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Abstract

This thesis describes the experimental realization of a novel approach for producing ultracold
molecules in the rovibrational ground state. Photoassociation followed by stimulated Raman
adiabatic passage (STIRAP) enabled us to achieve ultracold 41K87Rb molecules in the rovibra-
tional ground state within 100 ms, which was faster by more than two orders of magnitude than
previous methods based on magnetoassociation. The presented all-optical method opened up a
new avenue for manipulating a wide variety of molecular species including diamagnetic atoms,
which cannot be manipulated via previous methods.

We first describe the experimental procedure for producing and detecting ultracold weakly
bound 41K87Rb molecules via the photoassociation of laser-cooled 41K and 87Rb atoms. The
apparatus consisted of a vacuum chamber, optical setups for laser cooling, photoassociation
lasers, a pulse laser for ionization, and ion-detecting devices. Combined with time-of-flight mass
spectrometry, resonance enhanced multi-photon ionization (REMPI) enabled us to detect KRb
molecules in a specific vibrational level.

The crucial step towards realizing ultracold molecules in the rovibrational ground state was
an appropriated choice of the intermediate state for STIRAP. We found 10 vibrational levels
(v′′ = 41–50) of the (3)1Σ+ state via depletion spectroscopy for weakly bound molecules. A
detailed analysis enabled us to construct an accurate potential energy curve of the (3)1Σ+ state
as well as to identify the symmetry of the observed state as (3)1Σ+. Another candidate for the
intermediate state, the (2)3Σ+ state, was also studied for 17 vibrational levels (v′′ = 39–55). In
each vibrational level, we observed structures of the order of 1 GHz, which were understood as
rotational structures. In addition, we found that hyperfine structures due to the nuclear spin of
87Rb played an important role in the levels with a low rotational quantum number (J ′ < 3).

Based on the spectroscopic studies, we developed a stable light source for STIRAP at two
wavelengths (900 nm and 650 nm) which could connect weakly bound molecules and the rovi-
brational ground state. Diode lasers referenced to an ultralow expansion (ULE) cavity served
as master lasers, which had a short-term linewidth below 10 Hz and a long-term stability better
than 20 kHz. Other lasers, a diode laser and a dye laser, were then locked to master lasers and
were utilized for STIRAP experiments. By changing the offset frequencies between the master
lasers and the slave lasers, we could scan the slave lasers over a few GHz with keeping the
stability of the master lasers. The tunability and the stability realized in this setup were one of
the key elements for realizing the STIRAP transfer of photoassociated molecules.

The most important issue for reaching the rovibrational ground state was a new spectroscopic
method, which enabled us to precisely determine the transition frequencies from photoassociated
molecules to the excited state (3)1Σ+. Further, this new method enabled us to observe the
rovibrational ground state via two-photon dark resonance spectroscopy, which played a crucial
role for determining the transition frequency as well as the transition strength between the
excited state and the rovibrational ground state. Finally we demonstrated the selective formation
of ultracold molecules in the rovibrational ground state via a STIRAP transfer with an efficiency
of more than 70 %. The produced molecules were directly detected via REMPI ionization. The
STIRAP transfer into the rovibrational ground state opened a new possibility for precisely
measuring the hyperfine structures of weakly bound molecules in unexplored region with an
accuracy of 10 kHz.
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Chapter 1

Introduction

1.1 Cold atoms to cold molecules

Since the realization of quantum degeneracy with neutral atoms [1–3], cold atoms have been
one of the cutting edges in the broad range of physics. As a novel many body system which
can be studied via the direct imaging of wavefunctions, they opened a route to precisely study
quantum phenomena known in condensed matter physics, such as Bardeen-Cooper-Shreefer
state [4], Superfluid-Mott insulator transition [5], Anderson localization [6, 7], Tonks-Girardeau
state [8, 9], and Berezinskii-Kosterlitz-Thouless transition [10]. Further, cold atoms enabled us
to investigate a wide variety of novel quantum states such as Spinor BEC [11], Repulsively
bound pairs [12], Efimov states [13], spontaneous symmetry break down in spin textures [14],
and phase-transition in a coupled cavity-BEC system [15].

These striking results have been relied mainly on two advantages in tunability: interaction
between atoms can be tuned via Feshbach resonances whereas tunable periodic potentials can be
obtained with an optical lattice. A Feshbach resonance is a kind of scattering resonance which
arises as a result of the resonant coupling with a bound state [16]. When the molecular state has
a different magnetic moment from that of the atomic state, the amount of coupling is dependent
on a magnetic field, enabling us to tune the interaction only with external fields [17–19]. An
optical lattice is usually formed as a retro-reflected optical trap, which has a periodic structure
with half the wavelength of the laser. It allows us to investigate many body physics in a periodic
environment similar to electron systems in solids as well as to realize tunable low dimensional
systems. In addition, an optical lattice has an important application in frequency standards as
an atomic clock [20].

The prominent achievements obtained with cold atoms provoked several new directions. One
of them is cold molecules: a quantum matter with an anisotropic dipole-dipole interaction is
expected to show unprecedented behaviors, such as crystalline phase [21,22], checkerboard, and
supersolid phases [23]. Cold molecules have been of great interest also because of their possible
applications in quantum simulation of a lattice-spin model [24], quantum computation [25], the
precision measurements of the electron electric dipole moment (eEDM) [26] and of the electron-
to-proton mass ratio [27, 28] and ultracold chemistry [29, 30]. Thorough reviews on the current
status and the applications of ultracold molecules are found in Ref. [31–33].

It is not straightforward to achieve cold molecules with a temperature below 1 mK. Laser
cooling, which gives a good starting point for obtaining quantum degenerate atoms, is difficult
for molecules due to their complex internal structures. Although laser cooling of molecules
in one dimension has recently been realized for a special molecular species [34], it is still a
major challenge to obtain three-dimensionally cold molecules via laser cooling. There have been
two main strategies for obtaining cold molecules. One is direct cooling and the other is the
association of cold atoms. We briefly overview these methods.

In direct cooling methods, molecules are cooled through collisions with buffer-gas atoms
[35, 36] or decelerated after supersonic expansion by converting kinetic energy to the Stark
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shift [37]. In addition, there is another scheme, which does not cool molecules but captures
low velocity components in room temperature molecules [38]. With these methods, molecules
have been trapped at a milli-Kelvin regime [39–42].These methods have an advantage in their
ability to deal with a wide variety of molecular species, but thus far they have been limited in
the lowest available temperature (∼1 mK).

In contrast, the association of atoms relies on photoassociation [43, 44] or magnetoassocia-
tion at a Feshbach resonance [45] of laser-cooled or evaporatively cooled atoms. This method
enables us to fully take advantage of cooling schemes developed for atoms; hence it is suited for
achieving a quantum degenerate gas of molecules. One obstacle in this method is that produced
molecules have a high vibrational energy because photoassociation and magnetoassociation can
only couple atoms with weakly bound molecular state. The vibrationally excited molecules have
an extremely low dipole moment, and readily decay to lower vibrational levels via collisions
with each other. Thus, for further applications, it is imperative to remove the large vibrational
energy (4000–6000 cm−1 for alkali diatomic molecules) without heating, which can be realized
via a two-photon transition from the weakly bound state to the lowest rovibrational level.

The scheme based on a two-photon transfer of weakly bound molecules was first demon-
strated for RbCs by Yale group [46]. In this work, weakly bound molecules were prepared
via the photoassocition of laser-cooled atoms and were transferred into the vibrational ground
state via stimulated emission pumping. Although this experiment did not intend to achieve a
quantum degenerate gas, there are two important aspects which have been shared with later
experiments. First, they demonstrated a general framework of a two-photon transfer of weak
bound molecules. Second, they showed the existence of an excited state which had large wave-
function overlaps with both weakly bound state and the vibrational ground state. In order to
obtain a quantum degenerate gas of molecules from quantum degenerate atoms without loosing
phase space density, one should employ a coherent method that connects a single quantum state
with another quantum state. The combination of magnetoassociation and Stimulated Raman
adiabatic passage (STIRAP) [47–49] is an ideal method for this purpose, because both magne-
toassociation and STIRAP enable a unit transfer efficiency in principle. Here all of the degrees
of freedom in a molecule, hyperfine, rotation, and vibration, can be controlled. With the fully
coherent method, molecules in their rovibrational ground state have been achieved for 40K87Rb
at JILA [50] and for Rb2 [51] and Cs2 [52] at Innsbruck. The realization of the rovibrational
ground-state molecules have opened a new avenue for studying chemical reactions at a temper-
ature near quantum degeneracy, including the observation of a universal reaction rate [29] and
the suppression of reactions in a 2D optical lattice with an induced dipole moment [53].

Now that the method for achieving the ground-state molecules is established, we are in
a position to investigate new physics with ultracold polar molecules. Here the stability of
molecules is crucial. The experiments at JILA have been dealing with KRb, which is reactive
even in the rovibrational ground state due to a collisional decay into the lower energy level
of K2 and Rb2 [29, 54]. In this point of view, half of the alkali diatomic molecules, LiNa,
LiK, LiRb, LiCs, and KRb, are reactive, whereas the other half, NaK, NaRb, NaCs, KCs, and
RbCs, are not reactive. Moreover, recent theoretical studies on the possible collisional reaction
channels, 2KRb→KRb2+K, K2Rb+Rb, have shown that these channels are endothermic for any
combinations of alkali atoms [55–57]. Thus, we can expect that the latter half of alkali diatomic
molecules shown above are stable against collisions and are ideal for investigating new physics
with dipolar interaction.

1.2 Photoassociative formation of ultracold molecules

The STIRAP transfer of Feshbach molecules is a promising way towards quantum degenerate
gases of alkali diatomic molecules. However, it is not available for all molecular species: thus far,
magnetic Feshbach resonances are available only for atomic species with electronic spin. Thus,
another scheme is required for dealing with molecules including diamagnetic atoms. For exam-
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ple, alkali-alkaline earth molecules, such as SrRb, are of great interest because they can simulate
a lattice spin model [24]. Alkaline earth diatomic molecules, such as Sr2, are a promising play-
ground for measuring the time variation of the electron-to-proton mass ratio [27]. The most
general way to form these molecules is photoassociation: one-photon excitation to an excited
molecular state followed by spontaneous emission forms weakly bound molecules. Photoassoci-
ation have been observed at a much wider temperature range for a much more atomic species
than magnetoassociation. Since photoassociation is an important starting point in this study,
we briefly review previous studies herein, focusing on the creation of ultracold molecules. A
thorough review on photoassociation is found in Ref. [44].

The photoassociative formation of ultracold molecules was proposed in 1987 [58], but it
had not been observed until 1998. The first observation was made for Cs2 molecules produced
in a magneto-optical trap (MOT) [59]. This experiment had most of the important features
shared among the later experiments. Photoassociated molecules were ionized by an intense
nanosecond pulse laser. The molecular ions were accelerated to an ion detector by a high
electric field. The molecular signal was separated from the atomic signal with a difference in
time-of-flight (TOF). Similar experiments have been demonstrated for other molecular species
as well, including K2 [60], Rb2 [61–63], KRb [64–66], RbCs [67], NaCs [68], and LiCs [69].
In the later experiments, a resonance enhanced multi-photon ionization (REMPI) scheme was
employed for detecting molecules in a specific vibrational level. Combined with a CW laser, the
state-selective detection of photoassociated molecules enables us to carry out the rotationally
resolved spectroscopy of excited states, which we call depletion spectroscopy throughout this
study after its first implementation [70].

Another direction in photoassociation experiments is to associate quantum degenerate atoms.
In contrast to the experiments in a MOT, the low temperature of atoms made it possible to
couple an atomic level with a weakly bound level via a Raman transition without distributing
over multiple rovibrational levels [71, 72]. In these experiments, spontaneous Raman scattering
of the photoassociation lasers limited the lifetime of produced molecules to approximately 1
ms. An important step towards the efficient state-selective formation of deeply bound molecules
was the observation of a coherent dark state between atoms and molecules, in which a small
fraction of weakly bound molecules was produced [73]. A coherent dark state between atoms
and molecules was also observed in a MOT of sodium [74].

A breakthrough in the photoassociation experiments was the formation of RbCs molecules in
the vibrational ground state by Yale group [46]. Since then, ultracold molecules in the vibrational
ground state has been obtained in two methods. The first method was the direct photoassocia-
tion to a deeply bound excited state followed by spontaneous decays to the rovibrational ground
state [75]. With a careful selection of excited states, they also observed a predominant formation
in the v′′ = 0, J ′′ = 2 level. The second method relies on optical pumping with a broadband
femtosecond laser [76]. By removing the frequency components which can excite molecules in
the vibrational ground state, they realized an efficient transfer of photoassociated molecules to
the vibrational ground state.

These pioneering works have shown that ultracold molecules in the vibrational (and in some
cases also in the rotational) ground state can be obtained from photoassociated molecules.
However, a state-selective transfer to the rovibrational ground state has yet to be achieved
for photoassociated molecules. For a wide variety of the intriguing applications of ultracold
molecules, it is crucially important to populate them in a specific rovibrational level.

1.3 This study

In this study, I show that a rotationally and vibrationally pure sample of ultracold 41K87Rb
molecules can be directly produced in a MOT via photoassociation followed by a STIRAP. This
is the first realization of a STIRAP transfer of photoassociated molecules into a deeply bound
level. Although the scheme of this study itself is similar to that of previous experiments with
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Feshbach molecules, the situation is quite different from them due to the incoherent nature of
photoassociation. Special attentions on various topics were required for reaching this end. In
this thesis, I cover the entire topics on how we converted laser-cooled 41K and 87Rb atoms to
ultracold 41K87Rb molecules in the rovibrational ground state without omitting technical details.
In addition to the introduction in the chapter 1, five main parts comprise this thesis. I briefly
summarize the contents of each section herein.

We construct an experimental setup for producing and detecting weakly bound 41K87Rb
molecules from laser-cooled atoms. The setup consists of the UHV chamber, the laser systems,
the ion detection system, and the computer control system (chapter 2).

In order to improve the low density and the high temperature of atoms in the steady-state
MOT, we apply time-dependent laser cooling, which enhanced the photoassociation rate by
three orders of magnitude. The optimum wavenumbers for photoassociation and ionization are
determined such that molecules in each vibrational level can be clearly observed (chapter 3).

Depletion spectroscopy for photoassociated molecules enables us to identify excited states
used as an intermediate state for a STIRAP transfer. For the (3)1Σ+ state, we obtain the
vibrational energies and rotational constants of the v′ = 41–50 levels, allowing us to construct
an accurate potential curve of the (3)1Σ+ state [66, 77]. For the (2)3Σ+ state, we observe the
rotational and hyperfine structures of the v′ = 39–55 levels, which were clearly understood with
a simple analytical model (chapter 4).

For ensuring an efficient Raman transfer, we develop a new two-color light source with a
linewidth of below 10 Hz and a mode-hop-free range of more than 2 GHz. The setup consists
of two master lasers and two slave lasers at ∼650 nm and at ∼900 nm. The master lasers are
referenced to a single ULE cavity, whereas the slave lasers are locked to the master laser via
optical phase-locked loop (OPLL) (chapter 5).

We develop a new spectroscopic method, SpIDR spectroscopy, which enables us to measure
the precise frequency of the two-photon resonance and the transition strength to the rovibrational
ground state via a two-photon dark resonance. By directly monitoring the population in the
vibrational ground state with REMPI ionization, we confirm that the rovibrational ground-state
molecules are formed via a STIRAP transfer with an efficiency of more than 70 %. The STIRAP
transfer into the rovibrational ground state precisely reveals the hyperfine structure of weakly
bound molecules in an unexplored region (chapter 6) [78].
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Chapter 2

Experimental setup

2.1 Overview

In this chapter, we describe the experimental apparatus for producing and detecting ultracold
41K87Rb molecules via the photoassociation of laser-cooled 41K and 87Rb atoms. The setup
is based on the previous studies [67, 79]. Roughly speaking, the experimental procedure is as
follows. First, atoms are cooled and trapped in a magneto-optical trap (MOT). Since atoms in a
steady state MOT are dilute and hot, they are further cooled and compressed by time-dependent
MOT (compressed MOT; C-MOT). After the compressing stage of 40 ms, a photoassociation
laser is irradiated for 10 ms, during which atoms absorb a photon resonant to an excited molecu-
lar state. Finally the excited molecules decay to weakly bound molecules in the ground state via
subsequent spontaneous decays. A pulsed dye laser is then irradiated to ionize the ground state
molecules via resonance enhanced multi-photon ionization (REMPI). The produced molecular
ions are detected at an ion detector (micro-channel plates; MCP). Although atomic ions are also
produced via multi-photon ionization, they are separately detected by means of time-of-flight
mass spectrometry.

For realizing these processes, we need a wide variety of apparatuses, including vacuum com-
ponents, electronics, and optical elements. Fig. 2.1 shows the schematics of the experimental
apparatus. It consists of an ultra-high vacuum (UHV) chamber, magnetic coils, lasers for cooling
atoms, lasers for photoassociation, a pulsed laser for ionization, MCP for detecting ions, a CCD
camera for imaging atoms, and computer systems for controlling the experimental procedure.
In the following sections, we discuss them in detail.

2.2 Vacuum chamber

Fig. 2.2 shows the vacuum chamber for the experiments. For detecting ions at an ion detector,
ions should be accelerated by an electric field to the ion detector. Here the electric field is applied
by adding a high voltage (2 kV) to the ion detector itself. We employed a metal chamber rather
than a glass cell in order to ensure that an appropriate electric field is applied between the MOT
position and the ion detector. Although additional field plates can make an appropriate electric
field at the MOT position, we did not employ this scheme for having as large optical accesses
as possible.

In addition to normal six MOT ports (four horizontal ports and two vertical ports), we needed
a lot of view ports in this experiment. Both K and Rb atoms are supplied from dispenser sources.
They were installed on a mini port which is the nearest to the MOT position. In the opposite of
this mini port, we set a CCD camera for monitoring the MOT. The remaining mini ports were
devoted to imaging of atoms and to irradiating a photoassociation laser and a pulsed laser and.
We installed both micro-channel plates (MCP; Hamamatsu, F1551-01) and Channeltron (Burle,
4869) for ion detection because we did not know which one was better. Although Channeltron
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Figure 2.1: Overview of the experimental apparatus. It composed of a vacuum chamber, MOT
lasers, coils, spectroscopy lasers, a pulsed laser, an ion detection system, a photoassociation
laser setup, and computer control systems. Lights are indicated with red arrows while electronic
signals are indicated with black arrows.
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Figure 2.2: Vacuum chamber for producing and detecting ultracold KRb molecules (top view).
In addition to six MOT ports, there are three ICF70 ports and five ICF34 ports which enable
us to have large optical accesses. Atoms are supplied form dispensers. The pulsed laser for
ionization and the photoassociation laser are on the same optical axis, but are incident on the
opposite view ports.
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offered a high gain, it had been broken in a year (it began to loose vacuum seriously when an
electric field was applied). Thus, finally we decided to use MCP for later experiments.

The whole chamber was evacuated with an ion pump (Varian, Diode 75 L/s, operated at
5 kV). The pressure in the vacuum as measured with an ion gauge was 4×10−10 Torr when
we did not operate experiments, whereas it was increased to 6×10−10 Torr when we turned on
a high voltage for MCP. Presumably outgases from the MCP slightly increased with the high
voltage. For 41K, we used a home-made dispenser with enriched 41K (97 %), which was based on
Ref. [80]. The Rb dispenser was a commercial one (SAES). Even if we did not do experiments,
we always run 3 A to both dispensers such that atoms attached to the wall of the chamber did
not completely detach. We increased the current to 4 A for operating experiments. With the
offset current of 3 A, we could recover the MOT within an hour, whereas we required a day or
more to recover the MOT without the offset current. In this way, the dispensers could supply
atoms required for experiments almost constantly for more than 3 years.

2.3 Coil setup

The control of magnetic fields is one of the essential parts of this experiment. For realizing a
high photoassociation rate sufficient for further experiments, it is imperative to precisely remove
stray magnetic fields with compensating coils as well as to compress the density of atoms via
increasing the magnetic field gradient with normal MOT coils.

2.3.1 MOT coils

The MOT requires anti-Helmholtz coils which can make a magnetic field gradient of at least
15G/cm. In addition, a larger magnetic field gradient should be applied for compressing atoms
in a C-MOT stage. We prepared a set of coils by winding polyimideamide coated cupper wires
with a diameter of 1.5 mm by 240 times. This coil set could make 45 G/cm with a current of
10 A, which was sufficient for compressing both K and Rb atoms.

The current for the coils was controlled digitally via a solid state relay (crydom, D1D40)
whereas the magnitude of the current was manipulated via an external control of the power
supply (Kikusui, PAN 35-10A) (Fig.2.3). The digital control could turn off the magnetic field
within 500 µs whereas the analog control could change the current within a few tens of ms, which
was limited by the power supply. A resistor was connected in parallel with the coil such that
an electromotive force in the MOT coil during the C-MOT process could immediately decay.
Further, a diode was installed in series for protecting the power supply.

In addition to the normal MOT coil, we required compensating coils for precisely adjusting
the magnetic field at the MOT position because the metal chamber was magnetized by the high
magnetic field at the C-MOT process. We added approximately 0.2 G in each direction, which
was determined such that the MOT of both K and Rb survived at low magnetic fields (1 G/cm
for K and 0.5G/cm for Rb). Details on adjusting the MOT will be given in section 3.1.

2.3.2 Feshbach optimized photoassociation coils

We installed another Helmholtz coils for Feshbach optimized photoassociation (FOPA) [81] in
order to enhance the photoassociation rate. The increase in the molecular wavefunction near
a Feshbach resonance results in an increase in the photoassociation rate by several orders [18,
82, 83]. Although it has not been used yet, we briefly discuss the details herein for future
experiments utilizing FOPA.

In the FOPA, a homogeneous magnetic field is applied during photoassociation. For 41K87Rb,
there are several Feshbach resonances among several spin channels below 100 G [84,85]. Thus, it
is sufficient to apply a low magnetic field for enhancing photoassociation rate. Our experimental
apparatuses are operated at 10 Hz synchronizing the pulsed laser. During the repetition time of
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Figure 2.3: Circuit diagram for MOT coils. The solid state relay enables switching off the
magnetic field within 500 µs. A diode is put in series for protecting the power supply from the
electromotive force arising from a sudden switch off of the current. The resistor in parallel with
coils is installed such that the electromotive force should decay immediately.
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0.4G/A
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Figure 2.4: Circuit diagram for FOPA coils. The large capacitor accumulates charge from the
power supply and releases it during the photoassociation process of 10 ms.

100 ms, the photoassociation process takes 10 ms. In most cases, a power supply takes a long
time (a few tens of ms) for increasing the current. Hence, we constructed a special coil setup
which could increase a homogeneous magnetic field within 500 µs and keep it almost constant
for 10 ms.

Fig. 2.4 shows the circuit diagram for FOPA coils. Inside the MOT coil, we placed two coils
winded by 24 times with an inner diameter of 6 cm in the Helmholtz configuration. The key
idea is to release charge accumulated in a large capacitor: charge is accumulated from the power
supply during 90 ms of charging time, whereas it is released during 10 ms of the photoassociation
process. With this additional coil setup, we could ramp up the current within 500 µs and keep
it almost constant during 10 ms for the photoassociation process.

2.4 MOT lasers

Our MOT lasers are based on semiconductor lasers. Fig.2.5 shows the schematics of our MOT
laser system. External cavity diode lasers (ECDLs) locked to the atomic resonance (master
laser) are amplified with injection locked slave lasers and tapered amplifiers. In the following
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Figure 2.5: MOT laser system for K and Rb. The MOT lights are all obtained from semicon-
ductor lasers. We had one master laser, three slave lasers, and two tapered amplifiers for K
whereas two master lasers, one slave laser and one tapered amplifier for Rb. Master lasers and
slave lasers are placed on the same table, whereas tapered amplifiers are placed on bread boards.

sections, we discuss each laser in detail, mainly focusing on the important aspects for operating
them appropriately.

2.4.1 Master lasers

ECDLs, or grating-stabilized diode lasers, are widely used for cold atom experiments as low cost,
tunable, narrow-band laser sources [86,87]. It takes advantage of the fact that a semiconductor
laser has a wide gain spectrum of the order of 10 nm, allowing us to tune the wavelength over
in this wide range just by changing the angle of the grating. Moreover, tuning the cavity length
with a piezo module makes it possible to continuously scan over a few GHz (and in some cases
more than 100 GHz). When the temperature of the laser diode is appropriately stabilized, an
ECDL can be stably locked to an atomic resonance and can be utilized for a wide variety of
applications such as spectroscopy and laser cooling.

We employed the Littrow configuration since we needed a high power but a limited scanning
range was necessary for experiments (a few GHz). Fig. 2.6 shows the schematic (a) and image
(b) of our ECDL, which is slightly modified from the design in Ref. [88]. A mirror was added
after the grating such that the output beam did not move largely with a change in the angle of
the grating. In this type of ECDL, the diffraction angle is used for rough tuning on the order
of 1 nm, whereas the piezo module (Noliac, CMAP09; capacitance, 440 nF) on the back side of
the grating is used for fine tuning. Our standard grating for the near-infrared (NIR) light was a
gold coated 1800 lines/mm holographic grating for UV range (Edmund, 43774). The diffraction
efficiency at the grating is 3 or 5 % for a S polarized light which is dependent on the direction of
the grating, whereas it is more than 20 % for a P polarized light. We have long been using the
S polarization for obtaining a high power, but recently we have changed it to the P polarization
(this was readily done by rotating the LD with respect to the grating) because a high optical
feedback allows a much more stable operation, especially in terms of mode-hop-free range.

The laser diode (LD) for ECDL was a commercial anti-reflection (AR) coated LD (Eagleyard,
EYP-RWE-790) for both K (767 nm) and Rb (780 nm). This LD oscillated at 30–40 mA and
gave approximately 50 mW with a current of 100 mA. In addition, the AR coating on this
LD ensured a stable single-mode operation. This was in contrast to a normal LD: an ECDL
with a non-AR coated LD was normally stable at a specific current, which was sensitive to the
temperature of LD. Despite these advantages, this LD had a serious problem in its lifetime. In
our environment, the AR coating on the LD had a short lifetime of 1∼1.5 year. Thus, we had
to exchange the LD once in 1∼1.5 year even if the power did not decrease largely.
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Figure 2.6: The ECDL for MOT lasers. (a) Schematic of the structure. (b) Image. The black
package attached to the LD is a commercial laser diode socket including a protection circuit
(Thorlabs, SR9B).
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Figure 2.7: Schematics of the locking scheme for a master laser. A differentiated signal of the
saturated absorption is obtained by the PDH method, which is integrated and feed-backed to
the piezo module of the ECDL. The AOM before the gas cell is required only for K in order to
shift the locking point.

The current for laser diodes was controlled by a commercial LD controller (Thorlabs, LDC202C).
Although it has a low current noise (below 5 µA), we found that the current noise broadened
the linewidth of the ECDL to 1 MHz. By adding a RC low pass filter (R = 22 Ω, C = 2.2
mF electrolytic and 15 µF tantalum in parallel) to the current controller, we could reduce the
linewidth to ∼300 kHz. This linewidth was measured by monitoring the beat note between two
ECDL averaged over a few 100 ms and was presumably limited by the mechanical vibration of
the mirror mount.

The temperature of the laser diode (LD) was not directly controlled. We stabilized the
temperature of the mirror mount with a peltier module under the mirror mount. This scheme
works well if the stabilized temperature was close to room temperature. However, when the
stabilized temperature was different from room temperature by more than several degrees, the
temperature of the LD was influenced by the variation in room temperature, causing a slow drift
of the oscillation frequency and making the lock unstable. For controlling the temperature, we
used a commercial thermoelectric controller (Thorlabs, TED200C).

Hereafter we describe the scheme for locking master ECDL lasers to the atomic resonance.
Fig. 2.7 shows the schematics of the locking scheme for a master ECDL. The master lasers were
locked to the D2 line via Pound-Drever-Hall (PDH) method [89] with a modulation frequency
of 15 MHz. A commercial electro-optic modulator (EOM) (Thorlabs, EO-PM-15-C1), which
was resonant at 15 MHz, was employed for phase modulation. After passing through a heated
gas cell (∼70◦C for both K and Rb), the phase modulated light was detected via a home-made
photo-detector (Fig. 2.8). The signal from the photo-detector was mixed with an oscillator
driving the EOM at a double balanced mixer, generating a differentiated saturated absorption
signal. The error signal was finally integrated in a servo circuit (Fig.2.9) and was feed-backed
to the piezo module after being amplified by 15 times with a commercial high voltage amplifier
(Matsusada, HPZT-0.15). The feedback bandwidth was limited to 1 kHz due to the high voltage
amplifier. We did not use current feedback since locking with the piezo module gave a sufficiently
stable operation.

The hyperfine splitting in the ground state of 41K was only 254 MHz; hence, we generated
both cooling and repumping light from a single master laser. In contrast, we prepared two
master lasers for the cooling and repumping light of 87Rb since the hyperfine splitting was as
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Figure 2.8: Circuit diagram of the home-made high speed photo-detector.

Figure 2.9: Circuit diagram of a servo circuit for locking a master laser.
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Figure 2.10: Setup for driving AOM. A home-made driver controlled the power and frequency
of the radio frequency (RF) signal to the AOM with analog voltages. The small RF signal
obtained from a voltage controlled oscillator (VCO) is amplified with a high power RF amplifier
(Mini-Circuits, ZHL-1-2W).

large as 6.8 GHz.
The frequency of the MOT light was controlled via an acoustic-optic modulator (AOM)

inserted between a master laser and a slave laser. Our standard setup for driving AOM was
illustrated in Fig. 2.10. The intensity and frequency were controlled via a home-made driver
(Fig. 2.11). In general, we had two AOMs for a single MOT light: one was inserted before
a slave laser for tuning the frequency whereas the other was inserted after a tapered amplifier
for controlling the intensity of the MOT light. Fig.2.12 and Fig. 2.13 show the whole scheme
for generating MOT frequencies for K and Rb, respectively. The repumping light of Rb was
obtained directly from a master ECDL because a small power was sufficient (∼10 mW).

2.4.2 Injection locked slave lasers

The role of slave lasers is to amplify the power of master lasers and to obtain a sufficiently high
power for tapered amplifiers (10–30 mW). Since the frequency of the light is not influenced by
slave lasers, they have a simple structure (Fig.2.14). The collimation tube (Thorlabs, LT230P-
B) including a laser diode (Eagleyard, EYP-RWE-790; the same as that of master lasers) is
placed in an aluminum mounting. The temperature of the mounting is stabilized within 0.1 K
via a peltier module under the mounting, which is controlled by a home made thermoelectric
controller (Fig.2.15).

The seed light for a slave laser was injected through the side port of the isolator placed just
after the slave laser. The typical power of the seed light was 0.5–1 mW for K laser (767 nm). In
contrast, a higher power (3–5 mW) was required for Rb laser (780 nm) since the gain profile of
the laser diode was centered at 760–770 nm. When the seed light was not sufficient, an amplified
spontaneous emission (ASE) increased. Further, in some cases, the original oscillation mode of
the LD itself appeared, which was due to the degraded AR coating on the LD (the LD emitting
more than 30 mW gradually lost their AR coating within a few months and became unstable in
our environment).

There were two points always we had to take care. First, the current should be set to a
specific value which gave a stable oscillation. Fig.2.16 shows the variation of the output power
of a slave laser with respect to the LD current. At a low current below 50 mA, the power
increases almost linearly. However, at a high current, we observe several points where the power
decreases with increasing the current. At these points, the power of the carrier light decreases
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Figure 2.11: Circuit diagram of the AOM driver. The intensity and frequency of the RF can be
controlled either manually or externally. An integrator for intensity stabilization is also included
in the circuit.
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Figure 2.12: Frequency control for K MOT. The master laser for 41K is offset-locked to the
39K line. The frequencies of the cooling and repumping lights are controlled via +110 MHz
AOMs in a double-pass configuration placed before slave laser. In order to control the intensity
of the MOT lights, a single-pass -80 MHz AOM is placed after the tapered amplifier for the
cooling light, whereas a single-pass +220 MHz AOM is placed after the tapered amplifier for
the repumping light.
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Figure 2.13: Frequency control for Rb MOT. The cooling light passed through a double-pass
AOM (+110 MHz) and a single-pass AOM (-110 MHz). The repumping light passes through a
single-pass +80 MHz AOM. The frequency of the cooling light is controlled via the double-pass
AOM. The single-pass AOMs are used for controlling the intensity for both the cooling light
and the repumping light.

Figure 2.14: Image of a slave laser. The laser diode is mounted in a collimation tube. The
temperature of the tube is stabilized through aluminum mounting with a peltier module under
the mounting.
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Figure 2.15: Circuit diagram of the thermoelectric controller for slave lasers. The output of a
commercial controller (Omron, E5CN) is amplified with a mirror circuit.
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Figure 2.16: Current characteristics of a slave laser for K. The output power of a slave laser is
plotted with respect to current. There are several bad currents at which an ASE component in
the output power increases. For a stable oscillation, the current should be set to one of the local
maximum points.

whereas an amplified spontaneous emission (ASE) increases (2.17). The measured fraction of the
ASE component was approximately 10 % with respect to the carrier component. In addition, the
original oscillation mode of the LD itself appeared at these bad currents when the AR coating
was damaged. A stable oscillation was ensured only at a current where the power increased with
increasing the current, which was just before the bad current.

The second important point is the temperature stabilization. Since the bad current is
strongly dependent on the temperature, the temperature should be sufficiently stable. Although
we stabilized the temperature of the aluminum mounting, a large variation in room temperature
sometimes caused a small change in the temperature of the mounting, resulting in an unstable
oscillation. This was particularly became a problem when the AR coating of the LD was almost
completely damaged. For reproducible experiments, it is recommended to install a heat isolation
system such that the temperature of the LD is never influenced by room temperature.
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Figure 2.17: Amplified spontaneous emission of a slave laser for Rb. The ASE component in
the output power of a slave laser is measured by monitoring the slave laser with a Fabry-Perot
cavity (FSR, 1GHz; finesse, 400). The ASE fraction and the peak height of the carrier light are
plotted with respect to current.

2.4.3 Tapered amplifiers

A tapered amplifier enables us to amplify the slave laser (10–30mW) to 600–800 mW which is
required for capturing a large number of atoms. We bought only a tapered amplifier chip in
the C-mount type (m2k laser, TA-0765-1000 for K and TA-0785-1000 for Rb) and mounted it
on a home made mounting made of cupper. Fig. 2.18 shows our design of the mounting for a
tapered amplifier. The temperature of the mounting was stabilized to ∼ 20◦C with a peltier
module and a home made controller similar to that for slave lasers (Fig.2.19). The mounting
was finally included in a box with AR coated windows for avoiding dusts from damaging the
tapered amplifier.

In order to ensure a good thermal contact and an efficient heat release, the peltier module
was attached to the mounting and the pedestal with graphite sheets. Thermal grease was not
used because it damages the facets of tapered amplifiers. Spacers made of ABS resin, which has
a low thermal expansion coefficient, were inserted between the mounting and the pedestal for
keeping the distance between them constant. Without these spacers, the height of the mounting
varied due to a change in room temperature, causing the variation in the output power after
passing through an optical fiber of more than 10%. With spacers, the power was stable within
5%.

The alignment of the collimation lenses were performed with two mirror mounts as shown
in Fig.2.20. With three tuning knobs, we could align the lens tube in three directions. The
input lens was adjusted to obtain a maximum output power with a good spacial mode close
to the TEM00 mode at a far field. The output beam was adjusted such that the output beam
was collinear in the vertical direction. The remaining divergence in the horizontal direction
was compensated with the cylindrical lens just after the output collimations lens. Although
this method could not control the position and the inclination of the tube independently, we
could obtain a good spacial mode without having another stage for independent controls at
wavelengths below 800 nm.

Fig.2.21 shows the dependence of the output power of a tapered amplifier for K on the power
of the seed light and current. Although a high power was obtained just by raising the current,
we usually set the current to 1.5–1.6A for enlarging the lifetime and increased the power of the
injecting light when a high power was required. Another important issue for ensuring a long
lifetime was to connect protection diodes near the tapered amplifier chip (Fig.2.22), which was
similar to that given in Ref. [86]. In this way, we could operate a tapered amplifier for more
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Figure 2.18: Design and image of the mounting for a tapered amplifier. The tapered amplifier
is attached to the cupper mounting. The temperature of the mounting is kept constant with
a peltier module below the mounting. Two collimation tubes for focusing the seed light and
collimating the output beam are placed on the same mounting. The heat of the tapered amplifier
is released to an optical table through the cupper pedestal below the peltier module.
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Figure 2.19: Circuit diagram of a thermoelectric controller for tapered amplifiers. The output
of a commercial controller (Omron, E5CN) is amplified with a mirror circuit. A transistor is
added to the TEC for slave lasers (Fig.2.15) for dealing with a high current required for cooling
tapered amplifiers.

Figure 2.20: Alignment of the collimations lenses. Two mirror mounts enables aligning the
collimations lenses in three directions.
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Figure 2.21: The output power of a tapered amplifier. (a) Dependence on current.. (b) Depen-
dence on the power of the seed light
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Figure 2.22: Circuit diagram of the protection circuit for laser diodes. A backward diode is
connected for protecting a laser diode from a reverse voltage whereas four forward diodes are
connected for protecting a laser diode from a high forward voltage.

than three years without a significant decrease in power.
The output lights from tapered amplifiers were carried through a polarization maintaining

single mode (PMSM) fiber to an optical table mounting the vacuum chamber. In this way, we
avoided the bad spatial mode of tapered amplifiers from influencing the MOT. In addition, we
inserted a PMSM fiber between a slave laser and a tapered amplifier such that we could place
tapered amplifiers apart from an optical table for master and slave lasers. The tapered amplifier
and optical elements for coupling the input beam to the tapered amplifier and coupling the
output beam to a fiber were mounted on a single breadboard, constituting an amplifying system
with a fiber input and a fiber output. Fig.2.23 shows the schematic of the amplifying system.
An AOM serving as the fast switch of the MOT light was also included in the system. The
typical efficiencies at each stage after the tapered amplifier were 90% at the isolator, 80% at the
AOM, and 65% for coupling to a fiber. The typical power which could be used for experiments
was thus 250–300 mW.

Fig.2.24 shows the schematics of the optical setup for generating six beams for dual species
MOT. The polarization beam splitters (PBS) were inserted after the fibers for avoiding the
fluctuation in polarization from fluctuating the balance of MOT lights. The cooling lights for
K and Rb were combined at special dichroic mirrors fabricated by Sigma Koki, which was
transmissive at 780 nm (=90%) and reflective at 767 nm (=85%). The repumping lights for K
and Rb were also combined at dichroic mirrors independently. The cooling and repumping lights
were then expanded, overlapped at a PBS, and split to six beams. In order to adjust the balance
in each direction independently, the power was first split into three beams, which were further
split to two beams and incident on the chamber. The power for the vertical direction was twice
the power for the horizontal direction. Although we did not use dual-wavelength waveplates but
those at 767 nm for splitting the lights including both 767 nm and 780 nm, we did not have a
problem in adjusting the intensity balance: we could obtain a sufficiently dense and cold clouds
of K and Rb atoms at the same position (see the section 3.1). However, the condition of atoms
will be further improved by inserting dual-wavelength waveplates and adjusting the intensity
balance for K and Rb independently.

We found that the ASE in the MOT light originating mainly from the ASE of slave lasers
destroyed a part of photoassociated molecules, presumably due to excitation to the 4P + 5S
molecular states followed by predissociation. In order to suppress the influence of the ASE
on molecules, we inserted a transmissive grating (Edmund optics, 48589; diffraction efficiency
=90%) before combining K and Rb lights at dichroic mirrors.
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Figure 2.23: Schematic of the amplifying system. The two cylindrical lenses after the input fiber
match the mode of the input beam to that of the tapered amplifier. The waveplate after the
tapered amplifier is adjusted such that a maximum power is obtained. The cylindrical lens after
the tapered amplifier compensates the horizontal beam divergence. The waveplate after the
isolator is required for rotating the polarization by 45◦, ensuring that the light is not elliptically
polarized at mirrors.

2.5 Photoassociation laser

The photoassociative formation of ultracold molecule requires a high laser intensity on the order
of 103 W/cm2. We had to prepare at least 100 mW since the laser should irradiate the whole
atomic clouds with a diameter of approximately 500 µm. In most of the previous experiments, the
photoassociation laser has been supplied from a Ti:Sapphire laser. However, we had only one Ti:
Sapphire laser, which was devoted to spectroscopy for finding transitions from photoassociated
molecules Thus, we constructed a high power laser system based on semiconductor lasers. In
the section 2.5.1, we describe the locking scheme for realizing a tunable laser. In the section
2.5.2, we overview the amplifying system and important points for a proper operation.

2.5.1 Transfer cavity

Before carrying out experiments, we did not have any information on the precise frequency of
the photoassociation resonance. Previous studies on another isotopes, 39K85Rb [65, 79], gave
a rough information that molecules could be formed at a detuning of ∼10 cm−1 from the Rb
D1 line (795 nm). Therefore we prepared a laser setup that could tune over 1 nm at 795 nm
(Fig.2.25). An ECDL at 780 nm (hereafter we denote it as a cavity-locking laser) was offset-
locked to the Rb cooling master laser. This laser was used for locking a home-made transfer
cavity (coating over 600–900 nm; finesse, 100), to which a distributed feedback (DFB) laser
(Toptica, #LD-0795-0020-DFB-1) was locked. By changing the offset frequency of the ECDL
locking the cavity, we could tune the cavity; thereby we could tune the DFB laser continuously.

