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Abstract Inrecent years experimental investigationsin the field of quan-

tum optics have expanded from atomic to molecular systems
despite orders of magnitude weaker oscillator strengths and
complex relaxation pathways in molecules that represented
serious challenges in the past. The richness of molecular
excitation pathways and the variety of molecules has made it
possible to develop novel high resolution spectroscopic appli-
cations of various quantum optics tools. The present work dis-
cusses spectroscopic investigations of several diatomic alkali
molecules based on the Autle—Townes effect created by appli-
cation of a “strong” continuous wave coupling laser field.
We demonstrate how the Autle~Townes effect can be used
to control molecular angular momentum alignment. We also
show that the Autler=Townes split line shape, combined with
accurate measurement of the coupling laser electric field
amplitude, can be used to determine absolute magnitudes
of the electronic transition dipole moment matrix elements.
These in turn can be used to map out the internuclear dis-
tance dependence of the electronic transition dipole moment
function e (R). For weaker electronic transitions this method,
combined with calibrated and normalized intensity measure-
ments, makes it possible to overcome the traditional system-
atic complications associated with emission line strength and
lifetime measurements. The former only yields a relative tran-
sition moment function and the latter frequently involves more
than one transition dipole moment function. We also demon-
strate that the electric field amplitude in the coupling laser
Rabi frequency can be used as a “tuning” mechanism for the
mixing coefficients of molecular energy levels that are weakly
perturbed by the spin—orbit interaction. This makes it possible
to use the AutleTownes effect to control the valence electron
spin polarization, i.e., the spin multiplicity of some molecular
guantum states.

1. INTRODUCTION

1.1 Coherent Phenomena

Studies of the interactions of coherent light with matter have resulted in
the discovery of many intriguing coherent phenomena, and have led to
numerous important and useful applications in a wide variety of fields.
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The underlying effect in many of these phenomena is the so-called
Autler-Townes (AT) effect (Autler & Townes, 1955) (also known as the
AC- or dynamic Stark shift), which is characterized by the appearance of a
double peak structure in the atomic/molecular states under the action of
an oscillating electric field of a laser. The AT doublet is created by the strong
control laser field that couples the atomic or molecular levels, and the sep-
aration of the doublet components is proportional to the Rabi frequency
Q = puE/h. Here p is the transition dipole matrix element and E is the laser
electric field amplitude. AT is usually observed in the absorption spectra
of a probe laser as its frequency is scanned. The AT effect has been exten-
sively studied in atoms (Delsart & Keller, 1976; Gray & Stroud, 1978; Knight
& Milonni, 1980; Picque & Pinard, 1976). More recently, it has also been
examined in a few experiments involving molecular systems, mainly for
spectroscopic applications and for the measurements of transition dipole
moments and lifetimes of highly excited molecular states (Atherton et
al., 1986; Garcia-Fernandez et al., 2005; Qi et al., 1999, Qi et al., 2002;
Quesada et al., 1987). In addition, it has been used for all-optical control of
the angular momentum alignment of nonpolar molecules (Qi et al., 1999),
for quantum control via the Nonresonant Dynamic Stark Effect (NRDSE)
(Sussman et al., 2005; Sussman et al., 2006 Underwood et al., 2003), and
for Selective Population of Dressed States (SPODS) (Wollenhaupt et al.,
2005; Wollenhaupt et al., 2006a; Wollenhaupt et al., 2006b). More complex
systems, in which the AT based coherent phenomena have been observed,
include quantum dots (Muller et al., 2007; Vamivakas et al., 2009; Xu et al.,
2007) and superconducting qubits (Baur et al., 2009; Sillanpéaa et al., 2009).

One of the coherent phenomena based on the AT effect is Electromag-
netically Induced Transparency (EIT) (Boller et al., 1991; Harris, 1997; Har-
ris et al., 1990) which is caused by the destructive quantum interference
between different excitation pathways leading to reduction or full can-
cellation of transition probabilities. The first investigation of the coherent
interference leading to a cancellation of absorption was performed by Fano
(1961). There the interference between two excitation channels to the con-
tinuum led either to suppression or to enhancement of photo-ionization.
Harris et al. (1990) were the first to coin the term “EIT” to describe the
process of rendering transparent an otherwise optically thick medium. A
pair of dressed states (Cohen-Tannoudji & Reynaud, 1977), also called the
AT doublet (Autler & Townes, 1955), plays the same role as the closely
spaced Fano resonances. The excitation pathways associated with each of
the dressed states can interfere destructively, so that the linear susceptibil-
ities from the two components cancel out, leading to elimination of probe
field absorption. It has been demonstrated that EIT manifests itself as a dip
in fluorescence or in absorption as a function of the detuning of one of the
fields when the other is fixed to resonance (Fulton et al., 1995; Ichimura
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et al., 1998). The first demonstration of EIT was based on a A-type energy
level system in Sr vapor (Boller et al., 1991).

Most EIT schemes utilize a A-, V-, or cascade-type excitation scheme
(Boon et al., 1999). More complicated configurations including additional
levels, such as the inverted-Y (Joshi & Xiao, 2003), N- (Han et al., 2005),
and tripod-type (Karpa et al., 2008) configurations, have been studied in
atomic systems. In the context of light storage (Joshi & Xiao, 2005), dark-
state polaritons in a four-level inverted-Y scheme have been shown to be
useful for two-channel quantum memory.

Recently, EIT has also been extended to solid state media. After its first
observation in rare earth doped insulators (Turukhin et al., 2002), EIT has
been demonstrated in quantum wells (Phillips et al., 2003), quantum dots
(Xu et al., 2008) and in nitrogen-vacancy centers (Santori et al., 2006).

The investigation of quantum coherence phenomena in cold atoms has
also attracted more attention recently. The advantage of using cold atoms
as an EIT medium is due to the practical absence of Doppler broaden-
ing below mK temperatures, which allows for more flexible experimental
arrangement of field polarizations and propagation directions. In addition,
at such low temperatures the reduced collisional rates also minimize deco-
herence effects. Wang et al. (2004) report an experimental study of EIT in
a multi-level cascade excitation scheme in cold #Rb atoms confined in a
magneto-optical trap (MOT). Similarly, EIT with simultaneous coupling
of multiple hyperfine structure components has been observed in a MOT
(Kowalski et al., 2009).

The realization of EIT applications at low light field intensities has
certain restrictions, which can be overcome by combining EIT and
Rydberg gases. The strong interactions between highly excited Rydberg
atoms greatly enhance the non-linear properties of the medium, opening up
new possibilities for potential applications in quantum optics. Experiments
involving EIT and coherent population trapping (CPT) in Rydberg gases
have been reported (Mohapatra et al., 2008; Pritchard et al., 2010; Schempp
et al., 2010), and theoretical models based on reduced-density matrix and
Monte Carlo methods (Ates et al., 2011) have been used to investigate the
effects of Rydberg—Rydberg interactions on the response of the medium,
successfully reproducing experimental data (Sevincli et al., 2011).

Similar to EIT, the cancellation of absorption is observed in the processes
of CPT and “dark” state creation (Alzetta et al., 1976; Arimondo, 1995;
Arimondo & Orriols, 1976). In this case, a A-type system (two ground
levels and an excited level), which is coupled by two laser fields, has an
eigenstate which does not contain any excited state amplitude and is thus
decoupled from interaction with the light fields. Population can be trapped
indefinitely in this “dark” state via spontaneous decay from the upper state.

While the trapping of population in the phenomenon of CPT is achieved
spectroscopically, e.g., via optical pumping, the “dark” state of the
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A system can also be created by using a counter intuitive pulse sequence
through the method of Stimulated Raman Adiabatic Passage (STIRAP)
developed by Bergmann and coworkers (Bergmann et al., 1998; Kuklinski
etal., 1989; Vitanov et al., 2001). During this process, a coupling field pulse
in the A excitation scheme is turned on first, creating a “dark” state which
is given by the initial ground state. After that, the strength of a second
weak coupling field is gradually increased, while the first coupling field is
simultaneously decreased in intensity so that the dark state evolves into the
second ground level with a phase shift. In this manner, complete adiabatic
transfer of population from the initially populated state to the final state
without any population flow through the excited state is achieved. The
only requirement in this process is that it proceed sufficiently slowly (adi-
abatic transfer) that the state vector can follow the rotation of the mixing
angle.

Since STIRAP is not the main focus of this chapter, the reader is referred
to the reviews (Bergmann et al., 1998; Vitanov et al., 2001) on this subject.
We will only mention here the recent applications of STIRAP in the area of
ultracold molecule production. The indirect methods for cooling molecules
are based on creating ultracold molecules from already existing ultracold
atomic samples via photoassociation or the Feshbach resonance technique.
Sweeping a magnetic field over a Feshbach resonance of an atomic pair
leads to a “magnetic association” into a weakly bound molecule. As a
second step, the molecule is transferred to its ground rovibrational state by
means of STIRAP. The efficiency of this technique is almost unity. It depends
on the use of a favorable intermediate state, and a variety of homonuclear
and heteronuclear molecules have been produced (Durr et al., 2004; Greiner
et al., 2003; Ospelkaus et al., 2006; Regal et al., 2003; Voigt et al., 2009;
Zwierlein et al., 2003). The production of ultracold KRb molecules in their
absolute ground state has been achieved from a near quantum degenerate
gas mixture in an optical dipole trap (Ni et al., 2008).

1.2 Coherent Phenomena in Molecules

Compared to atomic systems, the molecular energy level structure and
relaxation mechanisms are much more complex. Each molecular electronic
state consists of a multitude of rovibrational levels. Because each excited
rovibrational level is coupled to a number of lower lying rovibrational
levels in other electronic states by spontaneous decay or other relaxation
mechanisms, the system is unavoidably “open.” In contrast to an open
system, a system is closed if the excitation and decay mechanisms do not
involve energy levels beyond those that are needed for the observation of
the coherence effect. In this sense, atoms can usually be considered exam-
ples of closed systems. These differences between open and closed systems
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also require modifications in the theoretical models used to predict and
simulate experimental results.

Molecular transition moments are also much smaller than atomic
transition moments. Furthermore, due to the density of molecular energy
levels, high spectral resolution is required in studies of molecular coher-
ence effects. This complicates the experimental investigations, since the
cw lasers required for high resolution generally provide weaker electric
field amplitudes. Thus the resulting Rabi frequencies are smaller. In addi-
tion to their smaller magnitudes, the molecular Rabi frequencies fall short
of matching or exceeding the residual Doppler linewidth. For all of these
reasons, the emergence of applications of quantum optics using molecu-
lar systems has been delayed relative to those involving atomic coherence
effects.

On the other hand a molecular system provides opportunities for a rich
variety of excitation schemes. Therefore a single experimental apparatus
allows one to study several coherence effects and their applications to quan-
tum control in the frequency domain.

