DCM) dye, and the probe and coupling lasers were operated with Rhodamine 590 (R6G)
dye. The pump and coupling lasers co-propagated, while the probe laser counterpropagated. For phase-sensitive detection, a mechanical chopper was used to modulate
the pump laser beam with a frequency ~1000Hz. Neutral density filters were placed in
the paths of each beam to allow the desired power of each laser to enter the heatpipe.
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Figure 5.2 The Doppler broadened profile obtained while scanning the pump laser. The

power of the pump laser was very low ( ~1mW) in order to minimize any power
broadening effects. The singlet fluorescence detection channel used corresponded to a
wavelength of 672.06nm. Using equation (5.1), the temperature calculated from this
Doppler profile was 856K.
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Figure 5.3 Experimental setup for the S-T mixing experiment. The pump and coupling

lasers co-propagated, while the probe beam counter-propagated. The OODR
fluorescence was detected in two different ways. The total triplet fluorescence was
detected by the side PMT using blue filters, and the singlet channel fluorescence was
detected using a SPEX monochromator, which allows for the detection of a single
rovibrational singlet transition.

Two fluorescence detection channels were used during our experiment: the total
triplet fluorescence, which arose from the triplet character of the singlet-triplet mixed
pair, and a single-channel singlet fluorescence signal, which originated from the singlet
character of the singlet-triplet mixed pair. Since most of the population in our
experiment resided in the singlet state, collecting the total triplet fluorescence allowed for
a strong triplet channel signal. The total triplet channel fluorescence was collected by a
photomultiplier tube (R928) mounted on the top arm of the heatpipe. The high voltage
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supplied to the PMT was 500V. Two blue filters (Kopp Glass Inc. 5433 and 5543) were
placed in front of the PMT to prevent the red and yellow scattered laser photons from
reaching the detector, allowing for the detection of only the violet side fluorescence
signal. The 13Σ-g state can only fluoresce to the vibrational levels of the b3 Π u state, thus
the total range of wavelengths for the triplet fluorescence is 440-595nm, with the blue
filters mostly blocking the transmission of wavelengths above ~550nm. The singlet
channel fluorescence signal was collected while monitoring a single rovibrational singlet
transition (i.e. one wavelength). The singlet channel fluorescence was detected using a
Spex 1404 double grating monochromator, a cooled photomultiplier tube (PMT), and
lock-in amplifier (SR 850) system. After the fluorescence from the center of the heatpipe
entered the entrance slit of the Spex, the photons went through a series of gratings and
slits, allowing only the desired wavelength photon to reach the cooled PMT. The voltage
applied to the PMT was 1000V. The signal from this PMT was collected by a lock-in
amplifier, which sent the signal to the computer which controls the scanning laser. The
computer then displayed a graph of fluorescence intensity vs. frequency of the scanning
laser.
All three laser beams were focused and overlapped at the center of the heatpipe
oven. Optimal overlap was achieved by first maximizing the OODR signal from the
pump and probe beams, and then carefully overlapping the coupling field so that, at
relatively low power (~200mW), the AT splitting was maximized. The coupling field
must be at low power for this step, since at high powers the AT splitting becomes so large
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and broadened that slight changes in the position of the coupling field result in minimal
differences in the shape of the splitting (see Sec.3.2). The powers for all lasers were
measured with a Coherent Lasermate D power meter, which has an accuracy of ±1% of
the reading. The spot sizes of the pump, probe and coupling fields at the center of the
heatpipe were 250 µm, 300 µm, and 425 µm, respectively. Exact spot sizes were
achieved using either one lens or two lenses in combination and measured using the razor
blade method [11]. The spot size or beam waist w(z) is defined as the radial distance
between the points on the Gaussian profile where the intensity is 1/e2 of its largest value,

I0 (see Figure 5.4). The intensity of the laser beam is given by
−r 2

I ( r , z ) = I 0 ( z )e w

2

(z)