The beat note between the Rb cooling master laser and the cavity-locking laser was detected
with a high speed photo-detector (Hamamatsu, G10447-54; bandwidth, 8 GHz; transimpedance,
6 kΩ) and amplified by a limiting amplifier (GigOptix, iT3011E; gain, 42dB; bandwidth, 10
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Figure 2.24: Schematics of the optical setup for MOT beams. For clarity, the K lights are given
in blue lines and the Rb lights are given in red lines. The lights for K and Rb are first combined
at a dichroic mirror for cooling and repumping independently. The cooling and repumping lights
are then overlapped with a PBS, after which they are split to six beams.
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Figure 2.25: Schematics for the optical setup of a tunable photoassociation laser at 795 nm. An
ECDL at 780 nm was offset-locked to the Rb cooling master laser. This laser locks a transfer
cavity to which a DFB laser is locked.

GHz). The amplified beat signal was compared with a direct digital synthesizer (DDS) signal
in a DDS chip with phase-locked loop (Analog Devices, AD9858). A limiting amplifier was
necessary because the prescaler for dividing the frequency by 8 required square-wave signals
at low frequencies. The charge pump output of AD9858 for controlling a voltage controlled
oscillator was integrated in a servo circuit given in Fig.2.9 and feed-backed to the piezo module
of the cavity-locking laser. The offset-locking was later replaced to optical phase-locked loop
(OPLL) with a double balanced mixer [90] because it allows much more stable locking (the
details on OPLL will be given in the section 6.2).

The reflection of the cavity-locking laser from the cavity was integrated and feed-backed to
the piezo module attached to one of the mirrors of the transfer cavity, whereas the reflection
of the DFB laser was integrated and feed-backed to the current of the DFB laser. Interference
filters were inserted before photo-detectors for detecting the phase-modulated lights such that
both lights did not influence each other.

The DFB laser enabled us to tune the wavelength over 1 nm without mode hopping. This
continuous tunability was particularly beneficial for finding the resonance in the early stage of
experiments. The frequency could be linearly tuned with both current and temperature. Fig.
2.26 shows the dependence of the wavelength of the DFB laser on temperature and current.
The sensitivity was 25 GHz/K in temperature and 9.7 GHz/mA in current. Since the oscillation
wavelength of a DFB laser was solely determined by temperature and current, both temperature
and current should be stable enough. We employed the combination of a commercial temperature
stabilization package for a laser diode (Toptial, ColdPack) and a commercial thermoelectric
controller (Thorlabs, TED200C). The current was controlled via a commercial current controller
(Thorlabs, LDC201CU). Although we did not directly measure the linewidth of the DFB laser,
it appeared to have a broader linewidth than our ECDL when we monitored it with a cavity
(Fig.2.27). This is presumably due to the current noise of the current controller. Since we
feed-backed the integrated signal to the current modulation port of the current controller, we
could not insert a low pass filter with a low cutoff frequency after the current controller. As
shown in Fig. 2.25, we inserted a low pass filter with a cutoff frequency of 200 kHz mainly for
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Figure 2.26: Tuning the wavelength of the DFB laser. (a) Dependence on temperature. (b)
Dependence on current. The frequency of the DFB laser can be linearly tuned with both
temperature (25.1 GHz/K) and current (974 MHz/mA).

reducing high frequency noises. The linewidth was further broadened during an operation for 1
year. Hence, we replaced the DFB laser with an ECDL after we found the precise frequencies
of the photoassociation resonances.

2.5.2 Amplifying system

The amplifying system consisted of a slave laser and a tapered amplifier. The setup itself was
similar to that of MOT lasers. However, there were two problems which should be noted when
it was used for generating a photoassociation laser.

The first problem arose from the current characteristics of the slave laser, which was de-
scribed in the section 2.4.2. Fig.2.28 shows the current characteristics of the slave laser for
photoassociation. This laser was operated with a commercial AR-coated laser diode (Eagleyard,
EYP-RWE-0840). We observed a much larger variation in the power when the current was
changed. Further, we found that the output power was also strongly dependent on the wave-
length of the DFB laser (Fig.2.29). These behaviors presumably indicated an incomplete AR
coating. We observed a periodic behavior with a spacing of 24 GHz. Thus, it was imperative to
take care of the current of the slave laser when the frequency of the DFB laser was scanned for
a wide range or changed by more than 20 GHz.

The second problem was that the ASE in the tapered amplifier for amplifying the slave laser
could completely kill photoassociated molecules. It had a much larger influence on molecules
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Figure 2.28: Current characteristics of the slave laser for photoassociation. The oscillation
becomes unstable at several points where the power decreases with increasing the current. The
current should be set to one of the local maximum points.

than the ASE in the MOT light since the intensity was higher by four orders of magnitude.
The ASE in the photoassociation light originated from the tapered amplifier itself rather than
the slave laser because the emission spectrum of the tapered amplifier was centered at 775 nm,
which was far from the wavelength for photoassocition (795–796 nm). We inserted a grating for
removing the ASE. Thus, the typical power of the photoassociation light was 180 mW, which
was focused to a beam waist of 190 µm in the vertical direction and 330 µm in the horizontal
direction.

The photoassociation laser was first roughly aligned to the center of the MOT by blowing
off Rb atoms with the photoassociation laser resonant to the Rb D1 line. A fine alignment was
carried out by monitoring the ion counts of KRb.
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Figure 2.29: Dependence on the frequency of the seed light. The output power of the slave
laser for photoassociation is measured with respect to the wavenumber of the seed light. A large
variation is observed when the seed light is scanned over a wide range.

2.6 Pulsed dye laser

A pulsed dye laser (Continuum, ND6000) had been used throughout the entire experiments for
ionizing molecules. Fig.2.30 shows the internal structure of the pulsed laser. It consisted of
an oscillator and two stages of amplifiers, which had different concentrations. Pumped by a
double Nd:YAG laser at 532 nm (Continuum, Surelite III; repetition, 10 Hz; pulse width, 7 ns;
maximum power, 420 mJ), the dye laser could supply an intense pulse with a power of 10–30
mJ and a linewidth of 0.1 cm−1. The flash lamps in the Nd:YAG laser were exchanged once in
several months when the pulse counts reached approximately 15 million counts from the first
use of the lamps. The output beam had a diameter of 8 mm, which was further narrowed to 1
mm just before it was incident on the chamber. The output power was readily controlled via
controlling the pump power with a Q-switch delay (Fig.2.31). In most cases, we only required
a few 100 µJ for ionization. A too intense power led to the light-induced desorption of atoms
coating the vacuum chamber, yielding undesirable offset ion signals. In contrast, too weak pump
power led to an unstable oscillation which caused a large power fluctuation. We typically set
the Q switch delay to 350–380 µs and controlled the intensity via neutral density filters. For the
reduction of the offset ion signals arising from the chamber, it was also important to avoid the
light reflected at the view ports from hitting the chamber by entering the pulsed laser exactly
perpendicular to the surface of the view port.

In contrast to a CW dye laser, the pulsed dye laser was so robust that we did not require any
alignment in the daily experiments. However, the output power significantly decreased with an
operation of a few tens of hours when it was operated with the mixture of Rhodamine 640 and
Rhodamine 610 dyes, which can be used at a wavelength range of 595–620 nm; thus, we had
to exchange the dye once in three days. In the later experiments, we found that a mixture of
DCM and Kiton Red 620 dyes gave a much more stable power in a much wider wavelength range
(595-665 nm). This combination could be used for more than one month without a significant
decrease in the power. Further, the wide tunability was especially important for the STIRAP
experiments in which operations at three largely separated wavelengths were required (604 nm
for monitoring photoassociated molecules, 603 nm for SpIDR spectroscopy of excited states, and
649 nm for detecting the rovibrational ground-state molecules). Hereafter we briefly describe
the way to exchange an old dye solution to a new dye solution for a mixture of DCM and Kiton
Red 620, because it was one of the important processes for operating the experiments.

First the old dye solution should be completely removed from the tanks of oscillator and
amplifier. The tanks are cleaned by circulating pure methanol several times. Then we prepare a
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Figure 2.30: Image of the pulsed dye laser. A weak seed light produced in the oscillator is
amplified at the preamplifier and amplifier stages.
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Figure 2.31: The output power of the pulsed dye laser operating with DCM and Kiton Red 620
at 649 nm. The power can be controlled with the Q-switch delay of the pump laser.
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Figure 2.32: Emission spectrum of the pulsed dye laser. With a mixture of DCM and Kiton
Red 620, the pulsed dye laser can cover a wide range of 595-665 nm.

new dye solution by solving 100 mg of DCM in 300 mL of methanol and 80 mg of Kiton Red 620
in 100 mL of methanol separately. Kiton Red 620 is readily solved just by stirring with a spoon
whereas DCM requires stirring in a ultrasonic bath for a few tens of minutes. DCM can be used
at 608–665 nm whereas Kiton Red 620 can be used at 590–620 nm. Since required oscillations
are mainly obtained with DCM, the concentration of DCM is first determined. The new DCM
solution is added first to the amplifier tank while we monitor the output power. Without adding
dyes to the oscillator tank, the output power is only an ASE from the dyes. We typically adjust
the dye concentration of the amplifier such that we obtain 0.6 mJ of ASE at a Q-switch delay
of 300 µs, which is empirically determined. Then the DCM solution is added to the oscillator
tank until the power at 660 nm is saturated. This is because an oscillation at a long wavelength
requires a high concentration. Finally the Kiton Red 620 solution is added such that the power
at 600 nm is saturated. Fig.2.32 shows the emission spectrum of the dye laser adjusted in this
way.

2.7 Ti: Sapphire laser and dye laser

Spectroscopy for finding transitions from photoassociated molecules was carried out with a
commercial Ti:Sapphire laser (Sirah, Matisse-TX). This laser was later converted to a dye laser
(Sirah, Matisse-DX) for generating a STIRAP light by changing the internal configuration. Here
we briefly describe the operation of the Ti:Sapphire laser and the dye laser.

The Ti:Sapphire laser was pumped by a double Nd:YAG laser (Spectra Physics, Millenia;
maximum power, 10 W). We mainly operated this laser in the range 850-920 nm where we could
obtain a power of up to 1 W. The short-term linewidth was as narrow as 20 kHz, which was
ensured by locking the laser to a reference cavity placed after the laser. Although the frequency
of this laser was fluctuated over a several MHz within a second, it did not matter because
spectroscopy was carried out in a saturated region where the spectral width was more than 10
MHz. The large mode-hop-free scanning range of this laser (∼50 GHz) was quite beneficial for
finding a lot of unknown transitions. Further, this laser was so stable that we almost did not
require daily alignments; once in a few weeks was sufficient.

The pump laser for the dye laser was identical to that for the Ti:Sapphire laser. We operated
the dye laser with DCM, which could supply a power of 600 mW in the range 625–660 nm. The
dye laser was not as stable as the Ti:Sapphire laser: we required alignments for recovering
the power once in a few days. Further, a slightly bad alignment yielded undesirable frequency
modes, which made locking unstable. As a result of alignments for obtaining a stable oscillation
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Figure 2.33: Schematic diagram for operating an MCP. A high voltage applied to the MCP has
roles of accelerating ions to the MCP as well as amplifying the signal. The small voltage is
applied to the anode such that multiplied electrons are accelerated to the anode.

in a single mode, the direction of the output beam was changed and accordingly we had to
realign the coupling of the laser to a reference cavity as well as to the subsequent optical path
for experiments. The dye exchange was required only once in several months.

For the use of the dye laser as a STIRAP light, we stabilized its frequency to another
stable laser with a double-pass AOM operated at 80 MHz placed just after the reference cavity.
Simultaneously a slow integrated signal was feed-backed to the dye laser itself through a LabView
control box such that the AOM stayed at approximately 80 MHz. In this way, we could scan
the laser for more than several GHz without suffering from the small scanning range of AOM.
Although the original linewidth of the dye laser was as narrow as 100 kHz, the limited feedback
bandwidth of the AOM (∼300 kHz) yielded larger regulation sidebands than for semiconductor
lasers (details will be given in section 5.3).

2.8 Ion detection and time-of-flight mass spectrometry

We had both an MCP (Hamamatsu, F1551-01; gain, 7×106 at 2 kV) and a Channeltron (Burle,
4869; gain, 1×108 at 3 kV) for detecting atomic and molecular ions. As already stated in the
section 2.2, we decided to use the MCP because the Channeltron was broken in a one-year
operation. The MCP had a lifetime of more than three years in our environment. Fig. 2.33
shows the schematic diagram for detecting positive ions with the MCP. The ions collided the
MCP are converted to secondary electrons, which are further multiplied by more than 106 times
in the MCP. Although the conversion efficiency of ions to electrons is not known for our MCP,
it should be a few tens of %, which is the detection efficiency for Channeltron. The multiplied
signal is further amplified by 200 times with a home-made preamplifier (Fig.2.34). This is a
slightly modified version of the amplifier described in Ref. [91]. Although the preamplifier has
a bandwidth of 60 MHz, an additional low pass filter (cutoff frequency, 2 MHz) was inserted
before amplification for suppressing high frequency noises in the MCP signal.

Ions are produced at the MOT which is separated from the MCP by 20 cm. The time of
flight (TOF) is dependent on the mass and the charge of ions. Hence, we can observe atoms
and molecules separately at a different TOF (Fig. 2.35). The observed TOF was between 20 µs
and 40 µs, which were much larger than we expected. Assuming a homogeneous electric field
between the MOT and the MCP, we should obtain an electric field of ∼80 V/cm (see Fig.2.2
in the section 2.2). This should result in a TOF of ∼8 µs for 41K87Rb molecular ions. The
unexpectedly large TOF indicates an inhomogeneous electric field between the MOT and the

33



Figure 2.34: Circuit diagram of the preamplifier for the MCP signal. The signal is amplified with
two stage non-inverting amplifiers. Low pass filters are inserted for suppressing high frequency
noises.
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Figure 2.35: Time of flight spectrum. 41K+, 87Rb+, and 41K87Rb+ are simultaneously observed.
The atomic ions are not produced by the direct ionization of atoms in a MOT, but by the
photodissociation of KRb molecules with a pulsed laser (see section 3.3.3 for further discussions).
The leftmost large signal arises from the pulsed laser hitting the MCP.

MCP, and an electric field much smaller than 80 V/cm at the MOT position. These behaviors
could be understood as an influence of the closely lying upper and lower surfaces of the chamber.
Although the TOF time was longer than that of previous experiments in other groups (a few
µs), we did not have any problem about it. The long TOF time allowed us to use a low pass
filter for suppressing high frequency noises in the signal and achieve a high signal-to-noise ratio.

2.9 Computer system

The sequences of experiments were mainly controlled by a personal computer (PC). In addition,
we had another three computers for acquiring data, monitoring laser frequencies with waveme-
ters, and controlling some of the lasers (Table 2.1). Here we describe the entire computer system
for the experiments.

2.9.1 Timing control with a LabView program

In order to obtain sufficiently high density and low temperature clouds of K and Rb simulta-
neously, we required both the analog and the digital control of lasers and magnetic fields. The
details on this topic will be given in the section 3.1. We utilized a slightly modified version of
the LabView program developed by Prof. T. Mukaiyama for controlling the entire system with
a repetition rate of 9 Hz (Fig.2.36). The computer for operating this program was devoted only
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Figure 2.36: LabView program for controlling the experiments. This program enabled us to
control the experiments in both analog and digital manners.

to this purpose because it required a high capacity of processing. Fig.2.37 shows the schematic
diagram for the timing control of the experiments. In the early stage of the experiments, pulses
for driving the apparatuses were obtained from the pump laser for the pulsed dye laser. Later
we found that the pulses from the pulsed laser had a jitter of several µs, which made it difficult
to carry out STIRAP experiments. Thus, a stable pulse generator (Tektronix, AFG3022) was
employed for driving the experiments in the later experiments.

2.9.2 Data acquisition with a LabView program

The TOF signal from the MCP amplified at a preamplifier was acquired with a high-speed
digitizer (National Instruments, PCI-5112) installed in a computer. Triggered by the pulse gen-
erator driving the pulsed laser, this digitizer could acquire two channels of data. An additional
channel was important throughout the entire experiments: in the spectroscopy experiments,
we simultaneously acquired a cavity transmission signal used for calibrating the frequency of

Table 2.1: Computers for operating the experiments. 4 computers are used for controlling and
monitoring the entire experiments.

PC name Purpose Installed devices&software

Molecule1 Digital control National Instruments, PCI-6534
Analog control National Instruments, PCI-6733

Molecule2 Imaging of atoms Princeton Instruments, PIXIS
TOF acquisition National Instruments, PCI-5112

Molecule3 Pulsed laser control Continuum, ND6000
Ti: Sapphire (Dye ) laser control Sirah, Matisse-TX(DX)

Wavelength (CW) HighFinesse, WS-7

Molecule4 Wavelength (Pulse) HighFinesse, WS-6

Molecule5 Data analysis Mathworks, MATLAB
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Figure 2.37: Schematic diagram for controlling the time sequences. MOT lasers and magnetic
fields are controlled via a LabView program triggered by a pulse generator which drives the
pulsed laser. The Q-switch delay of the pulsed laser is manually controlled.

the scanned laser, whereas in the STIRAP experiments we acquired a transmission signal of
the ultralow expansion (ULE) cavity for ensuring that STIRAP lasers were locked during the
experiments.

In our experiments, the TOF signal obtained at each cycle corresponds to one data point
in a spectrum. Since we had to deal with a large amount of data points (∼10000 for a single
spectrum), we did not save all the TOF signal but saved the signals of atomic and molecular
ions integrated over a short time (2–4 µs) with a LabView code (Fig.2.38). Here the ion counts
are given in the unit of 10−8 V s and 1 ion count indicates approximately 5 ions arriving at
the MCP. In order to avoid a large ground noise due to the pulsed laser from adding offset
noises in the acquired data, we subtracted the signal at a long TOF from each ion signals before
integration. The data processing (subtraction and integration) was carried out in the program
at each cycle. The computer for data acquisition was also devoted only to this purpose because
it required a high capability of processing.

The signal-to-noise ratio of the acquired signal was mainly limited by four factors. First,
there were random junk pulses in the TOF spectrum. We have not specified the origin of
these pulses, but they appeared to originate from light hitting the MCP as well as atoms and
molecules in the chamber. Second, off-resonant two photon ionization at a high pulsed laser
power generated offset ion counts. This was dependent on the wavelength of the pulsed laser;
it was negligible at some wavelengths. Third, the gain of the MCP fluctuated from shot to
shot by a few tens of %, which was a typical behavior of electron multipliers. Fourth, the
power of the pulsed laser also fluctuated from shot to shot by approximately 10 %., which was
dependent on the pump power of the pulsed laser. The former two factors constituted the noise
floor of the obtained spectra, determining the signal-to-noise ratio of the upward spectra where
ions increased at specific frequencies. This was the case for ionization spectroscopy, SpIDR
spectroscopy, and two-photon STIRAP spectroscopy. In contrast, the latter two factors were
the origin of the fluctuation in the offset ion counts, determining the signal-to-noise ratio of the
downward spectra where resonances were detected as a decrease of the offset ion counts. This
was the case for depletion spectroscopy and two-photon dark resonance spectroscopy.

2.9.3 Laser control and wavemeters

The pulsed dye laser and the Ti:Sapphire/Dye laser were controlled via a laptop computer with
accompanying softwares. In the same laptop computer, a commercial wavemeter (HighFinesse,
WS-7; accuracy, 30 MHz) with four channels input was installed for monitoring the STIRAP
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Figure 2.38: LabView program for data acquisition. The TOF signal is exhibited in the panel.
The ion counts at K, Rb, KRb, and Rb2 peaks are integrated and saved to a file. 1 ion count in
this program indicates approximately 5 ions arriving at the MCP.
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Figure 2.39: Imaging system for K and Rb. The density and temperature of atoms are measured
via absorption imaging. The absorption images of atoms are recorded with a CCD camera.

lasers and the photoassociation laser. Further, the wavelength of the pulsed laser was monitored
on another laptop computer via another wavemeter (HighFinesse, WS-6; accuracy, 300 MHz).
With the computer controlling and monitoring system, we could carry out experiments sitting
in front of the computers. Monitoring wavelengths with these wavemeters on the computers
had another advantage: these wavemeter were equipped with a long-term monitoring program,
enabling us to check that laser frequencies had been stable during the experiments.

The accuracy of the WS-7 wavemeter was excellent because it could be calibrated with a
accompanying reference He-Ne laser. Calibrations were carried out once in a month, which was
sufficient for the experiments. The day-to-day reproducibility was within a few tens of MHz. In
contrast, the WS-6 wavemeter was deviated by approximately + 650 MHz, which was confirmed
by monitoring an atomic resonance. However, this deviation was not a problem in our case
because the WS-6 was used for monitoring the pulsed laser with a linewidth of 0.1 cm−1.

2.10 Imaging system

In the early stage of the experiments, we required an imaging system for measuring the densities
and the temperatures of both K and Rb atoms such that we could obtain dense and cold atoms
sufficient for the photoassociation of KRb at exactly the same position. Fig.2.39 shows the
setup for the absorption imaging of K and Rb. A fast solenoid shutter was inserted before the
CCD camera (Princeton Instruments, PIXIS) for avoiding the fluorescence from the MOT from
hitting the CCD camera during the long exposure time. This shutter was opened after the MOT
light was turned off.

In each measurement, the spatial distribution of optical density (OD) was obtained by taking
three images: one with atoms and a probe light, one without atoms and with a probe light, and
one without atoms and a probe light. Assuming a Gaussian distribution, we derived the peak
density of atoms. The temperature of atoms T was determined by taking several images with
different TOF t , based on the following relation.

σ2(t) = σ2
0 +

kBT

m
t2 (2.1)

where m was the mass of an atom. When the density exceeded ∼5×1010 cm−3, we detuned
the frequency of the probe light such that the OD was lower than 3. This was important for
obtaining a correct image because a too high OD indicated an extremely low transmission at
the center of the clouds, which could not be measured correctly.
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Figure 2.40: Depletion spectrum for KRb molecules and cavity transmission signals. Cavity
transmission signals of the Ti: Sapphire laser are simultaneously acquired during the scan of the
Ti: Sapphire laser and are used for calibrating the nonlinearity of the scan.

2.11 Calibration of laser frequencies with a cavity

The transfer cavity for locking the photoassociation laser was also used for monitoring and
calibrating the frequency of the Ti: Sapphire laser in the spectroscopy experiments. Although
the Ti: Sapphire laser was always locked to a reference cavity, a scan over a wide range (∼1
cm−1, or 30 GHz) took a long time (∼1 hour), during which the Ti: Sapphire laser could drift.
Thus, we could not ensure that the frequency was linearly swept during the scan. In order to
compensate this nonlinearity, we acquired the cavity transmission signal of the Ti: Sapphire
laser when we acquired the TOF signal of atoms and molecules. Fig. 2.40 shows a typical
depletion spectrum for KRb molecules with cavity transmission signals.

Since data points were ensured to have an equal spacing in terms of time, the number of
points counted from the first point (hereafter we note this number as point-number) was first
assigned to each data point including both spectra and cavity signals. The point-number served
as one ruler. Then the point-numbers at the cavity transmissions were obtained by fitting the
cavity signals with a Lorentzian function. Here we had two rulers: point-numbers and the
number of transmission peaks, which we call cavity-numbers. The cavity-number was ensured
to have an equal spacing in terms of the frequency of the Ti: Sapphire laser. Assuming that the
scan was smooth, we could assign a cavity-number to each data point via a spline interpolation.
Fig.2.41 shows an example of the relation between point-numbers and cavity-numbers. Finally
each data point could have a frequency measured from the first cavity transmission signal by
multiplying the free spectral range (FSR) of the cavity.

For achieving accurate spectra, it was imperative to use a precisely measured value of the
FSR of the cavity. We measured it in the following manner. First we locked an ECDL to one of
the transmission peaks of the cavity. Next we locked the Ti: Sapphire laser to the neighboring
transmission peak and measured the beat note between the ECDL and the Ti: Sapphire laser.
While we locked the ECDL, the same procedure was repeated at the other transmission peak
separated from the ECDL by 11. Thus, the FSR could be obtained by dividing the frequency
difference of the two measurements by 10. The first measurement of the beat note did not give
an accurate measurement because it was dependent on the alignment of lasers to the cavity:
the cavity we used was a confocal cavity, whose degenerate spatial modes resulted in the low
sensitivity to the alignment.

However, there was still a problem not circumvented in this method: the drift of the offset
of the error signal due to the residual amplitude modulation in the electro-optic modulator
(EOM) used for PDH locking [92]. We measured the FSR with the above method for an hour
and obtained an averaged value of 997.372(50) MHz. The drift of the cavity was within several
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Figure 2.41: Relation between point-numbers and cavity-numbers. Interpolation with a spline
function is a good approximation because these two numbers are almost linear with each other.
The point-numbers indicate the number of data points from the beginning and are equal in terms
of time, whereas the cavity-numbers indicate the number of transmission peaks and are equal in
terms of the frequency of the Ti: Sapphire laser. Although the cavity-numbers are much fewer
than the point-numbers, each data point can be assigned a non-integer cavity-number.

transmission peaks throughout the experiments, indicating a change in the FSR of a few tens
of kHz, which was smaller than the error in the FSR measurements. The estimated error due
to the error in the FSR measurements was 1.5 MHz for spectroscopy over 30 GHz, in which the
error was multiplied by 30. Another source of the error could be the error in the fitting to cavity
transmission signals. We estimated this error as below 200 kHz. These errors were sufficiently
small for the current study, since the typical width of the spectrum was on the order of 100
MHz.

For measuring the FSR of the cavity, we also tried to use the Cs D2 line as a frequency
reference. In this case, the cavity transmission signal was recorded with the saturated absorption
signal obtained by scanning the Ti: Sapphire laser. For calibrating the cavity signals, we used
the largest signals, F = 4 → F ′ = 4 + F ′ = 5 (crossover) and F = 3 → F ′ = 2, which were
separated by 8714.574 MHz [93]. Fitting to both signals (Lorentzian for cavity signals and tilted
Lorentzian for saturated absorption signals) enabled us to determine the FSR of the cavity.
However, the FSR obtained with this method had a large error of 0.5 MHz. This was because
the large width (20–30 MHz) of the saturated absorption signal as well as the Doppler broadened
absorption serving as a tilted offset made the fitting incorrect.

The relative accuracy of the measurements in a single scan was thus limited to approximately
3 MHz in most of the experiments. In contrast, the reproducibility of the obtained spectra
between scans was determined by the wavemeter (WS-7): the accuracy of the wavemeter (±30
MHz) determined the absolute accuracy of the measured spectra.
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Chapter 3

Production and detection of
photoassociated molecules

Nobody in our group had an experience on producing molecules via photoassociation and detect-
ing them. We had information on experiments only through the published papers of previous
studies by other groups. In addition, we had to deal with molecules including 41K, for which
laser cooling is inefficient.

We first focused on preparing dense samples of 41K and 87Rb atoms because the high density
is crucial for the photoassociative formation of molecules. Next we had worked on finding
transitions for photoassociation and ionization. In the early stage of the experiments, we did not
know the photoassociation resonances as well as the ionization wavenumbers. By scanning both
lasers randomly, we coincidently found both resonances which could produce and detect KRb
molecules. After we found the resonances, it was easy to characterize each process and optimize
the conditions such that we could achieve a large number of molecules. We also studied the
produced molecules themselves: it was important to assign the vibrational number of produced
molecules for further investigations.

3.1 Preparation of dense and cold sample of 41K and 87Rb atoms

3.1.1 Overview

The photoassociative formation of ultracold molecules in a MOT has often been carried out with
a dark spontaneous optical trap (dark-SPOT) technique [94] for increasing the density of atoms
and enhancing the photoassociation rate. With this technique, a dark spot is placed in the center
of the repumping beam, thereby making a high density (=1011 cm−3) sample of atoms in the
lower hyperfine level which does not scatter the MOT light. However, it is not straightforward
to obtain a dense and cold sample of 41K atoms in this type of MOT. Due to the high rate for
optical pumping of the upper hyperfine level (F ′ = 2) to the lower hyperfine level (F ′ = 1), we
need almost the same intensity of repumping light as cooling light for obtaining a large number
of atoms. As a result, placing a spot in the repumping light causes a leakage of atoms from the
MOT. Another problem arises from the scattering of the high intensity repumping light, which
results in a high temperature of atoms (∼3 mK).

In order to achieve a high density and a low temperature for both 41K and 87Rb, we employed
a compressed MOT (C-MOT) technique [95], in which the MOT condition were modified such
that we could obtain a dense and cold sample of atoms. We could keep this condition only
for a short time (a few tens of ms) because atoms did not feel a strong capturing force in this
condition and slowly expanded. However, the short time was sufficient for producing molecules
via photoassociation.

The basic strategy for adjusting the conditions was as follows. We first characterized the
steady-state MOT of Rb and K such that we could obtain a large number of atoms with as high
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a density as possible. This characterization was made in the early stage of the experiments,
where we had approximately 3 times larger numbers of atoms for both Rb and K than later
experiments. The alignment of the MOT and the compensation of the residual magnetic field
were also carried out at this point. These adjustments were important because a C-MOT
required both good beam balances and low stray magnetic fields in each direction.

After the conditions of the steady-state MOT were determined, we investigated the C-MOT
in terms of the frequency and intensity of light and the magnetic field gradient. Although the
condition of the MOT lights for K and Rb could be tuned independently, the magnetic field
gradient was shared between these species. In our experience, K atoms were more difficult to
cool and compress than Rb atoms. Hence, we first optimized the condition for K, after which
we adjusted the frequency and intensity of the Rb light.

3.1.2 Steady-state MOT

We first describe our method for aligning the MOT lasers and compensating stray magnetic
fields. In general, K atoms were sensitive to beam balances whereas Rb atoms were sensitive
to magnetic fields. Thus, beam balances were precisely adjusted by monitoring the K MOT
whereas magnetic fields were precisely adjusted by monitoring the Rb MOT. Note that we did
not have independent tuning knobs for K and Rb because waveplates were shared.

The MOT beams were first aligned such that they passed through the center of the view
ports. The beam balances were then roughly adjusted by measuring the center intensity of
the MOT light with a power meter such that the intensities of two counter-propagating beams
coincided within 3 %. Here it was quite important to obtain two counter-propagating beams by
dividing a single beam because then we could tune the balance with a single waveplate. Next
we adjusted the current to the compensating coils such that Rb MOT survived even at a low
magnetic field. When the stray magnetic fields were well cancelled, we could observe the Rb
MOT at a magnetic field gradient of 0.5 G/cm. The final step was to tune the beam balance
precisely such that the K MOT survived at a low magnetic field. With good beam balances,
we could observe the K MOT at a magnetic field gradient of 1 G/cm. In some cases, these
procedures should be repeated until both beam balances and magnetic fields were well adjusted.

Although these adjustments gave both good beam balances and low stray magnetic fields, we
found that too good alignment resulted in a large fluctuation of number of molecules. Reflected
at a view port, a beam could interfere with its counterpropagating beam. This interference
pattern was quite sensitive to the vibration of mirrors and chambers, inducing a large intensity
fluctuation at the MOT position. The K MOT was especially sensitive because the MOT light
was close to the resonance in the C-MOT process. In contrast, the Rb MOT was not sensitive
because the MOT light was largely detuned from the resonance in the C-MOT. We could avoid
this instability by slightly misaligning one of the beams in each direction (Fig.3.1).

Fig.3.2 shows the energy level diagrams of both the ground and the excited states of K and
Rb. Although these species have the same nuclear spin of 3/2, the smaller nuclear dipole moment
of 41K results in a much smaller hyperfine splitting for 41K than for 87Rb. The difference in
the hyperfine structure significantly influences the efficiency of laser cooling: a high density and
low temperature sample of 87Rb atoms are readily obtained, whereas for 41K the high optical
pumping rate from F = 2 to F = 1 requires a high intensity of the repumping light.

We studied the number and the density of the MOT for both Rb and K with absorption
imaging in terms of frequencies of the MOT light. The frequency of the repumping light for Rb
was kept on the resonance F = 1 → F ′ = 2 because we did not observe a large dependence.
Further, the intensities of the MOT lights were kept at the maximum available values: 50
mW/cm2 for Rb cooling, and 4 mW/cm2 for Rb repumping, 30 mW/cm2 for K cooling, and
30 mW/cm2 for K repumping in total intensities. Under these values, the number was almost
linearly decreased whereas the densities were not significantly changed for both K and Rb. The
magnetic field gradient was determined to be 9 G/cm, which was between the best value for K
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Figure 3.1: Number fluctuation caused by interferences. Ion counts of KRb molecules is plotted.
(a) Before misalignment. (b) After misalignment. One point corresponds to 0.1 s. In (a), the
fluctuation in number is dominated by the instability of the C-MOT of K, whereas in (b) the
fluctuation in number is dominated by the variation in the gain of MCP from shot to shot as
well as the intensity fluctuation of the pulse laser.

(4.5 G/cm) and that for Rb (13.5 G/cm) in terms of number of atoms.
Fig.3.3 shows the number and the density of the steady-state Rb MOT with respect to the

detuning of the cooling light. We decided to set the detuning as -20 MHz where we could obtain
the largest number because the density of Rb was readily increased in the C-MOT stage. We
obtained 1× 109 atoms with a density of 5× 1010 cm−3.

Fig.3.4 shows the number and the density of the steady-state K MOT with respect to the
detuning of the cooling light. With different detuning of the repumping light, we observed
different behaviors. In the Raman condition, in which the frequency difference between the
cooling light and the repumping light was identical to the splitting between F = 1 and F = 2,
a large number was obtained but the density significantly decreased and the temperature was
quite high (more than ∼10 mK) at this condition. Therefore, we avoided this condition. We
also studied the dependence on the repumping frequency (Fig.3.5). If we avoided the Raman
condition, we could obtain a good condition which could give a large number and a high density
at a detuning of 20–30 MHz. On the basis of these measurements, we decided the frequencies of
the cooling and the repumping light as -28 MHz and -20 MHz, respectively. At this condition,
we could obtain 5×108 atoms with a density of 2× 1010 cm−3.

Although these characterizations were made independently for K and Rb, we observed a large
loss of atoms due to the coexistence of K and Rb atoms. Typically the K MOT was decreased
by 20 % due to Rb atoms whereas the Rb MOT was decreased by 50 % due to K atoms. These
values were dependent on the condition of the MOT.

3.1.3 Compressed MOT

The C-MOT processes consisted of two stages: compression and cooling, which were required
for achieving a good condition for K. In the compression stage, the density of K was increased
by increasing the magnetic field gradient whereas that of Rb was increased by lowering the
repumping intensity. Since atoms were heated during this process, we set the cooling stage, in
which atoms were cooled by decreasing the total intensity as well as by increasing the detuning
of Rb cooling and decreasing the detuning of K cooling. Fig. 3.6 shows the parameters for the
dual-species C-MOT of 41K and 87Rb. With these procedures, K atoms were compressed by 40
times (5×109 → 2× 1011 cm−3) and cooled by 5 times (2 → 0.4 mK), whereas Rb atoms were
compressed by 40 times (1×1010 → 4 × 1011) and cooled by 4 times (400 → 100µK). Fig.3.7
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(a) 41K 
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Figure 3.2: Energy level diagram and laser cooling transitions. (a) 41K. (b) 87Rb. Both species
have a nuclear spin of 3/2, resulting in the identical structure. The smaller hyperfine splitting
of 41K makes the laser cooling of 41K less inefficient than 87Rb; the repumping light with almost
the same intensity as the cooling light is required to pump back atoms in F = 1 to F = 2 due
to the absence of a closed transition (F = 2→ F ′ = 3 for 87Rb).
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Figure 3.3: Characterization of the Rb MOT. The number and the density of the Rb MOT are
plotted with respect to the detuning of the cooling light.
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(a) Repump detuning = -10 MHz

Figure 3.4: Characterization of the K MOT: dependence on the detuning of the cooling light.
(a) At the repumping detuning of -10 MHz. (b) At the repumping detuning of -20 MHz. The
resonance is taken as the F = 2 → F ′ = 3 transition. The number and the density of the K
MOT are plotted with respect to the detuning of the cooling light for different detuning of the
repumping light.
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Figure 3.5: Characterization of the K MOT: dependence on the detuning of the repumping light.
(a) At the cooling detuning of -28 MHz. (b) At the cooling detuning of -36 MHz. The resonance
is taken as the F = 1 → F ′ = 2 transition. The number and the density of the K MOT are
plotted with respect to the detuning of the repumping light for different detuning of the cooling
light.
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Figure 3.6: Parameters for the dual-species C-MOT of K and Rb. In the compression stage of
30 ms, K atoms are compressed by increasing the magnetic field gradient. Simultaneously Rb
atoms are compressed and cooled by decreasing the repumping intensity. In the cooling stage of
10 ms, K atoms are efficiently Doppler-cooled by the cooling light hitting the middle of F ′ = 3
and F ′ = 2. In contrast, Rb atoms are cooled via polarization gradient cooling.

shows the images of K and Rb atoms after the C-MOT.
Before we had succeeded in observing the photoassociated KRb molecules, we took care of

the position as well as the density and the temperature of both species. In a normal MOT, the
position of K and Rb should coincide at the center of coils. However, we observed that K atoms
were moving in the C-MOT process. One reason for this behavior was that the change in the
magnetic field gradient generated induced voltage in compensating coils, causing the oscillation
of the position of mainly K atoms, which is lighter than Rb atoms. We installed resistors in series
with the compensating coils such that induced voltage immediately consumed in the resistors.
Another reason for the displacement of K atoms was the slight imbalance of the cooling light.
Since we had to reduce the detuning of the cooling light close to the resonance (−4 MHz from
the F = 2 → F ′ = 3 transition) in the cooling stage, K atoms were quite sensitive to the
balance between two counter-propagating beams. We found that the position of K atoms could
be precisely controlled by adjusting the detuning of cooling light.

After we could observe KRb molecules, we optimized the C-MOT process not by the ab-
sorption imaging of atoms, but by monitoring the ion count of KRb molecules itself. What we
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Figure 3.7: Absorption images of 41K and 87Rb atoms after the C-MOT.

found there was that the control of the intensity of the Rb repumping light and the detuning of
the K cooling light was especially important. Without C-MOT, we could not see any molecules
at all, even if other conditions (the alignment and the frequency of both the photoassociation
laser and the pulse laser) were perfectly adjusted.

Although the C-MOT was a crucial process for producing photoassociated 41K87Rb mole-
cules, it reduced number of atoms in the MOT by a factor of 3 compared to the steady-state
MOT. This was because the MOT could not capture atoms efficiently during the C-MOT pro-
cess, which occupied 40 % of the one cycle (100 ms). With a lower repetition rate, we could
obtain a larger number of molecules.

3.2 Photoassociation spectroscopy

An appropriate choice of the photoassociation line is one of the essential aspects of the exper-
iments. The number of produced molecules in the ground state is strongly dependent on the
photoassociation line. Although we found approximately 20 resonances, only a few resonances
among them could produce a large number of molecules sufficient for subsequent applications,
such as depletion spectroscopy and the STIRAP transfer into the rovibrational ground state.
Another important issue is to identify the symmetry of the photoassociation level because it
influences the symmetry of the produced weakly bound molecules. In this section, we present
photoassociation spectra and discuss important points for further experiments.

3.2.1 Scanning over a wide range

The long-range potentials of the S+P dissociation of heteronuclear alkali dimers are dominated
by C6 potentials. The C6 values of these potentials are close to that of the ground-state poten-
tials [96–102]. Hence, the excited-state molecules have almost the same size as the ground-state
molecules at the same binding energy. In the present experiments, we produced molecules with
a biding energy of ∼10 cm−1 by hitting a photoassociation level detuned from the Rb D1 line
by ∼10 cm−1.

The photoassociation lines in the low detuning region (12569–12579 cm−1) were first found
by scanning the DFB laser. Later a Ti: Sapphire laser became available and was used for
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Figure 3.8: Photoassociation spectrum. The ion counts in the v′ = 21 level of a3Σ+ are plotted
with respect to the wavenumber of the Ti: Sapphire laser. Approximately 20 resonances are
found in this region.

scanning over a wide range. Fig.3.8 shows the wide range spectrum obtained with a Ti: Sapphire
laser. Since we were mainly interested in the produced molecules, we did not assign the entire
photoassociation spectrum. Instead, we focused on the resonances which could produce a large
number of molecules in the ground state. We found three large resonances at 12570.13 cm−1,
12572.10 cm−1, and 12561.45 cm−1, which were assigned as Ω = 0+, Ω = 1, and Ω = 1,
respectively. The assignment was carried out based on their rotational structures (see section
3.2.2). These three lines have been used throughout the experiments.

3.2.2 Rotational structures and symmetries

Photoassociation levels have a clear rotational structure with a rotational constant of several
100 MHz. The structure is readily understood as an ordinary J(J + 1) progression. Here J
indicates the total angular momentum given as J = L + S +R, where L is electronic angular
momentum, S is electronic spin, and R is rotational angular momentum. The selection of the
rotational level influences the symmetry of the produced molecules in two ways. First, both the
ground-state molecules and the excited-state molecules have definite parities. The parity of the
produced molecules in the ground state should have an opposite parity to the photoassociation
level. Second, the rotational quantum number of the ground-state molecules should be deter-
mined by the selection rule on J , ∆J = 0,±1. The selectivity on the rotational level in the
photoassociation process enabled us to choose the rotational level of the produced ground-state
molecules. This possibility was particularly beneficial for the parity-selective spectroscopy of
the intermediate states for STIRAP (see chapter 5).