Some earlier experiments on AT splitting/ AC-Stark shift in gas-phase
molecules (Girard et al., 1983; Huo et al., 1985; Quesada et al., 1987, Wu
et al., 1994; Xu et al., 1994) have involved pulsed laser excitation to cre-
ate AT splittings large enough to overcome Doppler broadening and to
overcome wavelength limitations imposed by cw lasers. Light shifts in the
two-photon excitation spectra of CO and NO were reported by Girard et al.
(1983) and Huo et al. (1985), respectively. Quesada et al. (1987) measured
AT splitting in Hp. Using a two-color scheme, Xu et al. (1994) measured the
AT splitting and AC-Stark shifts in the (2 + 2) resonance-enhanced multi-
photon ionization (REMPI) spectrum of CO. The AC-Stark effect in the
(2 + 2) REMPI spectrum of N and two-photon laser-induced fluorescence
of CO was measured by Girard et al. (1992).

In contrast, it has been demonstrated that cw multiple resonance exci-
tation schemes can be used to enable AT splitting experiments in Doppler
broadened systems (Ahmed & Lyyra, 2007) without the parasitic loss of
population due to multi-photon ionization as often occurs with pulsed
lasers. In these experiments the velocity group selection by the first reso-
nant laser excitation step results in sub-Doppler resolution for the subse-
quent excitation steps. Therefore, with the correct laser excitation geometry,
modest Rabi frequencies in the range of a few hundred MHz are sufficient
to overcome both the residual Doppler broadening and the inherent weak-
ness of the molecular transition dipole moment matrix elements.

Consequently, EIT and AT splittings have been investigated experi-
mentally in Doppler-broadened Li; (Ahmed et al., 2011; Lazoudis et al.,
2010; Qi & Lyyra, 2006; Qi et al., 1999; Qi et al., 2002), K; (Li et al., 2005),
and Nay (Ahmed et al., 2006; Ahmed et al., 2008 Ahmed et al., 2009;
Lazoudis et al., 2008; Lazoudis et al., 2011; Yi et al., 2004) gases contained in
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heat-pipe ovens, while Cs; was studied in a vapor cell (Li et al., 2010). In
addition, Benabid and coworkers (Benabid et al., 2005a; Benabid
etal., 2005b; Benabid et al., 2005¢) have discussed applications of coherence
effects for molecules confined in a hollow core fiber, and relevent experi-
ments on acetylene were carried out in a photonic microcell by Light et al.
(2009) and in a hollow-core photonic-gap fiber by Ghosh et al. (2005).

1.3 Present Work

The purpose of the present chapter is to describe our recent work on
the AT effect in alkali diatomic molecules, including applications involv-
ing angular momentum alignment, absolute measurements of transition
dipole moment functions, and quantum control of spin-orbit perturba-
tions. We present the important features of molecular AT and its applica-
tions.

The AT effect can be used for all-optical control of molecular angular
momentum alignment of nonpolar molecules (Qi et al., 1999). The AT split-
ting is proportional to the Rabi frequency, which in turn depends on the
|M;| values of the transition. Thus levels with different values of |[M;| will
become split apart in energy by the AT effect. A weak probe laser can there-
fore be tuned to resonance with selected M; levels, in principle leading to
complete alignment of the excited molecules.

The AT effect can also used as a precision probe of the molecular elec-
tronic transition dipole moment (Ahmed et al., 2006; Qi et al., 2002) and
its dependence on internuclear separation (Ahmed et al., 2008; Salihoglu
et al., 2008; Sweeney et al., 2008). In this application, an accurate mea-
surement of the coupling laser electric field amplitude and a detailed
simulation of the AT split line shape are essential elements. Accurate mea-
surements of the electronic transition dipole moment matrix element, a key
parameter in the Einstein A coefficient, are of broad interest. The AT based
measurements avoid some of the systematic problems associated with life-
time and calibrated intensity measurements, which traditionally have been
used to extract information about the electronic transition dipole moment.
Use of lifetime measurements to infer electronic transition moments suf-
fers from the fact that excited molecular rovibronic levels can generally
decay to a large number of levels in one or several lower lying electronic
states, and the contribution of each channel to the overall lifetime must be
determined. Calibrated intensity measurements, in which the intensities of
a number of spectral lines of an electronic transition are measured, avoids
this complication, but in general only relative transition dipole matrix ele-
ments can be obtained. By combining the Autler—Townes splitting based
measurements with calibrated intensity measurements, a transition dipole
moment, previously determined only as a relative function in arbitrary
units, can be placed on an absolute scale (Ahmed et al., 2008; Sweeney
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et al., 2008). This combined approach extends to much weaker transi-
tions the range of the Autler-Townes splitting based measurements. A
comparison of experimentally determined 1(A)! =} < 1(X)! E; transition
dipole moment functions, obtained using the AT method, with state-of-
the-art ab initio calculations indicates very good agreement for Lip, the
lightest molecule with a core (Salihoglu et al., 2008), as well as for Nay
(Ahmed et al., 2008). This demonstrates that such experiments can provide
critical tests for ab initio calculations for a variety of systems.

The AT effect also represents a flexible tool to “tune” the mixing coef-
ficients of a pair of energy levels that are weakly mixed by the spin—orbit
interaction (Ahmed et al., 2011). This result suggests that AT could be used
to enhance the rate of population transfer to otherwise “dark” states, either
by increasing the mixing between existing perturbed pairs of levels or by
creating mixed levels out of previously unmixed ones. States with naturally
mixed character have been used as “windows” or “gateways” for access
to energy levels with different character than the ground state (Lyyra et
al., 1991; Xie & Field, 1985). Such perturbed levels have also been used as
intermediate levels in the transfer of cold alkali molecules formed at long
range in the triplet a> =+ state to deeply bound levels of the singlet X' =+
ground state (Danzl et al., 2008; Danzl et al., 2009; Deiglmayr et al., 2008;
Ghosal et al., 2009; Ni et al., 2008; Sage et al., 2005).

Using the theoretical foundation developed in Kirova and Spano (2005),
a frequency domain quantum control scheme, demonstrated in Ahmed et
al. (2011), allows control of the spin-orbit interaction, i.e., the ability to
tune the mixing coefficients of a pair of mixed singlet and triplet rovi-
bronic levels by varying the electric field amplitude of the coupling laser.
The application of this quantum state character control to predissociation
dynamics is presently under experimental investigation. In this case the
idea is to mix more bound state character into a predissociating rovibronic
level and control the breaking of the molecular bond.

This chapter is organized as follows. Section 2 presents a detailed the-
oretical analysis of the Autler-Townes effect based on the density matrix
formalism for several common pump/probe/coupling laser schemes.
Section 3 describes the basic experimental setup used in these
investigations. Finally, Section 4 discusses various applications of the AT
effect in molecules. Conclusions are presented in Section 5.

2. THEORETICAL ANALYSIS

2.1 Density Matrix Formalism

Experiments designed to study coherence effects typically are carried out
with an ensemble of particles and thus the use of the density matrix
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formalism is generally required in the analysis (Scully & Zubairy, 1997;
Shore, 1990; Stenholm, 1984). The evolution of the density matrix p(t) of a
system in time is governed by the equation of motion

) i
Py h[H,P] +7T, o
where I' represents the phenomenological relaxation terms accounting for
physical processes such as spontaneous decay of levels, collisions, etc.
(Stenholm, 1984). They are incorporated into Equation (1) by means of
an 7 x n relaxation matrix. In general, the elements of the relaxation matrix
can be presented in the form

n
Tij(p) = & | — (Wi + W) pij + Z O (ex — &) Wiiok | — (1= 8j) vijoij,
k=1
ki
2)
where §;; is the Kronecker delta and © (¢ —¢;) is the Heaviside step function.
In general, each molecular level can decay to lower lying electronic states
of the system through spontaneous emission. Wi; is the total radiative decay
rate out of level i (W; = 1/1; where 7; is the radiative lifetime of state i),
Wi; is the radiative transition rate from level i to level j, and the y;; are
phenomenological parameters representing the damping rate at which the
off-diagonal elements of the density matrix relax toward equilibrium. They
are defined by

1
Ynm = 5 ; (Wnk + ka) + Vncmr n # m, (©))

where y,;,, represents the rate of decay of the nm coherence due to collisions
with other atoms or molecules. For levels that cannot decay radiatively,
the rate at which the molecules escape the interaction region (beam-transit
rate W) is the dominant process, which must be taken into account. For the
systems and experiments discussed here, W;/2x is of the order of 1 MHz,
calculated according to Sagle et al. (1996). If level i is a thermally populated
level of the ground state, then a positive term, proportional to W; and
representing repopulation of level i by fresh molecules entering the beam,
must be added to the right-hand side of Equation (2).

Coherent effects are generally only observable when two (or more)
coherent light sources (lasers) interact with the same atomic or molecu-
lar energy level. The most common excitation schemes used to realize such
observations with two lasers are the Cascade, Lambda, and Vee schemes
(see Figure 1). Often it is advantageous to have independent control of the
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Figure 1 Schematic diagram of coherent excitation processes of three-level, double
resonance Cascade (a), Lambda (b), and Vee (c) schemes. In each case, L; is taken to
be the “coupling” field, and L is the probe field.

coupling transition. This can be realized using the “extended-A” scheme
shown in Figure 2, where level |4) can be any (not necessarily thermally
populated) ground state level chosen to have a particularly large transition
dipole matrix element with level |2).

The alkali molecular systems can be considered open in the sense that
the energy levels used to create the coherent effect are also coupled to
other energy levels outside the excitation scheme. Therefore, the total pop-
ulation of the coherently coupled levels of an open system is strongly not
conserved, due to the many extra rovibrational decay pathways for the
excited levels, as shown in Figure 3 for a cascade system. This is in contrast
to a closed atomic system, in which no other levels beyond those needed
to create the coherence effects are typically involved. For example, in order
to take this “openness” of the coherently coupled levels into account in
the cascade scheme, two auxiliary states denoted by [4*) and |5*) are intro-
duced (see Figure 3). These levels represent all other rovibrational levels
of the first excited state (A! =} for the alkali experiments described below)
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|3> 21, (v,J) or 5'Z; (v,J)

A'S!H (0 T)

A'S] (o). 0)) |5)

|4) X5 (o.07)

[1) ——— x'=(".7")

Figure 2 Energy level diagram for the extended-A four level system with triple
resonance excitation. The pump and probe lasers, L1 and Ly, are in a co-propagating
arrangement and counter-propagate with the coupling field, L3. For the Nay and Lij
experiments (Ahmed et al., 2008; Salihoglu et al., 2008) |1) denotes the lower level of
the Lq transition, X' (v”,J"), |2) denotes the intermediate state A's{ (/,J"),
which is the upper level of the L transition and lower level of the L, transition, |3)
denotes the upper state level to which the probe laser L, is tuned, namely 21 Mg (v, J)
or515d (v,J), and |4) is the lower level X1£§ (v, J7) of the coupling field resonance

transition. Level |5) [A1ELJ,r (7/1, /1)] is the lower level of the |3) — |5) fluorescence
detection channel used to monitor population in level |3).

and the ground state (X' Eg ) manifolds, respectively, to which decay is
allowed.