(5.2)

from which the spot size w is found to be

w=

1
2C

(d 75 − d 25 )

where C is the solution to erf (C ) =

(5.3)
1
, which is found to be C ≈ 0.47 , and d 75 ( d 25 ) is
2

the position of the razor blade when the transmitted power is 75% (25%) of the maximum
laser power. Thus, the spot sizes were found by slowly sweeping a razor blade, which
was mounted on a translational stage attached to a micrometer dial, across the laser beam
profile and recording d 75 − d 25 for each beam at a location equal to the distance to the
center of the heatpipe. The spot sizes were measured both vertically and horizontally to
ensure a symmetric profile. The error of all spot size measurements is 10 µm. The spot
sizes were chosen so that the electric field of the coupling laser would be uniform in the
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Figure 5.4 Laser beam spot size w is defined as the radial distance between the points on

the Gaussian profile where the intensity is 1/e2 of its largest value, I0. The razor blade
mounted on a translational stage equipped with a micrometer dial is slowly swept across
the beam profile to determine the spotsize using equation (5.3).
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Figure 5.5 Laser beam profiles of the pump (L1), probe (L2), and coupling (L3) lasers.

Spot sizes of the three laser beams were chosen to ensure that the coupling laser’s electric
field (and therefore Rabi frequency) was uniform over the interaction region.
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region where the pump and probe beams interact. This can be seen graphically in Figure
5.5. A uniform electric field of the coupling laser throughout the interaction region
provides for a constant Rabi frequency.
5.5 Doppler Broadening Considerations

Previous work related to S-T mixing control [1] used a five-level extended
lambda system where the mixed pair involved the intermediate levels (Figure 5.6). Even
though the pump laser is set to one specific frequency, this energy scheme included
Doppler broadening effects, since both the singlet and triplet mixed levels are under the
Doppler width of ~ 2.4GHz (see Figure 5.7). The pump laser was set on resonance with
the singlet component, therefore only the molecules travelling perpendicular to the beam
(with velocity component vz = 0) participate in the singlet absorption. The same laser
frequency is also absorbed by the molecules which have a significant velocity component
in the same direction as the laser beam for the triplet component absorption, since they
are red shifted from the resonance of the triplet transition for the laser tuned to resonance
on the singlet. Having two active velocity groups (which becomes three active velocity
groups when the singlet is AT split by the coupling field) could complicate the results of
the singlet-triplet mixing effect under investigation.
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Figure 5.6 Energy scheme for previous work [1]. The singlet-triplet mixed levels are

the two intermediate levels (A1Σu+ and b3 Π u) in the system. The energy separation
between the A1Σu+ and b3 Π u levels is 680MHz (exaggerated for clarity in the diagram),
well within the typical Doppler broadened linewidth for Li2 of 2.4GHz.
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Figure 5.7 Doppler broadening effects from Ref. [1]. The thin line shows the Doppler

broadened profile collected as the pump laser was scanned over the
A1Σu+(17,15)~b3 Π u(22,15) – X1Σg+(3,14) transition. The bold line shows the OODR
signal when the copropagating probe laser was held at the 23 Π g (19,15)- A1Σu+(17,15)
resonance, and the pump laser was scanned around the A1Σu+~ b3 Π u - X1Σg+ transition.
The singlet state is on the left, and the triplet state is on the right (note the hyperfine
structure). Since the singlet and triplet states are both under the Doppler profile, even
when the pump laser was set to the singlet state transition, both the singlet and triplet
states are simultaneously populated from the ground state. This fact results in the
intermediate mixed states being populated by two velocity groups.
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5.6 Excitation Scheme

To eliminate the Doppler broadening effects discussed in Sec. 5.5, an extended
lambda system (Figure 5.8) was chosen, in which our mixed singlet-triplet perturbed pair
were the highest energy levels. The pump laser, L1, excited the lithium molecules from
the thermally populated ground state to the intermediate state in the transition A1Σu+ (11,
21) ←X1Σg+(2, 22). When the pump laser is set to the center of this transition, only vz = 0
molecules are excited. The transition frequency was experimentally measured to be
15,810.158 cm-1. The probe laser, L2, was scanned and excited molecules from the
A1Σu+ (11, 21) level to the 13Σg- (1,21f) and G1Πg (12, 21) levels. The transition energy
between A1Σu+ (11, 21) and 13Σg- (1,21f) was 17,666.136 cm-1, while the transition energy
between A1Σu+ (11, 21) and G1Πg (12, 21) was 17,666.162 cm-1. The coupling field
frequency was held fixed to 17,026.872 cm-1, corresponding to the transition G1Πg (12,
21) ← A1Σu+ (14, 21). Approximate transition frequencies were calculated using the
quantum program LEVEL 8.0 [12], which solves numerically the radial Schrödinger
equation. All experimental laser frequencies were calibrated against the molecular Iodine
Atlas [13, 14], with an uncertainty of 0.005 cm-1. All vibrational and rotational quantum
numbers were confirmed by performing a resolved fluorescence scan while the laser was
set on each transition. Note that the energy separation between the two mixed levels is
only 780MHz. The coupling field Rabi frequency obtained in our case was about
500MHz. Such comparable values of energy separation and Rabi frequency allowed
significant control effects to be seen in our experiment.
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Figure 5.8 Excitation scheme for the S-T mixing experiment. The upper singlet G1 Π g