Fig.3.9 shows the rotational structure of the Ω = 0+ state, whereas Fig.3.10 shows that of
the Ω = 1 state. The symmetry is labeled by the projection of J on the molecular axis, Ω,
and not by that of L nor S because spin-orbit interaction (∼100 cm−1) is much larger than
electronic interactions (∼10 cm−1) in the weakly bound levels of the excited states. Given the
rotational structure, the symmetry is readily distinguished because of the relation J ≥ Ω. An
additional symmetry on the parity for the Ω = 0 state ((−1)J for Ω = 0+ and (−1)(J+1) for
Ω = 0−) is distinguished with either the distribution of line intensities or the spin component
of the produced molecules: the Ω = 0+ state has the most strong line of J = 1 and forms both
singlet and triplet molecules, whereas the Ω = 0− state has the most strong line of J = 0 and
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Figure 3.9: Rotational structure of a photoassociation level of Ω = 0+. A clear rotational
structure with J = 0–4 is observed. The J = 1 line is the strongest because this level can be
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Figure 3.10: Rotational structure of a photoassociation level of Ω = 1. Each rotational line
splits into multiple lines due to hyperfine interaction, although they are not clearly resolved.

forms only triplet molecules. The strongest line should have an odd parity with a rotational
number of J = 0 or J = 1 because collisions in the ground state are dominated by s-wave due
to the Wigner threshold law. The spin component of the produced molecules is determined by
the potentials in the Hund’s case (a) relevant to the state: the Ω = 0+ state is a mixture of
(2)1Σ+ and (1)3Π, whereas the Ω = 0− state is a mixture of (2)3Σ+ and (1)3Π. In general,
photoassociation levels have both rotational and hyperfine structures of the same magnitude.
As a result of mixing among L, S, R, and the nuclear spin I, the rotational structure has no
more a simple J(J + 1) progression and each rotational line splits into multiple lines. This is
not the case for the Ω = 0 level: the hyperfine structure of the Ω = 0 state is negligible to first
order.

When we assigned the symmetry of the photoassociation levels, we had to take care of the
“ hyperfine ghost”of photoassociation lines arising from different collision channels (Fig.3.11).
In the C-MOT process, atoms were predominantly pumped to the lower hyperfine level, F = 1,
by decreasing the intensity of the repumping light. However, a part of the atoms were remaining
in the upper hyperfine level, F = 2, because the repumping light was not infinitely small. As
a result, we observed additional two photoassociation lines at higher frequencies by 254 MHz
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Figure 3.11: Hyperfine ghosts of photoassociation lines. Three photoassociation lines appear
from a single photoassociation level because there are four possible collision channels, FK =
1+ FRb = 1, FK = 2+ FRb = 1, FK = 1+ FRb = 2, and FK = 2+ FRb = 2. The first channel is
the strongest because atoms are predominantly pumped to the F = 1 level during the C-MOT
process.

(the hyperfine splitting in the ground state of 41K, taken from Ref. [103]) and by 6834 MHz (the
hyperfine splitting in the ground state of 87Rb, taken from Ref. [104]) as ghosts of the main line.
The line intensities of both ghosts were approximately 10 % of the main line, indicating that
∼10 % of atoms were remaining in the F = 2 level. The former one was particularly confusing in
the assignment because the separation was close to the rotational constants. The latter one was
also confusing when we determined the binding energy of the produced molecules by comparing
a photoassociation spectrum with a depletion spectrum for the same photoassociation level (see
section 4.2.4). The ghost arising from the highest collision channel FK = 2 + FRb = 2 was not
observed for most of the photoassociation levels.

3.2.3 Characterization

The information on the saturation intensity in a photoassociation process is important because it
limits the maximum rate for the production of molecules. In the early stage of the experiments,
we studied the power dependence of the yield of the molecules for a photoassociation level at a
small detuning of 2.66 cm−1 (Fig.3.12). The ion counts saturate at approximately a power of
200 mW, corresponding to a peak intensity of 130 W/cm2. This value is valid only at a small
detuning. Although we used more deeply bound levels for the later experiments, we did not
study the dependence on the power for these levels; the maximum power for the photoassociation
laser was limited to ∼200 mW, which would be smaller than the saturation power for the deeply
bound levels.

3.3 Ionization spectroscopy

Ionization spectroscopy of photoassociated molecules with the pulse laser, which was based on
resonance enhanced multi-photon ionization (REMPI), constituted the crucial part of the exper-
iments. The REMPI ionization enabled us the state-selective detection of produced molecules.
Hence, we could identify the vibrational quantum numbers of produced molecules by analyzing
the ionization spectra. The result was important for further experiments, such as the spec-
troscopic analyses of excited states and the manipulation of internal states, because it gave us
essential information on the initial state. In this section, we discuss how we identified in which
vibrational levels molecules were produced via photoassociation.
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Figure 3.12: Power dependence of the photoassociation of molecules. Ion counts in the v′′ =
23 level of a3Σ+ are plotted with respect to the power of the photoassociation laser. The
photoassociation rate saturates at a power of approximately 100 mW. For this study, the Ti:
Sapphire laser is focused to a beam waist of 310 µm. The saturation of ion counts indicates the
saturation of photoassociation and is not due to the saturation of the MCP, which occurs at
much higher ion counts (> 100).

3.3.1 Estimation with Franck-Condon factors

Although the REMPI detection of photoassociated KRb molecules had already been reported
in the previous studies for another isotopic combination, 39K87Rb [65,79], they gave us a rough
information that molecules should be observed at an ionization wavelength of approximately 600
nm. There were no good potentials which could accurately predict the transition wavelength.
In order to obtain a thorough understanding on the REMPI detection for the 41K87Rb case, we
roughly estimated the transition strengths for various excited states as Franck-Condon factors
calculated from ab initio potentials. Since REMPI relies on the resonant excitation to an excited
state followed by an off-resonant excitation to a molecular ion state, calculations for the first
excitation probability are sufficient for judging whether transitions can occur or not.

Fig.3.13 shows the potential energy curves of KRb [105] and of KRb+ [106]. These potentials
are obtained by ab initiomolecular orbital calculations. In the spectral range 14000–17500 cm−1,
which could be covered by our dye laser, we could expect excitations to the (4)1Σ+ and the
(5)1Σ+ states for singlet molecules, and to the (4)3Σ+ and the (3)3Π states for triplet molecules.
Fig.3.14 shows the calculated Franck-Condon factors obtained from the ab initio potentials.
The calculations were carried out with a freely available code, LEVEL [107]. In this calculation,
we used experimentally determined accurate potentials for the ground states (X1Σ+ and a3Σ+

states) [108].
The calculations gave us the following information: for singlet molecules, the (4)1Σ+ state

should be observed in the range 16400–17000 cm−1, whereas the (5)1Σ+ state should not be
observed below 17500 cm−1. Further, for triplet molecules, the (4)3Σ+ state should be observed
in the range 16000–16400 cm−1, whereas the (3)3Π state should be observed in the range 16800–
17500 cm−1. This calculation served as a good guide for assigning the observe spectra.

3.3.2 Assignments

Ionization spectroscopy was carried out in the range 16100–16800 cm−1 which could be covered
by the pulsed dye laser operating with a mixture of Rhodamine 610 and Rhodamine 640 dyes.
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Figure 3.14: Franck-Condon factors for the ionization near 600 nm. Franck-Condon factors
calculated with ab initio potentials are plotted with respect to the wavenumbers from the ground
state atomic level. Spin-orbit interactions are neglected in this calculation.

Fig. 3.15 shows the ionization spectra obtained by scanning the pulsed dye laser whereas the
photoassociation laser was locked to a specific resonance.

We could clearly observe the vibrational structure of the singlet molecules in the X1Σ+ state
mainly in the range 16400–16600 cm−1, whereas that of triplet molecules in the a3Σ+ state
was clearly observed in the range 16100–16400 cm−1. In other regions, the spectra were too
complicated or too simple to be interpreted correctly. Another important issue for observing
the clear vibrational structures was the detuning of the photoassociation laser: at first we had
been using the resonance near -2.66 cm−1 and -7.24 cm−1 from the Rb D1 line. In these cases,
photoassociation predominantly formed molecules in a few weakly bound levels. It was difficult
to assign the spectra because they showed no specific features. With a photoassociation level
with a large detuning of -9.0 cm−1, we could obtain the clear signatures of both singlet and
triplet molecules.

Fig.3.16 shows the expanded view of the spectra representing the vibrational structure of
the ground state molecules in the X1Σ+ state, whereas Fig.3.17 shows the vibrational structure
of the ground state molecules in the a3Σ+ state. We observed the v′′ = 90–93 levels of X1Σ+

and the v′′ = 20–24 levels of a3Σ+, which are in good agreement with a calculated spectrum
obtained from the experimentally determined potential curve. In the later experiments, the
singlet molecules in the v′′ = 91 level were monitored at a pulsed laser wavenumber of 16543
cm−1, whereas the triplet molecules in the v′′ = 21 level were monitored at a pulsed laser
wavenumber of 16190 cm−1. For better understanding of the weakly bound levels relevant to
the present study, a coupled-channel calculation including hyperfine interaction is shown in
Fig.3.18. This calculation was carried out by Dr. P. Naidon.
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Figure 3.15: Ionization spectra of photoassociated molecules. (a) In the range 16100–16500 cm−1

obtained with a photoassociation level of 12576.49 cm−1. (b) In the range 16400–16650 cm−1

obtained with a photoassociation level of 12570.13 cm−1. Ion counts of KRb are plotted with
respect to the wavenumber of the pulsed dye laser. In the figure (a), the vibrational numbers
of the (4)3Σ+ state are assigned on the basis of spectroscopic studies in the low wavenumber
region (section 6.4). In the figure (b), the expected vibrational levels of the (4)1Σ+ state are
given in blue lines. The Rydberg states of both K and Rb atoms are also observed because these
levels yield extremely large ion counts, influencing the ion counts of KRb. The Rb 6D and Rb
8S states are observed due to the absorption of both the photoassociation laser and the pulsed
laser.
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Figure 3.17: Vibrational structure of photoassociated molecules in the a3Σ+ state observed with
a photoassociation level of 12576.49 cm−1. The calculated vibrational structure of the a3Σ+
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Figure 3.18: Vibrational and hyperfine structures of the weakly bound levels of 41K87Rb. The
singlet fraction of each hyperfine level is plotted with respect to binding energy. The rotational
quantum number is l = 0. The v′′ = 91 level of X1Σ+ and the v′′ = 22 level of a3Σ+ is closely
lying, resulting in a strong hyperfine mixing.

3.3.3 Characterization

The spectra in the range 595–620 nm allowed us to estimate the minimum transition strength
which could ionize the weakly bound molecules via two-photon transitions. There should be
two limiting factors: the first resonant transition and the second ionization process. We do not
have information on the ionization process. Thus, what we can consider now is about the first
resonant transition. Although the intensity of the pulsed laser was much higher than saturation
intensity of the transition, ionized molecules could be observed only when the corresponding
Franck-Condon factor of the first transition was higher than approximately 0.01. We guess that
this threshold is determined by the ratio between the linewidth of the pulsed laser and saturation
broadening. If we use the ab initio values for the transition dipole moments without Franck-
Condon factors, 0.5 ea0 for both (4)1Σ+ ← X1Σ+ and (4)3Σ+ ← a3Σ+ transitions [109], the
estimated Rabi frequencies for these transitions with a typical pulsed laser intensity of 1×106
W/cm2 are several GHz. This is approximately the same as the linewidth of the pulsed laser.
With a lower intensity, the linewidth exceeds saturation broadening, resulting in an inefficient
excitation at the first resonant transition. The saturation broadening was also observed in the
spectrum as a spectral width. The observed width of the ionization spectrum was between
0.3–1 cm−1 in most cases, which should be understood as a sum of saturation broadening, the
linewidth the pulsed laser, and the rotational structures of both ground and excited states.

Fig.3.19 shows a typical dependence of ion counts on the pulsed laser power. We could obtain
larger ion counts with a larger power of up to a few mJ. However, the intensity of the pulsed
laser was kept to lower than 1 mJ in most of the experiments. There are two reasons for the
low power. First, we avoided the pulsed laser scattered at view ports from yielding junk pulses,
which degraded the signal-to-noise ratio of spectra. Second, we suppressed offset ion counts due
to off-resonant multi-photon ionization. The fluctuation of the offset ion counts also degraded
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Figure 3.19: Ion counts vs the power of the pulsed laser. The ion counts are saturated at a
power of a few mJ. In most of the experiments, the power is kept to lower than 1 mJ for a high
SNR of spectra.

the signal-to-noise ratio of spectra.
In the TOF spectrum, atomic ions were not always observed. Irradiating the pulsed laser

under the existence of the MOT light produced atomic ions of both K and Rb. This is because
atoms in the excited states have a higher energy and are readily ionized. A large atomic signal
was also observed for either K or Rb when the pulsed laser was resonant to the Rydberg states of
K or Rb through a two-photon transition. These behaviors were especially beneficial for aligning
the pulsed laser such that it hit the MOT appropriately. However, the pulsed laser was normally
irradiated after the MOT lights were turned off for avoiding the MOT light from influencing
molecules. In this case, atoms in the MOT were not observed. Nevertheless, we observed atomic
ions of both K and Rb when the photoassociation laser produced molecules and the pulse was
resonant to a singlet transition ((4)1Σ+ ← X1Σ+). We interpreted this behavior as follows.
The pulsed laser can ionize molecules via REMPI ionization to the (1)2Σ+ state, whereas it
can also excite molecules in the X1Σ+ state to the (2)2Σ+ state and dissociate them to atoms
(Fig.3.13). Molecules in the a3Σ+ state appeared not to have a transition to the (2)2Σ+ state.
As a result, we could distinguish between singlet and triplet molecules only by monitoring the
TOF spectrum.

The temperature of photoassociated molecules was evaluated with a TOF after the MOT
lasers and the photoassociation laser were turned off. Fig.3.20 shows the variation in ion counts
with respect to the TOF. This plot indicates that molecules produced in a photoassociation laser
reaches the edge of the pulsed laser within several ms. Assuming the diameter of the pulsed
laser as 1 mm, we can roughly estimate the velocity of molecules as 10 cm/s, which corresponds
to 150 µK.
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Figure 3.20: Time variation of ion counts after the MOT lasers and the photoassociation laser
are turned off. The plot indicates that the temperature of molecules is approximately 150 µK.
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Chapter 4

Molecular spectroscopy for a Raman
transfer

One of the crucial steps for realizing an efficient transfer between a weakly bound level and
the rovibrational ground state is an appropriate choice of intermediate excited states. In the
present study, we studied two promising candidates, the (3)1Σ+ state and the (2)3Σ+ state.
We expected that the same laser setup could be used for both states because these two states
have good intermediate states in approximately the same energy range. The (2)3Σ+ state had
already been known as a good intermediate state in the previous studies, which showed that
the (2)3Σ+ state could couple weakly bound triplet molecules with the vibrational ground state.
By contrast, the (3)1Σ+ state had not been used as an intermediate state bridging a weakly
bound level and a deeply bound level. The (3)1Σ+ state was particularly important in the
present study because it could couple weakly bound singlet molecules with the rovibrational
ground state. Although the (2)3Σ+ state was eventually not used as an intermediate state in
the present study, this state showed much more rich structures than the (3)1Σ+ state, thereby
giving us a deep understanding on the molecular structure of the excited states. Therefore, we
present the spectroscopic studies on both the (3)1Σ+ state and the (2)3Σ+ state in this chapter.

4.1 Excited states for an intermediate state

Before presenting details on the present studies, we give a brief overview on the possible schemes
for connecting weakly bound levels with the rovibrational ground state. The excited state used as
an intermediate state for STIRAP should have large Franck-Condon overlaps with both weakly
bound levels and deeply bound levels. For KRb molecules, three promising schemes have been
proposed and one of them have already been experimentally demonstrated. Figure 4.3 shows
the relevant potential energy curves of KRb.

In the scheme (a), weakly bound triplet molecules are converted into the vibrational ground
state via the Ω = 1 level of the (2)3Σ+ state. This scheme was originally proposed for RbCs
molecules [110] and experimentally demonstrated as stimulated emission pumping of photoasso-
ciated 85RbCs molecules [46] into the vibrational ground state. Later this scheme was employed
for the STIRAP transfer of near-degenerate 40K87Rb molecules [50]. Hereafter we call this
scheme as triplet scheme.

The scheme (b) also begins with weakly bound triplet molecules, which can be coupled with
the rovibrational ground state via the Ω = 0+ level of the (1)3Π state [111, 112]. Although a
similar scheme was used for producing Cs2 molecules in the rovibrational ground state [52], this
scheme has not been realized for heteronuclear molecules.

The scheme (c) involves only singlet levels: the initial state is weakly bound singlet molecules
and the intermediate state is the (3)1Σ+ state. Although spectroscopic studies on the (3)1Σ+

state has been reported [70,113,114], this scheme has not been realized before the present study.
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intermediate state is the Ω = 0 component of the (2)3Σ+ state. The spin-orbit mixing of the
(1)1Π state into the (2)3Σ+ state enables us to couple weakly bound triplet molecules to the
rovibrational ground state of X1Σ+.
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Figure 4.2: Scheme (b) for a Raman transfer. The initial state is triplet molecules and the
intermediate state is the Ω = 0+ level of the (1)3Π state. The spin-orbit mixing of the (2)1Σ+

state enables us to couple weakly bound triplet molecules to the rovibrational ground state of
X1Σ+.
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Figure 4.3: Scheme (c) for a Raman transfer. The initial state is singlet molecules and the
intermediate state is the (3)1Σ+ state.

Hereafter we call this scheme as all-singlet scheme.

4.2 The (3)1Σ+ state: Direct potential fit analysis

Previously spectroscopic studies on the (3)1Σ+ state have been carried out for the most abundant
isotopic combination, 39K85Rb [70]. An experimental Rydberg-Klein-Ree (RKR) potential curve
was reported from the potential minimum (∼ 9800 cm−1) up to 10400 cm−1 (energy is given with
respect to the ground atomic threshold 4S + 5S without hyperfine interaction throughout this
chapter) [113,114]. The levels suited for an intermediate state are expected to lie at much higher
energies, 11400–11800 cm−1, than the range covered by the RKR potential. Thus, additional
precision spectroscopy was required for finding the transitions of 41K87Rb molecules. Although
an ionization spectrum taken with a pulsed laser and a depletion spectrum near 11700 cm−1 for
39K87Rb were given in Ref. [70], we did not utilize it for estimating transitions for 41K87Rb with
mass-scaling because there was a large uncertainty in the potential between the RKR curve and
the range studied in Ref. [70].

In this study, we first took an ionization spectrum based on the two-color detection scheme
(section 4.2.1). Guided by the ionization spectrum, we obtained depletion spectra with a CW
laser by monitoring ion counts in a specific vibrational level (section 4.2.2). With the analysis on
the rotational constants, we confirmed that the observed states were definitely the (3)1Σ+ state.
However, for some vibrational levels, near-lying states made the spectrum difficult to assign. We
developed parity-selective spectroscopy which enabled us to observe rotational levels with both
even and odd parities separately (section 4.2.3). In this way, we could ensure that we observed
v′ = 41–50 levels of the (3)1Σ+ state. Another important issue was to determine the binding
energy of the molecules in the ground state (the v′′ = 91 level of X1Σ+) used for spectroscopy
(section 4.2.4). The information on the binding energy of produced molecules is necessary for
determining the energy of the observed levels with respect to the atomic threshold.

As an advanced study, we constructed an accurate potential energy curve of the (3)1Σ+ state
based on the direct potential fit (DPF) analysis, in which an inaccurate potential is modified
such that it reproduces observed spectra. The accuracy of the obtained potential was confirmed
through transition strengths in the following manner. We first formulated the representation
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for saturation broadening of a depletion spectrum (section 4.2.7). The obtained new expression
allowed us to extract transition strengths for each vibrational level. The validity of this formu-
lation was experimentally checked (section 4.2.5). We observed a large variation in transition
strengths among the vibrational levels of the excited states, which we attributed to the varia-
tion in Franck-Condon factors due to a large number of nodes in the wavefunction of weakly
bound molecules. This fact indicates that transition strengths from weakly bound molecules are
good measures of the wavefunctions in the excited states. We confirmed that the observed large
variation in the transitions strengths was well reproduced with a modified potential (section
4.2.6).

4.2.1 Ionization spectroscopy

The two-color ionization spectroscopy in an infrared (IR) range was carried out in the same
manner as Ref. [70]. The photoassociated molecules were first excited by the pulsed dye laser
(LDS867, 840–895 nm) and were immediately ionized with a 532 nm green light for pumping the
dye laser. The green light was delayed by 10 ns with respect to the IR pulse such that reversed
processes (excitation with the green pulse followed by ionization with the IR pulse) and two-
color off-resonant multi-photon processes (simultaneous absorption of the IR pulse and the green
pulse) did not make an excess ion counts. Fig.4.4 shows the obtained ionization spectrum in a
wide range. In order to suppress one-color off-resonant multi-photon ionization (three-photon
for the IR pulse and two-photon for the green pulse), we had to decrease the power to below
60µJ for the IR pulse and to below 40 µJ for the green pulse. As a result, the observed lines in
this range had smaller ion counts than in the orange–red range (Fig.3.15). With a high intensity
of either the IR pulse or the green light, the off-resonant multi-photon ionization yielded a large
offset counts, which surpassed most of the observed spectrum.

Although we could not observe a clear vibration progression in the excited state as re-
ported in Ref. [70], a calculated spectrum showed a good agreement at several vibrational levels
(Fig.4.4(c)). Here the calculated spectrum was obtained from an ab initio potential and was
shifted by a few wavenumbers. For each upper level, we observed a vibrational progression of
the X1Σ+ state (v′′ = 91–93), which was in good agreement with the previous observations in
the orange–red region (Fig.3.15).

4.2.2 Depletion spectroscopy and rotational analysis

The ionization spectroscopy enabled us to estimate resonant frequencies for a specific vibrational
level with an accuracy of several GHz. We scanned the Ti: Sapphire laser (power, ∼100 mW)
at the estimated frequencies while we monitored ion count in the v′′ = 91 level of X1Σ+. The
Ti: Sapphire laser was continuously applied during the photoassociation process. When the
Ti: Sapphire laser was resonant to an excited state, ion counts decreased and a dip appeared
in the spectrum. We call this spectroscopic method for photoassociated molecules as depletion
spectroscopy after its first implementation in Ref. [70]. Due to its simplicity and robustness,
depletion spectroscopy has been frequently used throughout the present study as a powerful tool
for searching transitions.

Fig.4.5 shows a typical depletion spectrum of the (3)1Σ+ state. For understanding on this
spectrum, the diagram of relevant molecular levels is shown in Fig. 4.6. 41K and 87Rb atoms are
first excited to the Ω = 0+, J ′ = 1 level by a photoassociation laser. Due to the even character of
s-wave collision, the excitation to the Ω = 0+ is the most intense for the J = 1 level, which has
odd parity. Subsequent spontaneous decays forms molecules distributed among the v′ = 90–93
levels of X1Σ+ and the v′ = 20–24 levels of a3Σ+. Singlet molecules are rotationally distributed
among the J ′′ = 0, 2 levels which have even parity. With these molecules, we can observe
transitions to the odd-parity rotational levels of the (3)1Σ+ state if the selection rule on J is
satisfied. In this way, we observe three transitions, J ′ = 3 ← J ′′ = 2, J ′ = 1 ← J ′′ = 2, and
J ′ = 1← J ′′ = 0.
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Figure 4.4: Ionization spectrum in the range 11340–11750 cm−1 and calculated line positions.
(a) 11340–11550 cm−1. (b) 11540–11740 cm−1. (c) 11450–11520 cm−1. The observed spectrum
is given in black dots, whereas calculated line positions for the v′′ = 91, v′′ = 92, and V ′′ = 93
levels are given in red, green, and blue lines. Ion counts are limited to approximately 1 due
to the low laser intensity for suppressing off-resonant multi-photon ionization. The observed
spectrum showed a good agreement with a calculated spectrum at several wavenumbers. The
calculated spectrum is obtained with ab initio potential and is shifted by a few wavenumbers.
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state is negligible in the studied range 11400–11800 cm−1 because they are far away from the
studied range.

The entire spectroscopy was carried out for the v′′ = 91 level of X1Σ+, but we also observed
depletion spectra for the v′′ = 90 and v′′ = 93 levels for confirmation. The splitting between
J ′ = 1 ← J ′′ = 2 and J ′ = 1 ← J ′′ = 0 enabled us to extract the rotational constant of
the X1Σ+. Although the dip was not clear, we could obtain rotational constants of 0.0084(2)
cm−1 for the v′′ = 90 level, 0.0076(2) cm−1 for the v′′ = 91 level, and 0.0060(2) cm−1 for the
v′′ = 93 level, where the errors were fitting errors due to the broad spectral width. These values
are in good agreement with calculated values of 0.0085 cm−1, 0.0077 cm−1, and 0.0061 cm−1,
respectively. These agreements indicate the correctness of the assignment to ionization spectra
(section 3.3.2 and 4.2.1). The rotational constant of the v′′ = 91 level is later measured precisely
as 0.0076646(17) cm−1 via SpIDR spectroscopy (section 6.2).

We carried out spectroscopy in the range 11400–11800 cm−1 and observed 10 vibrational
levels (v′ = 41–50) with a spacing of∼40 cm−1. For each vibrational level, we observed rotational
structures similar to Fig. 4.5. These spectra gave us the information on vibrational energies,
rotational constants of both ground and excited states, and transition strengths as obtained
from the spectral widths. For some vibrational levels, ionization spectra were hardly observable
due to the weak power of the pulsed laser. Even in such cases, we could readily find these levels
with depletion spectroscopy by assuming nearly constant vibrational spacing. The regularity of
the (3)1Σ+ state is due to a small perturbation from other electronic states, which is understood
as follows. The (3)1Σ+ state dissociates to the K(4P)+Rb(5S) threshold, to which the (3)1Σ+,
(3)3Σ+, (2)1Π, and (2)3Π states dissociate (Fig.4.7). In general, the largest perturbation in the
states with electronic orbital angular momentum is spin-orbit interaction. For heteronuclear
diatomic molecules, the spin-orbit interaction couples only states with the same dissociation
threshold because the coupling is mediated by an atom in the excited state. Thus, the states
dissociating to K(4P)+Rb(5S) are not coupled with those dissociating to K(4S)+Rb(5P) via
spin-orbit interaction. The (3)1Σ+ state should be coupled only with the (3)3Σ+ or (2)3Π
states, but they are far away by more than 1000 cm−1, which is much larger than the spin-orbit
splitting of the K 4P state (∼58 cm−1). Hence, we can consider the (3)1Σ+ state as a purely
singlet state.

The observed dips in depletion spectra were always smaller than half of the monitored ion
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counts. The dip appeared to be too shallow because the monitored ion counts were much larger
than the sum of the peak height for J ′ = 0 and J ′ = 2. Even if we apply our maximum power
of 500 mW, the depth of the dip did not change significantly. This was not the case when we
took depletion spectra with other lower levels such as v′′ = 90: with a maximum power we
could deplete the dip more deeply. We understood these behaviors as follows. The v′ = 91
level of X1Σ+ has a ∼10 % of triplet component due to the hyperfine mixing of the near-lying
v′′ = 22 level of a3Σ+, which is separated by only ∼0.1 cm−1. As a result, the v′ = 91 level has
a hyperfine structure of the order of 10 MHz (at the moment of this experiment, these values
were not measured one, but were known only from coupled-channel calculations [115]). The
applied laser is not resonant for some hyperfine levels unless the Rabi frequency is larger than
the hyperfine splitting. Since the transition dipole moment between X1Σ+ and (3)1Σ+ is low
(< 1 ea0 [109]) we could obtain Rabi frequency of up to ∼10 MHz in our experiments. Thus,
molecules in some of the hyperfine levels were not efficiently excited. These considerations were
confirmed by exciting molecules to the photoassociation level for measuring the binding energy
(section 4.2.4). Here we could obtain a high Rabi frequency (> 20MHz) and deplete the ion
counts close to zero. In this way, we could indirectly know the existence of hyperfine splitting
in the monitored level although we could not observe any splitting with depletion spectroscopy.

In the first place, we focused on the rotational constants of the excited states. The rotational
constants are of particular interest since they are specific to symmetry (spin multiplicity S and
the projection of the electronic orbital angular momentum along the internuclear axis Λ) and
are useful for identifying the symmetry of the observed levels. The vibrational energies also
become important when we construct an accurate potential which can reproduce experimental
observations (section 4.2.6).

There are five symmetries in the investigated range: (1)3Π, (2)1Σ+, (2)3Σ+, (3)1Σ+, and
(1)1Π. These states have different potential shapes, which result in different sizes of molecules
and different magnitudes of rotational constant. Although experimental potential curves are
not available in most cases, ab initio potentials give us a good estimation on these values.
Therefore, we can identify the symmetry of the observed levels just by comparing observed
and calculated rotational constants. Fig.4.8 shows comparison between observed and calculated
rotational constants. All the observed 10 vibrational levels had rotational constants close to
the calculated values for the (3)1Σ+ state. Thus, we concluded that the observed levels had
definitely a symmetry of (3)1Σ+.

4.2.3 Parity-selective spectroscopy

For some of the observed levels, another states were observed near the (3)1Σ+ state, making the
spectrum difficult to be understood. In order to clearly assign these spectra and derive correct
rotational constants, we developed parity-selective spectroscopy. The basic idea is quite simple:
by changing the rotational levels for photoassociation, we can prepare molecules in different
rotational levels with opposite parity and thereby obtain a spectrum for different rotational levels
of the (3)1Σ+. By comparing the spectra for two different rotational levels, we could definitely
assign the spectra. In the study of the (3)1Σ+ state, spectra taken with a photoassociation level
of J ′ = 2 were compared with the spectra with a photoassociation level of J ′ = 1 (Fig.4.9). Here
we observed four transitions rather than three transitions: J ′ = 4← J ′′ = 3, J ′ = 2← J ′′ = 3,
J ′ = 2 ← J ′′ = 1, and J ′ = 0 ← J ′′ = 1. When we compared these two spectra, we could
definitely extract a rotational constant and assign the observed lines. This method was employed
also for the study on the (2)3Σ+ state, in which it was important to observe both even and odd
parity levels for understanding the spectra.

4.2.4 Measurement of the binding energy

The binding energies of the photoassociated molecules were measured by comparing a photoasso-
ciation spectrum with a depletion spectrum for the photoassociation level. Fig.4.10 shows com-
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parison between a photoassociation spectrum at 12570.13 cm−1 (Ω = 0+) and depletion spectra
for this level. We observed three lines, corresponding to J ′ = 3← J ′′ = 2, J ′ = 1← J ′′ = 2, and
J ′ = 1← J ′′ = 0 just as in the same way as for the (3)1Σ+ because the (3)1Σ+ state in Hund’s
case (a) constitutes the Ω = 0+ state in Hund’s case (c). The measured binding energies of the
J ′′ = 2, v′ = 91 level and the J ′′ = 2, v′ = 93 level with respect to the atomic collision channel
of FK = 1 + FRb = 1 were -12.454(1) cm−1 and -6.084(1) cm−1, respectively. The calculated
binding energies for these levels based on an experimentally obtained potential were -12.4845
cm−1 and -6.0935 cm−1, respectively. The observed errors of ∼900 MHz for the v′ = 91 level
and of ∼ 300 MHz for the v′ = 93 level should be attributed to the hyperfine mixing of the
near-lying levels of a3Σ+.

In this measurement, we found an interesting fact. Fig.4.11 shows depletion spectra taken
with molecules in the v′ = 91 level, which were prepared with different photoassociation levels.
Here the excited state had a symmetry of Ω = 1, which had both even and odd parity levels in
a single rotational line. In addition, the selection rule on J did not hold due to the hyperfine
mixing in the excite state. Thus, we observed four rotational levels in the excited state. The
interesting feature appears in a rotational distribution in the ground state: the population ratio
of J ′′ = 2 and J ′′ = 0 is dependent on the photoassociation level. Although intuitively J ′′ = 2
should dominate because it has a larger number of sublevels, the J ′′ = 0 dominates for some
photoassociation levels. We did not understand this behavior, but it should be explained in terms
of Franck-Condon factors including angular momenta. A similar behavior was also observed for
triplet molecules (section 4.3.1). What we found here is that it is important to take care of
the rotational distribution for further applications such as a STIRAP transfer into other levels
because a coherent transfer can couple only a single level with another single level.

4.2.5 Transition strengths

The analyses on rotational constants gave us clear understanding on the structure of observed
spectra. However, we could not explain the observed spectral widths: they were on the order
of 100 MHz, which were much larger than the expected Rabi frequencies. Further, we found
a large variation in the widths among vibrational levels of the (3)1Σ+. We derived a theory
for giving a relation between the spectral widths of depletion spectra and the Rabi frequencies
(given in the section 4.2.7). According to this theory, the full width at half maximum (FWHM)
2∆ is given by

2∆ ∼ 0.79Ω
√
Γτ (4.1)

where Ω is the Rabi frequency, Γ is the natural linewidth of the excited state, and τ is the dura-
tion of spectroscopy. Roughly speaking, the width increases not only with a high light intensity
but also with a long interaction time. The increase in the width is understood as saturation
broadening, in which a probe light induces considerable excitations. Before using this relation
for further analyses, we first confirmed the validity of this relation by observing the dependences
on both intensity (Fig.4.12) and interaction time (Fig.4.13). When we studied the dependence
on interaction time, the depletion laser was continuously turned on while the photoassociation
laser was turned on for a fixed time. The width shows clear square-root dependences on both
intensity and interaction time, indicating that the obtained relation (4.1) is essentially correct.
However, this relation is expected to be violated when the Rabi frequency is too small or the
width is close to the hyperfine splitting in the ground state. We confirmed that this relation
was true at a width of down to a few tens of MHz.

The relation (4.1) gives a good estimation on the transition strengths. Although it is not
suited for determining the absolute value of the transition strengths due to the factor of

√
Γτ ,

which is not known precisely in general, it enables us to systematically compare transition
strengths obtained in the same experimental setup. In our case, an interaction time was esti-
mated as a few milliseconds from the temperature of the molecules and the beam diameter of
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Figure 4.10: Comparison of a photoassociation spectrum (a) and a depletion spectrum (b) for the
same excited state. The binding energy of weakly bound molecules can be precisely measured by
comparing the difference in wavenumber between a photoassociation spectrum and a depletion
spectrum.
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the depletion laser. The natural width of the (3)1Σ+ state was not precisely known, but it was
estimated as 2π × 300 kHz from an ab initio calculation [109]. In the following discussion, we
derive the Rabi frequency from the observed spectrum by assuming τ = 2 ms, Γ = 2π × 300
kHz, and

√
Γτ = 60.

4.2.6 Constructing an accurate potential: Direct potential fit analysis

The rotational constants extracted from the observed spectra enabled us to identify the sym-
metry (section 4.2.3) and the derivation of the Rabi frequencies gave us understanding on how
the observed spectral widths were determined (section 4.2.5). These analyses raised a question:
was the ab initio potential sufficiently accurate for describing all of the obtained results? The
answer was no. Both analyses showed a signature of the inaccuracy of the ab initio potential.
Fig.4.14 shows the expanded view of a comparison between observed and calculated rotational
constants. The rotational constants become smaller at higher energies because the size of mol-
ecules becomes larger at higher energies. This behavior is found in the observed values, but
they are systematically smaller than calculated values by ∼ 1 %, which are much larger than
errors in fitting. Deviations are also found in transition strengths (Fig.4.15). Observed transi-
tion strengths have a large variation among vibrational levels, which cannot be understood as a
variation in Franck-Condon factors when calculations are carried out with ab initio potential.

We interpreted these deviations as indicating that the ab initio potential was deviated from
the actual one. There are two possible reasons for these deviations. First, the potential min-
imum exceeds the minimum of the RKR curve by 97 cm−1. Second, the outer turning point
is at a shorter internuclear separation than the RKR potential. The observations can not be
attributed to the small change in the vibrational quantum number, which corresponds to the
energy difference between the minima of the RKR and the ab initio potentials.

In order to obtain an accurate potential, we carried out direct potential fit (DPF) analysis,
whereby a potential is iteratively modified until its eigenvalues coincide with those determined
from the experimental spectra [116]. The procedure for the analysis is as follows. With the aid
of the phiFIT program code [117], we first constructed an analytical Extended Morse Oscillator
(EMO) potential of the (3)1Σ+ state on the basis of (1) the RKR curve, (2) a few points from
the inner curve of the ab initio potential, and (3) a few points around 12500 cm−1 from the outer
curve of the ab initio potential. We did not use recently developed potential functions such as
the Morse/Lennard-Jones (MLJ) potential nor the More/Long-range (MLR) potential because
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(3)1Σ+ state. The observed values are systematically smaller than the calculated values by
∼1 %. Errors for observed values are 5×10−5 cm−1, which are mainly due to fitting errors.
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Figure 4.15: Comparison between the observed and calculated Rabi frequencies for the (3)1Σ+

state. No relation is found between the observed and calculated values. The ab initio potential
does not have accuracy sufficient for explaining the variation in transition strengths among
vibrational levels.
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the investigated molecular levels are deeply bound and do not require an accurate description
of the potential near the dissociation limit as obtained with the MLJ and the MLR potentials.
The potential curve of the ground state X1Σ+ was also required for the calculations. We used
an EMO potential fitted to an accurate, experimentally determined potential [108]. Then, the
analytical potential of the (3)1Σ+ state was modified to reproduce our data including both J ′ = 1
and J ′ = 3 levels by using the DPotFit program code [118]. A good convergence was achieved
when we modified the potential significantly by manually moving the points from the ab initio
potential. This procedure was repeated until the eigenvalues of the potential were within 0.05
cm−1 of the observed levels, i.e., only 0.14% of the vibrational level spacing. Here we took care
that both vibrational energies and rotational constants were reproduced with the new potential.
The remaining deviations were presumably due to the incomplete analytical function used to
represent the potential. Table 6.1 lists the final potential parameters. These parameters are
used to represent the potential energy curve in the following form:

V (R) = Vmin +De(1− e−ϕ(R)(R−Re))2

ϕ(R) =

12∑
i=0

ϕiy(R,Re)
i

y(R,Re) =
R3 −R3

e

R3 +R3
e

. (4.2)

Fig. 4.16 shows the RKR potential, ab initio potential and modified potential. With the new
potential, rotational constants are reproduced within 0.3% of the observed values (Table 4.2).
We excluded the v′ = 44 level from the analysis because the characteristics of this level are
anomalous; a much larger transition strength, a much smaller rotational constant, and a much
larger deviation in a vibrational energy are observed at this level. These features indicate that
this level is coupled to the (2)1Σ+ state which is observed at ∼1 cm−1 above the v′ = 44 level.

The most important implication of this analysis is that the variation in the transition
strengths with respect to the vibrational levels of the excited state can be accurately explained
on the basis of the new potential. Fig. 4.17 shows a plot of the Rabi frequencies derived from
the observed spectra against those calculated from the corrected potential.

The calculated values are calibrated on the basis of our recent measurement of the transition
dipole moment between (3)1Σ+, v′ = 41 and X1Σ+, v′′ = 91, 0.035(2)ea0, determined via the
dark resonance spectroscopy of the rovibrational ground-state molecules (see section 6.3).

Weakly bound molecules have more than 90 nodes in their wavefunction; hence, the Franck-
Condon factors are highly dependent on the wavefunction of the excited state (Fig.4.18). We
can consider the Franck-Condon factors as a kind of interferometer between two wavefunctions
of ground and excited states, which shows the accuracy of wavefunctions. Our results show that

Table 4.1: Parameters for EMO potential obtained via DPF analysis of the observed spectra.
The units are cm−1 for Vmin and De, Å for Re, and Å−1 for ϕi.

Parameter Value Parameter Value

Vmin 9777.6963 ϕ5 -0.804673587
De 3246.0363 ϕ6 3.00474008
Re 5.25904119 ϕ7 11.3877324
ϕ0 0.449794066 ϕ8 -2.140717462
ϕ1 0.200265883 ϕ9 -39.73110586
ϕ2 0.406840126 ϕ10 -17.01400311
ϕ3 0.207884795 ϕ11 50.93279647
ϕ4 -0.476349301 ϕ12 44.83137419
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Table 4.2: Comparison between observed, ab initio, and modified values for vibrational energies
(E) and rotational constants (B). ∆Eab and ∆Bab denote the differences between the observed
values and ab initio values, whereas ∆Emod and ∆Bmod denote those between the observed
values and the modified values. Vibrational energies are for the energy levels of the J ′ = 1 level.
Error bars in vibrational energies are 2× 10−3 cm−1, whereas those in rotational constants are
5 × 10−5 cm−1. Observed vibrational energies are reproduced within 5 × 10−2 cm−1, whereas
observed rotational constants are reproduced within 7×10−5 cm−1. The vibrational numbering
for ab initio values is shifted by 2 because the potential minimum lies below that of the correct
potential.

v′ E (cm−1) B (10−2cm−1)
Obs. ∆Eab. ∆Emod(×10−3) Obs. ∆Bab(×10−2) ∆Bmod(×10−3)

41 11428.965 -1.5 2.5 2.067 1.9 -7.0
42 11466.644 -1.6 29.9 2.056 2.3 -1.7
43 11504.193 -1.8 42.6 2.05 2.4 -1.5
44 11541.484 -1.9 164.2 1.99 7.8 52.6
45 11578.919 -2.2 -11.4 2.038 2.4 -1.5
46 11616.036 -2.4 -28.0 2.037 1.8 -6.8
47 11652.982 -2.6 -37.3 2.027 2.2 -3.2
48 11689.751 -2.7 -37.5 2.017 2.5 0.3
49 11726.308 -2.7 1.2 2.008 2.9 2.5
50 11762.685 -2.7 43.0 2.005 2.5 -1.4
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Figure 4.16: Potential energy curves of (3)1Σ+ state. The modified potential obtained in the
present study is compared with the ab initio potential and the experimental RKR potential.
The shaded area denotes the region where depletion spectra were obtained.
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accuracies of 0.14% in vibrational level spacings and 0.3% in rotational constants are sufficient
to predict the Franck-Condon factors from weakly bound levels; these values are justified by
considering the typical size of nodes in the radial wavefunction. On one hand, the weakly bound
level v′′ = 91 in the ground state X1Σ+ has an outer turning point of ∼10 Å and an inner
turning point of ∼2Å in the internuclear distance. Within these two points, there are 91 nodes;
hence each node has a typical size of ∼0.1Å. Therefore, the required accuracy for representing
the wavefunction is ∼10−2Å. On the other hand, in the present analysis, an accuracy of ∼0.3%
in rotational constants or ∼0.15% in internuclear distance is obtained for the (3)1Σ+ state
because the relation between the rotational constant B and the internuclear distance R is given
by B ∝ R−2. Assuming the typical size of molecules in the v′ = 41–50 levels of (3)1Σ+ as
6Å, we can derive the accuracy of the modified potential in the radial direction as ∼10−2Å;
this value is in good agreement with the required accuracy for representing the weakly bound
level. Note that the hyperfine mixing of the a3Σ+ state in the v′′ = 91 level of X1Σ+ is almost
negligible in the present consideration. This is because the mixing decreases the magnitude of the
singlet wavefunction by only 10 % and does not change the shape of the singlet wavefunction
significantly. The expected errors due to the hyperfine mixing are thus within 10 % in the
Rabi frequency, which are smaller than the typical fitting errors for the spectral widths. The
potential presented herein can enable an accurate prediction for other isotopic combinations of
KRb. Further, the present method for achieving an accurate potential and verifying its accuracy
can be extended to other molecular states that exhibit significant spin-orbit mixing by evaluating
eigenvalues via coupled channel calculations including spin-orbit interaction.