The total Hamiltonian for the system H can be represented as a sum of
two parts:

H = Hmol + Hint, 4

where Hy, is the Hamiltonian of the unperturbed molecule and Hiy; is
the perturbation due to the interaction of the molecule with the external
electromagnetic fields. Hy,o is diagonal in the basis of the unperturbed
molecular states and can be expressed as

Hinol = ) _ exlk) (kl, ®)
k

where the ¢, are the energy eigenvalues (Hpol k) = ¢ |k)).
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Figure 3 Schematic diagram of excitation and decay processes of the three-level,
double resonance cascade scheme. The probe laser L1 with optical frequency w1 and
Rabi frequency Q1 is tuned through the resonance between levels |1) and |2), while
the coupling laser L, with optical frequency wy and Rabi frequency 2, is fixed at line
center of the |2) — |3) resonance. Here I and /3 represent the intensities of the single
channel fluorescence used for detection in experiments with molecules (Ahmed et al.,
2006; Ahmed et al., 2011; Qi et al., 1999; Qi et al., 2002). These signals are proportional
to the populations of levels |2) and |3), respectively. The dashed arrows indicate
possible decay channels from the different energy levels. Due to selection rules, Waq,
Wh4, and Wag are zero for homonuclear molecules. Levels |4*) and |5*) indicate other
possible decay channels rendering the system open. The beam-transit relaxation rate
W; is included to account for the rate with which the molecules escape from the

interaction region. It is only significant for levels |1) and |5*) which cannot radiatively
decay.

For the analysis of coherence effects, the use of a semiclassical approach
where the atoms (molecules) are treated quantum mechanically and
the electromagnetic fields are treated classically, is often sufficient.
Hint includes the interactions between the molecule and the electric fields
of the lasers. In the dipole approximation these terms have the form —p-E,
where p is the dipole moment for the transition between the levels coupled
by the corresponding laser with electric field E. Further, we assume that the
molecules interacting with the electromagnetic radiation experience spa-
tially homogenous electric fields E, as the extent of the molecular electronic
wave function is generally much smaller, at thermal temperatures, than the
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wavelength A of electromagnetic radiation in the visible or near infrared
regions. We also assume that E is linearly polarized with magnitude E.
Thus for E we have

E(r =0,t) = E cos (wt)z. (6)

The interaction Hamiltonian Hjy introduces off-diagonal elements into the
Hamiltonian matrix. It is given by

]_ . .
Hine = 5 3 h (1) Gl + mi) ) (4! + e7lnt) @)
k

where the summation is over all external electromagnetic fields (i.e., laser
fields L) with frequency wy, amplitude Ei, and Rabi frequency

Q= —. 8

Here |li) and |my) represent the Ith and mth states that are coupled by laser
Li. We assume that the frequency wy of each field is nearly resonant with
only one transition and thus able to couple only one pair of levels |/;)—|m).

In solving Equation (1) it is useful to use the interaction picture. We
illustrate the procedure for obtaining the explicit form of the Hamiltonian
of the system in the interaction picture, Hj, using the cascade three-level
system shown in Figure 1a. Hy,o] [see Equation (5)] can be written as a sum
of two parts Hyo = Hp | + Hiol, with H? - involving only the optical
frequencies w1 and w; of laser fields L1 and Ly, respectively,

HS, ;= hoot[2)(2] + h (w1 + 2) 13) 3], ©
and HICII1 o involving only the detunings

d _
Hmol -

—hA112)(2] = h(A1+ A7) 13)(3]. (10)

Here, the detunings, Ay, of the laser frequencies from the molecular tran-

sition frequencies are defined as
g@—¢ g3 —¢&
_ 2 ! and Aj;=wy — 3h 2. 11

A1 =w

Using the unitary transformation p; = U pU, with U = exp (—iH2 t/h),
the system can be written in the interaction picture, which transforms
Equation (1) into

5 .
g = — % [Hi, p1] + relaxation terms. (12)

The Hamiltonian of the system in the interaction picture Hj has the form:

Hi= U (Hg o + Hint) UL (13)

m
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After incorporating the explicit forms of Hg\ol and Hj,¢ into Equation (13)
and applying the rotating wave approximation to eliminate the high fre-
quency oscillating terms, the following explicit form for Hj is obtained:

h
Hy = —hA112)2] — h (A1 + A7) 13)(3] + > (I1)(2] + 12)(1])

+ 72392(|2><3| +13)(21). (14)

The Hamiltonian Hj for the V (Lazoudis et al., 2011), A (Lazoudis et al.,
2010), I" (Qietal., 1999), extended-A (Ahmed et al., 2006), and other schemes
can be derived in a similar manner.

By combining the Hamiltonian from Equation (14) with the equation
of motion Equation (12) along with all possible decay processes included
in I'(p) (as shown in Figure 3), the individual components of the density
matrix equation of motion can be obtained. Because only cw lasers are
involved in the experiments to be discussed in this work, a steady-state
approximation can be made in the resulting system of equations, which
transforms them from a set of first-order differential equations to a simple
set of homogeneous linear equations. This set of linear equations, com-
bined with the equation representing conservation of total population in
the system (3, p;; = 1), can be solved numerically. The population conser-
vation equation transforms the homogeneous system of linear equations
obtained using the steady-state approximation in Equation (12) into an
inhomogeneous system.

In optical experiments with hot gaseous samples, the Doppler shift in the
frequency of the laser radiation due to the motion of the atoms (molecules)
has a significant effect and has to be taken into account in the analysis
and interpretation of the experimental results. The numerically calculated
density matrix elements of Equation (12) are functions of the component
of molecular velocity along the laser beam propagation axis. For a particle
moving with a velocity v, the shift in the frequency of the laser radiation it
“sees” is given by @ = wyyp (1 & ¥), where the positive sign is for the case of
motion towards the source of the radiation and the negative sign is for the
case of motion away from the source. wyy, is the lab frame frequency of the
laser. Then we define the velocity dependent detuning of the kth laser as
8= Ayt @V. Thus the Hamiltonian from Equation (14) for a molecule
moving with velocity v becomes:

h
Hy = —hé112) (2] = (81 + 82) 13) (3] + 521 ()21 + [2)(1])
h
+52002)31 + 13)2D. (15)

In thermal equilibrium, the velocity distribution of the particles of a gas
is Maxwellian, and averaging of the density matrix over the distribution is
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required,

wm=f P (VN (V2)dv. (16)

In Equation (16) v; is the component of particle velocity along the laser
propagation direction and N (v;) is the one dimensional Maxwell distribu-
tion given by

1 v2
N(VZ) = Vp—ﬁ eXp (-V—§> y (17)
P

where vp = (2kT/m)!/? is the most probable velocity of a molecule with
mass m at temperature T.

Doppler broadening also complicates the observation of the AT splitting.
For example, as predicted by Ahmed and Lyyra (2007) and observed by
Lazoudis et al. (2008), AT splitting in the fluorescence from level |3) in the
cascade excitation scheme depends critically on the wavenumber ratio of
the coupling and probe lasers for an inhomogeneously broadened sample.

An additional effect that must be considered is the existence of magnetic
sublevels M, as each rovibrational level with rotational quantum number
J consists of 2J + 1 sublevels. In the presence of a strong external laser
field, the degeneracy of these levels is removed and the transition dipole
matrix element is then a function of the magnetic quantum number M.
The functional dependence is given by the so-called orientation factors
introduced by Spano (2001), which depend on the angular momenta of the
electronic transition, and the polarization of the electromagnetic radiation.
Thus summation (taking selection rules into account) over the magnetic
quantum number My is required in the calculation of the density matrix
elements:

mmM=Z/p%mmmm. (18)
My YT

The final averaging that needs to be performed arises from the radial
distribution of the electric field amplitude within the laser beam profile
due to its Gaussian spatial distribution,

2
E(r) = Egexp ( 4 ) , (19)

w2

where w and Ep are the laser beam spot size and the electric field
amplitude at the center of the beam, respectively. The spatial variation of
the electric field causes spatial variation of the Rabi frequency,
and as the detection system in each experiment collects photons from
the whole interaction region, a radial averaging is required. This need for
averaging can be avoided if the strong (coupling) laser beam radius is made
to be at least two to three times larger than the probe laser beam radius.
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Then the probe beam will “probe” a region in space where the coupling
laser intensity is approximately constant.

After calculating the density matrix elements and performing all the
required averaging, the calculated population of level [i), represented by
(pii), can be directly compared to the experimentally measured fluorescence
signal from this level (to which it is proportional).

2.2 Dressed State Approach

The semiclassical approach discussed above is a relatively simple and
convenient method for simulating the experimental spectra. A more
generalized approach for the theoretical analysis of the problem of the inter-
action of a strong optical field with an atom or molecule is the dressed state
formalism (Cohen-Tannoudji et al., 2004; Cohen-Tannoudji & Reynaud,
1977) in which both the atom/molecule and the optical field are treated
quantum mechanically. Toillustrate the dressed state approach we consider
the |3) < |2) coupling laser transition of the three-level cascade scheme
shown in Figure 1a. In the dressed state approach, the levels are depicted
as shown in Figure 4. The Hamiltonian for this system is:

H= Hmol + Hf + Hint, (20)

[compare Equation (4)] where the new term, Hy, is the Hamiltonian of the
quantized laser field. The molecular part of the Hamiltonian H, is given
by Equation (5) and Hiyt is given by Equation (7). The Hamiltonian of the
optical field Hf can be expressed as

1
Hi = han <€l+ﬂ + 5) , (21)

where a' and a are the photon creation and annihilation operators, and
@ is the coupling laser (L) frequency. The eigenstates of Hy,, + Hf are
labeled by the atomic or molecular bare state quantum number |k) and by
the number of photons in the field N (see Figure 4). The states |2, N + 1) and
|3, N) are nearly degenerate with a separation equal to the laser detuning
from resonance; héy = h(wr — wsp). Here wsp is the |3) < |2) resonance
frequency. The relative positions of |2, N + 1) and |3, N) depend on the
coupling laser detuning 8. For 8, < 0, |2, N + 1) lies below |3, N) and for
8> >0,|2,N + 1) lies above |3, N).

The pairs of levels, |2,N + 1) and |3,N), for different values of N
form a ladder of levels with adjacent pairs separated by the coupling
laser photon energy fw;. The interaction part of the Hamiltonian, Hint,
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= hQ
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L
Ly
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Figure 4 Dressed state diagram demonstrating the AT splitting of the probe
laser transition in the three level cascade scheme shown in Figure 1a. The
interaction between the molecule and the field of the strong coupling laser L,
(tuned near resonance with the |3) «<—|2) transition) transforms the uncoupled
states (left side of diagram) into the dressed states (right side), as described
in the text. When the frequency of the probe laser (L1) is scanned across

the transitions from the lower level |1) to the pair of dressed state levels,

a doublet structure is observed. Resonances occur at w1y F /2.

is given by

Q
Hint = ¥<|3><2| +12)@3D (@ +ah), (22)

which couples the two states of each manifold. As a result of this
interaction, two new states labeled as [2(N)) and |3(N)) (Cohen-Tannoudji

et al, 2004; Weiner & Ho, 2003), separated by hQ = h,/62+Q3,

are created. The states |2(N)) and |3(N)) can be represented as superposi-
tions of the uncoupled |2, N + 1) and |3, N) states:

|2(N)) = sin 8|3, N) + cos 0|2, N + 1),
I3(N)) = cos8|3,N) —sin 0|2, N + 1), (23)

where the angle 6 is defined through tan 8 = —Q5/85.