(12,21f) and triplet 13Σg- (1,21f) mixed states are separated by 720MHz. The width of the
energy separation of this mixed pair is exaggerated in the diagram for clarity.

The power of the pump laser varied from 50 µW to 10mW, while the probe laser
power varied from 1mW to 25mW. The power was kept low to avoid any power
broadening effects. Different sets of pump and probe powers were tested to see which
combination yielded the cleanest signal. Since the AT splitting is proportional to the
Rabi frequency of the laser (i.e. the electric field amplitude and transition dipole moment
matrix element, µ, between the two levels involved), the coupling field transition was
chosen to have its frequency near the center of the tuning curve of the dye. LEVEL 8.0
was used to calculate the transition dipole moments between all G1Πu (12, 21) →
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A (v, 21) levels within the dye range. The frequency difference between the two levels
with the largest µ was chosen.
To observe the degree to which the coupling field affected the mixing coefficients
in our system, two fluorescence channels were detected during our experiment: single
channel fluorescence, which arises from the singlet character of the G1Πu (12, 21f) ~
13Σg- (1,21f) mixed levels, and total triplet fluorescence, which arises from the triplet
character of the G1Πu (12, 21f) ~ 13Σg- (1,21f) mixed levels. The singlet detection channel
was 559.4 nm, which corresponds to the G1Πu (12, 21f) → A(10,21) transition. The
triplet fluorescence from the mixed levels is to the b3Πu state potential well, since the
13Σg- state cannot radiatively decay to the a3Σu+ state [9]. Both channels were collected
simultaneously during each scan and used to determine the mixing coefficients. Since the
singlet channel fluorescence from both the singlet and triplet mixed levels arises from
pure singlet transitions, the singlet channel is more reliable for intensity calculations. As
the coupling field splits the G1Πu (12, 21f) level, one of the AT components is pushed
closer toward the triplet state. This causes the nominally triplet state to become more
singlet in character, and therefore more singlet character fluorescence is detected from
the nominal triplet state. The triplet character fluorescence, on the other hand, is not as
straightforward, since other effects must be considered. Pushing one of the singlet AT
components toward the triplet state has two simultaneous effects: (1) the singlet character
of the nominally triplet state increases (therefore the triplet fluorescence would be
expected to decrease) (2) the population being pumped into the upper nominal triplet
state from the intermediate singlet state increases (from which we would expect the
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triplet fluorescence to increase, since the overall population of the nominal triplet state
has increased). Since these effects are in opposition to one another, a consistent trend in
the triplet character fluorescence from the nominally triplet state as the coupling field
power increased was not observed. This inconsistency may have also resulted from daily
variableness in vapor pressure (130–250 mTorr), fluctuations in pump and probe powers
due to laser instability, variable laser frequencies (100MHz frequency drift per hour),
collisions, and/or other dephasing factors [15]. As a result, the uncertainty in the triplet
channel intensity calculations is substantial. The triplet channel fluorescence from the
nominally singlet state, however, does clearly display the singlet and triplet character
associated with each component of the Aulter-Townes split pair.
5.7 Experimental Data