The accurate potential enables us to predict the best intermediate for a STIRAP transfer.
Fig.4.19 shows the Franck-Condon factors between the (3)1Σ+ state and the X1Σ+ state. The
Franck-Condon factors for the least bound level are obtained by a coupled-channel calculation
[115]. From this plot, we identified the best intermediate state as the v′ = 41 level, which has
large wavefunction overlaps with both the weakly bound level and the lowest rovibrational level.
The wavelengths for the Raman transition are 875 nm for the upward transition and 641 nm for
the downward transition. Another levels such as the v′ = 38 level and the v′ = 43 level are also
expected to be good candidates for the intermediate state.

4.2.7 Theoretical consideration on the saturation broadening in depletion
spectroscopy

We consider a general situation, as shown in Fig. 4.20, and we assume that radiative transitions
occur much faster than the time variation of the population in each molecular level because of
the photoassociative creation of molecules. We first consider the evolution of the population in
the ground and excited states of a single molecule. The optical Bloch equation for this system
can be written as

ds

dt
= −(Γ2 − Γ1)

s− w

2
dw

dt
= (Γ2 + Γ1)

s− w

2
− 2ΩIm(ρ̃eg)

ρ̃eg
dt

= −(Γ2

2
− i∆)ρ̃eg +

i

2
wΩ

ρ̃eg ≡ ρege
−i∆t (4.3)

where s = ρgg+ρee, w = ρgg−ρee, and |e > and |g > denote an excited state and a weakly bound
level, respectively. ∆ and Ω denote the detuning frequency and the Rabi frequency, respectively.
The decay rates from the excited state to the initial weakly bound level and to other levels are
given by Γ1 and Γ2, respectively. The photoassociation rate is denoted by APA. The width is
much larger than the Rabi frequency in the experiment; hence, we can assume that the time
evolution of s and w is much slower than that of ρ̃eg. Thus, we can set dρ̃eg/dt = 0 and obtain
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Figure 4.20: Energy levels relevant to the depletion spectroscopy of photoassociated molecules.
Weakly bound molecules are formed at a rate of APA. A laser having Rabi frequency of Ω detuned
from the resonance by ∆ excites ground state molecules. Excited molecules spontaneously decay
to the initial level and other levels at rates of Γ1 and Γ2 − Γ1, respectively. We mainly consider
a situation where Γ2 > Γ1 is satisfied.
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the following expression for ρ̃eg:

ρ̃eg =
iΩw

Γ2 − 2i∆
(4.4)

Substituting Eq.(4.4) in Eqs.(4.3), we obtain alternative equations for s and w as

ds

dt
= −(Γ2 − Γ1)

s− w

2
dw

dt
= (Γ2 + Γ1)

s− w

2
− 2Ω2Γ2w

Γ2
2 + 4∆2

(4.5)

Here, we assume that the time taken by the mean value of the population ratio w/s to attain
a constant value z after is greater than the typical time for radiative transitions. By using the
relation w = zs, Eqs.(4.5) give following equations:

ds

dt
= −(Γ2 − Γ1)

1− z

2
s

z
ds

dt
= (Γ2 + Γ1)

1− z

2
s− 2Ω2Γ2

Γ2
2 + 4∆2

zs

(4.6)

Substituting the first equation in the second equation, we obtain a time-independent equation
for z:

(1− z) [Γ2(1 + z) + Γ1(1− z)] =
4Ω2Γ2

Γ2
2 + 4∆2

z (4.7)

This equation is readily solved, and it gives the following expression for z.

z =

√
(1 + k2)Γ2

2 + 2Γ1Γ2k − (kΓ2 + Γ1)

Γ2 − Γ1

k =
2Ω2

Γ2
2 + 4∆2

(4.8)

This expression is used in the following discussion. Next, we derive rate equations for the
population in the ground and excited molecular levels for the number of molecules:

dN

dt
= APA − (Γ2 − Γ1)Ne

Ne =
1− z

2
N

Ng =
1 + z

2
N (4.9)

where Ng and Ne denote the number of molecules in the ground and excited states, respectively,
and N = Ng +Ne is the total number of molecules. In these rate equations, a typical timescale
is of the order of 1 ms, and it is governed by APA. This is much longer than the typical timescale
for radiative transitions in most cases (≤1 µs). The time evolution of Ng is given by

dNg

dt
=

1 + z

2
APA −

1− z

2
(Γ2 − Γ1)Ng (4.10)

Thus, the solution for Ng is given by

Ng(τ) =
APA

Γ2 − Γ1

1 + z

1− z

(
1− exp

[
−1− z

2
(Γ2 − Γ1)τ

])
. (4.11)
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This expression gives the line shape of a depletion spectrum for an interaction time τ . Assuming
(Γ2 − Γ1)τ ≫ 1, Eq.(4.11) gives

Ng(τ)→
APA

Γ2 − Γ1
(4.12)

on resonance (∆ = 0 and w → 0), whereas Ng at an infinite detuning (∆ → ∞ and w → 1) is
given as

Ng(τ)→ APAτ (4.13)

Ng at an infinite detuning is much larger than Ng on resonance. Thus, the width of the spectrum
is determined by finding w such that it satisfies

Ng(τ) =
1

2
APAτ. (4.14)

Substituting Eq.(4.11) in Eq.(4.14) and rewriting the equation with a new variable x ≡ 1− z(≪
1), we obtain the following equation:

2

x

(
1− exp

[
−x

2
(Γ2 − Γ1)τ

])
=

Γ2 − Γ1

2
τ (4.15)

An analytical solution of this equation is given by

x =
4 + 2W(−2/e2)

(Γ2 − Γ1)τ

=
1

(Γ2 − Γ1)τ
× 3.18724... (4.16)

where W is the Lambert W function. Thus, the parameter k in Eqs.(4.8) is given by

k =
3.18724(1− 1.59362/Γ2τ)

(Γ2 − Γ1)τ − 3.18724
(4.17)

Assuming (Γ2 − Γ1)τ ≫ 1, we obtain the following expression for the FWHM:

2∆ ≈ 0.79Ω
√

(Γ2 − Γ1)τ (4.18)

When decays from the excited state to the initial state are negligible (Γ2 ≫ Γ1), we obtain a
simple relation (4.1). It is difficult to evaluate the numerical factor

√
Γτ precisely; therefore, the

width of a depletion spectrum cannot serve as an accurate measure of the transition strength.
However, the expression (4.1) enables us to systematically compare transition strengths for
different vibrational levels.

4.3 The (2)3Σ+ state: Rotational and hyperfine analysis

Previously, the RKR potential of the (2)3Σ+ state of KRb was reported only for low vibrational
levels (v′ = 0–13) in the range 9300–9900 cm−1 [119]. There have been no spectroscopic studies
in the range 10800–11500 cm−1 where the highest transition strength to the rovibrational ground
state is expected [115,120].

In this study, we carried out depletion spectroscopy for photoassociated 41K87Rb molecules
in the range 10920–11440 cm−1. The basic concept of the depletion spectroscopy of the (2)3Σ+

state is identical to the study for the (3)1Σ+: a CW laser is applied to weakly bound triplet
molecules prepared via photoassociation. The resonances are detected as dips in the monitored
ion counts. However, observed spectra were much more complicated and difficult to understand
than those of singlet states. We first studied the structure of the ground-state triplet molecules,
which included large hyperfine structures (section 4.3.1). By scanning the Ti: Sapphire laser over
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a wide range, we found 17 vibrational levels with depletion spectroscopy for triplet molecules
(section 4.3.2).

In the study for the (2)3Σ+ state, it is imperative to identify the J ′ = 1 level of the Ω = 1
manifold in the observed spectra since only this level can be couple with the rovibrational ground
state. Another important issue is to take care not to be confused with the other triplet state,
(1)3Π, which can be distinguished from the (2)3Σ+ state by the difference in rotational constants
and in transition strengths: the (1)3Π state has larger rotational constants and smaller tran-
sition dipole moments [109]. For an appropriate assignment, we employed the parity-selective
spectroscopy introduced in the study of singlet states (section 4.3.3). The parity-selective spec-
troscopy allowed us to assign the observed spectra definitely. We fit the spectra with a simple
analytical model and obtained spectroscopic constants for expressing the spectra. By compar-
ing the obtained rotational constants with those calculated from ab initio potential, we could
confirm that observed states had a symmetry of (2)3Σ+ (section 4.3.4).

As an advanced study, we investigated the hyperfine structures observed in the low J ′ levels
of the Ω = 1 manifold (section 4.3.5). A simple theoretical model was introduced, which can
clearly understand the observed structures as hyperfine interaction between electronic spin and
the nuclear spin of 87Rb (the Fermi contact interaction). Further, we studied the hyperfine
structures of the (2)3Σ+ state with SpIDR spectroscopy, whose detail will be introduced in
the section 6.2. The precision spectrum with SpIDR spectroscopy enabled us to observe the
hyperfine structure arising from the nuclear spin of 41K, which has a much smaller nuclear
dipole moment than 87Rb. The theoretical framework required in the study for the (2)3Σ+ state
is given in the section 4.3.7.

4.3.1 Triplet molecules in the ground state

In the present study, photoassociated triplet molecules are ionized by a pulsed laser in the
red region (16100–16400 cm−1). The ionization spectrum in this range (Fig.3.17) appears to
indicate that the v′′ = 22 level is the most abundant and is suited as an initial state for depletion
spectroscopy. However, instead of the v′′ = 22 level or the v′′ = 23 level, we used the v′′ = 21
level in the present study for the following two reasons. First, the pulsed laser for ionizing
the triplet molecules in the v′′ = 22 level to the (4)3Σ+ also ionizes singlet molecules in the
v′′ = 91 level of X1Σ+ to the (4)3Σ+ state. We found this anomalous behavior in the depletion
spectroscopy for the (3)1Σ+ state. Fig.4.21 shows a comparison of the depletion spectra for
the v′′ = 91 level of X1Σ+ and for the v′′ = 22 level of a3Σ+. We observed dips at the same
wavenumbers, but with half depths, indicating that approximately half of the ion counts for
monitoring the v′′ = 22 level of a3Σ+ arises from the v′′ = 91 level of X1Σ+. The v′′ = 22 level
of a3Σ+ lies just below the v′′ = 91 level of X1Σ+ by 0.07 cm−1, which is roughly the same as
the linewidth of the pulsed laser. In addition, the v′′ = 91 level has a 10 % of triplet component
due to the coincidental proximity of the v′′ = 22 level of a3Σ+. Hence, the singlet molecules
in the v′′ = 91 level are readily ionized to the triplet excited state, (4)3Σ+. In order to ensure
that we observe transitions from triplet molecule, we decided not to use the v′′ = 22 level. Note
that the opposite process, in which triplet molecules are ionized to a singlet excited state, is
suppressed. The v′′ = 22 level splits into three hyperfine manifolds separated by ∼0.2 cm−1.
The uppermost manifold is the most close to the v′′ = 91 level of X1Σ+, but it includes a very
small fraction of singlet component (Fig.3.18). The singlet component is dominantly included
in the lower manifold, which are separated by more than 0.2 cm−1 from the v′′ = 91 level of
X1Σ+. Thus, this problem did not arise in the study for the (3)1Σ+ state in the section 4.2.

The second reason why we selected the v′′ = 21 level for the present study is also related to
the hyperfine structure. For observing a clear depletion spectrum, the initial state should not be
distributed over a large number of rotational and hyperfine levels. Although we also attempted
to observe a depletion spectrum for the v′′ = 23 level of a3Σ+, the spectrum was distributed over
multiple levels and was hard to locate peaks. In general, hyperfine mixing is more significant
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Figure 4.21: Comparison of the depletion spectra obtained with the v′′ = 91 level of X1Σ+ and
the v′′ = 22 level of a3Σ+. The singlet molecules are detected at 16543 cm−1 whereas triplet
molecules are detected at 16232 cm−1. The excited state is the v′ = 48 level of (3)1Σ+. The
same structure appears at the exactly same wavenumber, indicating that a part of the ion counts
in the v′′ = 22 level of a3Σ+ is composed of singlet molecules in the v′′ = 91 level.

for more weakly bound levels. In this point of view, we should take a depletion spectrum with
deeply bound molecules. For these reasons, we decided to use the v′′ = 21 level of a3Σ+ as an
initial state for the present study.

The three hyperfine manifolds in the v′′ = 21 level were experimentally observed via depletion
spectroscopy. We found that the distribution among the hyperfine manifolds was dependent on
photoassociation levels although we do not have a good explanation on this behavior. Fig.4.22
shows a comparison of depletion spectra taken with different photoassociation levels. The shift
in the spectra indicates the hyperfine structures in the v′′ = 21 level. These three levels can
be labeled with T ′′ = IRb + S as T ′ = 5/2, 3/2, and 1/2. Here we neglect coupling between
a rotational angular momentum and the other angular momenta because the rotational energy
of weakly bound molecules (∼0.02 cm−1) is much smaller than the hyperfine splitting of 87Rb
(> 0.2 cm−1). Hence, the rotational number of these levels is labeled by N ′′ = R′′ + L′′ (see
section 4.3.5 for further discussions on how we determined the labeling). The observed splitting
between T ′ = 5/2 and T ′ = 3/2 was 0.134(1) cm−1 and the splitting between T ′ = 3/2 and
T ′ = 1/2 was 0.092(1) cm−1. The errors are fitting errors due to the broad spectral width.
These values are in good agreement with a coupled channel calculation which gives ∼0.13 cm−1

and ∼0.1 cm−1 for each separation, respectively. The small hyperfine splitting induced by the
nuclear spin of 41K is expected to be of the order of 10 MHz and is not resolved in depletion
spectra. Thus, the observed dips in the depletion spectra presented in this chapter should be
interpreted as those integrated over the small hyperfine structure. The hyperfine structure due
to the nuclear spin of 41K will be clearly resolved with newly developed SpIDR spectroscopy in
the section 4.3.5.

For the present study, we used the T ′′ = 5/2, N ′′ = 2, v′′ = 21 level of a3Σ+ as an initial
state since only this level could be prepared without distributing over multiple hyperfine levels.
The other two levels, T ′′ = 3/2 and T ′′ = 1/2, were always accompanied with each other and
were not suited for investigating the structure of the excited states. The binding energy of
the T ′′ = 3/2, N ′′ = 2, v′′ = 21 level was determined to be -16.478(1) cm−1 with respect to
the atomic threshold FK=1+FRb=1 by comparing a photoassociation spectrum and a depletion
spectrum for the photoassociation level (Fig.4.23). In this depletion spectrum, molecules were
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Figure 4.22: Depletion spectra taken with different photoassociation levels. The distribution
among the hyperfine structures is dependent on photoassociation levels. The rotational number
of the photoassociation levels are all J ′ = 1.

formed via the photoassociation level at 12572.10 cm−1 and were mainly in the T ′′ = 3/2 level.
We observed four transitions to the J ′ = 1–4 levels because the selection rule is not governed by
J = L+R+S but by T = J+IRb, which includes the nuclear spin of 87Rb (further discussions
will be given in the section 4.3.5). The obtained binding energy is in reasonable agreement with
a calculation for the v′′ = 21, N ′′ = 2 level without hyperfine structures, which gives -16.4404
cm−1. By subtracting the energy difference in the T ′′ = 3/2 level and the T ′′ = 5/2 level, we
determined the binding energy of the T ′′ = 5/2, N ′′ = 2 level to be -16.344(1) cm−1.

4.3.2 Depletion spectroscopy with triplet molecules

The depletion spectroscopy was carried out by scanning the Ti: Sapphire laser over a wide range
(∼10 cm−1 for finding a single vibrational level). Although we had an ionization spectrum in
the range 11350–11750 cm−1 obtained in the study for the (3)1Σ+, it was difficult to identify the
(2)3Σ+ in the ionization spectrum: we could not find a clear signature of the vibrational pro-
gressions in both the a3Σ+ and the (2)3Σ+ states. We guess that this is because the vibrational
spacing of the (2)3Σ+ state is not constant due to strong spin-orbit mixing. With a high power
(∼100 mW), we coincidently found strong transitions at ∼11657 cm−1, for which the spectral
width of each rotational line was broadened to a few GHz due to the large transition dipole mo-
ment between a3Σ+ and (2)3Σ+ (∼5 ea0 [109]). Fig.4.24 shows a typical broadened spectrum.
The broadening was a good measure for distinguishing the (2)3Σ+ state and the (1)3Π state
because the transition dipole moment between the a3Σ+ state and the (1)3Π state is ∼1 ea0.
We searched for lower vibrational levels one by one down to 10920 cm−1 assuming a vibrational
spacing of ∼30 cm−1, which is predicted with an ab initio potential. For some vibrational levels,
we had to scan for more than 10 cm−1. The vibrational progression was quite irregular at a
higher energy than 11500 cm−1. In the following studies, we focused on the vibrational levels of
v′ = 39–55 in the range 10920–11440 cm−1 which is expected to have a large transition dipole
moment with the rovibrational ground state.
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Figure 4.23: Comparison between a photoassociation spectrum and a depletion spectrum for
the same level. The initial state for the depletion spectrum is mainly in the T ′′ = 3/2 level. The
small dips appearing in the left side of the principal dips arise from the T ′′ = 1/2 level.
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broadened to a few GHz. This broadening is a good measure of observing the (2)3Σ+ state
rather than (1)3Π.
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In this study, it is also imperative to distinguish between the Ω = 0 state and the Ω = 1
state. Roughly speaking, a single vibrational level of the (2)3Σ+ splits into the two states, Ω = 1
and Ω = 0, due to spin-orbit interaction. In the early stage of this study, we could not definitely
identify these two states because of the lack of the knowledge on the rotational structures of
these states. Although later we could assign the rotational structure, what we found at this point
was a set of manifolds including several lines, which we considered as Ω = 1 and Ω = 0. The
separation between these two states was between 0.5 and 8 cm−1, which was strongly dependent
on vibrational levels. For some vibrational levels, either one was not found because of the large
separation. The two manifolds are shown in Fig.4.22. Understanding on these structures will
be discussed in detail in the section 4.3.4.

4.3.3 Parity-selective spectroscopy with singlet molecules

The observations of more than 20 vibrational levels with an expected broad width and a vi-
brational spacing of 20–35 cm−1 appeared to indicate that these states were the (2)3Σ+ state.
However, it was necessary to extract rotational constants for definitely identifying the symme-
try. The extraction of a rotational constant from the observed spectra was not as easy as the
study for the (3)1Σ+ state because there were much more lines, which should be understood by
fitting with an analytical formula. We had four questions at this point. First, there are four
principal lines in the left state in Fig.4.22. This number is larger than expected with an ordinary
molecular transition because the selection rule on J should allow only three transitions. Second,
there should be some missing lines in the right manifold in Fig.4.22 if we assume an ordinary
J(J + 1) progression and a typical rotational constant of 0.02–0.03 cm−1. The ratio of two
separations among the three lines is ∼2.1, implying that J ′ = 0, 2, 4 are observed and J ′ = 1, 3
are missing. We were not sure that we could assume missing lines without observing them.
Third, a small splitting was observed in the leftmost line of the left manifold in Fig.4.22. The
splitting is almost the same as expected rotational constants and is too small to be understood
as rotational splitting. These questions made it difficult to assign the observed structures.

In order to clarify what we observed, we employed parity-selective spectroscopy, in which
depletion spectra for different rotational levels are obtained with molecules in a different ro-
tational level (section 4.2.3). Just by changing the rotational level for photoassociation, we
could observe missing lines in the study for the (3)1Σ+ (section 4.2.3). We first attempted to
implement this spectroscopy with triplet molecules by using a different rotational level (J ′ = 2)
for photoassociation. However, we obtained an unclear spectrum with a large number of small
peaks, which were difficult to locate. Our guess for this behavior is as follows. The change in
the rotational level for photoassociation does not change the rotational level of the ground state,
but changes the distribution over the hyperfine levels of the ground state. The selection rule on
J does not hold for triplet molecules due to the strong hyperfine interaction.

Here we focused on the v′′ = 91 level of X1Σ+, which has a 10% of triplet component due
to the hyperfine mixing of the v′′ = 22 level of a3Σ+. The singlet molecules are ideal for the
spectroscopy of excited states because they have a definite parity and a small hyperfine structure.
In principle, 10 times larger power than for triplet molecules is expected to be enough to excite
these molecules to the (2)3Σ+ state. Fig.4.25 shows a comparison of depletion spectra taken
with triplet molecules in the v′′ = 21 level and singlet molecules in the v′′ = 91 level. Here the
singlet spectrum is shifted by +3.89 cm−1, which corresponds to the difference in binding energy
between these two levels. The spectrum for singlet molecules was obtained with a 10 times larger
power (100 mW) than that for triplet molecules. The fact that nearly identical spectra were
observed with the different initial states indicates that singlet molecules can be used for the
spectroscopy of the (2)3Σ+ state. In addition, there is another important implication that the
triplet molecules have the same parity as the singlet molecules in the J ′′ = 2, v′′ = 91 level. In
this way, we could determine the parity of the triplet molecules to be even.

With singlet molecules, the parity-selective spectroscopy was quite successful. Fig.4.26 shows
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Figure 4.25: Comparison of depletion spectra taken with triplet molecules in the v′′ = 21 level
and singlet molecules in the v′′ = 91 level. The spectrum for singlet molecules is shifted by
+3.89 cm−1, which is a difference in binding energy between the singlet level and the triplet
level.

the comparison of two depletion spectra obtained with different rotational levels (J ′ = 0 and
J ′ = 1) for photoassociation. The photoassociation with the J ′ = 1 level yields molecules in
the J ′′ = 2 level with even parity, whereas the photoassociation with the J ′ = 0 level yields
molecules in the J ′′ = 1 level with odd parity. The spectrum with the photoassociation level of
J ′ = 0 is shifted by 0.0307 cm−1, which corresponds to the energy difference between the J ′′ = 1
level and the J ′′ = 2 level.

The parity-selective spectroscopy enabled us to observe all possible levels. The previously
missing lines were also observed. We obtain five important implications from this figure. First,
the excited state has a definite parity as in the ground state. The upper line indicates levels
with odd parity and the lower line indicates levels with even parity. Second, the rotational
structure of the left manifold is labeled as J ′ = 0, 2, 4 for the even levels and J ′ = 1, 3, 5 for
the odd levels. Third, the right manifold has nearly degenerate two levels in each rotational
level, although the separation between these levels becomes larger at a higher rotational level.
Assuming an ordinary J(J+1) progression, we can label these rotational levels as J ′ = 1, 2, 3, 4.
Fourth the left manifold corresponds to the Ω = 0− state since it begins with J ′ = 0 and has
a parity of (−1)J+1. By contrast, the right manifold is the Ω = 1 state since it begins with
J ′ = 1. Fifth, the fine structures observed in the J ′′ = 1, 2 levels of Ω = 1 are not associated to
rotational progression, but is associated to another kinds of interaction. Later we will discuss
these structures in detail (section 4.3.5).

The parity-selective spectra with singlet molecules were obtained for approximately half
of the vibrational levels found in the section 4.3.2; once we found how we should assign the
spectra, we did not require taking the same spectra as obtained with triplet molecules. For
some vibrational levels of the (2)3Σ+ state, the other states were coincidently found near the
(2)3Σ+ state. Fig.4.27 shows the (2)1Σ+ state found between the Ω = 1 state and the Ω = 0
state of the (2)3Σ+ state. In this case, the selection rule is the same as the study for the (3)1Σ+

state. Hence, we observed only two transitions, J ′ = 1 ← J ′′ = 2 and J ′ = 3 ← J ′′ = 2 for
the odd spectrum and J ′ = 2 ← J ′′ = 1 and J ′ = 0 ← J ′′ = 1 for the even spectrum. The
derived rotational constant of the (2)1Σ+ state was close to the ab initio value for the level near
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Figure 4.26: Parity-selective spectroscopy for the (2)3Σ+ state obtained with singlet molecules
in the J ′′ = 1, v′′ = 91 level. For comparison, the spectrum taken with singlet molecules in
the J ′′ = 2, v′′ = 91 level is also given. Previously missing lines are clearly observed just by
changing the rotational state of the photoassociation level.

11189 cm−1, but that for the level near 11090 cm−1 was largely deviated from the ab initio
value. These observations indicate that the former level has a strong (2)1Σ+ character, whereas
the latter level has a strong (1)3Π character due to spin-orbit mixing. For the latter case, the
labeling of the state should be Ω = 0+ instead of (2)1Σ+.

Fig.4.28 shows the Ω = 1 state of the (1)3Π state found near the (2)3Σ+ state. Although the
rotational structure of the (1)3Π state is similar to that of the Ω = 1 state of the (2)3Σ+ state,
the structure spreads over ∼0.5 cm−1, which is larger than the typical value of 0.4 cm−1 for the
(2)3Σ+ state. This is because the (1)3Π state has larger rotational constants (∼0.025 cm−1) than
the (2)3Σ+ state (∼0.019 cm−1). Similarly, we found that the left manifold in the Fig.4.27(b)
is not the (2)3Σ+ state but the (1)3Π state because it has a larger rotational structure than the
(2)3Σ+ state.

4.3.4 Understanding observed spectra with a three-level model

The parity-selective spectroscopy enabled us to definitely assign the observed rotational struc-
tures. The important information obtained from the rotational structures is rotational constants,
which are dependent on symmetries and vibrational levels. In the study on the (3)1Σ+ state,
rotational constants were readily obtained just by dividing the separation between the J ′ = 3
peak and the J ′ = 1 peak by 10. However, the observed spectra for the (2)3Σ+ include numerous
peaks, which make it difficult to extract rotational constants in a simple manner.

For extracting a rotational constant from a spectrum for a single vibrational level, which
includes the rotational structures of both the Ω = 1 state and the Ω = 0 state, we employed a
three-level model for a 3Σ+ molecule [121, 122], which is briefly given in the section 4.3.7. We
omitted the centrifugal distortion term −Dv′R

4 in the present study because it gives a much
smaller correction for low J ′ levels than the rotational energy BJ2. The procedure for obtaining
rotational constants is as follows. First, the peaks included in the depletion spectra for both
triplet molecules and singlet molecules are extracted by fitting with a Lorentzian function. Then
these peaks are further fitted with the formula in the three-level model (4.22), which has fitting
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Figure 4.27: The (2)1Σ+ state observed between the two manifolds of the (2)3Σ+ state, Ω = 0
and Ω = 1. (a) At approximately 11189 cm−1 near the v′ = 47 level of (2)3Σ+. (b) At
approximately 11090 cm−1 near the v′ = 44 level of (2)3Σ+. The rotational constants for these
levels are 0.0196(1) cm−1 and 0.0229(1) cm−1, respectively.
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Figure 4.28: The (1)3Π state observed near the (2)3Σ+ state. The three manifolds indicate
Ω = 0 of (2)3Σ+, Ω = 1 of (2)3Σ+, and Ω = 1 of (1)3Π from left to right, respectively.

parameters of electronic energy E, separation between Ω = 0 and Ω = 1 λ, rotational constant
B, and spin-rotation coupling γ. Table 4.3 tabulates the fitting parameters obtained in the
present analysis. Fig.4.29 shows examples of the fitted spectra for different vibrational levels.
In general, there are two types of spectra depending on the sign of λ. These two spectra are
equally well understood with the three-level model.

Here we can systematically compare the rotational constants extracted from the observed
spectra with those obtained from ab initio potentials (Fig.4.30). Most of the observed values
were close to the calculated values for the (2)3Σ+ state, indicating that observed states has
a dominant character of (2)3Σ+. The deviations from the calculated values are interpreted
as a spin-orbit mixing of the (1)3Π state into the (2)3Σ+ state. The spin-orbit interaction in
deeply bound KRb molecular states dissociating to the 4S+5P threshold is ∼100 cm−1, which
is larger than the typical spacing between two vibrational levels of the (2)3Σ+ state and the
(1)3Π state (a few tens of cm−1). As a result, the (2)3Σ+ state and the (1)3Π state are strongly
coupled with each other. For some vibrational levels, the spin-orbit coupling results in a nearly
equal admixture of the (2)3Σ+ state and the (1)3Π state, thereby making it difficult to define a
dominant symmetry in Hund’s case (a). In this study, we assigned symmetries in Hund’s case (a)
to the observed levels and introduced spin-orbit interaction as a perturbation which splits each
level. However, some levels are not well described with this description because this description
is accurate in the limit of weak spin-orbit interaction. When spin-orbit interaction is larger than
electronic interaction, molecular states should be labeled only with Ω (Hund’s case (c)) [123].
Here we can consider that potentials in Hund’s case (a) are coupled by spin-orbit interaction
to form new potentials in Hund’s case (c). KRb can be considered to be in between these two
limits. Thus, the observed rotational constants are in some cases largely deviated from those for
the (2)3Σ+ state. The observed values are always between the calculated values for the (2)3Σ+

state and the (1)3Π state. This fact indicates that the deviations should be interpreted as the
amount of the (1)3Π state in the observed states. The periodic behavior in the observed values
can be understood from the difference in the vibrational spacing of the (2)3Σ+ and the (1)1Π
state: these states become close with an approximately 120 cm−1 spacing since the (2)3Σ+ state
has a spacing of ∼ 30 cm−1 while the (1)3Π state has a spacing of ∼ 40 cm−1.

In these discussions, we do not have to take into account the (1)1Π state, which is also
included in the Ω = 1 state via spin-orbit interaction, because the spin-orbit mixing of the
(1)1Π state into the (2)3Σ+ state is known to be smaller than a few % in this region [115,120].
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Figure 4.29: Depletion spectra of the (2)3Σ+ state taken with molecules in the v′′ = 91 level of
X1Σ+ and fitting to the spectra based on a three level model. (a) The spectrum for the v′ = 41
level. The Ω = 1 state lies above the Ω = 0 state. (b) The spectrum for the v′ = 48 level. The
Ω = 1 state lies below the Ω = 0 state. The red upper line indicates the spectrum taken with
molecules in the J ′′ = 2 level and shows molecular levels with an odd parity. The blue lower
line indicates the spectrum taken with molecules in the J ′′ = 1 level and shows molecular levels
with an even parity. The odd parity levels are shown in red lines while the even parity levels
are shown in blue lines. The spectrum taken with the J ′′ = 1 level is shifted by 0.03069 cm−1

which is 4 times the rotational constant of the v′′ = 91 level..
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Figure 4.30: Comparison between rotational constants calculated from an ab initio potential
and those extracted from observed spectra. Observed values are close to the ab initio values of
the (2)3Σ+, which shows the strong (2)3Σ+ character of observed states. The deviations from
the ab initio values indicate spin-orbit mixing of the (1)3Π state.

4.3.5 Hyperfine structures

Fitting based on the three level model gave us a systematic understanding on the observed
spectra, indicating that the observed states are dominated by the (2)3Σ+ state. However, we
observed significant deviations from the three level model in the low-J ′ (J ′ < 3) levels of the
Ω = 1 manifold for all vibrational levels. Each rotational level should consists of a single level,
but we observed multiple levels for a single rotational level. Understanding on the observed
splitting for the J ′ = 1 level is of particular importance because this level couples weakly bound
molecules with the rovibrational ground state.

The observed splitting is of the order of 1 GHz, which is close to the hyperfine splitting of
87Rb in the excited 5P state. Therefore, we interpreted the splitting as a hyperfine structure
and introduced nuclear spins into discussions. The theoretical framework for the rotational
structure including nuclear spins is given in the section 4.3.7. In this model, the Fermi contact
interaction terms are added to the three-level model. Here we take into account only nuclear
dipole moments and neglect quadrupole moments because the contribution of the quadrupole
moments is smaller than that of the dipole moments by one order of magnitude. Detailed
discussions on the hyperfine structure of triplet molecules are found in [124]. Although the
Hamiltonian for the present model is simple, there are no simple analytical expression for the
eigenvalues of the Hamiltonian. Hence, all the eigenvalues given in this section were obtained
numerically via a MATLAB code. The numerical evaluation of the eigenvalues is beneficial for
identifying the parity of the eigenstates: we can readily identify the parity as a difference in the
form of eigenvectors (see section 4.3.7 for details).

Fig.4.31 shows a calculated rotational and hyperfine spectrum for the Ω = 0 state and the
Ω = 1 state. In these calculations, we only consider the nuclear dipole moment of 87Rb because
it is much larger than that of 41K. These calculated spectra give a qualitative explanation for the
features appearing in all the observed spectra. First, each rotational level splits into multiple

91



levels due to hyperfine interaction. Second, the splitting in the Ω = 0 state is small, whereas the
splitting in the Ω = 1 state is large. Third, the splitting in the Ω = 0 state is larger for larger
J ′, whereas the splitting in the Ω = 1 state is approximately identical for each rotational level.
Fourth, the hyperfine splitting arises from coupling between rotational angular momentum and
the nuclear spin of 87Rb, which have almost the same magnitude of energy. Thus, the hyperfine
splitting in the Ω = 1 state should be labeled with T ′ = J ′ + IRb. The three lines in the J ′ = 1
level of the Ω = 1 state can be labeled as T ′ = 5/2, 3/2, 1/2. In this way, the observed deviations
in the low J ′ levels are understood as hyperfine structures due to the nuclear spin of 87Rb.

We can check whether the calculations quantitatively agree with the observed spectra.
Fig.4.32 shows a comparison between the observed spectra and the calculated spectra. Although
it is difficult to see if all the observed levels are in agreement with the calculated levels due to
nearly degenerate multiple levels and broad spectral widths, we find a fairy good agreement be-
tween observations and calculations. The difference between odd-parity levels and even-parity
levels in the J ′ = 3 level is also reproduced. Thus, we concluded that the observed spectra were
well understood only by adding the Fermi contact interaction of 87Rb to the three-level model.

The above discussions give a good understanding on the observed structures. However, one
question still remains unsolved: why such many lines are observed. In a textbook explanation,
a selection rule for a molecular transition is given as ∆J = 0,±1 which allows at most three
rotational transitions. Nevertheless, we observed more than three rotational transitions in the
present study. Here we summarize the observations for both ground and excited states.

1. In the spectra taken with triplet molecules in the v′′ = 21 level, the J ′ = 0, 2, 4 levels were
observed for the Ω = 0 state, whereas the J ′ = 1, 2, 3, 4, 5 levels were observed for Ω = 1
state.

2. The spectra taken with singlet molecules in the J ′′ = 2 level were almost identical with
those obtained with triplet molecules. However, the leftmost line observed for singlet
molecules disappeared in the spectra for triplet molecules.

3. In the spectra taken with singlet molecules in the J ′′ = 1 level, the J ′ = 1, 3 (and 5 weakly)
levels were observed for the Ω = 0 state, whereas the J ′ = 1, 2, 3, 4 (and 5 weakly) levels
were observed for the Ω = 1 state. The levels in the Ω = 1 state were slightly deviated
from those in the spectra obtained with singlet molecules in the J ′′ = 2 level.

These observations are clearly explained when we consider the parity and the good quantum
numbers for describing molecular states. We first consider the parity of ground and excited
states. In general, the rotational levels of the 1Σ+ state and the 3Σ+ state have parities as
shown in Fig.4.33 [123]. With an electric dipole radiation (E1), transitions between two levels
with opposite parities are allowed. Thus, the parities of the levels relevant to the present study
are given as follows.

1. The parities of singlet molecules in the J ′′ = 1 level and those in the J ′′ = 2 level are odd
and even, respectively.

2. The three levels in the v′′ = 21 level of a3Σ+ have all even parity because they have the
same parity as the J ′′ = 2 level of 1Σ+.

3. The J ′ = 0, 2, 4 levels of Ω = 0 have odd parity because they are observed in the spectra
with singlet molecules in the J ′′ = 2 level. By contrast, the J ′ = 1, 3 levels of Ω = 0 have
even parity. These interpretations agree with the general knowledge that the Ω = 0− state
has a parity of (−1)(J+1) where +1 indicates even and −1 indicates odd.

4. Each rotational level of Ω = 1 consists of two closely-lying (but non-degenerate) levels
with opposite parities. These two levels are independently observed in the spectra for the
J ′′ = 1 level of X1Σ+ and those for the J ′′2 level of X1Σ+.
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Figure 4.31: Calculated rotational spectrum including hyperfine interaction for the Ω = 0 state
and the Ω = 1 state of 3Σ. (a) The entire spectrum including both Ω = 0 and Ω = 1. (b)
Spectrum near the low rotational levels of Ω = 1. The Fermi contact constant for 87Rb is set
as 0.023 cm−1, whereas that for 41K is set as 0. The Ω = 0 state has small hyperfine splitting,
whereas the Ω = 1 state has large hyperfine splitting.
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Figure 4.32: Comparison between the observed spectra of the v′ = 45 level (two lower curves)
and the calculated spectra (upper bars). The odd parity levels are shown in red lines, whereas
the even parity lines are shown in blue lines. For comparison, the spectrum taken with triplet
molecules are also shown in black line. The Fermi contact constant for 87Rb is set to 0.023 cm−1.
The calculation agrees qualitatively with observed spectra and allows us to label each line.
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Figure 4.33: Parity of the rotational levels of 1Σ+ and 3Σ+ states. The parity is definitely
determined by the angular momenta J = L+R+ S and N = R+L. The plus sign indicates
even parity and the minus sign indicates odd parity.
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Next we consider the good quantum number for the ground and excited states. In the
ground state, weakly bound molecules have a low rotational energy of ∼0.01 cm−1. This is
smaller than electronic interaction and the hyperfine interaction of 87Rb. Hence, we can think
of the rotational angular momentum as decoupled from electronic and nuclear spins. The good
quantum numbers for describing weakly bound molecules are T ′′ = S′′ + IRb and N ′′(= R′′).
The singlet molecules used for spectroscopy have a definite spin of T ′′ = 3/2 and a rotational
number of J ′′(= N ′′) = 2. The triplet molecules have three spin components, T ′′ = 5/2, 3/2, 1/2
as observed experimentally (section 4.3.1). In the present study, molecules in the T ′′ = 5/2 are
used for spectroscopy. Regarding the rotational number, the triplet molecules can be N ′′ = 0 or
N ′′ = 2 because the photoassociation level is J ′ = 1. In contrast to the singlet case, we cannot
discriminate these two rotational levels as a difference in a depletion spectrum because only one
of these two levels was observed. We determined the rotational number of the triplet molecules
as N ′′ = 2 based on the coupled channel calculation. Note that J ′′ is not a good quantum
number for weakly bound triplet molecules because of the strong hyperfine interaction. In this
discussion, we omit the nuclear spin of 41K because the magnitude of the nuclear dipole moment
of 41K is much smaller than that of 87Rb.

The situation changes in the excited states. Even without the hyperfine interaction, the
rotational angular momentum is coupled to other angular momenta, electronic orbital angular
momentum and electronic spin, via spin-rotation interaction and spin-orbit interaction. Hence,
the hyperfine interaction induces a significant coupling between rotational angular momentum
and the nuclear spin of 87Rb. The good quantum number for describing the excited states is
given by T ′ = L′ + S′ +R′ + IRb(= J ′ + IRb). The quantum number T should be considered
as a kind of spin which is shared between the ground state and the excited state and governs
the selection rule as ∆T = 0,±1.

Now we can consider which transition should be observed in terms of parity and T . For
this purpose, Fig.4.31 serves as a good guide. In the spectra with triplet molecules, we should
observe the T ′ = 7/2, 5/2, 3/2 levels with odd parity, which indicates the J ′ = 0, 2, 4 levels
for the Ω = 0 state and the J ′ = 1–5 levels for the Ω = 1 state. In the spectra with singlet
molecules, we should observe the T ′ = 5/2, 3/2, 1/2 levels, which indicates the J ′ = 0, 2, and 4
levels (odd parity) and the J ′ = 1, 3 levels (even parity) for the Ω = 0 state and the J ′ = 1–4
levels for the Ω = 1 state. Fig.4.34 shows the summary of the observed levels. These are in
good agreement with our observations. The fact that the spectral widths for the Ω = 1 state
become narrower for larger J ′ is also understood as a decrease in the number of hyperfine levels
accessible from the T ′′ = 5/2 level. In addition, we can see a clear signature of the difference
in T between the singlet molecules (T ′′ = 3/2) and the triplet molecules (T ′′ = 5/2) in the
spectrum for the J ′ = 1 level of Ω = 1 (Fig.4.32). In the spectra with singlet molecules, the
leftmost line, the T ′ = 1/2 level, was always observed, whereas it was never observed in the
spectra with triplet molecules.