When the frequency of the weak probe laser L; is tuned across the
resonances |1) — |2(N)) and |1) — |3(N)), a doublet structure (the
Autler-Townes doublet) is observed.
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3. EXPERIMENTAL DETAILS

In the experiments carried out at Temple and Lehigh Universities, the
alkali vapors are generated in five-arm stainless steel heat-pipe ovens
(Figure 5) with operating temperature of 850 K for lithium and 600-625 K
for either sodium or a sodium potassium mixture. Argon gas at a pressure of
100-200 mTorr is used as a buffer gas to confine the metal vapor to the
center of the oven. Continuous wave Coherent Autoscan 699-29 and 899-
29 dye and titanium sapphire lasers, with 0.5 MHz frequency bandwidth,
are used in all experiments to produce the pump, probe, and coupling
fields. All laser beams are aligned coaxially, and are linearly polarized in a
common direction. The relative direction of propagation of the individual
laser beams is chosen so that residual Doppler linewidths are minimized.
For example, for the cascade scheme described in Qi et al. (2002), Sweeney
et al. (2008), and Lazoudis et al. (2008) (see Figure 1a), the probe and cou-
pling lasers are arranged in a counter-propagating configuration, while
in the four-level extended-A scheme (Figure 2) the pump and probe laser

Coupling ‘ q,M

Lock-in
oooo a —L
Amplifier PMT

Monochromator

Heatpipe Oven

Lasers (699-29 or 899-29) Mechanical modulator

Figure 5 Experimental setup for the four-level (extended-A configuration) excitation
scheme. The pump and probe lasers co-propagate with each other in the direction
opposite to the coupling laser beam direction. A mechanical chopper is used to
modulate the pump laser beam, allowing phase-sensitive detection. The resulting
double resonance fluorescence signal is detected using a SPEX 1404 double grating
monochromator, a photomultiplier tube (PMT), and a lock-in amplifier (SR 850). The
signal from the lock-in is recorded by a computer which also controls the laser scan.
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beams are generally made to co-propagate, but in the direction opposite
to that of the coupling field laser (Ahmed et al., 2006; Ahmed et al., 2008;
Salihoglu et al., 2008). The lasers are focused inside the heat pipe to spot
sizes of a few hundred micrometers. To ensure relative spatial homogeneity
of the coupling electric field amplitude, the spot size of the coupling laser
is typically chosen to be at least twice as large as the spot sizes of the probe
and pump lasers. It is important to have such an arrangement in order to
simplify the theoretical interpretation of the experimental spectra. Tighter
focusing of the pump and probe lasers (relative to that of the coupling laser)
restricts the observed fluorescence to the spatial region corresponding to
the center of the coupling laser electric field amplitude Gaussian radial dis-
tribution, and thus the molecules in the overlap region experience a more
uniform coupling laser electric field leading to a better resolved AT split-
ting line profile. The desirable spot size for each laser is obtained with a lens
or a combination of two lenses. Neutral density filters are used to control
the power of the lasers, and the spot sizes of the laser beams are measured
carefully in the interaction region with a razor blade technique (Skinner &
Whitcher, 1972) in order to determine the electric field amplitude of each
laser. The electric field amplitude, E, for a given laser beam, is related to
the measured laser power, P, and the spot size, w, by the expression

E= /i‘IB—PZ. (24)
cey Y mw

Here the spot size, w, is defined as the beam diameter, measured at the
1/¢? points of the Gaussian beam intensity profile. We estimate, based
on repeated measurements, that the error in a particular laser spot size
measurement is about 10 pm, which is also the smallest step size of the
micrometer used to drive the razor blade across the beam profile for the
beam diameter measurement. The power of the laser beams can be mea-
sured with an absolute accuracy of about 1.5%.

A mechanical chopper is used to modulate either the probe or
the pump beam so that phase-sensitive detection can be employed.
Filtered photomultiplier tubes are used to collect the total fluorescence
corresponding to particular molecular bands. In addition, for experiments
carried out at Temple University, a SPEX 1404 double grating monochroma-
tor is used to detect the molecular fluorescence corresponding to a selected
single rovibronic fluorescence transition in a direction perpendicular to
the laser propagation direction. The signal from the PMT is fed to a lock-in
amplifier (SR 850) with a 300 ms time constant. The probe laser is scanned
with a step size of 1 MHz, while the frequencies of all other lasers are
fixed to the resonance frequencies of the respective transitions. The indi-
vidual transitions used in each experiment are identified and verified by
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observing resolved fluorescence spectra corresponding to transitions from
the excited states to lower lying states.

All laser frequencies are calibrated against lines in the iodine atlas
(Gerstenkorn & Luc, 1978, 1979) as a reference. Initially the two or three
laser beams are visually overlapped carefully in a direction determined
by two iris diaphragms. Then the overlap is further optimized by maxi-
mizing the optical-optical double resonance (OODR) fluorescence signal
in the case of the three-level system, while for the four-level scheme, var-
ious combinations of two laser OODR fluorescence signals are used. For
final optimization of the beam overlap, the magnitude of the observed AT
splitting is used. Once achieved, the best possible overlap is maintained
for the duration of a particular set of experiments.

4. APPLICATIONS TO MOLECULES

4.1 Angular Momentum Alignment of Nonpolar Molecules

The AT splitting induced by a laser is proportional to the Rabi frequency
of the corresponding transition. The Rabi frequency, in turn, depends on
the molecule’s orientation as well as on the amplitude of the electric field
of the laser. Thus, one can extend the degree of quantum state selectivity
to the degenerate magnetic sublevels by choosing a proper laser excita-
tion scheme, laser polarizations, and laser field strengths (Qi et al., 1999).
Control of molecular alignment is one of the most important goals in the
study of modern reaction dynamics (Levine & Bernstein, 1974; Linskens
et al., 1994; Stolte, 1988). Currently, the DC-Stark shift is the most com-
monly used technique to create molecular alignment, but it can only be
used with polar molecules. An all-optical method has advantages over
techniques based on DC fields (Friedrich et al., 1994; Loesch & Remscheid,
1990) because it can also be used to align nonpolar molecules. In the fol-
lowing, the all-optical method introduced in Qi et al. (1999) of attaining
molecular alignment in a Doppler broadened diatomic lithium sample will
be presented.

For a given rotational quantum number J and for Q type transitions
(AJ =0), the AT splitting of each individual |M,| pair of components is
equal to the corresponding coupling laser Rabi frequency which is linearly

MA_E (0] el /h. Therefore,

A JJ+1)

as demonstrated in the experiment, the individual |M;| levels can be sepa-
rated using the AT splitting. For large J, the separation between the adjacent
magnetic levels, after they split, is approximately inversely proportional
to J. At the heat-pipe oven temperature of ~1000 K, the Doppler linewidth
is about 2.7 GHz. However, the optical-optical double resonance (OODR)
excitation allows selection of a single molecular velocity group resulting in

proportional to the |M,| value; ie., Q =
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a sub-Doppler linewidth as low as 40 MHz. This is still much larger than
the separation between adjacent | M| components for a typical 100 W/cm?
cw laser intensity and typical J values around 18. However, it is possible to
resolve the individual [M,| components for very low rotational quantum
numbers.

The selected Lip energy levels and the excitation scheme used in the
experiment of Qi et al. (1999) are shown in Figure 6a. The pump laser
L1 excites molecules from the ground state level X1 Zg v=2J=4)toa

selected intermediate level A! =} (v =10,J = 3). The probe laser L, further
excites the molecule to the upper level G'Tlg (v = 12,7 = 3,f parity). The
coupling laser L3 couples the upperlevel Gl g (v =12, =3,f) toasecond
intermediate level A'X7 (v = 14,/ = 3) and causes AT splitting in both
levels, which is observed by detection of single channel fluorescence from
the level |3).

The experimental spectrum in Figure 6b shows that there are three sets
of twin peaks due to the AT splitting created by the coupling laser Lz, and
which correspond to |M;| = 1,2, and 3. The slight asymmetry of the peaks
is due to an unintentional detuning of the coupling laser of approximately

13) G'T1, (12.3. f ) 2500 :
- —— Experiment |MJ|: 23
£ 2000} Theory o
Lss Qz 5
L.e, 5 1500
<
» 1000
2)A'E; (10.3)——  |4) A'S(143) 2
8 500
(2]
o
L,Q, S 0
i
-500 . . . . .
[1) X'T: (2,4)—L— -04 -02 00 0.2 0.4

Probe Detuning, GHz

(a) (b)

Figure 6 (a) Lip energy level diagram and laser excitation scheme used in the
angular momentum alignment experiment. (b) Fluorescence detected for a single
rovibronic transition (single channel fluorescence) starting in the G1l'Ig

(v=12,J =3, f) level, recorded as a function of probe laser (L) detuning, displaying
the Autler-Townes splitting due to the coupling laser (300 mW) tuned to the

G'Mg w=12,J=3,f) «+ A'=§ (v = 14,J = 3) transition. The magnetic quantum
sub-state dependent Autler-Townes splitting shows that excited Lio molecules can be
significantly aligned by selective excitation to a specific |M;| level when the probe
laser frequency is tuned to the corresponding AT splitting position with the coupling
laser (L3) on resonance. The solid line is the experimental spectrum while the dotted
line represents a theoretical calculation. Figure 6b reprinted with permission from Qi
et al. (1999). Copyright 1999 by the American Physical Society.
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37 MHz, which is within the uncertainty of the laser wave meter reading.
The [My| = 2 and 3 peaks are fairly well resolved, whereas the |M,| = 1
peak appears to be present, but is just at or below the noise level. The noise
hereis due to laser intensity fluctuations and frequency drift as well as to the
PMT dark current. However, the experiment clearly shows that by tuning
the probe laser, the |M|th magnetic sublevel peak can be selected, thereby
preparing aligned excited molecules which predominantly populate the
substates +M.

4.2 AT Splitting Measurement of the Transition Dipole Moment

Absolute intensities of molecular rovibronic transitions and their
dependence on the electronic transition dipole moment (Herzberg, 1950;
Mitchell & Zemansky, 1971) are of fundamental and general interest for
many investigations of molecular processes. However, accurate measure-
ments of absolute intensities are notoriously difficult. The situation in
molecules is much more complicated than in atomic systems, since in
molecules, the electronic transition dipole moment function depends on
the internuclear separation.