For each scan, the pump laser was held at the A1Σu+ (11, 21) ←X1Σg+(2, 22)
resonance, while the probe laser was scanned across the G1Πu (12, 21f) ← A1Σu+ (11, 21)
transition. The stepsize for the scanning laser was 2MHz, with the total scan width being
2.5 GHz. The signal for each step was sampled 500 times, and each scan was typically
five minutes in duration. When the coupling field was absent from the system, the peaks
resulting from the 13Σg- (1,21f) ←A1Σu+ (11, 21) and G1Πg (12, 21f) ←A1Σu+ (11, 21)
transitions were seen in a typical OODR spectrum. When the coupling field was applied
to the system at the G1Πu (12, 21f) ← A1Σu+ (14, 21) transition, the G1Πu (12, 21f) level
split into an Autler-Townes pair. As the left component of the AT pair (see Fig 5.9) was
pushed toward the nominally triplet state, the triplet state gained more singlet character,
increasing the singlet character fluorescence from the triplet state. The black trace in
114

Figure 5.9 indicates the singlet character population of the nominally triplet and
nominally singlet levels when the coupling field is absent. The red trace displays the

triplet character population of the nominally triplet and nominally singlet levels when the
coupling field is absent. The blue line denotes the triplet character of the nominally
triplet and nominally singlet states populations when a strong coupling field is applied to
the system. The green line denotes the singlet character of the nominally triplet and
nominally singlet state populations when the strong coupling field is applied. Note that
even when the coupling field is exactly on resonance, the AT splitting has an asymmetric
line shape. This asymmetry is displayed in both the singlet and the triplet detection
channels, with the asymmetry being reflected in each detection case. When the singlet
channel was detected, the right component of the AT split nominally singlet state was
larger than the left component; when the triplet channel was detected, the left component
of the AT split pair was larger than the right component. This indicates that the left AT
component (the one nearest the triplet state) has more triplet character, and the right AT
component has more singlet character.
The AT peaks also broaden as the coupling field power increases due to the MJdependence of the Rabi frequency [16]. The application of the coupling field to the
system removes the degeneracy of the magnetic sublevels, and the individual MJ
components compose the absorption spectrum. The lineshape is thus a superposition of
the individual MJ components which experience varying degrees of AT splitting. Note
also the leftward shift of the nominally triplet state peak when the coupling field is
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applied. This shift is most likely due to the non resonant AC stark shift induced by the
coupling field.
Figure 5.10 reveals the dependence of the population of singlet and triplet mixed
levels on varying levels of coupling field power. All data in Figure 5.10 was collected
through singlet channel fluorescence detection. The black line denotes populations of the
nominal singlet and nominal triplet states when no coupling field was present. The
colored lines signify the populations of each state at various levels of coupling field
power. As the coupling field was increased, the nominal triplet state gains more singlet
character; thus, the peak height/area increases due to more singlet population being
pumped from the ground and intermediate states into the upper nominal triplet state.
When the coupling field was held at relatively low power, the increase in singlet
character of the nominal triplet state is very small. Once the coupling laser reached
powers above 500mW, the population of the nominal triplet state increased more
dramatically. The pump laser frequency moved slightly in between scans, causing the
13Σg- (1,21f) ←A1Σu+ (11, 21) and G1Πg (12, 21) ←A1Σu+ (11, 21) transitions to be in
slightly different positions each time. Consequently, the leftward shift of the 13Σg- (1,21f)
state peak as the coupling field power increases is not apparent. The singlet channel
fluorescence of the nominal triplet state did, however, consistently increase with coupling
field power, and the asymmetry of the AT pair is also seen to grow as a function of
coupling field power.
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Fig 5.9. Experimental total fluorescence of the 13Σ-g (1, 21) and G1Πg (12,21f) levels as a

function of probe laser detuning from the G1Πg (12,21f) - A1Σu+(11, 21) transition,
monitored through triplet fluorescence and singlet fluorescence channels. When the
strong coupling field is applied, the singlet state splits into two AT components. As the
singlet-characterized left AT component is pushed toward the nominally triplet state, the
triplet state gains more singlet character, indicated by the increases in singlet channel
fluorescence from the 13Σ-g (1, 21) state. The asymmetry of the AT pair reflects the
singlet and triplet character of each component. The coupling field power was 810mW
outside (750mW inside) the heatpipe.
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Fig 5.10. Experimental singlet channel fluorescence of the 13Σ-g (1, 21) and G1Πg