Thus far, the nuclear spin of 41K has been neglected. However, we can see its influence on the
spectra as a weak transition to the J ′ = 5 level observed in the spectra with singlet molecules,
which cannot be explained in terms of a selection rule on T . Another signature of the hyperfine
interaction due to the nuclear spin of 41K appears in a depletion spectrum with a low power
(Fig.4.35), which appears to indicate a hyperfine structure of the order of 10 MHz in the ground
state.

Here we apply SpIDR spectroscopy, which was originally developed for observing narrow
transitions to the (3)1Σ+ state, also to the (2)3Σ+ state. The details on SpIDR spectroscopy
will be given in the section 6.2. Due to a good signal-to-noise ratio achieved with SpIDR
spectroscopy, we could clearly resolve the hyperfine structures induced by the nuclear spin of
41K in the excited state. Fig.4.36 shows a SpIDR spectrum for the J ′ = 1, Ω = 1, v′ = 44 level
of (2)3Σ+ obtained with singlet molecules in the J ′′ = 2 level. A calculated spectrum is also
shown. The simple internal structure of singlet molecules is suited for revealing the hyperfine
structure in the excited state (the hyperfine structure of the singlet molecules will be further
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Figure 4.34: Summary of the observed levels. The levels with even parity are given in blue solid
line, whereas the levels with odd parity are given in red dashed line.

40

30

20

10

0

Io
n 

co
un

ts
 (

ar
b.

un
its

)

1.61.51.41.31.21.11.0
Frequency - 332565.54 (GHz)

Figure 4.35: Depletion spectrum for the T ′ = 3/2, Ω = 1, v′ = 44 level of (2)3Σ+ obtained with
a power of 100 µW. The intensity is 11 mW/cm2. At a low intensity, the depletion spectrum
becomes asymmetric due to the hyperfine structure in the weakly bound level induced by the
nuclear spin of 41K.
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Figure 4.36: Comparison between SpIDR spectrum for the v′ = 44, J ′ = 1 level of (2)3Σ+ taken
with molecules in the v′′ = 91, J ′′ = 2 level of X1Σ+ (lower curve) and calculated spectra for
odd parity levels (upper bars). The Fermi contact constants for 87Rb and 41K are set to 698
and 26 MHz, respectively. Labeling is based on the total angular momentum F = J + IRb+ IK.
Since most of the population in the v′′ = 91, J ′′ = 2 level of X1Σ+ is in the F ′′ = 2 level,
transitions to the F ′ = 1, 2, 3 levels are mainly observed. Although the T ′ = 1/2 line clearly
split into two levels, which arises from the nuclear spin of 41K and are labeled as F ′ = 1 and
F ′ = 2, hyperfine levels in the T ′ = 3/2 and T ′ = 5/2 lines are not completely resolved. The
rightmost line corresponds to a transition from the v′′ = 91, J ′′ = 0 level to the T ′ = 1/2 level.

discussed in the section 6.6). The spectral resolution was limited by the natural linewidth of
the (2)3Σ+ state to ∼7 MHz. The two levels observed in the T ′ = 1/2 level are explained only
by taking into account the nuclear spin of 41K and are labeled as F ′ = 1 and F ′ = 2, where
F = T + IK. Based on fitting to the spectra, we determined the Fermi contact constants for
the v′ = 44 level to be 698(10)MHz for 87Rb and 26(5) MHz for 41K. We found a deviation of
∼20 MHz from the calculation in the T ′ = 3/2 level when the T ′ = 5/2 level and the T ′ = 1/2
level were used for fitting. The similar deviations are also observed in the other vibrational
levels. In fact, the ratio of the separation between T ′ = 5/2 and T ′ = 3/2 to the separation
between T ′ = 3/2 and T ′ = 1/2 varied between 1.4 and 1.9 among the vibrational levels. If
we assume an ordinary T ′(T ′ + 1) progression, this ratio should be 1.67. The main difference
among the vibrational levels is in the amount of spin-orbit mixing of the (1)3Π. Hence, one of
the possible reasons for this variation is the hyperfine interaction between the nuclear spin of
87Rb and the angular momenta in the (1)3Π state. Another possibility is the influence of the
nuclear quadrupole moments, which were neglected in the present study.

The SpIDR spectroscopy enables us to resolve the hyperfine structure due to 41K in the
triplet ground state as well. Fig.4.37 shows the SpIDR spectrum for the same excited state as in
Fig.4.36 taken with triplet molecules in the T ′′ = 5/2, N ′′ = 2, v′′ = 21 level of a3Σ+. Although
the spectrum for high J ′ levels was too complicated to be understood clearly, the hyperfine
structure in the ground state was clearly resolved in the transition to the T ′ = 1/2, J ′ = 1 level.
The observed four levels are labeled as F ′ = 4, 3, 2, 1, respectively.
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4.3.6 Possible intermediate levels

In contrast to the (3)1Σ+ state, it is difficult to estimate the transition strengths between the
(2)3Σ+ state and the rovibrational ground state of X1Σ+. In order to estimate the transition
strengths correctly, we need information on the R-dependent spin-orbit functions, where R
denotes the internulcear separation between K and Rb, as well as the potential energy curves of
the (1)1Π state, the (2)3Σ+ state, and the (1)3Π state. These functions can only be obtained
through fitting to a large number of data obtained with spectroscopy over a wide range [110,125].

According to model calculations, the transition strengths between the (2)3Σ+ state and the
rovibrational ground state are not strongly dependent on vibrational levels in the investigated
range. Thus, we decided not to take care of it. Rather, the selection of the intermediate state
was determined by the other criteria mainly arising from experimental limitations (Fig.4.38).
In our Raman laser setup, semiconductor lasers are required for locking to the ULE cavity.
Thus, the existence of commercially available laser diodes is one of the crucial limitations on the
possible intermediate levels. We had an AR-coated laser diode for the upward transition, which
can cover the entire range (870–920 nm). By contrast, we did not have a AR-coated laser diode
which can cover the entire range in the red region (638–664 nm). We prepared several kinds of
non-AR-coated laser diode with a tuning range of several nm, covering the ranges of 639–646
nm and 653–665 nm (section 5.3.2). Another important criterion is the spin component: it is
better to select a vibrational level which exhibits a strong (2)3Σ+ character. As we discussed
in the section 4.3.4, the spin component can be estimated with rotational constants. We could
not neglect the possibility that the assignment is not appropriate for a level with a too large
rotational constant, such as v′ = 42, which might have a large (1)3Π component.

In addition to these considerations, taking into account the fact that some optical components
used in the Raman laser setup can only be used in the range 600–900 nm (due to the range of
AR coating), we selected the v′ = 44 level. The wavelengths for the Raman transitions are 901
nm for the upward transitions and 655 nm for the downward transition.
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4.3.7 Theoretical treatment of the rotational and hyperfine structures of
triplet molecules

In this section, we first introduce an analytical expression for the rotational structure of a 3Σ
molecule on the basis of a three-level model, which is called the Schlapp’s expression. The ob-
tained expression is used for analyzing the observed spectra and deriving rotational constants for
each vibrational level. Next we extend the three-level model to include the hyperfine interaction
between electronic spin and the nuclear spin of Rb by adding the Fermi contact term to the
Hamiltonian.

The rotational part of the Hamiltonian is given by

Hrot =B
(
R2

x +R2
y

)
=B

[
(J2 − J2

z ) + (L2 − L2
z) + (S2 − S2

z )

+(L+S− + L−S+) + (J+S− + J−S+) + (J+L− + J−L+)] (4.19)

where J = R+L+S is the total angular momentum, R is the rotational angular momentum,
L is the electronic orbital angular momentum, and S is the electronic spin.

For a 3Σ state, there are three spin components labeled by Ω = Lz + Sz, i.e. Ω = 0,±1.
When the rotational angular momentum is absent, the Ω = 1 level and the Ω = −1 level
are degenerate, whereas Ω = 0 and Ω = ±1 are non-degenerate due to spin-orbit interaction.
Therefore, we can write the electronic part of the Hamiltonian in a matrix form as

Hel =

E 0 0
0 E − 2λ 0
0 0 E

 (4.20)

where λ is introduced to represent the separation between the Ω = 0 level and the Ω = ±1 level.
The rotational Hamiltonian (4.19) can be expanded by the bases of Eq.(4.20):

Hrot =

 NJ(J + 1) +B⟨L2
⊥⟩ −(B − γ/2)

√
2J(J + 1) 0

−(B − γ/2)
√

2J(J + 1) BJ(J + 1) + ⟨L2
⊥⟩ −(B − γ/2)

√
2J(J + 1)

0 −(B − γ/2)
√

2J(J + 1) BJ(J + 1) +B⟨L2
⊥⟩


(4.21)

where γ is phenomenologically introduced for representing the coupling between N = R + S
and S. The term ⟨L2

⊥⟩ arises from the L–uncoupling operator L2 − L2
z and gives slightly

different values between Ω = 0 and Ω = ±1. In this study, this difference due to the L–
uncoupling operator is considered to be included in the parameter λ. The eigenvalues of the
total Hamiltonian given as a sum of (4.20) and (4.21) are analytically expressed as


ϵ1 = E +B⟨L2

⊥⟩+BJ(J + 1)

ϵ2 = E +B⟨L2
⊥⟩+BJ(J + 1) + (B − λ) +

√
(B − λ)2 + 4(B − γ/2)2J(J + 1)

ϵ3 = E +B⟨L2
⊥⟩+BJ(J + 1) + (B − λ)−

√
(B − λ)2 + 4(B − γ/2)2J(J + 1)

(4.22)

The parities of the rotational levels of a 3Σ+ state are strictly determined. They can read-
ily judged from the form of the eigenstates. Here we write the three basis set function as
|J,Ω;Lz, Sz; J⟩=|J, 1; 0, 1⟩, |J, 0; 0, 0⟩, and |J,−1; 0,−1⟩. Due to the symmetry properties of
these basis functions, the state with a form of |J, 1; 0, 1⟩+ |J,−1; 0,−1⟩ has odd parity for even
J and even parity for odd J . In contrast, the state with a form with |J, 1; 0, 1⟩ − |J,−1; 0,−1⟩
has even parity for even J and odd parity for odd J . The state with a form of |J, 0; 0, 0⟩ has
odd parity for even J and even parity for odd J .
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Next we introduce the hyperfine interaction into discussions by adding the Fermi contact
term I · S to the three-level model. The Hamiltonian exclusive of electronic interaction can be
written as

Hrot +Hhf =B(R2
x +R2

y)

+ARbIRb · S+AKIK · S
=B

[
(F2 − F 2

z ) + (L2 − L2
z) + (S2 − S2

z ) + (I2Rb − I2Rbz) + (I2K − I2Kz)

+ARbIRbzSz +AKIKzSz +B(L+S− + L−S+)−B(F+S− + F−S+)

−B(F+L− + F−L+) +B(L+IRb− + L−IRb+)−B(F+IRb− + F−IRb+)

+B(L+IK− + L−IK+)−B(F+IK− + F−IK+) +B(IK+IRb− + IK−IRb+)

+(B +ARb/2)(IRb+S− + IRb−S+) + (B +AK/2)(IK+S− + IK−S+)] . (4.23)

where F = L + S + R + IRb + IK is the total angular momentum, IRb is the nuclear spin
of 87Rb, IK is the nuclear spin of 41K, AK and ARb are the Fermi contact constants for 41K
and 87Rb, respectively. For simplicity, terms with L± are omitted in the following calculation
since other electronic states are far away in most cases. The slight differences in Ω = 0 and
Ω = ±1 due to L± are included in λ as implemented for the three-level model. In the following
calculations, phenomenological spin-coupling parameters are introduced in the same manner as
the three-level model by modifying the rotational constant. Note that the raising and lowering
operator for F and its projection ΩF satisfies the following relation:

⟨F,ΩF |F∓|F,ΩF ⟩ = ~
√

(F ∓ ΩF )(F ± ΩF + 1) (4.24)

This relation is similar to the case for J and Ω, but is opposite to the relation for other
angular momenta such as S and L.

Since Lz = 0 in our case, the bases to represent the Hamiltonian can be taken as | Sz, IRbz, IKz;
F,ΩF > where ΩF = Lz + Sz + IRbz + IKz is the projection of F along the molecular axis. The
number of bases is 10 for F = 0, 28 for F = 1, 40 for F = 2, 46 for F = 3, and 48 for F ≥ 4.
The eigenvalues of the total Hamiltonian Htot = Hel +Hrot +Hhf are numerically obtained in
this study because we did not find an analytical expression. An example of the eigenvalues of
this Hamiltonian is given in Fig.4.31. The parity of eigenstates is readily identified via the form
of numerically obtained eigenvectors. If we define a variable p as p = 0 for an even parity and
p = 1 for an odd parity, the eigenstate |F > has a form of

|F > =
∑
i

ci[|Sz, IRbz, IKz;F,ΩF >

+(−1)F+p| − Sz,−IRbz,−IKz;F,−ΩF >]. (4.25)

where i denotes the possible combination of Sz, IRbz, and IKz, and ci is a numerically obtained
eigenvector.
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Table 4.3: Results of fitting to observed spectra of the (2)3Σ+ state. Fitting parameters are
vibrational energy E, rotational constant B, spacing between Ω = 0 and Ω = 1 λ and spin-
rotation coupling γ, which are given in cm−1. Here E denotes the energy level from the triplet
molecules. The spectra for the singlet molecules are shifted by +3.89 cm−1 in advance, which
is a difference in binding energy from the triplet molecules. In the rightmost column, residual
deviations normalized by the spectral width are shown. For the v′ = 47 level, a simple BJ(J+1)
expression was used for fitting since the Ω = 1 level was not found.

v’ E B λ γ Residual

55 11434.649 0.0183 0.7362 0.0037 0.2182
54 11402.440 0.0203 0.9836 0.0207 0.1977
53 11377.262 0.0196 -0.6236 0.0392 0.3323
52 11344.798 0.0191 -1.11 0.0145 0.3269
51 11316.018 0.0189 0.5019 0.0043 0.247
50 11283.893 0.02 -2.4628 -0.0134 0.5245
49 11254.760 0.0197 -0.7261 0.0082 0.4418
48 11221.953 0.0191 -1.1453 0.0099 0.1089
47 11191.936 0.0189 0.1491
46 11161.192 0.0217 0.3868 0.0064 0.6186
45 11125.787 0.0197 -0.893 0.0035 0.1254
44 11093.201 0.0199 -0.6105 0.0046 0.1203
43 11059.231 0.0212 -0.5682 0.0129 0.3607
42 11022.277 0.0241 1.7991 0.0158 0.4822
41 10994.596 0.0198 0.4872 0.0028 0.1569
40 10959.177 0.0215 0.5348 0.0038 0.5173
39 10923.023 0.0226 1.1855 0.0452 0.452
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Chapter 5

Raman lasers

The laser lights for driving a Raman transition between two largely separated molecular states
requires a much better coherence than those for laser cooling and photoassociation. The narrow
linewidth is one of the key issues for realizing a high transfer efficiency because the transfer
is based on keeping the population in a superposition state obtained with two lights. The
typical required linewidth for STIRAP lights is ∼1 kHz (see discussions in the section 6.7),
which is narrower than the linewidth of the MOT light and the photoassociation light by three
orders of magnitude. In addition, a long-term stability of ∼100 kHz is required for day-to-day
reproducibility. We did not have good knowledge and techniques for generating such stable
lights.

Hence, we developed our original two-color light source, which gives a linewidth of narrower
than 10 Hz and a long-term stability of better than 100 kHz for a few days. Another important
issue is the mode-hop-free range: our setup enables continuous scanning of more than 1 GHz
with keeping the narrow linewidth. In this chapter, we describe the technical details on our
setup.

The present setup is largely based on the various lessons obtained with our primary setup. In
the previous experiments in our group, a STIRAP transfer between two neighboring vibrational
levels was realized with an optical setup based on a transfer cavity. In this setup, the mode-
hop-free scanning range was eventually limited to several tens of MHz by the scanning range
of AOM. This scanning range was too narrow for finding unknown molecular transitions. In
addition, there was another problem related to an offset frequency for bridging the large gap
between a cavity comb line and a molecular transition: the offset frequency was obtained by
generating sidebands with a radio-frequency of several 100 MHz. The problem was that the
magnitude of the sideband was small and strongly dependent on frequency. As a result, we
needed to adjust the gain for locking at each frequency, making the experiments difficult and
inefficient. Further, the error signal was limited to ∼10 mV in some cases, thereby limiting the
relative linewidth to ∼40 kHz.

In the present study, we pursued the narrow linewidth and achieved a much narrower
linewidth than lasers used in the previous studies [50–52]. One reason for this effort is to
know the ultimate limit of the present setup. However, there is a more important implication
specific to our experiments. In the previous studies, molecules were optically trapped in a small
region of a several tens of µm. Thus, the STIRAP lasers could be tightly focused to obtain a
high transition strength. In contrast, molecules were not trapped in our experiments, and were
widespread over ∼1mm. This means that we had to work with a much lower transition strength.
We aimed at achieving a high transfer efficiency by taking a long transfer duration rather than
by having a high transition strength. For this purpose, a longer coherence than required in
the previous studies became crucial. This is why we intensively made efforts for achieving the
narrow linewidth.

We first describe the required performance and the basic concept for the present experiments
and overview the details on the setup used in the previous studies (section 5.1).
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The development was carried out in two stages. In the first stage, we made an optical
setup for testing the performance at 795 nm because the primary setup was prepared at this
wavelength. Most of the important aspects for reaching a narrow linewidth were obtained here.
By referencing an invar cavity, we achieved a linewidth of 30 Hz. We confirmed the basic
performance of the setup consisting of two master lasers locked to a single cavity for making
stable frequencies and two slave lasers offset-locked to the master lasers for realizing a large
mode-hop-free range (section 6.2).

In the second stage, we developed an advanced setup in both linewidth and stability. The
second-stage setup referenced an ultra-low expansion (ULE) cavity. Although the linewidth
of the first-stage setup was sufficiently narrow, we observed a large fluctuation of the center
frequency. This problem was solved in the second-stage setup, resulting in a beat note linewidth
of below 1Hz. In addition, the method for locking slave lasers to master lasers was changed in
the second-stage setup, enabling much more stable locking and scanning over a much more wide
range (section 6.3).

5.1 Required performance and the design

Although the idea of STIRAP was suggested as a tool for population control more than 15 years
ago, thus far it had been primarily implemented with an intense pulsed laser (for reviews, see
Ref. [47–49]). Roughly speaking, a high transfer efficiency is ensured by changing the intensity
ratio of two lights sufficiently slower than the Rabi frequency of the transition. Thus, there are
two directions for achieving a high transfer efficiency: to increase the intensity of the light, or
to slow the variation of the intensity ratio.

The first direction is suited for a pulsed laser, whereas the second direction is suited for a
CW laser. In the early experiments, pulsed lasers had been employed because a Fourier-limited
pulsed laser with a nanosecond pulse width was already available at that time. However, the
STIRAP transfer with a pulsed laser can readily couple multiple hyperfine levels with separations
of the order of 1 MHz because the Rabi frequency reaches more than 100 MHz.

In terms of preparing a molecular ensemble in a single quantum state, it is important to
suppress the Rabi frequency and to take a long transfer duration. In this direction, the key
issue is to ensure a long coherence time; in principle, unit transfer efficiency is achieved with a
infinitely low intensity if we have an infinitely long coherence time. This will be impossible in
reality because of various processes which loose the coherence during the transfer. In practice,
of great importance is the fluctuation of laser frequencies, which can destroy the superposition
state produced with the lasers. Thus, there is an essential requirement that the linewidth of the
lasers should be narrow.

We can roughly estimate the required linewidth by assuming a typical Rabi frequency of
1 MHz. For an efficient transfer, the duration should be much longer than the inverse of the
Rabi frequency, indicating a required duration of ∼10 µs. The laser frequencies should be stable
during the transfer. Thus, the linewidth of the lasers should be narrower than 1 kHz. Another
important decoherence mechanism is the fluctuation of magnetic fields, which is usually of the
order of 1 mG. The magnetic field of 1 mG induces a shift in energy levels of ∼1 kHz for
triplet molecules, ∼100 Hz for weakly bound singlet molecules, ∼ 1Hz for deeply bound singlet
molecules. Although we always have to take care of the stability of magnetic fields, it can
be sometimes neglected, e.g., when we deal with only singlet states. In such cases, there is a
possibility of achieving a high transfer efficiency by taking a longer duration of more than 100
µs even if the Rabi frequency is much lower than 1 MHz. In addition to the requirements for
a successful transfer in a single experiment, we need stability over a long time for day-to-day
reproducibility. The stability required for STIRAP experiments is ∼100 kHz because the two-
photon resonance has a width of ∼1 MHz, which is determined by the Rabi frequency and the
transfer duration. More detailed discussions on the estimation of the required performance will
be given in the section 6.7.3.
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In the STIRAP experiments with molecular states, there is another important requirement:
tunability of the lasers. In contrast to atomic resonances, the resonant frequencies between two
molecular states are not precisely known before carrying out experiments. In particular, it is
difficult to precisely locate a good intermediate state with large transition strengths. Thus, the
required tunability is ∼10 nm because a typical vibrational spacing is several nm. Apart from
the tunability, which does not necessarily mean scanning in a single experiment, we also have
to take care of a mode-hop-free scanning range in a single experiment. Here mode-hop-free
scanning indicates scanning without re-locking with keeping the narrow linewidth. The wide
mode-hop-free range of several GHz becomes important for finding a two-photon resonance,
which has usually an uncertainty of several GHz.

It is not straightforward to make a laser setup meeting these demands. For reference, we
review the laser setups and their performances in the three previous studies which transferred
Feshbach molecules to the rovibrational ground state. In the experiments for 40K87Rb [50], the
lights for STIRAP had wavelengths of 970 nm and 690 nm, which were derived from diode lasers.
The diode lasers were directly locked to a Ti: Sapphire frequency comb with offset frequencies.
The frequency comb was referenced to a stable 1064 nm Nd: YAG laser locked to a stable cavity.
The short-term linewidth of the Raman lasers was a few kHz [126]. In the experiments for Rb2,
the wavelengths for a STIRAP transfer into the triplet rovibrational ground state were 1018
nm and 994 nm. These wavelengths were derived from a Ti: Sapphire laser and a diode laser.
The setup was based on a transfer cavity locked to the Rb D2 line, which also covered the two
wavelengths. The Ti: Sapphire laser could be scanned over 2.4 GHz. The short-term relative
linewidths between the Ti: Sapphire laser and the diode laser were 20 kHz [127].

In the experiments for Cs2, they required four wavelengths (1126 nm, 1006 nm, 1351 nm, and
1003 nm) for a two-step STIRAP because there were no good intermediate state which can bridge
Feshbach molecules to the rovibrational ground state in a single step. Their setup for Raman
lasers was based on a combination of an Erbium fiber frequency comb and optical resonators.
Diode lasers were locked to optical resonators (finesse, ∼1000; covering range, 850–1510 nm).
The long-term drift of the cavities were monitored via the frequency comb and were feed-backed
to the piezo module in the cavities. The frequency comb was finally referenced to the 10 MHz
GPS-stabilized signal. The short-term linewidth of the Raman lasers was approximately 10 kHz.
The reason why did not directly lock the diode lasers to the frequency comb is to ensure a large
mode-hop-free scanning range, which was required for finding transitions with an uncertainty of
the order of 10 GHz [128].

Now we discuss the best design for our experiment. Which of a frequency comb or a transfer
cavity should we use? This was one of the major questions in this study. Our final answer
to this question was neither of them; instead, we decided to use a single ultralow expansion
(ULE) cavity as a reference of both Raman lasers. In this consideration, the knowledge shared
in atomic clock experiments is quite insightful. Roughly speaking, a short-term stability (up to
10 s) is achieved with a ULE cavity, whereas a long-term stability for more than 10 s is achieved
by referencing an atomic clock. Recent advances in making a stable frequency reference enable
us to obtain a long-term stability of 1 kHz solely with a carefully temperature-stabilized ULE
cavity [129]. The stability of this order is sufficient for the present study. An optical setup with
only a ULE cavity has significant advantages over previous methods. First, the setup is much
more simple and much more robust than a setup with a frequency comb or a transfer cavity.
Without locking to another reference, a ULE cavity can serve as a stable reference. Second, a
cavity can provide a narrower short-term linewidth than a frequency comb. The linewidth of a
laser locked to a frequency comb is limited to a few kHz, unless the frequency comb is locked to
another reference. In contrast, a ULE cavity can simultaneously provide a short-term linewidth
and a long-term stability sufficient for the present study.

In this study, two largely separated wavelengths were required (∼650 nm and ∼900 nm).
Normally a high-finesse cavity is fabricated at one wavelength and cannot cover over a few
100 nm. We purchased a specially ordered mirrors with a dual-wavelength coating at these
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wavelengths. Our cavity can proved high finesses (> 5000) over several tens of nm, enabling us
to select the best intermediate state among several vibrational levels.

A wide mode-hop-free scanning range required for this study was realized by adding other
lasers to the setup. We employed an optical phase-locked loop (OPLL) technique [90], which
allows us to keep the frequency difference between two lasers identical to the frequency of a
stable microwave source. In this study, a laser locked to the ULE cavity is called a master
laser, which serves as a stable frequency reference, whereas a laser locked to the master laser is
called a slave laser, which is used for experiments. By sweeping the microwave frequency, we
can continuously scan the slave laser with keeping the narrow linewidth of the master laser.

5.2 Development at 795 nm

After we determined the basic design of the optical setup for Raman lasers, its performance was
first tested at 795 nm. On the basis of our standard ECDL for MOT lasers, we developed a new
design for ECDLs which were more stable against acoustic and vibrational noises than previous
ones (section 5.2.1). In order to reduce the linewidth, we focused on improving the servo circuit
for locking the ECDLs to a cavity, resulting in a linewidth of ∼30 Hz for master lasers (section
5.2.2). An EOM plays a crucial role in the PDH locking scheme. We developed a resonant
circuit for EOM with a Q-value of 64 at 18 MHz such that we could obtain a maximum error
signal with a minimum RF power. In addition, we developed a method for suppressing residual
amplitude modulation in a EOM which caused a variation in the offset of error signals (section
5.2.3). We found that the center frequency can fluctuate when the reflected light from the cavity
returned to a fiber carrying the light to the cavity. By adding an isolator, we could suppress the
fluctuation (section 5.2.4). For carrying the narrow linewidth of the master lasers to slave lasers,
we employed a digital optical phase-locked loop (OPLL) at this point. We confirmed that the
beat note linewidth between slave lasers was the same as that between master lasers (section
5.2.5).

5.2.1 ECDL

The ECDLs for Raman lasers are a modified version of our home-made ECDL for MOT lasers
(section 2.4.1). There are two main modifications: mounting and a circuit for current feedback.
For suppressing the fluctuation of oscillation frequency due to acoustic and vibrational noises,
the mounting is changed to a new design given in Fig.5.1. In the previous design, the ECDL
was mounted on a rubber sheet (Edmund optics, Sorbothane) and was fixed by holding the
mounting from above. In this case, we could not tightly hold the mounting because the rubber
sheet readily broke. By contrast, the new mounting can be tightly fixed with screws, enabling
an efficient damping of vibration. Although the modification is slight, the new design realizes
much more stable locking against vibrations.

The second important modification is the circuit for current feedback in a bias-tee configura-
tion given in Fig.5.2. For MOT lasers, the ECDL is locked only with the piezo feedback because
we do not need to reduce the linewidth. The high bandwidth of up to 4 MHz of the current
feedback enables reducing the linewidth of the ECDL, which is an essential requirement for
Raman lasers. In the new ECDL, high frequency signals are feed-backed to the current, whereas
low frequency signals are feed-backed to the piezo module. The current feedback plays roles
of reducing the linewidth to approximately 10 Hz and stabilizing the laser against vibration,
whereas the piezo feedback plays roles of reducing the linewidth below 10 Hz and compensating
a long-term drift (the DC component).

Another important issue for making a stable ECDL is to suppress the influences of winds
and vibrations on the cables for current and temperature stabilization. These influences are the
main cause of the fluctuation of the laser frequency in a free-running condition. For realizing
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Mirror mount (LD mount)

Aluminum box

Sorbothane (Edmund optics, NT37-000)

G mat (Trusco, TR-GM40)

λ GEL (Taica, COH-4000)

Nylon washer (RS, 525-739)

Peltier module

Figure 5.1: A new design for the mounting of ECDL (side view). In the new design, the vibration
of the optical table is well isolated by tightly holding the mounting with screws. A special rubber
sheet with a good thermal conductance (Taica, λGEL) allows a heat transfer and a vibration
isolation simultaneously. The new design is much more insensitive to the vibration of the optical
table and acoustic noises.

Figure 5.2: Circuit diagram for the current feedback. After passing through a low pass filter for
suppressing current noises, the DC current is applied to a laser diode. The capacitors used as
a low pass filter consist of a tantalum capacitor (10 µF) and an electrolytic capacitor (2.2 mF).
The inductor separates the current source and the servo circuit. The capacitor C consists of
multiple capacitors and is included in the servo circuit. The diodes (1N4148) are always required
for protecting the laser diode from electric noises.
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Figure 5.3: Circuit diagram of the servo circuit. The external compensation capacitors of AD829
(Ccomp for Pin 5) are set to be 15 pF for the first stage and 55 pF for the second stage such that
both amplifiers do not oscillate.

stable locking, the cables should be carefully fixed to the optical table through rubber sheets
held with different forces such that vibrations of various frequencies are efficiently damped.

5.2.2 Servo circuit for locking an ECDL

The numerous modifications mainly on the servo circuit enabled us to reduce the linewidth of our
ECDL to 30 Hz by three order of magnitude. The improvements are carried out by monitoring
the beat note between two independent lasers locked to the cavity with a finesse of 3000. The
final design for the circuit determined at this wavelength is shown in Fig.5.3. Here we itemize
the important knowledge obtained at this point.

1. Roughly speaking, it is crucial to increase the gain of current feedback at low frequencies
for narrowing the linewidth. Here we have to increase the gain only at low frequencies
because the gain at high frequencies is determined such that the feedback does not causes
oscillation. However, a too high gain at low frequencies results in unstable locking because
the piezo feedback should dominate at sufficiently low frequencies for stable locking. The
best profile of the gain is thus determined as a compromise between the narrow linewidth
and the stability of locking.

2. By adding a slow integrator to the positive side of the normal integrator for current feed-
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back, which is usually connected to the ground, we can increase the gain at low frequencies.
We call this integrator as low-frequency (LF) locking. The cutoff frequency, below which
the gain is enhanced, is determined by the time constant of the slow integrator.

3. The error signal should be directly integrated without adding or subtracting any DC
voltage. In the previous design for locking MOT lasers, our servo circuit included an
offset-subtracting circuit for removing the offset of the error signal arising from the residual
amplitude modulation in an EOM. The noise in the DC voltage, which was obtained by
dividing ±15 V for operating op-amps, could readily broaden the linewidth to more than
100 Hz.

4. The capacitor comprising a bias-tee should be composed of several kinds of capacitors
connected in parallel. In general, a single kind of capacitor cannot cover a broad frequency
range. We use tantalum capacitors in series for covering low frequencies and ceramic
capacitors for covering high frequencies.

5. The polarity of the error signal is first adjusted with the length of the RF cable such that
the current feedback signal is appropriately feed-backed. Next the polarity of the piezo
feedback signal is selected with a switch in the servo circuit.

5.2.3 EOM for PDH locking

When we improved the servo circuit, we found that the linewidth was reduced by increasing
the error signal. This was because the linewidth was limited by the electric noise in the servo
circuit. Hence, we developed a high-Q resonant circuit for the EOM such that we could obtain
a large error signal by increasing the phase modulation in an EOM. Here we did not employ
an easier option which amplified the RF signal for driving the EOM because then a part of
the RF signal contaminates the ground and finally can influence the performance of locking.
In fact, later we found that the RF leakage could be a problem (section 5.3.3). Fig.5.4 shows
our resonant circuit for operating a non-resonant EOM (Thorlabs, EO-PM-NR-C1) at 18 MHz.
The resonant frequency is determined by the inductance of the coil and is arbitrarily selectable.
In this study, the resonant frequency of 18 MHz was chosen such that it was sufficiently higher
than the expected feedback bandwidth of a laser diode (∼4 MHz). Originally we intended to
separate the signal from other frequency components with a low pass filter after the double
balanced mixer (DBM) and with a high pass filter before the DBM. For that purpose, a higher
frequency was desirable. However, they were finally not used because they cause a phase delay
which can limit the bandwidth.

The resonant circuit had a Q-value of 64, which was 1.5 times higher than that of the
previously used resonant EOM (Thorlabs, EO-PM-15-C1). Here we point out one important
notice for this circuit. In the resonant circuit, the home-made coil, winded on a toroidal core,
plays a crucial role for obtaining a high Q. The best material for the toroidal core depends on
the frequency: the permeability should be low at a high frequency. In our case, we employed
the product from Micrometals, T50-10, which has a permeability of 6 µ0. Commercial inductors
including a high permeability material are not suited for the present purpose.

In addition to add a high-Q resonant circuit to the EOM, we took care that the RF signal was
not reduced by passing through a phase shifter for matching the phase of the RF signal between
the photo-detector and the local oscillator. The phase shifter we have been using (Mini-Circuits,
SPH-16+) gave rise to high frequency components due to some nonlinearity. We matched the
phase of the RF signal by adjusting the length of the RF cables. This method enabled us to carry
the RF signal without any degradation, although we did not confirm whether this modification
improved the performance.

The residual amplitude modulation (RAM) in an EOM can be a significant problem in the
PDH locking scheme [92]. The facets of the crystal of the EOM work as a kind of Fabry-Perrot
cavity and induce a frequency dependence of the sidebands in the EOM. As a result, the error
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Figure 5.4: Circuit diagram for the resonantly driving the EOM. The circuit provides a Q-value
of 64 at 18 MHz.

signal has a finite offset, which is sensitive to the temperature of the crystal. Although it does not
directly influence on the linewidth, it induces a slow fluctuation of the locked frequency, making
it difficult to evaluate the linewidth correctly. In addition, a too large fluctuation sometimes
makes the locking unstable. Thus, it is quite important to solve this problem.

It was pointed out that RAM was significantly attenuated by tilting the beam with respect
to the crystal by a few degrees [92]. However, the offset still remains in most cases. Our solution
to this problem comprises two parts: to stabilize the temperature of the EOM by surrounding it
with a polystyrene foam and to reduce the RAM by carefully adjusting the polarization of the
light before and after the EOM. We discuss the second part in detail here because the first part
is straightforward. In our case, the phase modulation in the EOM is valid only for a S-polarized
light. We found that the remaining offset arose from a mismatch of the light polarization with
respect to the crystal. By carefully adjusting the polarization of light before and after the EOM
with half waveplates (and sometimes also with quarter waveplates) as well as by tilting the
crystal, we could cancel the residual offset to below a thousandth part of the error signal over
a few GHz at the desired wavelength. In this way, we could remove the influence of RAM on
the locking. The present method has an important implication that offset-subtraction in a servo
circuit is no more required. This allows us to significantly narrow the linewidth as mentioned
in the section 5.2.2.

5.2.4 Interferences in an optical fiber

The improvements on the servo circuit and the increase of the magnitude of the error signal
resulted in a narrow linewidth of 30 Hz. At this stage, we encountered another serious problem
that the center frequency was fluctuating over several kHz within a few second. The linewidth
appeared narrow, but we could not evaluate it because of the fluctuation. Thus, the goal of
reducing the linewidth was shifted to suppressing the fluctuation in the middle of the work.
Although the fluctuation problem was not completely circumvented in the present study, the
magnitude of the fluctuation was reduced from the original value of several kHz to a few Hz
by three orders of magnitude. There were a lot of factors, and most of them were found and
solved in the development at 901 nm (section 5.3). In the development at 795 nm, we found that
the largest contribution to the fluctuation was induced by the reflected light from the cavity
returning to the optical fiber.

In our setup, we need an optical fiber for carrying the lights of the ECDL to a cavity. In
such a situation, a part of the light reflected at the cavity can always reenter the fiber. The
cavity reflection is usually of the order of 10 % of the power incident on the cavity. Normally
most of the reflected light is extracted with a polarization beam splitter (PBS) for obtaining an
error signal. However, in our early setup, only half of the reflected light was extracted in order
to lock two lights to a single cavity independently (Fig.5.5). As a result, a part of the light
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Figure 5.5: Optical setup for measuring the linewidth betwee two lasers by locking them to
different comb modes of a single cavity. The two lasers are overlapped with a PBS and are
incident on the cavity. Half of the reflected light is extracted for obtaining error signals, whereas
the other half is returned to the optical fibers.
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Figure 5.6: An error signal including interferences in an optical fiber. The periodic modulation
of the offset is due to the interference in an optical fiber, which is quite sensitive to vibration of
the optical fiber. In addition, there is an interference between the cavity and the fiber.

reentered the fiber was reflected at the facets of the fiber, thereby causing an interference with
the original light, which is quite sensitive to the vibration of the fiber. Here the two facets of the
fiber and the cavity work as a kind of low-finesse cavity. Thus, the interferences can contribute
to the error signal as weak resonances, fluctuating the offset of the error signal(Fig.5.6). The
offset level is also sensitive to the cavity itself because the interference can also occur between
the cavity and the facet of the fiber.

The fluctuations of the offset of the error signal was the main reason for the fluctuations
of the locked frequencies over several kHz. By taking care of the following three points, we
could suppress the fluctuations to a few 100 Hz by one order of magnitude. First, the EOM
should be inserted after the EOM such that the phase-modulated light does not pass through
the fibers. Second, optical isolators should be inserted just after the optical fibers such that
the reflected light does not reenter the fibers. Third, the vibration of the cavity should be
suppressed by placing heavy objects on the cables connected to the vacuum chamber for the
cavity. In some cases, the interference between the cavity and the surface of the photodiode
became problem, which could be circumvented by tilting the photo-detector. The linewidth
between two independent ECDLs obtained at this stage is shown in Fig.5.7.

Although large fluctuations were still remaining at this stage, we concluded that the ob-
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tained performance (a linewidth of 30 Hz and a fluctuation of a few 100 Hz) would be sufficient
for STIRAP experiments. The knowledge obtained here that the interferences can cause the
fluctuation of the offset has been important throughout the efforts to stabilize the frequency of
Raman lasers. This topic will be further discussed in the section 5.3.5.

5.2.5 Digital optical phase-locked loop

The optical phase-locked loop (OPLL) is a general technique for carrying the frequency of one
light to another light. We can think of the OPLL as a perfect copy of the frequency within
the feedback bandwidth. The OPLL is particularly advantageous when we want to set an offset
frequency between two lasers. Fig.5.8 shows the schematic diagram of the OPLL. The stability of
a microwave source is much better than that of lasers, thereby enabling us to shift the frequency
without changing the linewidth. Thus, the OPLL is ideal for our purpose which requires both a
large mode-hop-free range and a narrow linewidth.

Although the original implementation of the OPLL was based on an analog (passive) compo-
nent for detecting the frequency difference [90], recent advances in semiconductor technologies
provides the possibility to implement the OPLL with a digital (active) component. The advan-
tage of the digital OPLL is its wide locking range: the digital PLL chip such as AD9858 (Analog
Devices) can detect whether the frequency is higher or lower than the reference microwave fre-
quency even if the frequency is widely separated. Therefore, locking should be easier than the
analog OPLL, which requires locking near the reference microwave frequency.

With these expectations, we constructed a setup given in Fig.5.9. The main part of the
circuit was on the evaluation board of AD9858 available from Analog Devices. The beat note
between two lasers was detected with a home-made photo-detector based on a high-speed GaAs
PIN photodiode for optical communications (Hamamatsu, G10447-54; bandwidth, 8 GHz; tran-
simpedance, 6 kΩ). The beat note was further amplified with a limiting amplifier (GigOptix,
iT3011W; bandwidth, 10 GHz; gain, 42dB) because the prescaler requires a square wave for a
proper operation particularly at low frequencies. The use of a limiting amplifier is also advanta-
geous for flattening the frequency response of the photo-detector, which has a low output power
at high frequencies, and enabling scanning over a wide frequency range. The circuit for locking
an ECDL with the digital OPLL is given in Fig.5.10 whereas that for locking a Ti: Sapphire
laser with the digital OPLL is given in Fig.5.11.

We confirmed that the linewidth between two lasers locked with the digital OPLL was within
1 Hz, indicating that they had the same frequencies (Fig.5.12 for two diode lasers and Fig.5.13
for a diode laser and a Ti: Sapphire laser). Further, we also confirmed that the linewidth
between two slave lasers was the same as that between two master lasers as expected (Fig.5.14).
Thus, it became clear that the basic concept of having two master lasers and two slave lasers
worked well and the performance of the master lasers was not degraded at the slave lasers.

In terms of the linewidth, the digital OPLL was successful. However, we found three serious
problems in its usability. First, the bandwidth was limited to ∼500 kHz and we could not
increase it by using a differential gain in the servo circuit because the DC output signal could
not be integrated. As a result, the lock was unstable. The second problem was its narrow
scanning range (a few 100 MHz). A reduction in the error signal for avoiding the oscillation of
the piezo module resulted in a narrow scanning range because we could not control the gain and
the offset DC voltage independently. The third and the most serious problem was the change in
the gain for the current feedback with a change in the DC voltage from AD9858 during a single
scan. This was presumably due to the variation in the capacitance of a coupling capacitor before
an integrator of a servo circuit, caused by the DC bias characteristics of ceramic capacitors.