However, as shown in Qi et al. (2002), Quesada et al. (1987), and
Garcia-Fernandez et al. (2005), the AT quantum interference can be used
to determine the absolute magnitude of the electronic transition dipole
matrix element pj = (v}, Jjle(R)|vg, Ji) for a given transition by deter-
mining the Rabi frequency from the measured AT splitting and accurately
measuring the coupling laser E field amplitude. The use of a four-level
extended-A triple resonance excitation scheme for such a measurement
was demonstrated for a specific rovibronic transition between the ground
and the first excited states by Ahmed et al. (2006). The internuclear distance
dependence of the electronic transition dipole moment function, e (R), for
the Al 2 F-Xx1 ¥ system was determined for Na, by Ahmed et al. (2008)
and for Li, by Salihoglu et al. (2008). In principle, a simpler two-laser 3-level
cascade excitation scheme can be considered for such a study of transition
dipole moments between the ground and the excited states. But, as shown
by Ahmed et al. (2006), due to saturation broadening, that simpler scheme
isless favorable for a Doppler broadened sample with a thermal population
distribution in the ground state. The extended-A scheme of Figure 2 over-
comes this and other difficulties by dedicating separate lasers to the roles
of the pump and coupling lasers. Thus a low-power, narrow-band pump
laser can be used to select a narrow velocity group from the Doppler broad-
ened transition in order to enhance the resolution of the probe laser scan,
whose sole purpose is to reveal the AT splitting of the intermediate level.
The coupling laser can be tuned onto resonance with transitions involving
levels lying outside the range of thermally populated ground state levels.
The ability to choose the coupling laser transition independently of the
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pump transition has the additional benefit of allowing measurements of
transition dipole moments of a large number of rovibronic transitions
between the ground and excited states. These can then be used to con-
struct the pe(R) internuclear distance dependence of the electronic transi-
tion dipole moment. Later, Ahmed et al. (2009) have shown how the acces-
sibility of states and transition dipole moments can be further expanded
using a five-level quadruple resonance excitation scheme.

Figure 2 illustrates the general energy level diagram of the extended-A
excitation scheme. In the experiments (Ahmed et al., 2006, Ahmed et al.,
2008; Salihoglu et al., 2008) the L; pump laser was tuned to resonance on
the Al F @, ) <« X1 Eg (v”,J") transition with the lower level selected
from among the thermally populated levels. In order to select a narrow
velocity component within the Doppler profile, the L; power was kept
as low as possible while maintaining a reasonable signal-to-noise ratio in
the AT split spectra. The AT splitting of level |2) [AlS} (v, /)], caused
by the strong coupling laser L3 on resonance with the transition |2) <
14) [Alz} @, ) < X! Eg (@],J])], was then detected in the fluorescence
spectrum originating from upper level |3) as the weak L, probe laser was
scanned over the |3) <« |2) transition [either 2! Mg (v,)) < Al =F @, J)
or 5! Zg (v,J) < Al =} (@, J)]. Fluorescence corresponding to an isolated
rovibronic transition |3) — |5) [single channel 211'1g (0 J) - Alst (@, J7)
or 5! Eg (v,J) - AT (v}, J}) fluorescence], was used to monitor the
population of the upper state |3). In all cases, for level |[4) the authors have
chosen a rotational level belonging to a high vibrational level of the ground
state, which lies outside the range of the thermally populated levels.

Simulations of the experimentally recorded AT split spectra were per-
formed using the density matrix formalism outlined in Section 2 above.
The Rabi frequency of the coupling field, 223, was varied in the simulations
until the best fit to each recorded experimental spectrum was obtained.

The resulting Q3 value, along with the strength of the coupling laser
electric field, E3, was then used to calculate the transition dipole moment
matrix element between the rovibrational levels coupled by Lz. Equa-
tion (24) was used to calculate the coupling laser electric field strength.
From the definition of the L3 coupling laser Rabi frequency, 23 = u4E3/h,
the transition dipole matrix element uo4 for the coupling transition was
then determined. For the experiments quoted above, the uncertainty in
the value of uo4 was estimated to be approximately +0.2 Debye, arising
mainly from the error in the measurement of the spot sizes (10 wm), the
laser power fluctuation (1-2%), the absolute power calibration of the power
meter, and the inherent noise in the recorded spectra.

The transition dipole matrix element represents an overlap integral of
the rovibronic wave functions of the two levels, weighted with the elec-
tronic transition dipole moment, pe(R); ie., uj = (v]/.,J]’.me(R)lvl/c’,Jl’c/).
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In general the electronic transition dipole moment function, we(R), for a
transition between two electronic states of a diatomic molecule, is a func-
tion of the internuclear distance, R, and in many cases this dependence can
be quite strong. In some cases ab initio calculations are available for pe(R).
But in most cases no information at all is available for the functional form of
e(R). Given this situation, it is common to assume that ue(R) is constant,
or varies weakly as a function of R. Then the transition dipole moment inte-
gral reduces to a simple vibrational overlap integral, (U]/-, J]’ | v/, J}), times a

constant of proportionality. The square of this vibrational overlap integral
is the well-known Franck-Condon factor. The Franck—-Condon factor is
widely used for estimating relative transition strengths, but is only reliable
when pe(R) does not change significantly in the R range of the transitions
under consideration. However, if j1.(R) strongly depends on R then one
has to use the full (ZJ]/.,J]’.We (R)|vy/, J})) matrix element.

Using either the simple R-centroid approximation, or a more complete
polynomial expression that includes higher order R-centroids (Fraser, 1954;
Lefebvre-Brion & Field, 2004; Noda & Zare, 1982; Tellinghuisen, 1984;
Tellinghuisen, 1985), the internuclear distance dependence of je(R) can
be obtained from the set of experimentally determined transition dipole
matrix elements. If we represent ue(R) by a power series in the internu-
clear distance R,

pe(R) =Y Wik, (25)
i=0

the transition dipole matrix element can be written as
0 JE—
(©|ne®)[0") = (©@'10") Y iR, (26)
i=0

where (¢'|0"”) is the vibrational overlap integral, and R! is the ith R-centroid
defined as '
=i _ (IR0
o @)

If we limit ourselves to the lowest order in Equation (25), the approxi-
mation introduced by Condon (1928) is obtained with the matrix element
proportional to the vibrational overlap integral, equivalent to the square
root of the Franck—Condon factor.

The R-centroid approximation (Fraser, 1954; Lefebvre-Brion & Field,
2004; Noda & Zare, 1982; Tellinghuisen, 1984, 1985) assumes

27)

(¥ |pe(R)V") ~ (0 [0") j1e(R), (28)

so that the matrix element is approximated by the product of ue at the
R-centroid value R and the overlap integral (v'|v”). By expanding pe(R) in
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a power series in R, and approximating R with Ri, Equation (28) becomes
equivalent to Equation (26). The R-centroid approximation becomes exact
if we(R) is a linear function of R.

The first-order R-centroid method is adequate if the vibrational overlap
integral is dominated by a relatively small region of R. Such a case is shown
in Figure 7a, where the calculated R-centroid value of 3.82 A corresponds
closely to the center of the interval 3.5-4.2 A where the majority of the
overlap integral accumulates. On the other hand, in cases where the integral
accumulates over a large interval of R, such as the case shown in Figure 7b,
this method is unreliable. In such cases, Equation (26) must be used to fit the
experimentally obtained set of transition dipole matrix elements. Usually,
truncation at the quadratic or cubic terms in the expansion is sufficient to
represent the experimental data. In Ahmed et al. (2008) the experimental
data were fitted using a polynomial expansion of the Na, A'x}-X! Zg
electronic transition dipole moment function up to second order in R,

1te(R) = po + uiR + naR?, 29)

and the values pg = —4.2502 D, u1 = 6.1046 D - A~1, and pp = —0.64758
D.A~2 were obtained for the expansion coefficients. The range in R over
which this fitted transition dipole moment is valid can be obtained from
the range of the individual transition overlap integrals. we(R) from

,,,,, A'£7(35,20)
. X‘z;(45,21)
J"{’ (r)¥”(r)dr

,,,,, A's7(10,20)
—X12;(17,21)
— )
2 3 4 5 6 2 3 4 5 6
R(A) R(A)

(a) (b)

Figure 7 Plots of the Naj excited A (v/,J') and ground X'2J (v”,J") state wave
functions ¥/ and ¥ and of the overlap integral fOR W/ (r)¥”(r)dr as functions of the
internuclear distance R; (a) for the A's{ (10,20-X"£d (17,21) transition, and (b) for

the AT (35,20)-X"x (45, 21) transition. Figure reprinted with permission from
Ahmed et al. (2008). Copyright 2008 by the American Physical Society.
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Figure 8 Comparison between the transition dipole moment functions ue(R)
obtained from experimental data and pseudopotential (solid line with squares) and
relativistic (solid line) ab initio calculations for the Nay A1s{-Xx1 EJ transition.
Experimental results from the R-centroid method are given as solid circular dots,
while the results from the fit with a quadratic polynomial expansion

we(R) = 1o + 1R + o R2, with coefficients ug = —4.2502 D, uq = 6.1046 D.A-1,
and up = —0.64758 D.A~2, are shown as a dotted line. Figure reprinted with
permission from Ahmed et al. (2008). Copyright 2008 by the American Physical
Society.

Equation (29) is illustrated in Figure 8 (dotted line), while the results from
the R-centroid approximation are represented by solid circles. For compar-
ison, results from ab initio calculations of the electronic transition dipole
moment, je(R), for the Nap AlmF-X! Eg system are also shown
(Ahmed et al., 2006).

4.3 Combining AT Measurements with Resolved Fluorescence
to Map pe(R)

After correcting for detection system efficiencies, the relative intensities of
resolved fluorescence from a single rovibrational level of one electronic
state to the various rovibrational levels of another electronic state can
be fit to yield the relative electronic transition dipole moment function
te(R). Such results have been used to test theoretical calculations
(Magnier et al., 2000; Ratcliff et al., 1985), albeit only in terms of the
relative dependence of pe(R) on R. However, as demonstrated in
Ahmed et al. (2008), Salihoglu et al. (2008), and Sweeney et al. (2008) and
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discussed in this subsection, the range of ue(R) can, in some cases, be
extended dramatically by using AT splitting measurements to calibrate
relative fluorescence intensity measurements. As discussed above, mea-
surement of the AT splitting allows the determination of the absolute tran-
sition dipole matrix element between two levels. Thus AT measurements
of a few selected transitions can be used to put the relative transition dipole
moment function, ue(R), determined from relative fluorescence intensities,
on an absolute scale.

This technique has been described in detail by Sweeney et al. (2008).
Those authors used AT splittings, obtained with a three-level pump/probe
scheme as shown in Figure 1a, to determine the absolute transition dipole
matrix elements between specific levels of the 31T and 2(A)! =7 electronic
states of the NaK molecule. These results were used to place the relative
31 — 2(A)!'s* and 3'TT — 1(X)!=+ transition dipole moment func-
tions, obtained from calibrated fluorescence, onto an absolute scale. For
the considered molecular transitions, the transition dipole moment func-
tions vary rapidly with internuclear separation. In addition, the dipole
matrix elements are not large, even in the most favorable cases. Thus only
a few transition matrix elements can be measured with the AT splitting
method. However, the combination of AT splitting with calibrated fluores-
cence allows a complete mapping of the transition dipole moment func-
tions over fairly broad ranges of R.