(12,21f) levels as a function of probe laser detuning from the G1Πg (12,21f) A1Σu+(v=17, J=15) transition at varying coupling field powers. All coupling field powers
were measured outside the heatpipe. As the coupling field power was increased, the
singlet character fluorescence from the 13Σ-g (1, 21) state increased. At high coupling
field powers, the effect becomes more pronounced. The asymmetry of the AT
components also becomes more distinct as the coupling field power grows.
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From these spectra we can clearly conclude that the singlet population of the nominally
triplet state increases as coupling field power increases. This increase occurs because the
strong coupling field splits the nominally singlet state into two AT components, pushing
the singlet-characterized AT components closer toward the nominally triplet state. As the
singlet character of the nominally triplet state is increased, the spin-orbit interaction
between the mixed states is enhanced, allowing more population to be pumped from the
singlet ground and intermediate states into the nominally triplet state.
5.8 Simulations

The experimental data may be simulated using the density matrix equations of
motion (equations 4.54a-y) presented in Chapter 4, and simulations are currently in
progress [17]. The parameters required for the simulation, including laser powers,
spotsizes, Franck-Condon Factors, transition dipole moments, and Rabi frequencies can
be found in Table 5.1. Since power is lost due to reflection when the laser beam enters
the heatpipe window, a loss factor was determined by measuring the laser power directly
before the entrance window and directly after the exit window. The loss due to both
sides of one window reflection was found to be 7.42%, therefore the actual power in the
interaction region was determined by the formula

Pactual = 0.926 Pmeas .
The lifetimes for each rovibrational level used in the simulation were calculated by the
formula

τ=

1
∑ Av′,v′′
v ′,v ′′
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where the sum is over all possible transitions from an initial state ( v′, J ′) to a final state
( v′′, J ′′) , and Av′,v′′ is the Einstein coefficient for the rate of spontaneous emission found
by the expression
Av′, v′′ = 3.1361891 × 10 −7

S ( J ′, J ′′) 3
ν | Ψv′, J ′ | M ( R) | Ψv′′, J ′′ | 2 .
2J ′ + 1

Here S ( J ′, J ′′) are the Hönl-London rotational intensity factors, v is the emission
frequency in cm-1, and M(R) is the transition dipole moment in Debye. All Einstein A
coefficients were calculated using Level 8.0. The A1 Σ u+ state can only spontaneously
emit to the X1 Σ g+ state, and the 13Σg- state only fluoresces to the b3 Π u state (other
transitions contribute negligibly to the lifetime due to the ν 3 factor), making only one
summation necessary for those respective lifetime calculations. The G1 Π g state can
spontaneously emit to the A1 Σ u+ state as well as the B1 Π u state, therefore the total
lifetime was found after two summations were determined. The lifetimes for the pure
rovibrational levels used in our energy scheme were found to be as follows:

A1Σu+ (11,21) - 18.78ns
A1Σu+ (14,21) - 18.9ns
G1Πg (12,21) - 16.21ns
13Σg- (12,21) - 9.27ns
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Table 5.1 Parameters used in simulation program to model experimental data.

Laser

L1 (pump)

L2 (probe)

L3 (coupling)

Transition energy

15,810.158

17,666.136 (13Σg-),

17,026.872

(cm-1)

17,666.162 (G1 Π g)

Power (mW)

0.088

6.02

750

FCF

0.0675

0.137

0.274

TDM (Debye)

-2.05

-1.80

3.31

Rabi frequency/2

8.81

53.33

702

250

300

425

(MHz)
Spot size (µm)

5.9 Mixing Coefficients

As described in Section 3.6, the mixing coefficients of a state indicate how much
singlet character and how much triplet character the state has and can be determined
using equation (3.30). To determine the magnitude of the change in the singlet-triplet
mixing induced by the coupling field, the peak areas of the fluorescence from the
nominally singlet and nominally triplet states were integrated when the coupling field
was both absent and present for both singlet and triplet detection channels. Both
components of the AT split peaks must be included when finding the intensity from the
“singlet” state. Introduction of the strong coupling field into the heatpipe introduced
more light scatter into the system, and therefore more background noise to the signal. In
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order to accurately compare mixing coefficient values when the coupling field was both
present and absent, the background was subtracted from the data so that the baseline was
zero for each area measurement. Due to the overlapping of peaks and collisional effects
to the triplet state, the uncertainties of the mixing coefficients are considerable.
When the coupling field was absent, the mixing coefficients were found to be
α 2 = 0.87