We could not find good methods for circumventing these problems. Although the presented
setup based on the digital OPLL could be used for scanning over ∼100 MHz, we finally gave up
to use it because we could not have a confidence that the obtained stability was sufficient for
later experiments. Instead, we decided to use the analog OPLL, whose details will be discussed
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Figure 5.7: Linewidth of two master ECDLs. (a) Span 4MHz. (b) Span 100 kHz. (c) Span 5 kHz.
The measured linewidth is 29 Hz, which is limited by the resolution bandwidth of the spectrum
analyzer. Due to the fluctuation of the center frequency, we cannot measure the linewidth with
a lower resolution.
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Figure 5.8: Schematic diagram of the optical phase-locked loop. The frequency difference be-
tween two lasers is detected with a photo-detector. After mixed with a microwave signal, the
beat note is feed-backed to the second laser such that the frequency difference between two lasers
is kept exactly the same as the frequency of the microwave.
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Figure 5.9: Setup for the digital OPLL with AD9858. Most of the circuits are on the evaluation
board of AD9858. The beat note between two lasers is divided by 16 at the prescalers and
is compared with the RF frequency supplied from the direct digital synthesizer (DDS) on the
board. The charge pump output to the VCO is extracted and is used for locking the laser.
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Figure 5.10: Circuit diagram for locking a diode laser via the digital OPLL.
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Figure 5.11: Circuit diagram for locking a Ti: Sapphire laser via the digital OPLL.

in the section 5.3.7.

5.3 Development at 901 nm

The development at 795 nm provided a laser setup with a minimum performance for carrying
out experiments. We proceeded to make a light source at wavelengths of ∼900 for the upward
transition nm and ∼650 nm for the downward transition which should be required in the actual
experiments. The main difference was the use of a ultra-low expansion (ULE) cavity mounted
on a special optical table, which gave a lower sensitivity on vibration and a smaller long-term
drift than our previous cavity (section 5.3.1). In the process for making the light source at
new wavelengths, we made various modifications on the setup developed at 795 nm, resulting
in significant improvements on the performances. The modifications were made on the ECDL
(section 5.3.2), photo-detectors for the PDH locking (section 5.3.3), phase-noise cancellation in
a fiber (section 5.3.4), optical setup (section 5.3.5), electronics (section 5.3.6), and the method
for optical phase-locked loop (OPLL) (section 5.3.7). With these improvements, we obtained
a linewidth of below 10 Hz, a long-term stability of better than 100 kHz, and a mode-hop-
free scanning range of a few GHz. Further, the system was highly stable against acoustic and
vibrational noises. Although the improvements were mainly carried out at 901 nm for the
upward transition we confirmed that a nearly identical performance was obtained at 655 nm for
the downward transition as well.

5.3.1 ULE cavity

The cavity for the present study is a commercial ULE cavity available as an assembly of a spacer
and optically contacted mirrors from Advanced Thin Films. The spacer is 10 cm in length and
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Figure 5.12: Beat note between the master and slave ECDLs. (a) Span 10 kHz. (b) Span 100
Hz. The feedback bandwidth is ∼1 MHz.
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Figure 5.13: Beat note between the master ECDL and the slave Ti: Sapphire laser. (a) Span
200 kHz. (b) Span 10 kHz. (c) Span 100 Hz. The feedback bandwidth for the Ti: Sapphire
laser is limited to ∼150 kHz. The sidebands at 50–100 kHz appear to arise from the feedback
characteristics of AD9858.
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Figure 5.14: Beat note between two slave lasers. (a) Span 4MHz. (b) Span 200 kHz. (c) Span
5 kHz. The measured linewidth is the same as that of master lasers. The linewidth of the slave
lasers is not broadened with the digital OPLL.
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Figure 5.15: Optical setup for measuring the dynamic response of a Fabry-Perrot cavity.

has a notched shape which has a low sensitivity to vibration [130]. The mirrors were specially
fabricated for the present study. At the moment we ordered the cavity, we did not determine
which intermediate state should be used. If we use the (3)1Σ+ state, good Flanck-Condon
overlaps are expected at 870–880 nm for the upward transition and 635–645 nm. By contrast,
good Flanck-Condon overlaps are expected at 890–910 nm for the upward transition and 650–660
nm for the downward transition if we use the (2)3Σ+ state. These wavelengths ranges include
several vibrational levels. Thus, one of the crucial requirements for the cavity mirrors was that
they could cover these entire range. In the previous study at 795 nm, we had knowledge that
a finesse of 3000 was sufficient for obtaining a linewidth of narrower than 100 Hz. We specified
the mirror coating as a finesse of more than 3000 at 880–960 nm and 640–670 nm.

Although the loss of the mirrors was not specified, the measured finesse indicated that the
loss did not limit the finesse. The finesse was measured at 901 nm and 655 nm by monitoring the
dynamic response of the cavity. Fig.5.16 shows the setup for measuring the dynamic response of
a Fabry-Perrot cavity [131]. This method is more simple than the ring-down measurement and
is particularly suited for measuring the finesse of low-reflectivity cavity because we only have
to monitor the reflected light from the cavity with sweeping the frequency of the light. The
principle of measurement is quite simple: the reflection from the cavity includes a delayed light
accumulated in the cavity. If the frequency of the light is kept sweeping, we can observe a beat
note between the reflected light and the light accumulated in the cavity. The time decay of the
beat note is a direct measure of the finesse of the cavity (Fig.5.16). The finesse is determined
to be 6000 at 901 nm and 10000 at 655 nm, which are in good agreement with the estimation
from the reflectivity.

The ULE cavity was kept in a vacuum chamber for heat isolation (Fig.5.17). The design
of the vacuum chamber was based on Ref. [129]. The cavity was kept in two nested aluminum
cylinders. The temperature of the outer cylinder was stabilized with stacked peltier modules such
that the inner cylinder was kept at ∼6.6 ◦C, which was near the zero-expansion temperature of
our cavity. The zero-expansion temperature was determined by monitoring the Cs D2 transition
at 852 nm. The long-term drift of the cavity during a few days was also measured with the
Cs D2 transition to be within 100 kHz. However, we observed a larger long-term drift of the
order of 100 kHz during a few months. The SpIDR spectroscopy, which will be introduced in
the section 6.2, allows us to measure the transition frequency of the upward transition to the
(3)1Σ+ state with a precision of 20 kHz. Fig.5.18 shows the measured offset-frequency between
the master laser and the slave laser. Here the slave laser is resonant to the molecular transition
T ′ = 5/2, J ′ = 1, v′ = 41 of (3)1Σ+ ← F ′′ = 2, J ′′ = 0, v′′ = 91 of X1Σ+, whereas the master
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Figure 5.16: Dynamic response of the ULE cavity. (a) Measurement at 901 nm. (b) Measurement
at 655 nm. The time decay of the beat note indicates that the finesse is 6000 at 901 nm and
10000 at 655 nm.
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Figure 5.17: Vacuum chamber for mounting the ULE cavity. The cavity is kept in two nested
aluminum cylinders for heat isolation. The AR-coated glass windows avoid the influence of the
variation in room temperature on the cavity. The temperature of the outer cylinder is stabilized
with peltier modules which are attached to the base plate made of aluminum.

laser is resonant to the specific transmission peak of the cavity. We observed a linear increase in
the offset frequency with a slope of 65 mHz/s, which is close to that of a previous study [129].
This drift is not due to a temperature variation, but is due to the aging (crystallization) of the
ULE glass itself. The drift of the cavity was sufficiently smaller than the typical two-photon
linewidth of ∼ 1 MHz. Hence, we have only to check the drift of the cavity once in a few weeks.

The chamber was mounted on a passive optical table with a natural frequency of 0.5 Hz
(MinusK, 250BM-1). The acceleration of the optical table directly influences on the linewidth
of the lasers even if the cavity has a vibration insensitive shape. We measured the acceleration
of the table with a sensitive seismic accelerometer (Wilcoxon, 731A/P-31) which can measure
an acceleration of 1 µg at a frequency of 0.1 Hz. Fig.5.19 shows the Fourier spectrum of the
measured acceleration. For comparison, the acceleration of an active optical table (Newport,
RS4000) measured with the same accelerometer is also shown in the figure. In contrast to the
spectrum for RS4000, which showed a clear peak at the natural frequency, the spectrum for
Minus-K did not show any clear peak at the expected natural frequency of 0.5 Hz. Here the
important point is that acceleration on the Minus-K table is smaller than that on the normal
optical table by one order of magnitude. Assuming the typical sensitivity of a notched cavity as
several tens of kHz/g [130], we can estimate the frequency fluctuation of the cavity due to the
vibration of the optical table to be within 10 Hz. This fluctuation is sufficiently lower than the
required linewidth of Raman lasers.
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Figure 5.18: Long-term drift of the ULE cavity measured by a molecular transition. The offset
frequency between the master laser and the slave laser is plotted with respect to date. The
linear drift indicates that the fluctuation due to the variation in room temperature is negligible.
The slope of 65 mHz/s is comparable to the previous studies.

5.3.2 ECDL

The design of the ECDL for 901 nm and for 655 nm was the same as that for 795 nm except for
the angle of the grating. The grating itself was the same: the holographic grating for UV range
(Edmund optics, 43774) can cover a broad range of 300–1050 nm. The polarization of the laser
diode with respect to the grating was chosen such that the diffraction efficiency is the highest.
The diffraction efficiency was typically 20–30 %. For 901 nm, we employed a commercial AR-
coated laser diode covering 870–920 nm (Eagleyard, EYP-RWE-940). This laser diode could
cover the entire range required for the present study. In the red region 635–660 nm, we could
not find a good AR-coated laser diode. We employed a non-AR-coated laser diode covering 650–
660 nm (Roithner lasertechnik, ADL-65401TU) for 655 nm and a non-AR-coated laser diode
covering 635–645 nm (Opnext, HL6367DG) for 641 nm. The AR-coated laser diode gave a quite
stable operation with a broad mode-hop-free range: the oscillation does not strongly depend on
the current. In contrast, a stable oscillation of the non-AR-coated laser diode was obtained at
a specific current. This current was strongly dependent on the temperature. As a result, the
ECDL in the red region could readily hops with a slight change in room temperature, whereas
the ECDL in the infrared region was quite stable even if room temperature varied.

In terms of narrowing the linewidth, it is better to prepare an ECDL with narrower linewidth
at the free-running condition. One of the possible reasons for broadening the linewidth of ECDL
is the current noise. As already described in the section 5.2.1, the current noise for the ECDL
is suppressed by a low-pass filter with a cutoff frequency of a few Hz. In principle, this filter
can reduce the high frequency noises, which can broaden the linewidth, by several orders of
magnitude. We checked whether we could improve the performance by supplying the current
from a better current source (HighFinesse, LCS02/6) which has a lower noise than our typical
current source (Thorlabs, LDC202C). Fig.5.20 shows the setup for testing the influence of the
current source on the linewidth of ECDL. The linewidth was measured by monitoring the beat
note between two independent lasers. The ECDL1 was locked to the ULE cavity with both
current and piezo feedbacks and was narrowed to below 1 kHz, whereas the ECDL2 was locked
to an invar cavity only with a piezo feedback. For locking only with a piezo feedback, we required
the invar cavity with a broader linewidth of ∼500 kHz. The piezo feedback could not narrow
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Figure 5.19: Acceleration of the optical table. (a) Passive table for mounting the ULE cavity
(Minus-K). (b) Active table for mounting laser setups. The active table shows a clear peak at
the natural frequency (2–3 Hz), whereas the passive table shows no clear peak. The acceleration
on the passive table is lower than that on the active table by one order of magnitude.
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Figure 5.20: Setup for testing the influence of the current source on the linewidth. The beat note
between two lasers is measured. The linewidth of the ECDL1 is narrowed to below 1 kHz and is
used as a reference for measuring the linewidth of the ECDL2. For suppressing the fluctuation
of the center frequency, the laser2 is locked to an invar cavity only with a piezo feedback. We
can observe the linewidth of the laser2 operated with a current source of either LDC202C or
LCS02/6.

the linewidth because the bandwidth of the piezo feedback (∼10 kHz) was much slower than the
original linewidth of the ECDL. In this way, we could test if the current source had an influence
on the linewidth.

Fig.5.21 shows the measured linewidth of the laser2 with our conventional current source
(LDC202C) and the current source with a lower noise (LCS02/6). We confirmed that the
linewidth of the laser1 was narrower than 1 kHz by locking both lasers with a current feedback
as shown in Fig.5.21(c). In both cases, the linewidths were ∼30 kHz. We did not observe a
significant improvement by using the better current source, indicating that our conventional
current source filtered with a low-pass filter gave a sufficiently low-noise current. Thus, we
continue to use the conventional current source for the present study.

In the above measurement, the beat note was observed with an averaging time of 80 ms.
Without averaging, the linewidth appeared to be narrower than observed with averaging, al-
though the center frequency was fluctuating. These observations indicate that the linewidth of
our ECDL is mainly limited by the fluctuation of the center frequency. The fluctuation should
be considered to be faster than 10 kHz because it cannot be removed with a piezo feedback. The
possible origin of the fluctuation is the mechanical vibration of the cavity comprising the laser
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Figure 5.21: Beat note between two ECDL. (a) Beat note with LCS02/6. (b) Beat note with
LDC202C. (c) Beat note when Laser1 and laser2 are narrowed with both piezo and current
feedbacks. The linewidth of the laser1 is narrowed to below 1 kHz, whereas the laser2 is locked
to an invar cavity with a piezo feedback for suppressing the fluctuation. The beat note given in
this figure is the direct measurement of the linewidth of the laser2 because the linewidth of the
laser1 is sufficiently narrow as shown in (c).
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Figure 5.22: The noise spectrum of the previously used photo-detector for PDH locking. The
output from the photo-detector is directly measured with a spectrum analyzer without any light.
The noise spectrum indicate that the bandwidth is limited to approximately 15 MHz. The peak
at 18 MHz indicate that the output of this photo-detector includes the RF signal leaked to the
ground.

diode and the grating. Another possibility is the influence of the fluctuation of the refractive
index of air due to convection. We have not confirmed which one is the dominant mechanism
for the fluctuation of our ECDL.

In the present study, we required a tunability over tens of nm because we did not know
which intermediate level gives large transition strengths. The infrared light was readily tuned
over tens of nm owing to the AR-coated laser diode. However, we could not have the AR-coated
laser diode in the red region. In order to cover a wide range near 650 nm, we prepared several
kinds of non-AR-coated laser diodes (Table 5.1).

5.3.3 Low noise photo-detector for PDH locking

The photo-detector for detecting a phase-modulated light is a crucial element in the Pound-
Drever-Hall (PDH) scheme. We always have to take care of the performance of the photo-
detector because it should finally limit the performance of locking, particularly in terms of
linewidth. Previously we have been using a home-made transimpedance amplifier (Fig.2.8).
In the previous design, we had a problem that the bandwidth of ∼15 MHz was lower than
the modulation frequency of 18 MHz used in the Raman laser setup. The bandwidth of a
transimpedance amplifier can be readily estimated from the noise spectrum (Fig.5.22). Roughly
speaking, the peak in the noise indicates the bandwidth of the transimpedance amplifier. The
noise arises from the first-stage op-amp and is strongly influenced by the design of the photo-
detector.

Table 5.1: Prepared laser diodes in the red region (∼650 nm). With these laser diodes, we can
cover the ranges of 638–646 nm and 653–665 nm.

Supplier Model Covering range (nm)

TOPTICA LD-0645-0080 643–646
Opnext HL6363DG 638–642
Opnext HL6378DG 641–643

Roithner lasertechnik ADL-65401TU 653–659
Roithner lasertechnik QL65L6SA 659–665
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In order to ensure a wide feedback bandwidth, the bandwidth of the photo-detector should
be larger than the modulation frequency by at least several MHz. However, generally a high-
speed transimpedance amplifier has a high noise. One good solution to obtain a low-noise and a
high-bandwidth amplifier is to use an integrated chip specialized for a transimpedance amplifier
such as SA5211 (Philips) or AD8015 (Analog Devices). The typical characteristics of these chips
are 160–180 MHz in bandwidth and 2–3 pA/

√
Hz in equivalent input noise current. We did not

employ these chips because finally we developed an amplifier with a lower bandwidth (∼40 MHz)
and a lower noise (0.14 pA/

√
Hz) by using a general-purpose op-amp. We tested five kinds of

op-amps, AD8099 (Analog Devices), OPA847 (Texas Instruments), MAX4107 (Maxim), AD829
(Analog Devices), LMH6624 (National semiconductor), among which AD8099 showed the best
performance. Fig.5.23 shows the final design of the new photo-detector, while Fig.5.24 shows the
noise spectrum. For the correct operation of AD8099, the circuit should be composed of surface
mount chips in as small an area as possible. Here we briefly describe the concept for designing
a low noise amplifier herein. For achieving a low equivalent input noise current, it is crucial
to have a high feedback resistance. The limitation on the resistance arises from the required
bandwidth: surface mount resistances have a typical capacitance of 0.2 pF, which can serve as
a feedback capacitance and limit the bandwidth. Thus, the maximum allowable resistance is
determined by the bandwidth and 0.2 pF. In addition, there is another limitation arising from
the requirement for a stable operation as a transimpedance amplifier. The feedback capacitance
should be larger than a specific value such that an input noise is not amplified.

Constructing the circuit with surface mount components on a small area has another im-
portant effect on the fluctuation of the locked frequency. In the previous design, the circuit
was composed of normal-size components on a commercial universal board (Sunhayato, ICB-
88SEG). This circuit caught the RF signal leaked on the ground. Particularly the RF signal for
driving the EOM became a problem because it can constitute the offset of the error signal. The
output RF signal depends on the shape of the RF cable, giving rise to a fluctuation of the offset
through the vibration of the cable. With the surface mount components and the home-made
small circuit board, we could avoid the influence of the RF signals on the ground; thereby we
could suppress the fluctuation of the center frequency.

In the new design, we did not install the second-stage amplifier which could add noises. As
a result, the new photo-detector has a lower transimpedance (20 kΩ) than our previous design
(100 kΩ). We tried to increase the signal by amplifying the RF signal just after the photo-
detector with an RF amplifier because generally a good RF amplifier has a lower noise figure
than an amplifier with op-amps. However, in this attempt we found that an RF amplifier was
not suited for amplifying an error signal. Due to the gain compression effect, an error signal was
distorted and lost sensitivity to a small change in frequency. Finally we solved the problem just
by increasing the power coupling to the cavity. The typical power incident on the cavity was
∼200 µW, which was sufficient for achieving a linewidth narrower than 10 Hz. Another good
solution will be to use an Avalanche photodiode.

The obtained performance of 0.14 pA/
√
Hz is sufficient for the present study. Assuming

the typical photo-current of 100 µA, we can ensure a signal-to-noise ratio of more than eight
orders at 1 Hz. This SNR is sufficient for achieving a linewidth of 1 Hz from an error signal
with a linewidth of 200 kHz. Although a single-stage amplifier gives a sufficiently low noise with
a required bandwidth in the present study, a two-stage amplifier can have a lower noise. The
possibility of a two-stage transimpedance amplifier is discussed in detail in Ref. [132].

5.3.4 Phase noise cancellation in an optical fiber

The development at 795 nm gave us a narrow linewidth of 30 Hz, but left a significant problem
of the fluctuation of the center frequency over a few 100 Hz. We suspected that this fluctuation
was caused by the phase noise in an optical fiber. In our setup, the ULE cavity is mounted on
a passive optical table, which is too small to mount all the lasers (three semiconductor lasers
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Figure 5.23: Design of the new photo-detector for PDH locking. (a) Circuit diagram. (b) Board
layout. (C) Image. A current signal from a photo-detector is converted to a voltage signal with
a transimpedance amplifier. The DC part of the output is separately obtained for monitoring
whether locking is successful. All the parts are mounted on a home-made surface mount circuit.
In addition to the components given in (a), the power supplies are filtered with 15µF tantalum
capacitors.
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Figure 5.24: Noise spectra of the new photo-detector for PDH locking. The noise spectrum
indicates that the bandwidth is ∼40 MHz and the equivalent input noise current is 0.14 pA/

√
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at 18 MHz, which is sufficient for achieving a narrow linewidth in our setup.
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Figure 5.25: Optical setup for measuring the phase noise in an optical fiber. An AOM is inserted
before the fiber for measuring the influence of the fiber. A part of the light is returned at the
NPBS on the Minus-K table. The NPBS is required for matching the polarization of the returned
light to that of the fiber. The beat note between the original light and the returned light is
detected with a high-speed photo-detector. The frequency of the returned light is shifted by
twice the modulation frequency of the AOM from the original light before the AOM.

and a dye laser). Therefore, lasers are mounted on another optical table and the lights from
these lasers are carried with optical fibers with a length of 10 m. The vibration of the fiber can
modulate the frequency of the light passing through the fiber with the Doppler effect because
the fiber serves as numerous mirrors.

In order to check if the fibers have an influence on the fluctuation of the frequency in our
setup, we measured the phase noise in the optical fiber with a setup shown in Fig.5.25. With this
setup, we could measure the phase noise in the fiber as a beat note between the original light and
the returned light. If no phase noises are added, the beat note should be the frequency-doubled
signal of the RF signal driving the AOM derived from a signal generator. However, we observed
that the beat note was broadened to a few 100 Hz mainly due to a controller for the pump light
of the Ti: Sapphire laser (Fig.5.26). This controller added an intense vibration on the rack to
which the fibers were fixed. When we turned off the controller, the broadening was negligible.
The important observation in this measurement is that the fluctuation of the center frequency
in an optical fiber is usually negligible and the beat note shows a nearly symmetric shape. When
we touched the fiber with a hand, the beat note showed an asymmetric shape, indicating that
the fluctuation of the center frequency in a fiber is significant only when the fiber is strongly
vibrated. Thus, we concluded that the observed fluctuation of the center frequency was not due
to the phase noise in the fibers.

Although the observed fluctuation of the frequency was not associated to fibers, we finally
decided to introduce a system for cancelling the phase noise in the fibers. For ensuring that
the fibers did not have any influence even if we touched the rack for adjusting electronics, it
was important to completely cancel the influence of the fibers. The principle of cancellation is
simple: we have only to modulate the frequency of the AOM such that the observed beat note
between the original light and the returned light is exactly the same as the frequency-doubled
signal of the RF signal driving the AOM [133]. The feedback was carried out via phase-locked
loop. Fig.5.27 shows the overall setup for cancellation. For this purpose, a 200 MHz photo-
detector was developed just in the same way as explained in the section 5.3.3. The servo circuit
for controlling the voltage controlled oscillator (VCO) operating the AOM is shown in Fig.5.28.
We tried two types of servo circuit: one was with P gain (a normal inverting amplifier) and a
RC low pass filter (R = 470Ω, C = 100µF) after the amplifier and the other was with P and
I gain and without a low pass filter. Both enabled stable locking, but we chose the latter one
because it had a much larger feedback bandwidth (see Fig.5.29).

The beat note with cancellation is shown in Fig.5.29. We observed a significant suppression
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Figure 5.26: (a) Span 10 kHz. (b) Span 2 kHz. The controller for the pump light of the T:
Sapphire laser broadens the frequency of the light in the fiber (blue line). Just by turning off
the controller, the sidebands at a few 100 Hz are suppressed (red line). When we touch the fiber
with a hand, the beat note is further broadened and becomes asymmetric (green line in (a)).
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Figure 5.27: Electronic and optical setup for cancelling the phase noise in a fiber.
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Figure 5.28: Servo circuit for the fiber phase noise cancellation. The integrator in the first stage
serves as a kind of loop filer and is required for stable locking.

of the phase noises introduced in the fibers at frequencies below a few tens of kHz. The noise
slightly increased at higher than 100 kHz due to the feedback bandwidth of the VCO (∼180
kHz). With this condition, shaking the fibers did not have any influence on the beat note.
Thereby, we could ensure that any vibrations on the fiber did not influence the measurement of
the linewidth of the lasers.

5.3.5 Improvements on optics

The improvements on the optical setup around the ULE cavity constituted a crucial part in the
efforts for making Raman lasers. We made numerous modifications and determined the final
design which represented the lowest fluctuation of the center frequency. Fig.5.30 shows the final
design of the optical setup on the Minus-K optical table. Most of the optical components, except
for isolators, are shared between red and infrared lights. Thus, this setup can readily be used for
both the STIRAP experiments (red and infrared lights) and the measurement of the linewidth
(two red lights or two infrared lights). The improvements on the optical and electrical setup
were carried out by measuring the linewidth between two infrared lasers independently locked
to the same cavity.

This design includes four important intentions. A part of them is specific to a two-color
light source. First, the reflected lights from the cavity are extracted with an isolator such that
we can obtain a maximum available error signal for both lights. In the previous design at 795
nm, only half of the light incident on the cavity was extracted with a PBS. The isolators are
also important for suppressing the back-reflection to the optical fiber, which can cause a large
fluctuation of the frequency. We found that an isolation of -40 dB was required for suppressing
the fluctuation to below 10 Hz in our case.

The second point is to use a Glan-Thomson polarizer before an EOM instead of a PBS and
a λ/2 waveplate. The fluctuation of polarization can induce the fluctuation of the offset of the
error signal. Therefore, it is important to purify the polarization with a high-extinction ratio
polarizer. The waveplate is removed because we can roughly match the polarization with the
angle of the fiber and precisely with the angle of the polarizer. The angle of the polarizer and
the waveplate after the AOM are adjusted such that the offset of the error signal vanishes.

The third point is to avoid any interference between optical components after the EOM.
The interference can fluctuate the center frequency through the vibration of optical components
because the interference effectively works an additional cavity before the ULE cavity. Large
interferences appear between the cavity and the isolator (on the both surfaces of the crystal and
the polarizer), between the cavity and the photodiode for PDH locking, and between the cavity
and the polarizer for overlapping two lights. In order to avoid any interference, all the optical
components are tilted with respect to the optical axis such that the fluctuation of the output RF
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Figure 5.29: Beat note with phase noise cancellation. (a) Span 200 kHz. (b) Span 20 kHz. (c)
Span 1 kHz. The phase noises within a few tens of kHz are efficiently cancelled.
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cavity with a minimum fluctuation of the center frequency. In addition, we can measure the
linewidth between two red lasers and between two infrared lasers by locking them to the same
cavity. Except for the isolators, all the optical components are shared between the red and the
infrared lights.
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Figure 5.31: Beat note between two master lasers. Large sidebands at 50 Hz indicate large
ground noises.

signal of the photo-detector is sufficiently small. Of a particular problem is an isolator: due to its
small aperture with respect to its long body, they tend to be almost vertical to the optical axis.
For tilting the isolator, we remove the input polarizer and place a tilted Glan-Taylor polarizer
separately before the isolator. By entering the light from the cavity side, the output polarizer is
rotated such that the transmission is suppressed to below -40 dB of the incident light. Note that
the polarizer should be a Glan-Taylor type and not a PBS: Glan-Taylor polarizer has a small
but finite field of view in which a high extinction ratio is obtained. We also have to take care of
the transmitted light after the ULE cavity such that the transmission scattered or reflected at
some components does not hit the photo-detector. We observed a large frequency fluctuation
just by placing a black paper after the ULE cavity.

The fourth point is to stabilize the intensity after the Glan-Thomson polarizer. The fluctu-
ation of polarization in the optical fiber leads to an intensity fluctuation of a few % after the
polarizer. The intensity fluctuation can influence on the center frequency presumably due to the
asymmetric shape of the error signal. In our case, the intensity after the polarizer is stabilized
with the AOM before the fiber to below 0.2 %; the AOM has two roles of cancelling both phase
and polarization noises in the fiber.

With these improvements, the fluctuation of the center frequency is suppressed to ∼20 Hz
by approximately one order of magnitude.

5.3.6 Improvements on electronics

The improvements on the electronic setup constituted the final part of developing master lasers:
the fluctuation of the beat note frequency was suppressed to a few Hz with them. Further, the
small fluctuation of the center frequency allowed us to confirm that the linewidth between two
independently locked lasers is below 1 Hz. We stopped the development at this point because
we reached the limit of the resolution limit of our spectrum analyzer. There are two major
improvements: AC line noises and the servo circuit. In addition to these major modifications,
we made another minor change: the DBM for obtaining an error signal was changed from the
previously used one (Mini-Circuits, ZAD-1H+) to another one with a high LO-IF isolation (Mini-
Circuits, ZAY-1+). With this modification, the low-frequency pedestal was slightly suppressed.

At first, the AC line noises were observed as large sidebands at 50 Hz (Fig.5.31). We
found that switching power supplies for driving high-power RF amplifiers added large noises to
the ground. Finally we exchanged all the switching power supplies to series regulators. This
significantly reduced the ground noise at high frequencies of more than 10 kHz, but the sidebands
at 50 Hz were still remaining in the beat note spectrum.
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A significant improvement was obtained by connecting the ground of the servo circuits (±15
V) to the ground of the lasers (optical table) with plain stitch copper wires with a cross section
of more than 100 mm2. Previously the ground of the servo circuits and the ground of lasers
were connected with narrower cables (three cables with a cross section of 3.5 mm2), but they
were not sufficient. With this connection, the sidebands were suppressed by more than 10 dB.
In addition, the fluctuation of the center frequency was suppressed to below several Hz. At this
stage, we recognized that the center frequency was strongly influenced by the ground noise.

The second and final major modification was about the servo circuits. Fig.5.32 shows the
final design of the servo circuit. In order to suppress regulation sidebands and to make the
lock more stable, we added a differential (D) gain. In practice, the D gain was obtained just
by adding a capacitor in parallel with the variable resistor before the integrator. The D gain
increased the band width from 700 kHz to 2.4 MHz and suppressed the regulation sidebands
by 10 dB. The bandwidth was presumably limited by the length of the RF cable (6 m) and the
optical fiber (10 m).

At this stage, the linewidth was a few Hz and the fluctuation was several Hz. We suspected
that the broadening of the linewidth as well as the fluctuation was due to an insufficient gain at
low frequencies. When we directly connected the output of the servo circuits to piezo modules
and locked the lasers without high-voltage amplifiers, the linewidth was broadened to ∼10 Hz.
This indicated that the gain for the piezo feedback was not sufficient against electronic noises.
Here the problem was the signal-to-noise ratio, and we could not improve it just by increasing
the gain. The possible source of the noise was the first op-amp for buffering. Therefore, we
directly integrated the error signal to obtain the piezo feedback signal. The current feedback
signal was buffered with an op-amp (AD829) because the low-frequency (LF) integrator requires
the buffering op-amp. In this configuration, we had to precisely adjust the offset voltage of the
buffering op-amp to zero: without this adjustment, we could not lock simultaneously with the
piezo feedback and the LF current feedback. Fig.5.33 shows the beat note of two infrared lasers
locked with the circuit given in Fig.5.32(a). The final design provided a better performance: the
fluctuation of the center frequency was suppressed by a factor of 2 and the sidebands at 50 Hz
were suppressed by 10 dB. Further, the beat note shows a much clearer spectrum at frequencies
lower than 20 Hz. Although a fluctuation of a few Hz during ∼10 s is still remaining, now we
can claim that the linewidth of our lasers is below 1 Hz. Our conclusion obtained here is that
the first buffering op-amp in a servo circuit can be the source of the noise at low frequencies. By
directly integrating the error signal without buffering, we can obtain a clean signal suited for
obtaining a linewidth of narrower than 1 Hz. Note that the linewidth mentioned in this context
does not include the fluctuation due to the vibration of the cavity itself. If we take into account
the vibration of the Minus-K optical table, we cannot claim that our lasers have a linewidth of
below 1 Hz. The measurement of the acceleration on the table gives us an estimation that the
frequency fluctuation during ∼10 s is below 10 Hz.

The above development has been carried out at 901 nm. We can expect a better performance
at 655 nm because the finesse of the cavity at 655 nm is higher than that at 901 nm. We confirmed
that the obtained results are also valid at 655 nm by monitoring the beat note between an ECDL
and a dye laser locked to the same cavity independently (Fig.5.34). In this measurement, the
dye laser was used because we prepared only the dye laser as a slave laser. At 655 nm, we
observed a beat note linewidth of ∼3 Hz and a center fluctuation of ∼10 Hz. Although these
values are worse than those at 901 nm, we expect that they are due to the imperfect stabilization
of the dye laser. Regarding the instability of the dye laser, there are several possible reasons
for the worse performance. First, the dye laser has a large intensity noise, which cannot be
completely removed. The sidebands at ∼1 kHz is due to the residual intensity modulation used
for stabilization inside the dye laser. The intensity noise with a low frequency can fluctuate
the center frequency. Second, the dye laser is stabilized with an AOM by using a servo circuit
similar to our previous design (Fig.5.35). The noise arising from the first buffering op-amp will
limit the linewidth as well as increase the fluctuation.
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Figure 5.32: Circuit diagram of the servo circuit for Raman lasers. The piezo feedback signal
is obtained by directly integrating the error signal. In contrast, the current feedback signal
is buffered such that the low-frequency integrator works well. All the signals are carried with
coaxial cables. For suppressing high frequency noises, power cables are filtered with ferrite cores.
The box is directly connected to the laser ground with plain stitch copper wires.
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Figure 5.33: Beat note between two infrared lasers independently locked to the ULE cavity. (a)
Span 6MHz. (b) Span 100 kHz. (c) 10 kHz. (d) Span 100 Hz. This figure represents the final
performance of our Raman lasers.
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Although this measurement was not a direct evaluation of the master ECDL at 655 nm, we
concluded that the master laser at 655 nm was sufficiently stable as well. With this measurement,
we finished the development of the master lasers.

5.3.7 Analog optical phase-locked loop

Now that we have sufficiently stable master lasers, the remaining task is to develop sufficiently
stable slave lasers. The development at 795 nm made it clear that the digital OPLL is not
suited for the present study. Thus, we decided to employ an analog OPLL with a double
balanced mixer [90]. The setup is similar to the setup for the digital OPLL (Fig.5.36). The
principle of the operation is simple. In contrast to the digital OPLL, in which a frequency
difference between the beat note and a microwave signal is detected digitally by counting the
number of pulses, a frequency difference is detected with a double balanced mixer (DBM). The
signal obtained with a DBM is feed-backed to the slave laser, finally giving rise to a constant
phase.

The analog OPLL is quite successful for ECDL. Fig.5.37 shows the beat note between two
ECDLs. Here the remarkable points are the wider bandwidth and the lower pedestal than in the
digital OPLL (Fig.5.12). Roughly speaking, the signal obtained with a DBM can be precisely
controlled such that the gain characteristics of the feedback signals match the system, resulting
in a better performance than in the digital OPLL. The servo circuit for the analog OPLL is
shown in Fig.5.38. The analog OPLL is possible only with the current feedback for a short term
(∼10 s). In order to compensate a long term drift, the error signal is integrated and is feed-
backed to the piezo module. The phase-advance circuit after the DBM enables us to extend the
bandwidth of the current feedback to ∼4 MHz. The wide bandwidth as well as the integration
of the piezo feedback signal makes the lock quite robust against acoustic and vibrational noises.
The obtained stability is comparable to that of master lasers.

The servo circuit is different from that for locking the master laser to a cavity because of
the difference in the frequency dependence of the error signal. The cavity signal has a lower
sensitivity to a lower frequency component, whereas the OPLL signal has a nearly flat frequency
response. Hence, a narrow linewidth is obtained without integrating the error signal. The
integration of the piezo feedback signal is solely for achieving stable locking.

The most important aspect of the slave laser is that it can be scanned for a wide range with
keeping the narrow linewidth. In our setup, the slave laser is scanned by sweeping the frequency
of the microwave signal with a constant frequency step of up to 100 kHz. The basic idea is to
shift the frequency just after the STIRAP transfer is carried out. Considering the bandwidth
of the current feedback of 4 MHz, we can expect that the duration required to reach a stable
frequency is within 10 µs. This duration is much shorter than the one-cycle duration of 100
ms. In this way, we can realize a scan with keeping the narrow linewidth during the most of
the time. The present method has another advantage in the accuracy of the obtained spectrum:
the frequency step is precisely determined by the microwave source. The inaccuracy of the
spectrum arises only from the long-term stability of the frequency of the master laser. In the
previous spectroscopic studies given in the chapter 4, the frequency measurement was carried
out by calibrating the frequency with a cavity. This method is suited for scanning an extremely
wide range of more than several tens of GHz, but it has various origins of uncertainty, such as
errors in fitting to the cavity spectrum, errors in the interpolation with a spline function, and
errors in the measurement of FSR. The present method based on sweeping a microwave source
is particularly suited for the study to observe a narrow structure with a width of below 1 MHz.

The microwave sources for the analog OPLL are N5181A (Agilent technologies; 100 kHz–6
GHz) and E4420B (Agilent technologies; 250 kHz–2 GHz). At first, we prepared E4420B and
SMC-100A (Rohde&Schwartz; 9 kHz–1.1 GHz) for this purpose. However, both were not suited
for scanning over a wide range: the former one can scan only 400 points, whereas the latter one
sometimes stops to output microwave signals for ∼500 µs. Therefore, we purchased a new signal
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Figure 5.34: Beat note between two red lasers independently locked to the ULE cavity. (a) Span
6 MHz. (b) Span 200 kHz. (c) Span 5 kHz. (d) Span 200 Hz. The dye laser is stabilized with
an AOM, whose bandwidth is limited to ∼400 kHz due to the beam diameter in the AOM.
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Figure 5.35: Circuit diagram of the servo circuit for locking a dye laser to a ULE cavity. This is
a modified version of the our previous design (Fig.5.3). This circuit is used only for measuring
the linewidth of the master laser at 650 nm.
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Figure 5.36: Setup for the analog OPLL between two ECDLs. The beat note between the master
and the slave laser is detected with a high-speed photo-detector. After being compared with
a microwave signal, the beat signal is feed-backed to the slave laser. Although we also tried
a phase detector (Mini-Circuits, ZRPD-1), a mixer (Mini-Circuits, ZFM-2-S+) gave a larger
bandwidth (∼4 MHz).
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Figure 5.37: Beat note between the master and the slave lasers at 901 nm. (a) Span 10 MHz.
(b) Span 100 kHz. (c) Span 10 kHz. (d) Span 100 Hz. Compared to the digital OPLL, a wider
bandwidth and a lower pedestal are obtained with the analog OPLL.
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Figure 5.38: Servo circuit for the analog OPLL of two ECDLs. For the current feedback signal,
the error signal is not integrated but only amplified.

145



I

Limiting Amplifier

Dye

Slow Fast

ECDL

L

λ/2

Signal Generator

R

Photo-detector

Servo circuit

AOM

Prescaler (1/4)

Double Balanced 
Mixer

VCO

Figure 5.39: Setup for the analog OPLL at 655 nm. A dye laser is locked to the master laser
with the analog OPLL via a double-pass AOM. In order to increase the scanning range, the
feedback signal for the VCO controlling the AOM is also feed-backed to the dye laser itself such
that the AOM always stays at around 80 MHz. A prescaler for dividing the frequency of the
beat note by 4 is inserted such that our 2.2GHz synthesizer (E4420B, Agilent technologies) can
cover the entire range.

generator, N5181A. All the spectra obtained in the chapter 6 are taken by scanning either the
red laser or the infrared laser with this signal generator. While one laser is scanned, the other
laser is locked with E4420B.

The stability of the analog OPLL enables us to scan the slave laser for more than 2 GHz
without mode-hopping. The scanning range is limited only by the mode-hop-free range of the
ECDL itself. The significant improvement is due to the following points. First, the feedback
gain is almost constant during a wide-range scan. The problem of the DC bias characteristics
of ceramic capacitors does not arise here because there is only a small DC component before
the coupling capacitor for the current feedback. The variation of the gain arises only from the
decrease in the magnitude of the beat note signal at frequencies higher than a few GHz. Second,
the DC voltage for sweeping the frequency of the ECDL with the piezo module is obtained by
integrating a small DC signal from the DBM. This is limited only by the maximum output
voltage of the op-amp.

A similar setup for the analog OPLL was also constructed at 655 nm (Fig.5.39). The main
difference is that the slave laser is not a diode laser but a dye laser. The dye laser is stabilized
with a double-pass AOM (80 MHz) placed just after the dye laser via a voltage controlled
oscillator (VCO). In addition, a home-made prescaler (Hittite microwave, HMC365S8GE) is
inserted for dividing the beat note frequency by 4 such that E4420B can cover more than 2
GHz. The servo circuit for controlling the VCO is shown in Fig.5.40. In contrast to the OPLL
between two ECDLs, there is a significantly larger pedestal in the dye laser than in the diode
laser (Fig.5.41); this is due to the limited feedback bandwidth of the AOM (∼300 kHz).

The AOM itself has a scanning range of only several tens of MHz. In order to achieve a
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Figure 5.40: Circuit diagram of the servo circuit for the analog OPLL of the dye laser.

wide scanning range, the feedback signal to the VCO is also feed-backed to the dye laser itself.
Our dye laser has a software feedback system, which can stabilize the frequency of the dye laser
slowly (up to a few 100 Hz). The principle of the operation is as follows. When the frequency of
the microwave source is shifted, the frequency of the RF signal for the AOM is first shifted with
a change in the voltage to the VCO. Then the dye laser is slowly shifted such that the frequency
of the AOM is kept constant. In this way, we can scan the dye laser for up to 4 GHz without
mode-hopping. The scanning range is not limited by the dye laser, which has a mode-hop-free
range of 50 GHz, but by the change in the magnitude of the signal from the photo-detector for
observing the beat note.
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Figure 5.41: Comparison of the beat note between the infrared light and the red light. (a) Span
10 MHz. (b) Span 2 MHz. This measurement was carried out at 875 nm for the infrared light
and at 641 nm for the red light. For both lights, the master lasers are locked to the ULE cavity.
Due to the limited bandwidth of the AOM, there is a larger pedestal in the OPLL of an ECDL
and a dye laser than in the OPLL of two ECDLs.
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Chapter 6

Coherent transfer into the
rovibrational ground state

In spite of the successful demonstrations on Feshbach molecules near quantum degeneracy [50–
52], a STIRAP transfer of photoassociated molecules into the rovibrational ground state is not
straightforward. Before starting the present study, we had a number of questions arising from
the completely different experimental conditions. Can we obtain a high transfer efficiency with
a much lower intensity than in the previous studies? Does a magnetic field gradient as well
as a residual bias magnetic field influence on the coherence? Should we need a spin-polarized
sample for an efficient transfer? What is the optimum pulse duration? What is the optimum
intensity ratio between two lights? What initial state should we choose? Can we find the
two-photon resonance without using two-photon dark resonance spectroscopy? Is a power of
100 mW prepared for the downward transition is sufficient? Does the higher temperature of
photoassociated molecules than that of Feshbach molecules become a problem? Which one of
the (3)1Σ+ state and the (2)3Σ+ state is suited for the present study? Can we directly detect
the produced ground-state molecules with REMPI? What should limit the transfer efficiency?
The answers to most of these questions are obtained in the present study, although a part of
them still remain unanswered.