The basic experimental setup is similar to that shown in Figure 5.
In this case, the heat-pipe oven contained a mixture of sodium and
potassium so that NaK molecules were produced in the vapor. A single-
mode Ti:Sapphire laser (L1 in Figure la) was used to excite a specific
NaK A'S* (@, 7 = 11,e)« X't (@",J" = J £ 1,e) transition. A single-
mode ring dye laser (L;) was tuned to the 3w = 19,7 = 11, f) <
At (@', J =11, e) transition.

A monochromator/PMT combination resolved 3'IT (19,11, H—
X's+ @”,11,e) and 3'T1 (19,11,f) — A'S™* (¢/,11,¢) fluorescence (see
Figure 9a). Lasers L1 and L, were chopped at different frequencies f; and
f> using a dual frequency chopper and signals were processed by a dig-
ital lock-in amplifier locked to the sum frequency f; + f». This was nec-
essary in order to distinguish the 3lm (19,11, f) — Aly+ (v, 11,e) flu-
orescence from the single-laser (L1 or Lp) induced background light in
the same frequency range. Recorded signals from a free-standing vio-
let filtered PMT [which detected the total unresolved 3T (19,11, f —
X1zt (v”,11, e) fluorescence] were used to correct relative resolved peak
intensities for small frequency and power fluctuations associated with
either laser during the monochromator scans. In addition, light from a
calibrated tungsten—halogen white light source (Stair et al., 1963) was sent
through the heat pipe and into the monochromator, allowing the relative
wavelength-dependent response of the detection system to be determined.
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Figure 9 (a) Pumping scheme for measuring resolved 3'm (19, 11, 1) — Alx+

@, 11,¢) and 3111 (19, 1,1) > X1x+ @, 11,¢) fluorescence transitions. In the
notation of Figure 1a, level [1) is X1st @, J £ 1,¢), level |2) is Al=+ @ =9

or 10,J = 11,¢), and level |3) is 3111 (19, 11, ). (b) Pumping scheme for probing the
AT splitting lineshape. Total 3 — X1s+ fluorescence is detected with a
free-standing PMT with short-pass filters. Inset shows an actual AT splitting scan.
Figure reprinted with permission from Sweeney et al. (2008). Copyright 2008 by the
American Institute of Physics.

The polarization dependence of the detection system (for light linearly
polarized either parallel to or perpendicular to the grating grooves) was
also determined using a linear polarizer at the monochromator entrance
slit. The polarization of the resolved lines was also measured with the same
linear polarizer. These results were used to correct the measured fluores-
cence line intensities. Finally, white light scans recorded when the oven
was hot allowed the fluorescence line intensities to be corrected for atten-
uation due to the relatively small (except at the potassium resonance lines)
absorption of fluorescence photons by the alkali vapor in the fluorescence
arms of the heat pipe.

Essentially the same experimental setup was used for the AT measure-
ments except that lenses focused the probe and coupling laser beam radii to
120-135 pm and 330-345 wm, respectively. The L probe laser power was
reduced to <1 mW in order to minimize power broadening. The L, cou-
pling laser power was in the range 240-430 mW to maximize the splitting
of the fluorescence lines due to the Autler-Townes effect. With the coupling
laser fixed to the 311 (19, 11, f) <~ AlST (v/,11, ¢) transition, the probe laser
was scanned over the A1+ (@, 7 = 11,e) « X'Zt (', 7 £ 1,e) transi-
tion, and the total violet fluorescence was recorded, as shown in Figure 9b.
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The probe laser frequency dependence of this signal maps out the Autler—
Townes lineshape (see Qi et al., 2002).

The 311 (19, 11, — XI's+ (v”,11,e) fluorescence recorded by Sweeney
et al. (2008), which occurs in the violet part of the spectrum, was quite
clean and was recorded with excellent signal-to-noise even for the weak
lines. In contrast, the red 311 (19, 11, H— AlS* (v/,11, e) fluorescence was
observed in a very congested part of the spectrum, where both lasers pump
a number of A!X* « X!%7 transitions of NaK and K; leading to strong
Als+ — X3+ fluorescence bands in addition to the NaK 3!'IT — Alx+
fluorescence of interest. Even with modulation of both lasers and lock-in
detection at the sum frequency f +f>, the spectrum was still quite congested
and noisy. However, the 311 (19, 11, f) level could be pumped using differ-
ent pump/probe excitation paths, and in each case it was possible to pick
out several NaK 3!TT — A'X ™ fluorescence lines since they are separated
by the known A!S+ state vibrational and rotational intervals and since
extraneous lines will not appear in all of the spectra obtained with differ-
ent excitation schemes. Despite the relatively high noise level, background
lines, and complete absorption near the strong potassium atomic lines,
relative intensities of 11 different 31T (19,11, f— AlSt (v/,11,e) transi-
tions, including the 3'T1 (19,11, f) — A'X* (10,11, ¢) and 3'11 (19,11, f) —
Alx+ (9,11, ¢) transitions that serve as the absolute AT splitting calibra-
tion lines, were successfully recorded. With the white light measurements
of the relative detection system efficiency versus wavelength, all of the
3 (19,11,f) — Als* (v/,11,e) and 31T (19,11,f) — X'=* (@”,11,¢)
fluorescence line intensities could be put on the same relative intensity
scale.

Theoretically, since all observed fluorescence transitions are mn -
15+ Q lines, the relative intensities of the peaks in the resolved
NaK 3'I1(19,11,f) — A'2* (¢, 11,e)and 3! 1 (19, 11, f) — X'=F (v, 11,¢)
fluorescence scans are given by (Herzberg, 1950)

4 2
Ifiuorescence ij|ﬂjk| ’ (30)

where jand k represent the upper and lower levels of the transition, respec-
tively, and the transition dipole matrix element Wik = (vjlpe(R)|vk). For the
electronic transition dipole moment function we(R), a polynomial of the

form:
Req

Req 2 4
me(R) =ap + a1 (?> +a <?) + - (31)

with fitting parametersag, a1, a2, . . . was used to fit the calculated intensities
to the experimental intensities. Here, Req = 4.4587 A is the equilibrium
internuclear separation of the 31T state. The computer program LEVEL
8.0 (Le Roy, 2007) was used to calculate the matrix elements of the terms
(Req/R)" for the measured transitions between the 3l (19,11, f) level and
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the various A1 T (v/,11,¢) and X' =7 (v”, 11, e) levels. In these calculations,
the experimental potentials of Laub et al. (1999), Ross et al. (1988), and
Russier-Antoine et al. (2000) were used for the 3'T1, A1+, and X' =7 states,
respectively.

A non-linear least squares fit of calculated intensities to the experi-
mentally measured intensities from the resolved fluorescence spectra was
carried out to determine the best values for the constants a; for the
31 — A'S* and 3T — X!+ transition dipole moment functions. The
number of fitting parameters was varied, and the best fit was taken to be the
one with the lowest reduced chi-squared. The best fit of the 311(19,11, ) —
Alst @', 11,¢) spectra included two terms (a9 and a1), while four terms
(a1,a2,a3, and ag) yielded the best fit to the 311 (19, 11, ) — X's* (0,11, ¢)
spectra. The ap term was excluded from the 3'IT — X! =% transition dipole
moment function since this function is expected to go to zero at large R.
This is due to the fact that while the molecular transition is allowed, the
atomic transition Na (3S) + K (3D) — Na (3S) + K (45) is dipole forbidden
(as R — 0o). Note that this fitting of relative intensities provided only rel-
ative transition dipole moment functions.

The AT lineshapes were analyzed as described in Sections 2 and 4.2. In
this case, the frequency of the strong coupling laser L, was fixed to line
center of the 3111 (19, 11, f <~ Al'S* (¥/,11, ) transition, and the strength
of the coupling is described by the Rabi frequency

Qp = up3Ez/h = <2

w3 A R)| 3) Ex i, 32)

where Ej is the electric field of the coupling laser. The weak probe laser L;
was scanned over the A'St (v, 7 = 11,¢) « X't (@, J £ 1,e) tran-
sition (see Figure 9b), and the total violet 30 (v = 19, = 11, ) —
X'+ fluorescence, as a function of probe laser frequency, mapped out
the AT splitting of the A'S* (¢v/,J = 11, ¢) level induced by the coupling
laser. Since the violet fluorescence signal is proportional to the popula-
tion of the 311 (19, 11,f) level (i.e., p33 in the notation of Figure 1a) a
computer code was used to solve the density matrix equations of motion.
The user inputs the measured electric fields and beam radii of the lasers
L1 and L, the Rabi frequencies €21 and Qp, and the collisional dephas-
ing rates yj,, ¥j3, and y,,;. For known electric field strengths, I'>; and
I's; are not independent of €1 and € since both only depend on the
dipole matrix elements. The calculations are not very sensitive to the var-
ious other radiative rates, which are all known fairly well from theory.
The transit relaxation rate W; was calculated using Equation (8) in Sagle
et al. (1996). In the experiment, the probe laser frequency was scanned.
Therefore, the program loops over the Maxwell-Boltzmann distribution

of velocities, v;, calculates pé\gM for each value of M = My, and reports

M

P33 = Y M pé\g for each detuning of the probe laser L. Since the exper-
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iment uses linearly polarized lasers, the Spano approximation (Spano,
2001) Yo 4 Digmsar oy M~ pMM S Tinsarm = oMLy,
is employed to simplify the calculations (i.e., this approximation decou-
ples the equations for different values of M). The output is the predicted
Autler-Townes lineshape.

The predicted A-T lineshape displays two peaks, in agreement with
experiment. The splitting between the peaks is mostly determined by the
Rabi frequency 2, of the coupling laser Lp, which causes levels
12) [AlSt (@, 7 = 11,e)] and |3) [3!11 (19,11, 1)] (see Figures 1a and 9b)
to each split into two levels (Autler-Townes splitting). Ideally, the probe
laser L1 should be sufficiently weak that the lineshape is independent of
Q1. However, signal-to-noise concerns required use of L1 laser intensities
such that the fitting was not entirely independent of 1. 1 was calcu-
lated from the weighted average of the L; electric field over the interac-
tion region and the transition dipole matrix element obtained from LEVEL
(Le Roy, 2007) using the theoretical transition dipole moment function of
Magnier et al. (2000). The collisional dephasing (line-broadening) rates
V1o ¥15 and yy; were found to strongly affect the widths of the peaks
and the line wings, but to have relatively little effect on the splitting.
Thus €2, was varied until the splitting of the calculated lineshape agreed
with experiment, and then the collisional dephasing rates were adjusted
to improve the agreement with the overall lineshape. The transition dipole
matrix element for the |2) < |3) transition was then obtained from the
measured electric field (weighted average over the interaction
region = 0.94 of the peak field) and the fitted Rabi frequency of the cou-
pling laser using Equation (32). From the best fit Rabi frequencies for the
3 (19,11,f) <« A'ST (10,11,¢) and 3'IT (19,11,f) « A'S*+ (9,11,¢)
transitions, the values 13111911 f)A1z+(10,11,0 = (1.51 £ 0.15) Debye and
M3111(19,11,f) < Alz+(9,11,¢) = (0.90 = 0.09) Debye were obtained.