β 2 = 0.13

meaning that the nominally singlet state is 87% singlet and 13% triplet, and the
nominally triplet state is 87% triplet and 13% singlet. Adding a relatively weak coupling
field did not induce a significant change in peak areas for either the singlet or the triplet,
therefore mixing coefficients for smaller powers were not determined. The largest
change in mixing coefficients occurred when the coupling field was at largest power
(750mW), in which case the mixing coefficients were found to be
α 2 = 0.73

β 2 = 0.27

Thus, the application of the coupling field to the system enhanced the singlet character of
the nominally triplet state by 112%.
5.10 Future work

A possibility for future work in this area of singlet-triplet mixing control is to
investigate the role that valence electron spin polarization plays in photochemical
reactions [18]. For example, a photochemical reaction can occur when an excited lithium
molecule reacts with a zinc atom to create a lithium atom and LiZn molecule in the
∗

reaction Li 2 + Zn → LiZn ∗ + Li .
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Since the G1Πg and 13Σg- states used in this work are nearly resonant in energy
with the 32Σ+ and 22Πg states of the LiZn excimer, an experiment that uses the same
energy scheme to create excited state lithium molecules required for the reaction has been
proposed [18]. The energy diagrams for both molecules are presented in Figure 5.11.
The dissociation limits for the ground states of Li(2s)+Li(2s) and Li(2s)+Zn(3d104s2) are
the same. The goal of the experiment would be to investigate the effect that controlled
∗

spin change of Li 2 has on the reactivity of the molecules excited to such a pair of mixed
levels. A pump and probe laser will be used to create the excited state lithium molecules
in a heatpipe containing both lithium and zinc. The photochemical reaction would then
produce LiZn, which emits fluorescence in the wavelength range of around 400nm,
corresponding to the bound-bound and bound-free transitions LiZn 32Σ+ → X 2Σ+ or 22Πg

→ X 2Σ+. By monitoring this bound-bound and bound free fluorescence for different spin
cases of the reactant, one can determine how much LiZn was produced [19]. The initial
test cases would involve having the reactant lithium in the pure singlet and pure triplet
states.: Li2 (↑↓)+ Zn →LiZn + Li and

Li2 (↑ ↑)+ Zn →LiZn + Li.

If the fluorescence signal from the LiZn indicates that a different amount of product
formed for each of the cases, the next step would be to monitor the LIF when the excited
lithium has partial singlet and triplet character. This would be achieved by altering the
strength of the coupling laser applied to the singlet-triplet mixed levels. Thus, the effect
of the coupling laser L3 on the singlet and triplet character of the mixed pair of levels of
Li2*at the entrance channel to the transition state could be tested.
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Figure 5.11 Excitation scheme for Li2 (left) and energy levels in LiZn (right). The

mixed levels used in this work are nearly resonant with some levels in the 32Σ+ and 22Πg
states of LiZn, making the perturbed pair a strong candidate to investigate the effect that
spin plays in the photochemical reaction Li2*( G1Πg, 13Σg-) + Zn → LiZn*(32Σ+, 22Πg) +
Li(2s).
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5.11 Conclusion

In the lithium dimer, we have experimentally demonstrated that the mixing
coefficients of a pair of rovibrational levels initially weakly mixed by the spin-orbit
interaction may be altered using three optical fields. The extent of this all-optical control
of valence electron spin polarization depends on the magnitude of the Rabi frequency of a
strong coupling field. When the coupling field is resonant with the predominately singlet
state of the mixed pair, an Autler-Townes split pair is created. As one of the singletcharacterized components of the AT pair moves closer in energy to the predominately
triplet state, the mixing between the perturbed pair is enhanced. The maximum change in
mixing coefficients achieved in our experiment was 112%. This technique has great
potential to increase the mixing between other perturbed pairs or even to be used to create
mixed pairs from two energy levels that are initially unmixed. Such quantum state
character control may also prove to be useful in applications such as the controlling of
chemical reaction dynamics or cold molecule formation.
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