Our previous results on the transfer between two adjacent vibrational levels gave us an
expectation of a successful transfer also into the rovibrational ground state. However, the
present situations are completely different from our previous study on weakly bound levels; in
the previous studies, we already had good knowledge on the transition strengths, the two-photon
resonance frequency, and the ionization wavenumbers. In addition, the previous condition, in
which the intermediate state was the photoassociation level, is easier to work with: the large
Flanck-Condon overlaps with weakly bound level ensure large transition strengths, whereas the
broad natural linewidth of ∼12 MHz makes spectroscopy easy.

In this chapter, we first point out the difficulties associated with the STIRAP transfer of
photoassociated molecules (section 6.1). In order to circumvent a part of the difficulties, we de-
veloped a new spectroscopic method, which we named Spontaneous-decay Induced Double Res-
onance (SpIDR) (section 6.2). The SpIDR spectroscopy enabled a high-resolution spectroscopy
of photoassociated molecules in a single state. In addition, SpIDR spectroscopy enabled us to
observe a two-photon dark resonance, which was a key phenomenon for measuring the unknown
properties of the transition to the rovibrational ground state (section 6.3). Based on the mea-
surement with a two-photon dark resonance, we carried out a STIRAP transfer. By scanning
the pulse laser, we found several wavenumbers which can ionize molecules in the rovibrational
ground state (section 6.4). This was also the direct confirmation that we have succeeded in the
STIRAP transfer of photoassociated molecules. The study on the multiple-transfers gave us
estimation on the single-step efficiency as 73 %. Here we found that the coherence during the
transfer was a few kHz, which was significantly larger than we expected from the linewidth of
the Raman lasers. Therefore, we studied the coherence properties of the two-photon transition
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(section 6.5). The possible origin of decoherence was not the laser linewidth, but the pedestal
arising from a bad regulation. Particularly the dye laser had a large pedestal, resulting in the
main cause of decoherence. In the end, we present the applications of the produced molecules
(section 6.6). The theoretical treatment of coherent phenomena in a three-level system is given
in the section 6.7, in which we derive useful expressions for analyzing the observed behaviors.

6.1 Difficulties associated with photoassociated molecules

The first attempt to reach the rovibrational ground state was carried out with the triplet scheme:
we chose the v′′ = 21 level of a3Σ+ as an initial state and the v′ = 44 level of (2)3Σ+ as an
intermediate state. This was because the absolute value of the transition strength could roughly
be estimated from the previous experiments on 40K87Rb [50]. In contrast to the triplet scheme,
the all-singlet scheme had an uncertainty on the transition strength between the (3)1Σ+ state
and the rovibrational ground state when we started the experiment. There was a possibility
that the transition was too weak to be used for an efficient transfer. We discuss this point in
detail herein.

As already we discussed in the section 4.2.6, we had a good estimation on the Franck-Condon
factor based on our accurate potential. However, the Franck-Condon factor does not directly
means a transition dipole moment. The transition dipole moment between two molecular states
d can be approximately written by the R-dependent transition dipole moment D(R) and the
Franck-Condon factor f as

d = D(R0)
√

f (6.1)

where R0 is the internuclear distance at which the two wavefunctions of the ground and the
excited states have a maximum overlap. In our case, R0 ∼10 Å for the upward transition and
R0 ∼4 Å for the downward transition. Here the problem is that an ab initio calculation on
D(R) gives a quite small value of below 0.1 ea0 at a short internuclear distance [109]. If the
calculation slightly deviates to a lower value, the expected transition dipole moment is nearly
zero even if the Franck-Condon factor is large. This is why initially we did not employ the
all-singlet scheme.

The triplet scheme has an advantage in its known transition strength. However, there was
another problem in the triplet scheme. In our experiment, photoassociated molecules were not
trapped. Therefore, we had to carry out a STIRAP transfer immediately after the magnetic field
for a MOT was turned off. In such a situation, a sudden change in the magnetic field gradient
induced a current in the metal chamber as well as in the compensation coils, making a residual
magnetic field of ∼0.1 G. Triplet molecular states can readily be influenced by these residual
magnetic fields with a sensitivity of ∼3 MHz/G. At first, we expected a successful STIRAP
transfer based on the estimation that the energy splitting among magnetic sublevels of ∼0.3
MHz is smaller than the typical two-photon width of ∼1 MHz. However, we could not observe
anything in spite of intensive efforts. At this stage, we recognized that we should also think of
the influence of magnetic fields on the coherence during a two-photon transfer. In contrast to the
previous experiments on Feshbach molecules, in which a high magnetic field was applied, there
were only residual magnetic fields of ∼0.1 G in our experiments. The Raman laser can couple
all the magnetic sublevels because the expected Rabi frequency is ∼1 MHz. In such a situation,
we can consider that the splitting due to magnetic fields corresponds to a broadening of the
linewidth of the Raman lasers of the order of ∼0.1 MHz. In other words, the magnetic fields can
induce spin precession and loose the coherence of the two-photon transition at a rate of ∼0.1
MHz. This fast decoherence makes the transfer efficiency quite low. With the consideration on
this possibility, we stopped to proceed the experiments in the triplet scheme and switched to
the all-singlet scheme.

In the singlet scheme, we had a wide variety of significant difficulties. One of them was the
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Figure 6.1: Depletion spectra of the (3)1Σ+ state obtained with a low laser intensity. Ion counts
in the v′′ = 91 level of X1Σ+ are plotted with respect to the offset frequency between the master
laser and the slave laser of the infrared light. The initial rotational state is the J ′′ = 2 level.
When we reduce the intensity, the dip becomes small and finally disappears. The minimum
width observed is ∼10 MHz, which is much larger than the expected natural linewidth of ∼300
kHz.

broad width of the depletion spectrum. Although depletion spectroscopy for photoassociated
molecules is robust and straightforward, the observed width was much broader than the expected
natural linewidth. The ab initio calculation on the transition dipole moment gives estimation on
the natural linewidth of the (3)1Σ+ state as ∼300 kHz [109]. However, we never observed such
a narrow linewidth (Fig.6.1). When we reduced the intensity, the dip finally disappeared at a
relatively large width of ∼10 MHz. The broad width compared to the natural width should be
interpreted as saturation broadening. The saturation broadening can be a significant problem
in a STIRAP experiment because we have to specify the frequency of the one-photon transition
with an accuracy of 1MHz, which is the expected width of the two-photon resonance.

The other significant difficulties were the existence of a number of uncertain quantities. In
addition to the transition strengths, we did not know the precise frequency of the two-photon
resonance and the wavenumber of the pulsed laser for ionizing the ground-state molecules. The
absence of the knowledge on the transition strengths made it difficult to determine the intensity
ratio between the red light and the infrared light as well as the duration of the STIRAP transfer.
The attempt to observe a STIRAP signal was thus the multi-dimensional search of the optimum
values for these parameters. The key process to circumvent these difficulties should be two-
photon dark resonance spectroscopy (or electromagnetically induced transparency, EIT).

The theoretical descriptions on a two-photon dark resonance are given in the section 6.7.
Reviews on this topic are found in Ref. [134–136]. Here we describe the physical interpretation
of the phenomenon. We consider a three-level system as shown in Fig.6.2. When the laser 2 is
on two-photon resonance and the condition Ω2 ≫ Ω1 is satisfied, the population is trapped in
a coherent dark state consisting of the initial state and the final state, which does not scatter
photons. Thus, a two-photon dark resonance appears in a one-photon absorption spectrum
as a dip in which absorption is suppressed. Two-photon dark resonance spectroscopy enables
us to determine the precise frequency and the transition strength of the two-photon resonance
with monitoring the population in the initial state. In this process, we do not need to find
the ionization wavenumber for the rovibrational ground state. In addition, a two-photon dark
resonance can be observed without accurate information on the transition strengths. This means
that we do not have to take care of the transfer duration and the intensity ratio, which are
specific to a STIRAP transfer. In this way, a two-photon dark resonance makes the situation
quite simple. Once it is observed, the remaining uncertainty is only the question on whether we
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Figure 6.2: A three-level system relevant to the present study. The laser 1 is called a probe
laser, whereas the laser 2 is called a control laser. When the control laser is on two-photon
resonance, the population is kept in a dark state. As a result, the absorption of the probe laser
is suppressed.

can directly ionize the ground-state molecules.
Here is the largest problem in this study: a twp-photon dark resonance had not been observed

for photoassociated molecules. In the long history of more than 15 years of photoassociation,
coherent phenomena such as a two-photon dark resonance and STIRAP were not reported for
photoassociated molecules. Although a coherent coupling between an atomic state and a weakly
bound molecular state was reported [71–74], photoassociated molecules had been used only for
the one-photon spectroscopy of excited states and not for the spectroscopy of the ground state.
In spite of our intensive efforts, we could not observe a two-photon dark resonance with the
previously used method for observing one-photon transitions, depletion spectroscopy.

Why we cannot observe a two-photon dark resonance for photoassociated molecules? This
question had been at the center of this study. To our knowledge, nobody answered to this
question before this study. We found that the answer to this question is related to the saturation
broadening of the depletion spectrum. In order to clarify the points, we compare the properties
of photoassociated molecules and Feshbach molecules for which two-photon dark resonances
have been observed.

Due to the coherent nature of a Feshbach resonance, which arises from the interaction be-
tween a single atomic Zeeman level and a single molecular Zeeman level, Feshbach molecules
are pure in terms of rotational, hyperfine, and Zeeman levels. Feshbach molecules in a shallow
optical trap with a typical depth of a few µK immediately escape from the trap once they absorb
a photon. The number of molecules can be precisely measured via absorption imaging. Thus,

Table 6.1: Comparison between photoassociated molecules and Feshbach molecules.

Photoassociated molecules Feshbach molecules

Trap Untrapped Trapped
Density Low (∼106 cm−3) High (∼1012 cm−3)
Detection Ionization Absorption imaging

Internal states Rotational, Hyperfine, Zeeman Pure (single)
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(a)
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(c)

Probe laser frequency

Population in the initial state

Figure 6.3: Schematic of the influence of saturation broadening on a two-photon dark resonance.
(a) The probe laser is sufficiently weak. (b) The probe laser is moderately intense. (c) The
probe laser is intense. When the one-photon spectrum is broadened by saturation broadening,
the transparency peak arising from the two-photon dark resonance is smoothed out.

depletion spectroscopy on Feshbach molecules has a quite high signal-to-noise ratio for a single
quantum state. A very low intensity is sufficient for detecting the resonance.

The situation is completely different for photoassociated molecules. The spontaneous decay
process of photoassociation distributes molecules over multiple vibrational, rotational, hyperfine,
and Zeeman levels. The photoassociated molecules can only be observed with ionization, which
can resolve vibrational structures but cannot resolve other structures. Thus, the ion counts al-
ways include signals from various quantum states. The resonance is detected as optical pumping
to other vibrational levels rather than an escape from a trap. Optical pumping is less efficient
than escapes from a trap if the Franck-Condon factor of the transition is large. These aspects
result in a low signal-to-noise ratio for a single quantum state, requiring a rather high intensity
for observing the resonance.

Now we can give an answer to the question on why we cannot observe a two-photo dark
resonance for photoassociated molecules. In the depletion spectroscopy for photoassociated
molecules, the spectral width is always broadened due to saturation broadening. In such a
situation, a two-photon transparency peak in the one-photon spectrum disappears (Fig.6.19).
Although we do not introduce a theoretical framework for explaining the phenomenon, we can
intuitively understand this behavior just by considering the relation between a transparency at
a weak limit and an observed depth.

In summary, there are three major obstacles in our STIRAP experiments. In Fig.6.4, these
problems are schematically shown with a level diagram for the relevant molecular states. The
difficulties of observing a STIRAP signal in our experiment are summarized as follows. Due to
their low density, photoassociated molecules cannot be observed with absorption imaging. A
REMPI ionization with a pulsed laser is required for detecting photoassociated molecules. In

153



Initial state 

X1Σ+, =91, =0 

Excited state 

(3)1Σ+, 

Final state 

X1Σ+, =0, =0
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Figure 6.4: Three significant problems towards the STIRAP transfer of photoassociated mole-
cules. The first problem is the broad width of depletion spectra (∼10 MHz) which is much larger
than the expected natural width (∼300 kHz). The second problem is the unknown parameters
on the two-photon transition. The precise frequency of the two-photon resonance and the tran-
sition strength for the downward transition are not known. The third problem is about the
REMPI detection of molecules in the rovibrational ground state. The ionization wavenumber
as well as whether it can be efficiently ionized are not known.
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such a situation, the broad linewidth of the pulsed laser results in the simultaneous detection of
molecules in multiple rotational and hyperfine levels distributed by spontaneous decays. Thus,
the depletion spectroscopy combined with REMPI ionization suffers from a bad signal-to-noise
ratio due to the large fluctuation of the offset ion counts. In order to observe a large depletion,
a high intensity is required, thereby causing saturation broadening and making it difficult to
observe a narrow natural linewidth of the (3)1Σ+ state. The saturation broadening also makes
it difficult to observe a two-photon dark resonance which is necessary for finding the two-photon
resonance and measuring the transition strength. Finally the lack of knowledge on the REMPI
ionization of the rovibrational ground-state molecules makes it difficult to know whether a
transfer is successful or not. Although in principle a STIRAP transfer should also be detected
as a decrease in the initial population, the large fluctuation of the offset ion counts will make it
difficult to observe it.

In a word, the simultaneous ionization of multiple quantum states is at the center of the
problem.

6.2 SpIDR spectroscopy

The understanding on the underlying physics of the spectroscopy for photoassociated molecules
gave us a possible route towards the observation of a two-photon dark resonance. What we
need here is a method for observing a one-photon transition from photoassociated molecules
with a sufficiently low intensity. The problem of depletion spectroscopy lies in the fluctuation
of the population in the initial state. Therefore, we should observe a signal which appears as
a result of excitation. An intuitive quantity is the number of spontaneously emitted photons.
If we filter out the MOT light, the photoassociation light, and the infrared light for excitation,
an excitation can be efficiently detected via a photon counting device. In principle, this scheme
should work well, but this scheme requires a special lens system placed near the molecules for
an efficient collection of emitted photons. It was difficult to install such a lens system in our
setup.

Here we reach the next possibility: if we can efficiently detect the molecules formed with
spontaneous emissions, we should be able to use them for detecting the resonance (Fig.6.5).
Although the scheme of detecting spontaneously distributed molecules is similar to photoasso-
ciation spectroscopy, it is a non-trivial problem whether we can apply this scheme for detecting
deeply bound molecular states. In photoassociation spectroscopy, spontaneous emissions form
only several weakly bound levels which have high Franck-Condon factors with the photoas-
sociation level. By contrast, deeply bound excited molecules can decay to a wide variety of
vibrational levels in the ground state. The typical Franck-Condon factor from an excited state
to the ground state is between 10−1 and 10−4, indicating that only several % of the excited
molecules can decay to a single vibrational level.

In order to judge if the above scheme is available for the spectroscopy of the (3)1Σ+ state,
we calculated the Franck-Condon factors between the v′ = 41 level and all the vibrational levels
in the X1Σ+ state (Fig.6.6). Spontaneous decays to the triplet state can be neglected since
the (3)1Σ+ state is a purely singlet state. The calculation gives a rough estimation that the
excited molecules should dominantly decay to the v′′ = 70–85 levels. In addition, we can see two
important points in this plot. First, the deeply bound levels of v′′ = 70–85 are not populated
in the photoassociation process. Therefore, the ion signal for these levels does not have any
offset count and is free from the fluctuation. Second, the v′′ = 70–85 levels have a much higher
Franck-Condon factors than the photoassociated molecules (v′′ = 90–93). This means that the
excited molecules do not return to the initial state, enhancing the detection efficiency.

Note that this calculation does not directly indicate the expected population in the ground
state because of the R-dependence of the transition dipole moment. If we take into account the
fact that the transition dipole moment is smaller at a short internuclear distance than at a large
internuclear distance by one order of magnitude [109], the population in the vibrational levels
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X1Σ+, =91, =0 

Excited state 
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Deeply bound level 

X1Σ+, =70-80 
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X1Σ+, =91, =0 
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(a) Depletion spectroscopy (b) SpIDR spectroscopy

Spectroscopy Spectroscopy

Monitor

Monitor

Figure 6.5: Schematic comparison of two spectroscopic methods. (a) Depletion spectroscopy. (b)
SpIDR spectroscopy. In depletion spectroscopy, the population in the initial state is monitored.
In such a situation, a large number of rotational and hyperfine levels constitute large offset ion
counts and degrade the signal-to-noise ratio. In SpIDR spectroscopy, number of deeply bound
molecules formed by spontaneous decays from the excited state is monitored. A high signal-
to-noise is achieve in this scheme because the deeply bound levels are not populated before
excitations.

156



10
-5

10
-4

10
-3

10
-2

10
-1

F
ra

nc
k-

C
on

do
n 

fa
ct

or
s

100806040200
Vibrational quantum number of X

1Σ+

Figure 6.6: Franck-Condon factors between the v′ = 41 level of (3)1Σ+ and all the vibrational
levels of X1Σ+. For this calculations, the accurate potential of the (3)1Σ+ state obtained in this
study and an experimentally determined potential of X1Σ+ [108] are used. The Fracnk-Condon
factors are plotted with respect to the vibrational number of the ground state. This plot gives
a rough estimation on which vibrational levels in the ground state are populated as a result of
spontaneous decays from the v′ = 41 level of (3)1Σ+.

of v′′ = 70–85 should be much larger. These estimations imply that the scheme of detecting an
excitation with molecules formed by spontaneous decays should work well for the v′ = 41 level
of (3)1Σ+.

In this scheme, it is crucial to find wavenumbers which can efficiently ionize the newly formed
molecules. The ionization efficiency directly influences the signal-to-noise ratio of the spectrum.
Based on the knowledge that photoassociated molecules are efficiently ionized in the red region
of 16400–16600 cm−1, we searched the ionization wavenumbers for the deeply bound molecules
at slightly higher wavenumbers. We found several good wavenumbers by scanning the pulsed
laser while the excitation laser at 875 nm was irradiated (Fig.6.7). The excitation laser is
resonant to the transition v′ = 41, J ′ = 1, (3)1Σ+ ← v′′ = 91, J ′′ = 2, X1Σ+. Therefore, the
differences between the two spectra indicate deeply bound molecules formed by the excitation
of photoassociated molecules in the v′′ = 91, J ′′ = 2 level of X1Σ+. In terms of achieving
a high signal-to-noise ratio, of particular importance is that the pulsed laser does not ionize
photoassociated molecules. We selected the wavenumber of 16578 cm−1 which gives a high ion
signal for a deeply bound level and a low ion signal for photoassociated levels.

When the pulsed laser was fixed to 16578 cm−1 and the excitation laser was scanned, we
obtained a spectrum indicating the increase of deeply bound molecules due to an excitation
from photoassociated molecules. We named this new spectroscopic method as Spontaneous-
decay Induced Double Resonance (SpIDR) spectroscopy. SpIDR spectroscopy enabled us to
observe a one-photon transition with a much lower intensity and a much shorter interaction time
than depletion spectroscopy. In depletion spectroscopy, a power of 100 µW and an interaction
time of 10 ms were required. In contrast, a power of 5 µW and an interaction time of 400 µs
were sufficient in SpIDR spectroscopy. As a result, the excited states could be observed with
an unprecedented narrow spectral width, revealing previously unobserved structures (Fig.6.8).
Although the typical ion counts of a SpIDR spectrum (∼2) was much lower than that of a
depletion spectrum (∼20), a high signal-to-noise ratio was achieved due to the low offset ion
counts (∼0.6). In the present study, SpIDR spectra are averaged over 20 points for suppressing
the influence of the shot-to-shot fluctuation of the signal due to the fluctuation of the gain of
the MCP and the intensity of the pulsed laser.

When we increased the intensity, the spectral width broadened and finally the fine structure
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Figure 6.7: Ionization spectra obtained with and without the excitation laser at 875 nm. The
spectrum without irradiating the excitation laser arises solely from photoassociated molecules,
whereas that with the excitation laser includes the signals of deeply bound molecules formed by
spontaneous decays from the excited state.

was smoothed out (Fig.6.9). The optimum intensity and interaction time were determined to be
4.5×102 µW/cm2 and 400 µs, respectively, such that saturation broadening was not significant.
The minimum observed width was ∼400 kHz. If we consider the Doppler broadening of ∼100
kHz and the natural linewidth of ∼300 kHz, we obtain a crucial implication: SpIDR spectroscopy
enables us to observe a transition with negligible saturation broadening.

The signal-to-noise ratio of a SpIDR spectrum is dependent on the beam diameter of the
pulsed laser (Fig.6.10). The highest signal-to-noise ratio is obtained when the diameter of the
pulsed laser is close to that of the excitation laser. A too large or a too small diameter of the
pulsed laser results in a relatively large offset ion counts from photoassociated molecules.

The structures revealed with SpIDR spectroscopy are the hyperfine structures in both the
ground and the excited states. The hyperfine structure in the ground state arises from the
interaction between closely-lying singlet and triplet molecular states and is of the order of 10
MHz. The magnitude of splitting is determined by the nuclear dipole moments. The structure
is labeled by the total angular momentum F ′′ = IRb + IK as F ′′ = 1, 2, 3, 4. By contrast, the
hyperfine structure in the excited state arises from the interaction between rotational angular
momentum and nuclear spins and is of the order of 1 MHz. The magnitude of splitting is
determined by the nuclear electric quadrupole moments. Although we can not neglect the
nuclear spin of 41K, the total angular momentum T ′ = J ′ + IRb is a good quantum number for
describing the structure. The observed structure can be roughly labeled as T ′ = 5/2, 3/2, 1/2,
although the T ′ = 1/2 level appears to be further split by the nuclear spin of 41K. The observed
hyperfine structure can be quantitatively understood with a formulation for a deeply bound
singlet molecule in the ground state [137] because the (3)1Σ+ state is a purely singlet state.
Here the interaction between the rotational angular momentum and the electric quadrupole
moment is the dominant mechanism for the hyperfine structure. The matrix elements of the
Hamiltonian are given as follows:
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Figure 6.8: SpIDR spectrum of the transition v′ = 41, J ′ = 1 of (3)1Σ+ ← v′′ = 91, J ′′ = 0
of X1Σ+. (a) Depletion spectrum and SpIDR spectrum in a wide range. (b) SpIDR spectrum
for the central structure. In depletion spectroscopy, a much larger intensity (4 mW) and a
much longer interaction time (10 ms) is required for observing the transition, resulting in a
much broader spectrum. Due to the low power (5 µW) and the short interaction time (400
µs) required for SpIDR spectroscopy, the SpIDR spectrum has a much narrower width. SpIDR
spectroscopy reveals previously unobserved structures in both ground and excited states.
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Figure 6.9: Power broadening of SpIDR spectrum. Except for the uppermost line, the interaction
time is taken as 400 µs. When we increase the intensity, the spectral width broadens. When
we reduce the intensity, the spectrum disappears at a width of ∼400 kHz. This is consistent
with the Doppler broadening of ∼100 kHz and the natural width of ∼300 kHz. The optimum
intensity is determined such that saturation broadening is not significant.
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Figure 6.10: SpIDR spectrum with a different beam diameter for the pulsed laser. The signal-
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where I1 and I2 denote the nuclear spins, (eQq)1 and (eQq)2 are the electric quadrupole con-
stants for each nuclei, F1 = J + I1, and F = F1 + I2. Here we neglected the nuclear spin-spin
interaction terms with c1, c2, c3, c4 because they are of the order of 1 kHz [137, 138]. The com-
parison between the observed spectra and the calculations is shown in Fig.6.11. We found a
good agreement between the observed spectra and the calculated spectrum when the electric
quadrupole constants are set as (eQq)Rb = −6.8 MHz and (eQq)K = −2.8 MHz. These values
are approximately 4 times larger than those in the ground state X1Σ+. The selection rule on
F , ∆F = 0,±1, was also confirmed from this comparison.

SpIDR spectroscopy enables us to systematically compare the structure and the population in
the initial levels. Photoassociation distributes molecules over multiple rotational and hyperfine
levels. Before we developed SpIDR spectroscopy, we could not measure the difference in the
hyperfine structure and in the population between two rotational levels of J ′′ = 0 and J ′′ = 2.
Here a particularly interesting question is whether the J ′′ = 0 level and the J ′′ = 2 level have
the identical hyperfine structures. As explained in the section 4.3.5, we have assumed that
rotational angular momentum is decoupled from other angular momentum in a weakly bound
molecule. However, this assumption is not trivial. In fact, SpIDR spectroscopy shows that
rotational angular momentum is strongly coupled to the nuclear spin and forms complicated
hyperfine structures in the excited state (Fig.6.8). In order to confirm that the assumption
is appropriate, we compare the SpIDR spectrum from the J ′′ = 0 level and that from the
J ′′ = 2 level (Fig.6.12). The observed structures are almost identical, indicating that rotational
angular momentum can be treated as independent from other angular momentum. However, the
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Figure 6.11: Assignment of the hyperfine structure in the excited state. SpIDR spectra for the
F ′′ = 0, 1, 2, 3 levels of the v′′ = 91, J ′′ = 0 level are compared with a calculated spectrum (black
lines). The spectra for the F ′′ = 1, 2, 3 levels are shifted by -8.852, -27.089, and -55.960 MHz,
respectively. These values correspond to the separation between these levels and the F ′′ = 0 level
and are measured by STIRAP spectroscopy (section 6.6.3). The calculated spectrum is obtained
by setting the electric quadrupole constants as (eQq)Rb = −6.8 MHz and (eQq)K = −2.8 MHz.
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Figure 6.12: Comparison between the SpIDR spectrum for the J ′′ = 0 level and that for the
J ′′ = 2 level. The spectrum for the J ′′ = 2 level is shifted by -119.08 MHz such that the
largest peak in the F ′′ = 2 level coincides with the F ′′ = 2 level in the spectrum for the J ′′ = 0
level. The hyperfine structures for the J ′′ = 0 level and those for the J ′′ = 2 level are identical,
suggesting that coupling of the rotational angular momentum to the nuclear spins is negligible
for the weakly bound level.

difference in the population among the hyperfine levels implies the possibility of the coupling
between rotational angular momentum and the nuclear spins.

Thus far, we have focused on the v′′ = 41, J ′ = 1 level of (3)1Σ+. The successful results on
this level raise a new question: is SpIDR spectroscopy available for other states? This is a non-
trivial question because SpIDR spectroscopy relies on the existence of deeply bound molecular
states to which most of the excited molecules decay. Our answer to the question is yes for some
states, but no for the other states. When we applied SpIDR spectroscopy to the (2)3Σ+ state
for investigating the hyperfine structures of this state, we found that SpIDR spectra could be
obtained for the v′′ = 44 level, but could not be obtained for the v′′ = 55 level. We have not
checked the availability for the other states.

The SpIDR spectroscopy for the (2)3Σ+ state was realized with a completely different ion-
ization wavenumber from that for the (3)1Σ+ state. Fig.6.13 shows the ionization spectra at
around 15250 cm−1 with and without the excitation laser resonant to the v′′ = 44 level of
(2)3Σ+. This spectra were taken with molecules in the v′′ = 91, J ′′ = 2 level of X1Σ+. Due to
the simple vibrational structure of the observed spectra, we could definitely assign the spectrum.
The spontaneous decays from the v′ = 44 level of (2)3Σ+ formed molecules in the v′′ = 7–11
levels of a3Σ+. These molecules were finally ionized through a resonant excitation to the v′ = 15
level of (3)3Σ+.

As in the case of the study for singlet states, the SpIDR spectroscopy for the triplet states
revealed previously unobserved hyperfine structures. The details on the results have already
given in the section 4.3.5. In summary, we observed the hyperfine structure of the order of 10
MHz induced by the nuclear spin of 41K for both the (2)3Σ+ state and the a3Σ+ state. The
minimum observed width was ∼7 MHz, which is in good agreement with the expected natural
linewidth of the (2)3Σ+ state.

Another interesting application of SpIDR spectroscopy is to directly show the existence of
closely-lying singlet and triplet states in the ground state. The closely-lying two states with
different symmetries are of great interest in terms of the precision measurement of the electron-
to-proton mass ratio [28]. Although KRb molecule is not necessarily suited for this purpose, it is
important to show the existence of such levels. The SpIDR spectroscopy clearly shows that the
v′′ = 91 level of X1Σ+ and the v′′ = 22 level of a3Σ+ are closely-lying with each other (Fig.6.14
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Figure 6.13: Ionization spectrum at around 15250 cm−1 with and without the excitation laser.
Molecules in the v′′ = 91, J ′′ = 2 level of X1Σ+ are excited to the v′ = 44, J ′ = 1, T ′ = 5/2
level of (2)3Σ+. The excited molecules decay mainly to the v′′ = 7–11 level of a3Σ+, which are
finally ionized through a resonant excitation to the v′ = 15 level of (3)3Σ+.

in the section 4.3.6). The triplet component included in the v′′ = 91 level of X1Σ+ allows us
to observe the transitions to the (2)3Σ+ state. The measured separation between the v′′ = 91,
J ′′ = 2 level of X1Σ+ and the v′′ = 22, N ′′ = 2 level is 2.21 GHz. These structures can be
further investigated via microwave spectroscopy.

6.3 Two-photon dark resonance

SpIDR spectroscopy enabled us to observe a molecular transition with negligible saturation
broadening. This fact implies the possibility of observing a two-photon dark resonance by
detecting excitations with the SpIDR scheme. We directly tried the experiments of a two-photon
dark resonance to the rovibrational ground state with a setup shown in Fig.6.15. Fig.6.16
shows the schematic diagram of the relevant molecular levels. Actually this method worked
well; we could observe a dip indicating the two-photon resonance when we added the laser 2
with an intensity of ∼1 W/cm2 during the interaction time of 400 µs for the SpIDR detection
(Fig.6.17(a)). The measured biding energy of the v′′ = 0, J ′′ = 0 level with respect to the
v′′ = 91, J ′′ = 0 level is -124955.92(4) GHz, where the accuracy was limited by the uncertainty
of our wavemeter. Taking into account the binding energy of the v′′ = 91, J ′′ = 0 level with
respect to the atomic threshold FK = 1+FRb = 1, -374.75(3) GHz, the binding energy of
the v′′ = 0, J ′′ = 0 level with respect to the atomic level without the hyperfine structure
was determined to be -125335.11(5) GHz. In order to ensure that the observed signal definitely
indicated the rovibrational ground, we also observed the two-photon resonance for the rotational
excited v′′ = 0, J ′′ = 2 level. From the separation between the J ′′ = 0 level and the J ′′ = 2
level, we obtained a rotational constant of 1095.4(1) MHz. The uncertainty arose from the
unknown hyperfine structure of the J ′′ = 2 level. We can compare the measured constant with
the previous experiments on 40K87Rb [139], which gave a rotational constant of 1113.950(5)
MHz. Considering the dependence of rotational constant on the reduced mass B ∝ µ−1, we
obtain a calculated value for 41K87Rb as 1095.362(5) MHz. Thus, our measurement agrees with
the previous experiments to fifth digits, giving the direct evidence of observing the rovibrational
ground state of 41K87Rb.

The two-photon dark resonance allowed us to determine the precise frequency of the two-
photon resonance with an accuracy of 10 kHz. Another important aspect of the two-photon dark
resonance is the spectral width, which gives the transition strength between the rovibrational
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Figure 6.14: SpIDR spectrum near the v′′ = 91 level of X1Σ+ and the v′′ = 22 level of a3Σ+ (red
line). The excited state is the Ω = 1, v′′ = 44 level of (2)3Σ+. For comparison. the spectrum
obtained with the v′′ = 21 level and the depletion spectrum for the v′′ = 91 level of X1Σ+ are
shown in blue and black lines, respectively. The initial states are the J ′′ = 0, 2, v′′ = 91 level of
X1Σ+ and the T ′′ = 5/2, N = 2, v′′ = 22 level of a3Σ+.
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Figure 6.15: Optical setup for the Raman lasers. The Raman lasers pass through the AOM for
controlling the intensity. After passing through optical fibers independently, the two lights are
overlapped with a dichroic mirror. The light is incident on the chamber without being focused
such that the Raman lasers cover the wide-spread molecular clouds. The 1/e2 diameter of the
Raman lasers is 1.5 mm. The RF switches before the AOM are crucial in a STIRAP experiment
in order to avoid the leakage in the AOM from killing the photoassociated molecules.

Initial state 

X1Σ+, =91, =0, =2 

Excited state 

(3)1Σ+, 

Final state 

X1Σ+, =0, =0

Laser 1 (L1) 
Probe light

Laser 2 (L2) 
Control light

641 nm

875 nm

Figure 6.16: Level diagram of relevant molecular states for two-photon dark resonance spec-
troscopy. The v′′ = 91, J ′′ = 0, F ′′ = 2 level of X1Σ+ is coupled to the rovibrational ground
state of X1Σ+ via a two-photon transition mediated by the v′ = 41, J ′ = 1, T ′ = 5/2 level of
(3)1Σ+. The laser 1 (875 nm) couples the upward transition and is called a probe light, whereas
the laser 2 (641 nm) couples the downward transition and is called a control light. The intensity
of the laser 1 is 4.5×102 µW/cm2 and that of the laser 2 is 1 W/cm2.
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Figure 6.17: Two-photon dark resonances observed with the SpIDR scheme. (a) Signal for the
v′′ = 0, J ′′ = 0 level. (b) Signal for the v′′ = 0, J ′′ = 2 level. The laser 1 is fixed to the
resonance and the laser 2 is scanned. In both measurements, the master laser is fixed and the
offset frequency between the master laser and the slave laser is scanned. The constant offset ion
counts indicate a weak excitation of molecules in the initial state with the laser 1. However, the
excitation is suppressed with the formation of a dark state when the laser 2 is on two-photon
resonance.
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ground state and the intermediate excited state. The spectral shape of a dark resonance f(∆)
is written as a function of the detuning ∆ by

f(∆) ∝ 1

1 +

(
Ω2
c

4Γ∆

) (6.3)

where Ωc is the Rabi frequency of the control light and Γ is the natural linewidth of the excited
state. The full-width-at-the-half-maximum (FWHM) of the spectrum is thus given as Ω2

c/2Γ.
The observed spectrum was in good agreement with the theoretical function (6.3) (Fig.6.18).
The derived width showed a linear dependence on the intensity. From the slope of this plot at
low intensities, we determined the transition dipole moment from the slope to be 0.0098(3) ea0.
In this derivation, we required an assumption that the natural linewidth is 300 kHz because the
transition dipole moment included in Ωc does not coincide with that included in Γ due to its
R-dependence. We have to deal with Γ as an independent variable.

At high intensities, the width became broader than expected from the linear dependence at
low intensities. This behavior should be interpreted as a result of a low transparency arising
from the scattering of undesirable frequency components in the laser 2 (the dye laser). In other
words, the decoherence process in the two-photon transition becomes significant at intensities
of higher than 3 W/cm2. The coherence properties of the two-photon transition will be later
discussed in detail in the section 6.5.

At low intensities, we observed a small offset width of ∼40 kHz. This should be interpreted as
a two-photon Doppler effect arising from the difference in the two-photon resonance for moving
molecules. If we assume a temperature of molecules as 100µK, the difference in the Doppler
shift for the two wavelengths (641 nm and 875 nm) is 2π×34 kHz and is in good agreement with
the observed offset width.

The obtained transition dipole moment of 0.0098 ea0 is much smaller than that of atomic
transitions, but is comparable to that of the (2)3Σ+ state, which was used for the study on
40K87Rb. Therefore, we reach an important conclusion that the (3)1Σ+ state can be a good
intermediate state for a STIRAP transfer. If we take into account the fact that the (3)1Σ+ state
has a much narrower linewidth (∼300 kHz) than the (2)3Σ+ state (∼7 MHz), the (3)1Σ+ state
should give a higher transfer efficiency than the (2)3Σ+ state under the same laser intensities
and laser linewidth.

The observation of a two-photon dark resonance enabled us to verify an important hypothesis
in this study. Up to now, we have been working with a hypothesis that saturation broadening
in the one-photon spectroscopy makes a two-photon dark resonance unobserved. We could
readily confirm this hypothesis just by observing the dependence of transparency on intensity
(Fig.6.19). In this measurement, the intensity ratio of the control laser to the probe laser was
kept constant (103) such that the dark state has the same form. As expected, the depth of the
two-photon resonance decreased with increasing the intensity. A clear dip was obtained at an
intensity of lower than 1 mW/cm2. In contrast, the typical intensity required for observing a
clear depletion spectrum was 10 mW/cm2. Thus, we can see that it is almost impossible to
observe a two-photon dark resonance by detecting the excitation with the population of the
initial photoassociated molecules.

Fig.6.19 includes the important information on saturation intensity. A clear two-photon
resonance can be observed when the intensity of the probe laser is sufficiently lower than sat-
uration intensity. If we assume the line shape of the one-photon transition without satura-
tion broadening as f(∆) ∝ 1/(1 + (2∆/Γ)2) and that with saturation broadening as fs(∆) =
I/Is/(1 + I/Is + (2∆/Γ)2), we obtain an approximate representation of the relation between
transparency T and intensity I:

T ≈ 1

1 + I/2IS
(6.4)
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Figure 6.18: Measurement of the transition strength. (a) Fit to the observed spectrum. (b)
Dependence on intensity. The width of a two-photon dark resonance is related to the Rabi fre-
quency of the downward transition. By fitting the observed spectrum with a theoretical function
(6.3), we can derive the quantity Ω2

c/2Γ as a full width at half maximum (FWHM), where Ωc is
the Rabi frequency of the control light and Γ is the natural linewidth of the excited state. If we
assume the natural linewidth as 300 kHz, the slope of this plot, 98.3(6.9) Hz/(mW/cm2), gives
a transition dipole moment of 0.0098(3) ea0.
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where IS denotes saturation intensity. Here we assume that the broadening of the spectral width
due to the long interaction time of 400 µs in the present experiment is included in the above
expression for fs. By fitting the observed dependence with the relation (6.4), we determined the
saturation intensity of the transition v′ = 41, J ′ = 1, (3)1Σ+←v′′ = 91, J ′′ = 0, X1Σ+ to be
0.30(1) mW/cm2. In this fit, the rightmost point was neglected because the measurement of the
width indicated that transparency can be reduced by laser-induced decoherence at an intensity
of higher than 3 W/cm2 for the control light. The obtained value for Is is in good agreement
with the observation in Fig.6.9, in which we observed that the spectrum was broadened at an
intensity of higher than 1 mW/cm2.

In the previous studies on Feshbach molecules, the spectrum of a two-photon dark resonance
has often been given by scanning the probe laser. This is because the one-photon spectrum of
the excited state gives the information on the natural linewidth and saturation broadening. In
contrast, we have been obtained the spectrum of a two-photon dark resonance by scanning the
control laser for a reason specific to our study. We deal with the purely singlet (3)1Σ+ state,
which has a hyperfine structure of the order of 1 MHz. If we take into account the nuclear spin
of 41K, there should also be splitting of the order of 10 kHz. We cannot resolve these structures
because there is no magnetic field. Therefore, fitting to the spectrum obtained by scanning the
probe laser requires a careful treatment of the hyperfine structures in addition to the two-photon
and one-photon characteristics. If we scan the control light, we can simplify the problem and
deal with only the two-photon resonance.

However, we can take a spectrum by scanning the probe laser just for showing the well-known
dark resonance (or electromagnetically induced transparency) shape (Fig,6.20). This spectrum
was taken solely for showing the two-photon resonance appearing in the one-photon spectrum
and was not useful for some other purposes in the present study.

6.4 STIRAP transfer

With the observation of a two-photon dark resonance, most of the uncertain quantities were
precisely determined: the frequency of the one-photon transition and the two-photon resonance,
and the transition dipole moment of the downward transition. The remaining uncertainty was
the wavenumber of the pulsed dye laser for ionizing the rovibrational ground-state molecules.
The wavenumber should be included in the range 15100–16800 cm−1 covered by the combina-
tion of the DCM dye and the Kiton Red 620 dye. These dyes are required for obtaining the
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Figure 6.20: Two-photon dark resonance in a one-photon spectrum. The control light is fixed
to the transition v′ = 41, J ′ = 1, T ′ = 5/2 of (3)1Σ+ → v′′ = 0, J ′′ = 0 of X1Σ+. The probe
laser is scanned over the hyperfine structure of the v′ = 41, J ′ = 1 level of (3)1Σ+.

wavenumbers for locking the photoassociation laser (depletion spectroscopy at 16543 cm−1) and
for locking the Raman lasers (SpIDR spectroscopy at 16578 cm−1). Thus, we can use only
red lights for detecting the rovibrational ground state. Here a difficulty arises from the large
required energy for ionization. In contrast to the ionization of photoassociated molecules, the
ionization of the rovibrational ground-state molecules requires at least three photons in the red
region. Another possible path is a two-photon ionization with a combination of the red light
and the green light for pumping the dye laser (532 nm).