Finally, the program LEVEL 8.0 (Le Roy, 2007) was used to calculate
the transition dipole matrix elements w3191 —als+1011e and
M3111(19,11f)Alz+(9,11¢) from the relative electronic transition dipole

. 1 I+ .
moment function ,ug’ rlgl;i‘é ez obtained from resolved fluorescence. Com-

parison of these results with the absolute transition dipole matrix elements
from the AT splitting experiment then yielded two independent normal-
ization factors that agreed to within 4%. Using the average of the two
values, the following expressions for the absolute transition dipole moment
functions were obtained:

R 2
p3I=ATE Ry 11,05 — 5.55 (%) (33)

e, absolute



Author’s personal copy

498 Ergin H. Ahmed et al.

and

2 4 6
3ln—xlst Req Req Req
R) =340 —3) —11.04 (=2 ) +12.26 —2

e,absolute
Req\®
—-388(—) , 34
(R) (34

where the transition dipole moments are given in Debye. The absolute mag-
nitudes of these functions are believed to be accurate to ~15-25%, based on
a 5% uncertainty in the determination of the electric field, a 10% uncertainty
in determination of the Rabi frequency from the AT splitting lineshapes,
and a 10-15% uncertainty in the relative line intensities, especially in the
3! — A'X™ fluorescence band, which necessarily had to serve as the
calibration point in this experiment. The relative R dependences of these
functions are probably accurate to ~5-10% within each band.

A comparison of experimental and calculated relative fluorescence
intensities [using Equations (33) and (34)] is shown in Figure 10. The best-
fit transition dipole moment functions Mg}ﬁ%gﬁy (R) and ug};g;ﬁ:? (R)
are plotted in Figure 11a and b, respectively, where they are compared to
the recent theoretical calculations of Magnier et al. (2000) and the much
earlier calculations of Ratcliff et al. (1985). Figure 11b also shows the rel-
ative 3'TT — X!Z7 transition dipole moment function obtained by Laub
et al. (1999) using calibrated fluorescence alone. It can be seen that the
most recent theoretical calculations of Magnier et al. (2000) are in excellent
agreement with the experimental results, with regard to both the absolute
magnitude and the functional dependence of the transition dipole moment
functions.

The above results demonstrate that a combination of resolved fluo-
rescence scans and AT splitting measurements can be used to determine
molecular transition dipole moment functions over broad ranges of inter-
nuclear separation R. The particular value of combining the two techniques
was demonstrated in the Sweeney et al. (2008) experiment where the transi-
tion dipole matrix elements were small and the electronic transition dipole
moment function strongly dependent on R. In this case, the AT splitting
method could only be used to determine the absolute transition dipole
matrix elements for a few of the strongest transitions, whereas the resolved
fluorescence technique allowed determination of many transition dipole
matrix elements, including those for much weaker transitions, but only on
a relative scale. The combination of the two techniques allowed all matrix
elements to be measured absolutely. Consequently the theoretical transi-
tion dipole moment functions can be tested on an absolute basis.
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Figure 10  (a) Experimental and calculated intensities for NaK 3'm 19,11, ) —

AT (@, 11, ¢) transitions. Transitions to vjgyer = v’ = 13,14, and 15, marked by a
horizontal arrow, are unable to be used in the analysis, since light at these particular

wavelengths experiences near-zero transmission

through the vapor due to potassium

resonance line absorption. (b) Experimental and fitted intensities for
31 (19,11, f) » XS+ (v, 11, ) transitions. vguer = v- Inset: intensities magnified

by factor of 20 (Sweeney et al.,

2008). Figure reprinted with permission from Sweeney

et al. (2008). Copyright 2008 by the American Institute of Physics.
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Figure 11 Solid line: absolute experimental transition dipole moment function

versus internuclear separation for (a) the NaK 3111 — A1 transition, and (b) the
NaK 31 — X1=+ transition, both from Sweeney et al. (2008). The thin solid line in
(b) is the relative transition dipole moment function from Laub et al. (1999),
normalized to theory at R = 4.76 A. In both (a) and (b), the dashed line is the
theoretical transition dipole moment function from Magnier et al. (2000), and the
dotted line is the theoretical transition dipole moment from Ratcliff et al. (1985).
Figure reprinted with permission from Sweeney et al. (2008). Copyright 2008 by the
American Institute of Physics.

4.4 AT Based Quantum Control of the Spin-Orbit Interaction

The spin-orbit interaction can mix molecular electronic states of different
spin multiplicity, with the degree of mixing dependent on the spin—orbit
matrix element as well as the energy separation between the interacting
states. As discussed above, the AT effect causes energy levels to split and
shift, thereby offering the possibility to change the separation between
two interacting levels. Thus control of the spin-orbit mixing can be
realized using a laser field as an external control mechanism.
Several recent theoretical studies have been devoted to this subject
(Gonzalez-Vazquez et al., 2006a, 2006b; Kirova & Spano, 2005; Korolkov
& Manz, 2004) with a proof-of-concept experiment presented in Ahmed et
al. (2011).

Specific possible applications of quantum control of the spin—orbit inter-
action include enhancing the rate of population transfer to otherwise
“dark” states, either by increasing the mixing between existing perturbed
pairs of levels, or by creating mixed levels out of previously unmixed ones.
As mentioned previously, levels of alkali molecules with mixed singlet—
triplet character are frequently used as “windows” for accessing higher
lying triplet states (Li et al., 1992; Lyyra et al., 1991; Xie & Field, 1985),
and as intermediate levels in the transfer of cold molecules formed at long
range in the triplet 2>+ state to deeply bound levels of the singlet X' =+
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ground state (Danzl et al., 2008; Ghosal et al., 2009; Ni et al., 2008; Sage
et al., 2005; Viteau et al., 2008). Thus, the ability to enhance the mixing of
the spin character of singlet-triplet pairs of states could be used to improve
the transfer rates in such schemes. Additional applications are discussed
in Ahmed et al. (2011).

All-optical control of the spin-orbit interaction was demonstrated in
Ahmed et al. (2011) using the lithium dimer (“Lip) and a narrow band cw
laser with moderate output power as the control field. The small linewidth
(0.5 MHz) of the cw control laser allowed state selectively with a spe-
cific singlet-triplet pair of rovibrational levels mixed by the spin—orbit
interaction. ”Li, was chosen for the proof-of-concept experiment since for
molecules with light nuclei the spin and orbital angular momenta are
weakly coupled and therefore the spin-orbit interaction is small. Thus
interacting levels can lie very close in energy without being significantly
mixed. As shown in Figure 12, the thermal population of level |1) was
excited to level |2) by the weak pump laser L; at 15810.158 cm™~!, and
then further excited by tuning the weak probe field L, to the mixed pair
of levels 132g— (v =1N = 21f) ~ Gl (v = 12,J = 21,f), denoted
as |T) and |S), with resonances at 17666.136 cm™! and 17666.162 cm™1,
respectively. The strong control laser L3 was set on resonance with the
G'Mg (v=12,7=21,f) <+ A'S] (v/ =14,/ = 21,¢) transition (|S) < |3))
at 17026.872 em~!. The "Lip G'Mg (v = 12,7 = 21,/) ~1’S; (v = 1,N =
21, f) pair of rovibrational levels was chosen since the two levels are only
separated by 750 MHz, as is evident from Figure 13, but still have very
small natural mixing. In the absence of a control field, the nominally singlet
(triplet) level has 87% singlet (triplet) and 13% triplet (singlet) character,
determined using the ratios of the intensities from OODR laser excitation
scans of the triplet and singlet peaks as described below. The 13Eg_ elec-
tronic state has negligible hyperfine structure (Yiannopoulou et al., 1994),
and thus the predominantly triplet state 13 Ly (w=1N = 21,f) can be
considered to be a single level in the analysis.

As in other experiments, “Li, dimers were produced in a heat pipe
oven operating at ~850 K with ~150 mTorr of argon buffer gas. Argon and
lithium atom densities were sufficiently low that level changing collisions
could be neglected. The excitation scheme (Figure 12) used three narrow
band tunable ring dye lasers; the pump (L1) and probe (L;) lasers counter-
propagated through the oven, while the control laser (L3) co-propagated
with the pump. The pump and probe laser powers were kept as low as pos-
sible while maintaining a good signal-to-noise ratio; P(L1) ~ 100 wW and
P(Lp) ~ 2.5 mW. The spot radii of the pump and probe lasers (r; = 125 pm
and r» = 130 wm) were chosen to be about half that of the control laser
(r3 = 230 pm).
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Figure 12 The thermal population in level |1) is excited to level |2) by the weak L4
pump laser, and then further excited by the weak Ly probe field to the mixed pair of
levels |T) and |S). The strong L3 control laser is set on resonance with the |S) < |3)
transition. Levels |Sy) and |Tp) depicted with dashed lines represent the “pure”
singlet and triplet basis states, respectively (unperturbed basis set). When the spin-
orbit interaction is taken into account, levels |Sp) and | Tg) transform into the nominally
singlet |S) and triplet | T) states. When the control laser is turned on, these states
evolve further into, |S, —AT), |S,+AT), and | T'). Figure reprinted with permission
from Ahmed et al. (2011). Copyright 2011 by the American Physical Society.

The spin character of the mixed pair of levels |S) ~ |T) was observed
by simultaneously recording fluorescence from them to lower lying singlet
and triplet levels (see Figure 12). In order to monitor the triplet character,
fluorescence to a few lower lying rovibrational levels of the b°ITy electronic
state (collectively labeled level |5) in Figure 12), was detected with a filtered
PMT. The singlet character was monitored by observing fluorescence to a
specific rovibrational level, A' =+ (v/ = 10,7/ = 21) (level |4) in Figure 12),
using a monochromator/PMT system as shown in Figure 5.

The density matrix formalism (see Section 2) was used to analyze the
results. The Hamiltonian of the system can be expressed as the sum of three
parts H = Hpo) + Hint + Hso. Hmol and Hin represent the Hamiltonian
of the unperturbed molecule and the interaction of the molecule with the
optical fields, respectively (see Section 2). Because the spin—orbit interaction
in Lip (~0.1 ecm™!) is much smaller than the typical spacing between the
individual rovibrational levels (~20 cm~! at J = 20) it can be assumed that
Hso mixes only the closely spaced pair of unperturbed pure singlet |Sp)
and pure triplet | To) states (eigenstates of Hp,]). The result of the spin—orbit
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Figure 13  Optical-optical double resonance spectra recorded by monitoring the

fluorescence to the A’ El]“ (@ =10,J = 21) level (singlet channel—solid line) and to a
few low lying rovibrational levels of the b3T1y state (triplet channel—dotted line) as a
function of the detuning of the probe laser. The control laser was blocked during these
scans. From these spectra the separation of the singlet and triplet components of the
perturbed pair |S) and | T) was found to be §gg = 750 MHz in the absence of the
control field. Probe laser frequencies here and in Figures 14 and 15 are relative to the
frequency of the transition to the nominally singlet level |S) in the absence of the
control laser. Figure reprinted with permission from Ahmed et al. (2011). Copyright
2011 by the American Physical Society.

perturbation, as shown in Figure 12, is the creation of the mixed states |S)
and |T) given by |S) = «|Sg) — B|To) and |T) = «|To) + B|So), where o and
B are mixing coefficients and o>+ p2=1.

Values of o and B8 were determined from fluorescence ratios (in the
absence of the coupling laser) as described in Sun and Huennekens (1992).
Specifically, the triplet channel fluorescence signals originating from levels
|S) and |T) depend on the populations of the upper levels (1sy and 7))
and the Einstein A coefficients for the respective transitions; i.e.,

I(t))5) = eevg (SIUL(R) B2 TTy) P15y = e B2H(Toluh(R)I5) [Prysy  (35)
and
Ity = e [(TIpk (R) WP TLy) Pryry = eevia®[(Toluh(R)I5) Pryry,  (36)

where |b*T1,)=|5) represents the specific low lying rovibrational levels of
the b3I1, state that are accessible from levels |S) and |T) by fluorescence
photons within the bandpass of the triplet fluorescence channel filters, v
is the average frequency, and ¢; is the total detection system efficiency for
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detection of these photons. Here it is assumed that fluorescence to the b> Iy,
state from the pure singlet state |Sg) is forbidden by the dipole selection
rules on spin. Similarly, the singlet channel fluorescence signals are given

by

1(s)j5) = esvs [ (SILER)IATET (v/ = 10,0 = 21))%ns)
= esvia®[(Sol s (R)|4)|*nys) (37)

and

esVi (TILSRIATET (v =10, = 21))*nip)
esvs B2(Sol S (R)I4) [*nyT). (38)

I(s)|1)

Defining e = (gsv#[(Solu(R)14) %)/ (eevi[(Tol nh (R)|5)|*) we see that the ratios
of singlet to triplet fluorescence from each of the upper levels are given by

I(s)isy ﬁ

I—(t)|5) = 8,32 (39)
and

©n _ B

TOm = saz. (40)

Thus all factors of populations, matrix elements, frequencies, and efficiency
factors cancel out in the ratio of the ratios

19/t _ ot (41)

Is)y/Ity  p4

From this analysis, it was determined in Ahmed et al. (2011) that a? =
0.87 and p% = 0.13 for the “Li, pair of levels G!Tl (v = 12,7 = 21,f) ~
132g— (v=1,N=21,f).

The spin—orbit interaction part of the Hamiltonian of the system, Hso,
can be expressed simply as Hso = afidso, where 8g0o is the separation in
energy between the mixed levels |S) and |T).
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In the interaction picture, the Hamiltonian, Hj, of the system in this case,
after applying the rotating wave approximation, has the explicit form:

Hy = —h61|2) (2| — h(81 + 82)|50) (So| — h(81 + 82 — 83)13) (3|

h&2
— h(81 + 82 + 83)|To) (Tol + Tl(|2)<1| +11)(2D)

he2 he
+ =5 (1S0) 21 + 12){So]) + == (13){Sol + 150) 3]
+ haBdso(1S0) (Tol + [To)(Sol) (42)

in a basis of levels that are unperturbed by either the optical fields or the
spin—orbit interaction. ‘Sgo is the splitting of the unperturbed levels [note

8(5]0 = (a? — B?)850 where 80 is the measurable separation between the
mixed levels |S) and |T) with no control laser].

With only the weak pump and probe lasers present, the laser interactions
are minimal, and the upper levels are essentially the perturbed spin—orbit
pair |S) and |T). The fluorescence excitation spectrum of the |S) ~ |T)
system as a function of the probe laser detuning shows a two peak pattern
as expected (see Figure 13).

When the control field is turned on, resonantly coupling states |S) and
|3), the nominally singlet peak is observed to split into two components
due to the AT effect as shown in Figure 14. The separation between the
two components, labeled |S, —AT) and |S, +AT), of the upper split singlet
peak is determined by the Rabi frequency of the control laser. The |S, —AT)
component of the pair is shifted closer to the nearby |T') state which leads
to stronger spin—orbit interaction between them. As a result, the |S, —AT)
component acquires more triplet character, while the |T) level shifts slightly
and acquires more singlet character, being transformed into the modified
state |T”). This is demonstrated by the significant increase in the area of the
13 Iy (v=1,N =21,f) peakin the singlet detection channel as can be seen
in Figure 14b. At the same time the singlet character of the |S, +AT) compo-
nent is enhanced due to its increased separation from the |T) state (which
decreases its mixing with the triplet level). The two AT split components
of the predominantly singlet level now have different amounts of singlet
and triplet character from each other. This results in an asymmetric line
shape of the AT pair intensity distribution, in both the singlet and triplet
detection channels, as is evident from Figure 14a.

To estimate how the character of the nominally triplet level 13X g =1,
N =21, ) changes in the presence of the control laser, state |T”) is assumed
to be a superposition of the unperturbed levels [Tp), |Sp), and [3); i.e.,
Ty = o|To) + B'|So) + ¥'I13), where o/, B/, and y’ are the mixing coef-
ficients with the control laser on. The spin—orbit interaction only mixes
|To) with |Sp) but not with |3) due to the spin—orbit selection rules (g «
u, and AJ = 0). Thus the mixing of level |3) character into state |T")
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(a)

P,=700 mW
Q/2n = 1328 MHz

Intensity (ArbitraryUnits)

(b)

P, =700mW

Intensity (ArbitraryUnits)

i,
e e e e Y

-1.0 -0.5 0.00 0.5 1.0
Probe laser frequency (GHz)

Figure 14 (a) The singlet (solid line) and triplet (dotted line) channel spectra
recorded simultaneously in the presence of the control laser. Since the |S, —AT)
component has acquired more triplet character (and the |S, +AT) component has lost
triplet character) their intensities are asymmetric in opposite directions for the singlet
and triplet signals. The parameters for L1 and L, were the same as in Figure 13. (b)
Comparison of the singlet detection channel spectra with (P3 = 700 mW) and without
(P3 = 0 mW) the control laser. It can be seen that the singlet character of the
predominantly triplet level 1325 (v=1,N =21, f) is dramatically enhanced by the
presence of the control laser. Figure reprinted with permission from Ahmed et al.
(2011). Copyright 2011 by the American Physical Society.
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only occurs via the relatively small g’|Sp) component in the latter. Con-
sequently in the simple model of Ahmed et al. (2011), y" was set to 0.
Using (), /I(t) 1y = 8(,3’)2/(0/)2, where I(s), and I(t)|r are the sin-
glet and triplet channel fluorescence intensities (peak areas) of state |T') in
Figure 14a, the normalization condition @)2+ ()2 =1, ¢ from Equation
(39) or (40), and the data from Figure 13, these authors obtained the values
(@')? = 0.72 and (8')? = 0.28. A comparison of A2 and (8')? indicates that
the singlet character of the nominally triplet state was enhanced by more
than a factor of two, from 13% to 28%, when the control laser with power
of 700 mW was turned on.

By varying the amplitude of the control laser field one can enhance or
reduce the spin-orbit interaction. The control effect depends on the mag-
nitude of the induced shift in the position of the levels relative to the
natural spin-orbit splitting 8sp. Figure 15 shows probe laser scans with

G'll, (v=12,N =21,f)

700

1.0 05 0.0 05 1.0
Probe laser frequency (GHz)

Figure 15 Dependence of the singlet-triplet mixing and the magnitude of the AT
splitting on the control laser power. The spectra were recorded by monitoring singlet
fluorescence down to the A’ El]“ @ =10,J" = 21) level. The leftmost peak in each
spectrum corresponds to fluorescence from the level | T’) with primarily

1325 (v =1,N = 21, f) character, while the peak(s) on the right correspond to
fluorescence from the AT split pair of levels |S, —AT) and |S, +AT) with primarily

G’ Mg (v =12,J = 21, f) character. Figure reprinted with permission from Ahmed et al.
(2011). Copyright 2011 by the American Physical Society.
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detection of the singlet fluorescence for a number of power levels
of the control laser. At low power values (100 mW), there is no measurable
enhancement of the mixing and the AT split components are symmetric.
Increasing the control laser power leads to an increase in the mixing. The
nominally 13 I, (v = 1N = 21,f) peak grows in the singlet detection
channel and the AT split pair of peaks becomes more and more asymmet-
ric. At higher control laser powers (500-700 mW) a shift in the position as
well as broadening of the 13 Iy (v=1,N =21,f) peak can be observed due
to the nonresonant AC-Stark effect of the control laser and the increased
spin-orbit interaction of |T’) with the |S, —AT) component.

5. CONCLUSIONS

This review has focused on novel frequency domain applications of the
Autler-Townes effect in molecular systems. We have described how this
coherent effect can be used as a precision probe of the internuclear distance
dependent molecular transition dipole moment function, a parameter of
fundamental importance in the interaction of light with matter. This appli-
cation relies on an accurate measurement of the electric field amplitude
of the coupling laser and a determination of the Rabi frequency from the
Autler-Townes split line shape in the probe laser scan.

We have also attempted to highlight the power of the Autler-Townes
effect as a quantum control mechanism of the molecular angular momen-
tum alignment and the spin—orbit interaction. In the former case, the abil-
ity to align and orient molecules along a lab-fixed axis prior to a chemical
reaction is essential for understanding how relative orientations influence
reaction dynamics. In the latter case, the Autler-Townes splitting provides
a “control knob” for “tuning” the spin-orbit mixing coefficients of a pair
of weakly mixed singlet and triplet states. This mechanism can be used as
a powerful tool for controlling molecular valence electron spin polariza-
tion. The change in magnitude of the spin-orbit interaction depends on
the Rabi frequency (laser power) of the control laser. The quantum state
electron spin control can also be extended to experiments with stronger
control fields, bearing in mind that the control laser does not need to be
resonant with a populated ground state level. This feature is particularly
useful for mitigating the effects of multi-photon ionization in such experi-
ments. In addition, by combining the quadruple resonance technique with
the spin—orbit mixing control scheme, it might be possible to enhance state
selected ultracold molecule formation in the molecular ground state of
alkali diatomic molecules starting from a triplet ground state Feshbach
resonance. Control of the spin—orbit interaction, and thereby of the valence
electron spin polarization, can also be used to probe the role of electron
spin in reactive photochemistry.
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