In any scheme, it is crucial to avoid the contamination of ion counts from photoassociated
molecules. We focused on the range 15200–15600 cm−1 from the atomic level in which there are
no bound states (Fig.6.21). Due to the absence of bound states in this range, photoassociated
molecules cannot be resonantly ionized (Fig.6.22). By contrast, the rovibrational ground-state
molecules can be resonantly ionized because there are various bound states from the vibrational
ground state in this range.

Among the five symmetries in this range from the vibrational ground state, the (1)1Π state is
particularly promising as an intermediate state of REMPI ionization due to its large transition
strengths with the X1Σ+ state. The RKR potential curve of the (1)1Π state was previously
reported [140,141]. Hence, we can predict possible ionization wavenumbers with an accuracy of
several cm−1 by calculating the Franck-Condon factors, which are also shown in Fig.6.22. The
uncertainty in the calculation arises from the spin-orbit coupling with other states.

On the basis of these considerations, we took an ionization spectrum after a STIRAP transfer,
in which we could find several signals which were absent for photoassociated molecules (Fig.6.23).
The assignment on theses signals will be discussed in the section 6.6.2. A naive interpretation
of these signals was the ionization of the rovibrational ground-state molecules produced by a
STIRAP transfer. However, we should not neglect the possibilities that they were not from the
rovibrational ground state and they were not with a STIRAP process. In order to ensure that
the signal indicates the rovibrational ground-state molecules obtained by a STIRAP transfer
of photoassociated molecules, we carried out two measurements at the wavenumber giving the
largest signal (15407.5 cm−1). The first one was the spectrum obtained by scanning the Raman
laser (Fig.6.24) and the second one was the time variation of the ion counts during the multiple
transfers (Fig.6.25). The Raman spectrum was taken for both the J ′′ = 0 level and the J ′′ = 2
level with the same ionization wavenumber. These spectra were in excellent agreement with the
two-photon dark resonance spectra, indicating that the observed increase in ion counts was due to
the ionization of the rovibrational ground-state molecules. Further, the time variation in the ion
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Figure 6.23: Ionization spectrum after a STIRAP transfer. This spectrum is taken only with
the red light. New ion signals appear after a STIRAP transfer. A naive interpretation of
these signals is the ionization of the rovibrational ground-state molecules formed by a STIRAP
transfer, but we have to confirm it with other measurements.

counts followed the variation in the intensity of the Raman laser, indicating that the rovibrational
ground-state molecules were produced via a STIRAP transfer. This measurement enabled us to
determined the one-way transfer efficiency to be 73 % because 53 % of the population recovered
with round-trip transfers.

The measured width of the two-photon line shape was between 100 kHz and 500 kHz de-
pending on the intensity of the Raman lasers and duration. A simple theoretical model (see
section 6.7) gives an approximate representation of the width as

δSTIRAP ≈ 2.4
Ω√
Γτ

(6.5)

Substituting the typical Rabi frequency of 2π×600 kHz, the duration of 10µs, and the nat-
ural linewidth of 2π× 300 kHz to the expression (6.5), we obtain the typical width of 2π× 300
kHz. This is in good agreement with the observed widths. In the present study, the rovibra-
tional ground-state molecules are ionized by three-photon transitions with only the red light.
This should be much more inefficient than two-photon ionization since three-photon ionization
includes an off-resonant transition. In order to improve the signal-to-noise ratio we tried to
observe two-photon ionization with the red light and the green light. However, we did not ob-
serve any enhancement of the signal by adding the green light. Instead, the green light induced
off-resonant multi-photon ionization, thereby making offset ion counts and degrading the signal-
to-noise ratio. Thus, we decided not to use the green light and to use only the red light for the
present study.

The TOF spectrum for the rovibrational ground-state molecules was quite different from
that for photoassociated molecules (Fig.6.26). We observed a large amount of atomic K+ ions
as well as KRb+ ions. This behavior is understood as a result of the dissociative ionization
of the rovibrational ground-state molecules to the (2)2Σ+ state. The potential energy curves
of the relevant molecular states are shown in Fig.6.27. We can observe KRb+ signals when
molecules are excited to one of the bound states in the (1)2Σ+ state. However, three red
photons have a much higher energy than required for a transition to the (1)2Σ+ state, resulting
in a low ionization efficiency. Three red photons can readily excite the rovibrational ground-
state molecules to the (2)2Σ+ state, which immediately dissociate to K+ ions and Rb atoms.
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Figure 6.24: Two-photon line shape of the STIRAP ion counts. (a) J”=0. (b) J”=2. Ion counts
are plotted with respect to the offset frequency of the laser 2 (641 nm) between the master and
the slave lasers. The ionization wavenumber is fixed to 15407.5 cm−1. An increase in the ion
counts is observed exactly at the same frequencies as two-photon dark resonances. This is the
direct evidence of observing the rovibrational ground state.
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Figure 6.25: Time variation in the STIRAP ion counts during multiple transfers. The variation
in the intensity of Raman lasers is shown in the upper lines. The ion counts follow the variation
in the intensity of the Raman laser. This is the direct evidence of producing molecules in the
rovibrational ground state with a STIRAP process. The one-way transfer efficiency is determined
to be 73 % from this plot.

This is why we observe a much larger number of K+ ions than KRb+ ions. In the present study,
only ion counts in the KRb+ peak were used for monitoring the population in the rovibrational
ground state.

In the above experiments, the initial state for a STIRAP transfer was chosen as the J ′′ = 0
level. We also observed a STIRAP transfer of photoassociated molecules in the J ′′ = 2 level
which are more abundant than those in the J ′′ = 0 level. However, the number of molecules
produced in the rovibrational ground state was slightly smaller than that from the J ′′ = 0 level.
This is presumably because molecules in the J ′′ = 2 level are distributed over multiple sublevels
and are not efficiently transferred to the J ′′ = 0 level.

The number of produced molecules is estimated to be ∼103 if we assume the typical ionization
efficiency as 1 %, which is an upper limit for three-photon ionization. The temperature and
the density are ∼100 µK and ∼106 cm−3, respectively. The most significant difference from
the previous methods based on magnetoassociation is the time required for the formation: we
required only several tens of ms in total for compressing atomic samples (∼40 ms), applying a
photoassociation laser (∼10 ms), and applying Raman lasers (∼10 µs) (Fig.6.28).

Finally we note a peculiar line shape of the J ′′ = 2 spectrum in Fig.6.24. The clear difference
in the line shapes between J ′′ = 0 and J ′′ = 2 originates from the coupling between rotational
angular momentum and the nuclear spins [138]. For the rovibrational ground state, the hyperfine
splitting arises only from spin-spin interaction, which is of the order of 1 kHz and cannot
be resolved. By contrast, the rotational excited J ′′ = 2 level has a strong coupling between
rotational angular momentum and the nuclear spins, resulting in the hyperfine structure of
the order of 100 kHz. However, we could not completely resolve the complex structure in this
measurement even if we narrowed the spectral width by decreasing the intensity and increasing
the transfer duration.

175



0.20

0.18

0.16

0.14

0.12

Io
n 

si
gn

al
 (

ar
b.

un
its

)

403020100
Time (µs)
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Figure 6.28: Time sequence of the STIRAP experiments. After compressed and cooled in the
C-MOT process, 41K and 87Rb atoms are photoassociated and form weakly bound molecules.
They are transferred into the rovibrational ground state via STIRAP. Finally molecules are
detected via REMPI ionization with the pulsed laser.

6.5 Coherence properties

Now that we found a good ionization wavenumber for the rovibrational ground state, we can
precisely investigate the optimum values for the parameters of a STIRAP process: there are
three parameters, intensities of both Raman lasers and the duration. A particularly useful
method for optimizing the STIRAP process is to study efficiency with respect to duration. Here
duration indicates the time difference between the two pulses. A simple theoretical model on a
three-level system gives an analytical expression for a transfer efficiency as

P = exp

(
−π2Γ

Ω2τ
−Dτ

)
(6.6)

where Ω is the Rabi frequency averaged over two lights, Γ is the natural linewidth of the
intermediate state, D is decoherence rate, and τ is the duration, respectively. Fig.6.29 shows the
measured efficiency with respect to duration. By fitting this plot with the analytical expression
(6.6), we obtain both the Rabi frequency and decoherence. The influence of the two-photond
Doppler shift due to the finite temperature of the molecules T can be taken into account by
multiplying a factor f(T ) to P , where f(T ) is given as

f(T ) =
1√

1 +
kBTΓτ

mΩ2
(k1 − k2)2

(6.7)

by using the wavenumbers of the two lights k1 and k2, and the mass of molecules m.
The derived Rabi frequency of 2π×600–800 kHz agreed with the measurement of transition

strengths with a two-photon dark resonance. However, the measured decoherence rate of 2π×2
kHz was unexpectedly high. The high decoherence rate is the main limitation on the transfer
efficiency, although the two-photon Doppler shift of ∼40 kHz can also limit the efficiency by
several %. Before this study, we had the following estimations on the decoherence rate. Our
Raman lasers have a linewidth of below 10 Hz. Therefore, decoherence due to the laser linewidth
cannot be observed with our typical STIRAP transfer duration of tens of µs. Instead, the
decoherence rate should be limited by spin precession arising from the Zeeman splitting of
magnetic sublevels of the v′′ = 91 level of X1Σ+, which is of the order of kHz at a residual
magnetic field of 0.1 G. These estimations suggested the possibility that the observed high
decoherence rate was due to residual magnetic fields.
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Figure 6.29: Efficiency vs duration. The ion counts in the v′′ = 0 level are plotted with respect
to the duration of a STIRAP transfer. The offset ion counts arising from off-resonant multi-
photon ionization of photoassociated molecules are subtracted. Roughly speaking, the increase
of the efficiency at short duration depends on the Rabi frequency, whereas the decrease of the
efficiency at long duration depends on decoherence such as laser linewidth. By fitting this plot
with an analytical expression, we can derive both the Rabi frequency and the decoherence rate
from a single plot. In this fitting, the influence of the two-photon Doppler shift is taken into
account by assuming the temperature of the molecules to be 100 µK.

A good method for checking if the residual magnetic field has an influence on the decoherence
rate is to begin with the more deeply bound v′′ = 90 level of X1Σ+. The v′′ = 90 level has a
much smaller triplet component of 2 % than the v′′ = 91 level because the v′′ = 90 level is
separated from the nearby triplet v′′ = 21 level by more than 0.4 cm−1. Although the initial
population of the v′′ = 90 level was approximately half of that of the v′′ = 91 level, we could
produce the rovibrational ground-state molecules with a STIRAP transfer from the v′′ = 90
level.

However, the study with the v′′ = 90 level gave a result similar to the v′′ = 91 level (Fig.6.30).
We observed similar decoherence rates for both the v′′ = 91 level and the v′′ = 90 level, indicating
that the observed decoherence rates were not limited by the residual magnetic fields. We also
suspected the influences of the leakage of the MOT light and the photoassociation light, but
neither had a significant influence on the coherence properties.

At this stage, the observations indicated that the high decoherence rate should be related
to the Raman laser itself. By observing the decoherence rate at various conditions, we found
three interesting behaviors. First, the decoherence rate strongly depended on the intensity ratio
between the infrared light (875 nm) and the red light (641 nm). Fig.6.31 shows a comparison
between two measurements with different Rabi frequency ratios. These two measurements gave
approximately the same Rabi frequencies, but the decoherence rate was much lower when the
infrared laser had a higher Rabi frequency than the red laser.

The second interesting fact is recognized by lowering the intensity with keeping the Rabi
frequency ratio as 1 (Fig.6.32). The observed decoherence rate decreased as the intensities of
the Raman lasers were decreased. The lowest observed value was ∼ 100 Hz, implying that there
are no other decoherence mechanisms down to ∼100 Hz in this system. This fact suggests that
molecules are at the center of magnetic field gradients and the residual DC magnetic field at the
position of molecules is smaller than 10 mG. In addition, we can confirm that our laser system
has indeed the linewidth of below 100 Hz.

The third interesting fact is related to the polarization of the Raman lasers. With circularly

178



3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Io
n 

co
un

ts
 [a

rb
.u

ni
ts

]

160x10
-6

14012010080604020
Time [s]

v''=91
Γ = 300 kHz (hold)
D = 1.6(1) kHz
A = 3.9(1) 
Rabi = 602(34) kHz
 

v''=90
Γ = 300 kHz (hold)
D = 1.8(7) kHz
A = 1.7(5) 
Rabi = 690(300) kHz
 

 v = 91
 v = 90

Figure 6.30: Comparison of the coherence properties during the STIRAP transfer from the
v′′ = 91 level and from the v′′ = 90 level. The ion counts in the vibrational ground state
are plotted with respect to the duration of a STIRAP transfer. Nearly identical behaviors are
observed for the v′′ = 91 level and the v′′ = 90 level.
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polarized lights, we obtained much higher decoherence rates as also shown in Fig.6.32. We
recognized this fact before this measurement through an experiment on a two-photon dark
resonance: we could not observe any resonance with circularly polarized lights.

We have not yet completely understood these behaviors. Here we present a possible inter-
pretation of these behaviors. The dependence on the intensity ratio between the red laser and
the infrared laser can be explained in terms of the difference in the regulation of the laser: the
infrared light (a diode laser) is locked with a current feedback, whereas the red light (a dye
laser) is locked with an AOM. Due to the limited bandwidth of the AOM, the red light has a
much higher pedestal than the infrared light by more than 10 dB within the frequency range of 2
MHz (Fig.5.41). The pedestal in this range can be the origin of a high decoherence rate through
scattering because of the natural linewidth of ∼300 kHz and the small hyperfine structure of 1
MHz in the excited state. The decrease in a decoherence rate with a decrease in intensity can
also be understood in terms of the scattering of the pedestal in the red light within a few MHz.
Similar behaviors are also observed by other groups [142,143].

However, the significant increase in the decoherence rate with circularly polarized lights can-
not be understood in terms of scattering. The dependence on polarization should be attributed
to a spin-dependent phenomenon. The AC stark shifts arising from the Raman lasers can be
the origin of decoherence: due to a difference in the Clebsch-Gordan coeffieicnts, each spin state
undergoes a different AC stark shift from the Raman lasers, causing an influence similar to
magnetic fields. Circularly polarized lights are expected to have a larger influence than linearly
polarized lights because of a larger difference in the Clebsch-Gordan coefficients. There are var-
ious candidates for the relevant transitions. One possibility is the influences of the carrier light
on far-off-resonance transitions, such as transitions at ∼641 nm from weakly bound levels and
those at ∼875 nm from the rovibrational ground state. The other possibility is the influences of
the pedestal lights on near-resonance transitions.

6.6 Studies with the rovibrational ground-state molecules

The production of the rovibrational ground-stat molecules opens up a wide variety of appli-
cations. In this section, we present three interesting applications. The first application is the
spectroscopy of the various excited state which is accessible from the rovibrational ground state.
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We observed a number of expected transitions to the (3)1Σ+ state and the (1)1Π state (sec-
tion 6.6.1). The second application is the measurement of the transition strength from the
weakly bound level to the excited state and the natural linewidth of the excited state. The
dark resonance spectroscopy using the molecules in the rovibrational ground state enables us
to determine the transition dipole moment of the upward transition (section 6.6.2). The third
interesting application is the precision spectroscopy of the hyperfine structure in the weakly
bound molecules. Our previous studies on weakly bound level suggested the existence of the
hyperfine structure, but we could not precisely determine the structure. The STIRAP transfer
into the rovibrational ground state enables us to map the initial population onto the ground
state, revealing the hyperfine structure in an unexplored region (section 6.6.3).

6.6.1 Molecular transitions from the rovibrational ground state

In this study, we made great efforts for finding the intermediate states for STIRAP, identifying
the symmetry, and assigning the observed structures (chapter 4). These efforts were necessary
because we did not know whether the observed state has a strong transition to the rovibrational
ground state.

With the successful creation of the rovibrational ground-state molecules, we obtained a good
alternative method for finding the excited states which can be coupled to the rovibrational
ground state. Just by scanning the pulsed laser after a STIRAP transfer, we can readily obtain
a spectrum indicating possible transitions from the rovibrational ground state over tens of nm.
Fig.6.33 shows such a spectrum. Although this spectrum is essentially identical to the previously
given spectrum (Fig.6.23), the optimization of the STIRAP process as well as averaging gives
much more rich spectrum.

A part of the observed lines can be understood from calculations. In Fig.6.33, the calculated
Franck-Condon factors for both the (1)1Π state and the (3)1Σ+ state are also shown. Further,
we plot the observed energy levels of the Ω = 1, (2)3Σ+ state in the same figure assuming the
Franck-Condon factors as 0.01.

The previously reported RKR potential curve of the (1)1Π state [140, 141] gives a good
estimation on the Franck-Condon factors. Although the strong spin-orbit mixing is expected to
shift the calculated energy levels by a few cm−1, the observed v′ = 5–11 levels shows fairly good
agreements with calculations. The (1)1Π state shows a broad structure of several cm−1 for each
vibrational level. One of the reasons for this feature is saturation broadening of ∼1 cm−1 due to
large transition dipole moments. However, we do not have a good explanation on the observed
splitting of each vibrational level.

For the (3)1Σ+ state, most of the levels in this range (v′ = 31–41) are observed, which
show quite good agreements with the calculations based on the accurate potential energy curve
obtained with our study (section 4.2.6). The v′′ = 41 level used for a STIRAP transfer is also
clearly observed. Note that the v′′ = 31–40 levels are not explicitly observed with depletion
spectroscopy and thus are not included in the direct potential fit analysis. Nevertheless, our
potential gives a good prediction for these levels, showing the validity of our method for obtaining
an accurate potential curve.

For the (2)3Σ+ state, we do not have a precise value for the Franck-Condon factors. They can
only be obtained through experiments. However, we can confirm that the observed ionization
spectrum is in good agreement with our previous spectroscopic studies particularly in the range
15400–15600 cm−1.

There are still numerous unassigned lines. These lines are expected to be mainly the Ω = 1
component of the (1)3Π state, which also has a large transition strength with the rovibrational
ground state.
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Figure 6.33: Ionization spectrum for the rovibrational ground state. All the lines in this range
are the transitions from the rovibrational ground state since there are no transitions from pho-
toassociated molecules in this range. We can assign a part of the observed lines with calculations.
For the (1)1Π state and the (3)1Σ+ state, calculated Franck-Condon factors are given in the fig-
ure since we have reliable estimations on these states. For the (2)3Σ+ state, the Franck-Condon
factors are assumed as 0.01 for all vibrational levels.
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6.6.2 Transition strength from a weakly bound level

In the previous sections, we have determined most of uncertain quantities related to the Raman
transition via SpIDR spectroscopy and two-photon dark resonance spectroscopy. However, two
important quantities are still not measured: the transition dipole moment of the upward tran-
sition and the natural linewidth of the excited state. Thus far, the transition dipole moment of
the upward transition is roughly known from the width of depletion spectra, whereas the natural
linewidth has been assumed as 300 kHz throughout this study. In this section, we show that
these two quantities can be experimentally estimated by using molecules in the rovibrational
ground state. In addition, the knowledge on the transition strengths for both the upward and
the downward transitions enables us to predict the absolute values of the transition strengths
for each vibrational level.

The transition dipole moment of the upward transition can be accurately measured by means
of a two-photon dark resonance spectroscopy for the rovibrational ground state. Here the situ-
ation is opposite to the previous measurements on the downward transition. First we prepare
molecules in the rovibrational ground state via a STIRAP transfer. Then we apply SpIDR
spectroscopy to detect weak excitations from the rovibrational ground state. When an intense
infrared laser is resonant to the upward transition, the excitations from the rovibrational ground
state are suppressed. For this experiment, the experimental setup is slightly modified (Fig.6.34).
In this experiment, the offset frequencies between the master laser and the slave laser are kept
constant and the frequency of the AOM is scanned for a few MHz.

Fig.6.35 shows a typical dark resonance spectrum for the rovibrational ground state and the
dependence of the width on the intensity of the infrared laser. The widths are derived by fitting
the spectrum with an analytical expression (6.3) as implemented previously in the section 6.3.
The slope of this plot gives a transition dipole moment of 0.035(2) ea0, which is approximately
3 times larger than that for the downward transition. At low intensities, we again observed an
offset width of ∼40 kHz, indicating the broadening due to the two-photon Doppler shift.

Previously we have assumed that the natural linewidth of the (3)1Σ+ state is Γ ∼ 2π × 300
kHz, which was derived from the ab initio calculation of transition dipole moments [109]. If
the actual natural linewidth is significantly different from the assumed value, the measurements
presented in this study are not consistent with each other. In such a case, the estimation
on the Rabi frequencies from two-photon dark resonance spectroscopy is inconsistent with the
estimation based on depletion spectroscopy in the section 4.2.6. In addition, the two-photon
linewidths observed as a two-photon dark resonance (section 6.3) and as a STIRAP transfer
efficiency (section 6.4) does not coincide with theories (section 6.7).

The minimum width observed in SpIDR spectroscopy (∼ 400 kHz) indicates that the natural
linewidth is below 2π×400 kHz. However, we should not neglect the possibility that the natural
linewidth is much smaller than this value because the hyperfine interaction in the excited state
can broaden the spectral width.

A STIRAP transfer into the rovibrational ground state enables us to directly measure the
natural linewidth by monitoring the time decay of the population in the rovibrational ground
state with an intense resonant light. The time sequence of the experiment is given in Fig.6.36.
Here the important point is that the dye laser at 641 nm gives the Rabi frequency of 2π×700 kHz,
which is sufficiently larger than the expected natural linewidth. In such a situation, molecules
decay with approximately the half of the natural linewidth. Therefore, we can estimate the
natural linewidth just by monitoring the time constant of the decay. The width of the pulsed laser
for ionization is below 10 ns, which is much smaller than the expected time decay of molecules. In
principle, the same measurement should be possible with photoassociated molecules. However,
the difficulty in observing a single hyperfine state with a high signal-to-noise ratio makes it
difficult to perform the same measurement for photoassociated molecules. Although the SpIDR
detection of the excitation of photoassocaited molecules should also enable this measurement,
a high signal-to-noise ratio for detecting the rovibrational ground state makes it ideal for this
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Figure 6.34: Optical and electrical setup for measuring the transition strength of the upward
transition from the rovibrational ground-state molecules. The frequencies of both Raman lasers
are kept constant during a STIRAP transfer. After the transfer, a signal generator is switched to
the other signal generators. By sweeping the RF frequency for the AOM controlling the infrared
laser, we obtain a two-photon dark resonance spectrum. The signal generator for the red laser
is required to obtain a low intensity during the two-photon dark resonance.
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Figure 6.35: Two-photon dark resonance observed with the rovibrational ground-state molecules.
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J ′ = 1, (3)1Σ+ ← v′′ = 91, J ′′ = 0, F ′′ = 2, X1Σ+ is determined to be 0.035(2) ea0.
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Figure 6.36: Time sequence of the measurement of the natural linewidth of the excited state.
After a STIRAP transfer into the rovibrational ground state, the produced molecules are de-
stroyed by the resonant light at 641 nm for a STIRAP transfer. The time constant of the decay
is determined by the natural linewidth of the excited state because the Rabi frequency for the
641 nm light is higher than the expected natural linewidth.

measurement.
Fig.6.37 shows the measured time decay of the population in the rovibrational ground state.

From the observed time constant of the decay of 1 µs, we determined the natural linewidth of
the v′ = 41 level of (3)1Σ+ state to be 2π×3.2(3)×102 kHz, which is in good agreement with
the previously assumed value. Although the obtained value gives a lower limit because the Rabi
frequency is not infinitely larger than the natural linewidth, the expected deviation due to the
finite Rabi frequency is ∼10 % because the saturation parameter 2Ω2/Γ2 is approximately 10.
Thus, we reach a conclusion that all the measurements given in this study are consistent with
each other.

Finally we add a supplementary result on the transition strengths for each vibrational level
of the (3)1Σ+ state. In the section 4.2.6, we presented a prediction on the transition strengths
based on the Franck-Condon factor (Fig.4.19). However, this is not an accurate prediction on the
transition strengths. Now we have the measured values of the transition dipole moment between
the v′ = 41 level of (3)1Σ+ and the v′′ = 91 level of X1Σ+ and that between the v′ = 41 level of
(3)1Σ+ and the v′′ = 0 level of X1Σ+. If we combine these results with our potential curve of the
(3)1Σ+ state, we can systematically compare the transition dipole moments for each vibrational
level. Fig. 6.38 shows our prediction for the transition dipole moments of the (3)1Σ+ state with
the least bound state and for those with the lowest rovibrational level (v′′ = 0). The v′ = 41
level, which was used for the STIRAP transfer of weakly bound singlet molecules (v′′ = 91), has
favorable wavefunction overlaps with both the weakly bound and the lowest rovibrational levels.
In addition, other levels such as v′ = 38 and v′ = 39 can potentially serve as an intermediate
state for the STIRAP transfer of weakly bound molecules to the rovibrational ground state.

6.6.3 Precision spectroscopy of weakly bound molecules

As a final result of this study, we present a precision spectrum of the hyperfine structure of
weakly bound molecules. Before this study, depletion spectroscopy on photoassociated molecules
suggested the existence of the hyperfine structure of the order of 10 MHz, although we could not
resolve the structure. With the development of SpIDR spectroscopy, we could clearly resolve
the hyperfine structures in both the ground and the excited state, but the hyperfine structure in
the excited state made it difficult to measure the structure of weakly bound molecules precisely.
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Figure 6.38: Transition dipole moments of the (3)1Σ+ state with the X1Σ+ state calculated from
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whereas those for the rovibrational ground state are calibrated by dark resonance spectroscopy
for the transition v′ = 41, (3)1Σ+ ← v′′ = 0, X1Σ+.
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A STIRAP transfer into the rovibrational ground state opens up a new route for a precision
molecular spectroscopy. By mapping the initial population onto the rovibrational ground state,
we can precisely measure the hyperfine structure of photoassociated molecules. Hereafter we call
the new spectroscopic method as STIRAP spectroscopy. Fig.6.39 shows a schematic represen-
tation of the three spectroscopic methods, depletion, SpIDR, and STIRAP. The small hyperfine
structure in the rovibrational ground state (∼ a few kHz) enables us to precisely determine the
peaks (Fig.6.40). The observed energy levels of the F ′′ = 3, 2, 1 levels with respect to the F ′′ = 0
level are 55.960(9), 27.089(7), and 8.852(7) MHz, respectively. The values of these energy lev-
els as obtained by a coupled channel calculation are 56.180, 27.176, 8.870 MHz, which are in
reasonable agreement with our observations.

The present method, based on mapping the population into a single quantum state with a
Raman transfer, can be extended to other molecular species as well as other molecular states
for precision spectroscopy. Combined with a optical frequency comb, a Raman spectroscopy of
the energy difference between a weakly bound level and a deeply bound level is expected to give
an accurate measurement of the time variation of the electron-to-mass ratio [27].

6.7 Theoretical description of a two-photon dark resonance and
a STIRAP transfer

In this section, we introduce a simple three-level model for describing coherent two-photon
phenomena such as a two-photon dark resonance (or electromagnetically induced transparency,
EIT) and STIRAP. We first derive the time-dependent Schrodinger equation which can be
generally used for the later discussions (section 6.7.1). Then we consider the two important
phenomena relevant to the present study separately. In the section 6.7.2, we derive the width of
a two-photon dark resonance. In the section 6.7.3, we discuss the two-photon width as well as
the transfer efficiency in a STIRAP experiment. The obtained expressions are used for analyzing
the experimentally observed behaviors.

6.7.1 General discussions for a three-level system

We consider a three-level system shown in Fig.6.41 and begin with the dressed state Hamiltonian
for a two-level system in the rotating wave approximation:

H =
~
2

(
0 Ω
Ω 2∆

)
(6.8)

where ~ is the Planck constant, Ω is the Rabi frequency, and ∆ is the laser detuning from the
atomic resonance frequency. The Hamiltonian for the three-level system is obtained by using
Eq.(6.8) twice:

H =
~
2

 0 Ωp 0
Ωp 2∆p Ωs

0 Ωs 2(∆p −∆s)

 (6.9)

Assuming that the system is in a steady state and the two-photon detuning δ = ∆p −∆s is
zero, we obtain the three eigenvalues of the time-independent Schrodinger equation.


ω+ =

1

2

(
∆p +

√
∆2

p +Ω2
p +Ω2

s

)
ω0 = 0

ω− =
1

2

(
∆p −

√
∆2

p +Ω2
p +Ω2

s

)
Here we define three variables θ, ϕ, and Ω0 as
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Figure 6.39: Schematic diagram of three spectroscopic methods. (a) Depletion. (b) SpIDR. (c)
STIRAP. In depletion spectroscopy, the initial population is directly monitored with REMPI
ionization. In SpIDR spectroscopy, the initial population is mapped onto the excited state and is
monitored by the REMPI ionization of the deeply bound molecules. In STIRAP spectroscopy,
the initial population is mapped onto the rovibrational ground state and is monitored with
REMPI ionization.
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Figure 6.41: Level diagram of a three-level system. The probe light couples the initial state |1⟩
and the excited state |2⟩, whereas the control light couples the excited state |2⟩ and the final
state |3⟩.
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tan θ =

Ωp

Ωs

Ω0 =
√

Ω2
p +Ω2

s

tan 2ϕ =
Ω0

∆p

(6.10)

With these variables, the eigenstates of the eigenvalues in Eq.(6.10) are written as a linear
combination of the original bases without light |1⟩, |2⟩, and |3⟩:


|a+⟩ = sin θ sinϕ|1⟩+ cosϕ|2⟩+ cos θ sinϕ|3⟩
|a0⟩ = cos θ|1⟩ − sin θ|3⟩
|a−⟩ = sin θ cosϕ|1⟩ − sinϕ|2⟩+ cos θ cos θ|3⟩

(6.11)

The eigenstate |a0⟩ does not include the excited state |2⟩ and thus this state is called as
a dark state. This dark state plays a crucial role in the coherent phenomena in the following
manners. We observe a two-photon dark resonance in the one-photon spectrum of the transition
|1⟩–|2⟩ when the initial state is close to the dark state and the probe light is not scattered.
When we adiabatically change the intensity ratio, we can efficiently transfer the population in
the initial state |1⟩ to the final state |3⟩ by keeping the population in the dark state.

In the real experiments of these phenomena, we always have to take care how the two-photon
detuning δ and the time variation in θ have influences on the coherence of the system. Both δ
and θ can mix the excited state |2⟩, thereby inducing the absorption of lights. The absorption
of lights reduces the transparency of a two-photon dark resonance and the transfer efficiency
for STIRAP. In the following discussions, we will separately argue the two cases, with a finite
two-photon detuning, and with a time variation in θ.

For better understanding, we first derive the eigenstates with δ = 0 and then consider the
influence of a finite two-photon detuning. The time-dependent Schrodinger equation for the
three-level system for δ = 0 is given as

i~
∂

∂t
C = HC (6.12)

H =
~
2

 0 Ωp 0
Ωp 2∆p Ωs

0 Ωs 0

 =
~Ω0

2

 0 sin θ 0
sin θ 2/ tan 2ϕ cos θ
0 cos θ 0


C =

C1

C2

C3


where C1, C2, and C3 denote the coefficients for the three eigenstates without light. We rewrite
the expression (6.13) with the bases given in Eq.(6.11):

i~U−1 ∂

∂t
UC̃ = U−1HUC̃ (6.13)

C̃ =

C+

C0

C−

 (6.14)

where the C+, C0, and C− denote the coefficients for the eigenstates with light. U is the
diagonalization matrix of H and is given by
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U =

sinϕ sin θ cos θ cosϕ sin θ
cosϕ 0 − sinϕ

sinϕ cos θ − sin θ cosϕ cos θ

 (6.15)

With the eigenvalues in Eq.(6.10), the right-hand side of Eq.(6.14) can be written as

U−1HU = ~

ω+ 0 0
0 ω0 0
0 0 ω−

 ≡ ~ω (6.16)

The differentiation with respect to t in the left-hand side of Eq.(6.14) results in the following
general equation.

i~
(
B +

∂

∂t

)
C̃ = ~ωC̃ (6.17)

B ≡ U−1∂U

∂t
=

 0 −θ̇ −ϕ̇
θ̇ sinϕ 0 θ̇ cosϕ

ϕ̇ −θ̇ cosϕ 0


where θ̇ and ϕ̇ denote the differentiation of θ and ϕ with respect to time t.

Thus, we find that a finite two-photon detuning introduces the following term for both sides
of Eq.(6.7.1).

U−1

0 0 0
0 0 0
0 0 ~δ

U = ~δD (6.18)

D ≡

 sin2 ϕ cos2 θ − sinϕ sin θ cos θ sinϕ cosϕ cos2 θ
− sinϕ sin θ cos θ sin2 θ − cosϕ sin θ cos θ
sinϕ cosϕ cos2 θ − cosϕ sin θ cos θ cos2 ϕ cos2 θ


By using ω, D, andB introduced in Eqs.(6.16, 6.7.1, 6.7.1), we can write the time-dependent

Schrodinger equation of a three-level system in the following simple form.

∂

∂t
C̃ = − (iω + iδD +B) C̃ (6.19)

Note that the influence of the spontaneous decays from the excited state |2⟩ can be phe-
nomenologically taken into account by the following permutation in Eq.(6.9). In this case, ϕ in
Eq.(6.10) is a complex number.

∆→ ∆− i
Γ

2
(6.20)

6.7.2 Two-photon dark resonance

The most important quantity characterizing a two-photon dark resonance is the width of the
transparency peak. Here we derive an analytical expression for the width on the basis of
Eq.(6.19) assuming that there is no decoherence mechanism other than a finite two-photon
detuning δ. In the real experiments, magnetic fields, the polarization of lights, and the relative
linewidth between two lights can induce decoherence, thereby limiting the minimum observable
width. In the absence of these decoherence mechanisms, the spectral width of a two-photon
dark resonance is determined by the Rabi frequency and the natural linewidth of the excited
state.
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The basic idea for deriving the spectral width of the transparency peak is as follows. The
transparency indicates the extent to which the probe light is not scattered. Therefore, we have
only to obtain the fraction of the excited state included in the dark state under a finite two-
photon detuning. The deviation in the eigenvalue ω0 is a good measure of the excited state
fraction because the population is originally in the dark state |a0⟩.

The eigenvalue equation for deriving the steady state with a finite two-photon detuning and
without a time variation in θ is given by

λI + iω + iδD = 0 (6.21)

which can be explicitly written as

λ
(
λ+ iω+ + iδ sin2 ϕ cos2 θ

) (
λ+ iω− + iδ cos2 ϕ cos2 θ

)
+ iδ sin2 θ (λ+ iω+) (λ+ iω−) + λδ2 sin2 ϕ cos2 ϕcos4θ = 0 (6.22)

Here we note that the deviation from Eq.(6.10) due to the finite δ is quite small because of
the condition θ ≪ 1 kept in a two-photon dark resonance. The eigenvalue ω0 is expected to be
sufficiently smaller than 1 even under a finite δ because ω0 is originally zero at δ = 0. Thus, we
can neglect higher order terms than O(λ) in Eq.(6.22) and obtain the following expression for
the eigenvalue.

λ =
−iδω+ω− sin2 θ

ω+ω− +
(
ω−δ sin

2 ϕ+ ω+δ cos2 ϕ
)
cos2 θ + δ sin2 θ (ω+ + ω−)

(6.23)

The validity of the assumption made for deriving this expression is confirmed by considering
the magnitude of θ. Experimentally sin θ < 10−2 is ensured, indicating that λ is sufficiently
smaller than 1.

If we take into account the influence of spontaneous emissions by the permutation (6.20),
the eigenvalues ω± can be written as

ω± =
−iΓ/2± i

√
(Γ/2)2 − Ω2

0

2
(6.24)

Thus, we obtain a simple expression for the eigenvalue from Eq.(6.23:

λ = − iδΩ2
0 sin

2 θ

Ω2
0 + 2iδΓ

(6.25)

Here we assumed Γ > Ω0 because we consider a situation where the light intensity is weak.
The fraction of the excited state in the dark state is approximately given by the absolute value
of Eq.(6.25).

|λ| = |δ|Ω2
0 sin

2 θ√
Ω4
0 + 4δ2Γ2

(6.26)

Eq.(6.26) indicates that the excited state is not mixed at δ = 0 and increases with δ. From
this expression, we obtain a simple expression for the full-width-at-half-maximum (FWHM) of
the transparency peak:

δdark =
Ω2
0√
3Γ
≈ 0.58

Ω2
0

Γ
(6.27)

The condition θ ≪ 1 indicates Ω0 ≈ Ωs. Thus, the Rabi frequency of the control light can
be obtained by measuring the width of the transparency peak of a two-photon dark resonance.
A more rigorous treatment [144] gives the line shape of a two-photon dark resonance in the
following form:
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f(∆) ∝ 1

1 +

(
Ω2
c

4Γ∆

) (6.28)

Here the probe laser is fixed on resonance and the control laser is scanned. This expression
gives the representation for the FWHM width of Ω2

c/2Γ, which is in good agreement with the
above simple consideration. In this study, Eq.(6.28) was used for fitting the observed spectra.

In the above discussions, we neglected the influence of decoherence such as magnetic fields
and laser linewidths. If the width of the transparency becomes smaller than such decoherence,
the transparency peak itself disappears because the dark state is destroyed.

6.7.3 STIRAP transfer

In this section, we derive an analytical expression for the STIRAP transfer efficiency and see
how the transfer duration τ , the natural width Γ, and the two-photon detuning δ can influence
on the efficiency. We first deal with the case with δ = 0 for intuitive understanding and then
derive the expression for a finite δ. Further discussions with a finite one-photon detuning ∆ and
with higher order terms can be found in Ref. [145].

The transfer efficiency is expected to be higher when the excited state fraction in the dark
state is smaller. Focusing on Eq.(6.19) describing the time evolution of the system, we find
that B appearing with the time variation in θ and ϕ can mix the eigenstates in Eq.(6.11).
The population cannot be kept in the dark state via the two-photon transition with a too rapid
variation in intensity, resulting in the loss of a part of the population through spontaneous decays
from the excited state. From Eq.(6.19), the adiabaticity condition imposed on this rapidity is
given by the following forms:

|ω+| ≫ θ̇ sinϕ (6.29)

|ω−| ≫ θ̇ cosϕ (6.30)

Here we neglected ϕ̇ because ϕ does not change significantly in an ordinary STIRAP exper-
iment. From Eq.(6.30), we obtain an explicit expression for the adiabaticity condition.

Ω0τ ≫
√
1 + 2∆τ (6.31)

Under the condition ∆ = 0 and Γ = 0, Eq.(6.31) gives a simple form

Ω0τ ≫ 1 (6.32)

The expression (6.32) is not valid under real experiments because of the finite natural width
of the excited state. Later we will discuss this point in detail.

By solving Eq.(6.19), we find that the transfer efficiency is close to unity if the adiabaticity
condition is fulfilled. In order to simplify the following discussions, we assume the time variation
of light intensity as

{
Ωp = Ω0 sin (πt/2τ)

Ωs = Ω0 cos (πt/2τ)
(6.33)

which indicates three variables are constant:


Ω0 =

√
Ω2
p +Ω2

s = const

θ̇ =
π

2τ
= const

ϕ̇ = 0

(6.34)
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Under this assumption, Eq.(6.19) can be written in a simple form

∂C̃

∂t
=

 −iω+ θ̇ sinϕ 0

−θ̇ sinϕ 0 −θ̇ cosϕ
0 θ̇ cosϕ −iω−

 C̃ (6.35)

Substituting C0(t = 0) = 1 and C±(t = 0) = 0 and assuming that the time variation in C0

is negligible, we obtain the solution for C± under the adiabaticity condition:


C+(t) =

θ̇ sinϕ

iω+
[1− exp(−iω+t)]C0

C−(t) =
θ̇ cosϕ

iω−
[1− exp(−iω−t)]C0

(6.36)

By substituting Eq.(6.36) to the equation for C0 and neglecting the high frequency oscillation
term exp(−iω±t) due to the adiabaticity condition, we obtain a simple expression for C0 at t = τ
as

C0(τ) = exp

(
−iπ2 ∆

τΩ2
0

)
(6.37)

This expression implies that the transfer efficiency is given as

|C0(τ)|2 = 1 (6.38)

and does not depend on ∆, τ , and Ω0 as long as the adiabaticity condition is satisfied. However,
the efficiency decreases with the finite natural linewidth of the excited state:

P = |C0(τ)|2 = exp

(
−π2Γ

τΩ2
0

)
(6.39)

Thus, we require a condition on τ for achieving a high transfer efficiency as

Ω2
0τ

Γ
≫ π2 (6.40)

when the natural linewidth of the excited state is finite. Although this expression corresponds
to an adiabaticity condition based on Eq.(6.30), we have to take care of the following two points.
First, a factor of π2 is added to Eq.(6.32). Second, Eq.(6.40) gives a more strict condition when
the Rabi frequency is smaller than the natural linewidth.

Next we consider a situation with a finite δ. From the viewpoint of implementing STIRAP
experiments, this consideration is important because it gives an expression for the two-photon
linewidth as well as estimation on the required linewidth for Raman lasers.

We solve Eq.(6.19) by assuming the adiabaticity condition and substituting C0(t = 0) = 1
and C±(t = 0) = 0 as implemented for the case of δ = 0. If we consider a situation with a small
δ and assume δ ≪ ω±, we can neglect terms including δC± and obtain the following equations.



∂C+

∂t
∼= −iω+C+ +

(
θ̇ sinϕ+ iδ sinϕ sin θ cos θ

)
C0

∂C−
∂t

∼= −iω−C− +
(
θ̇ cosϕ+ iδ cosϕ sin θ cos θ

)
C0

∂C0

∂t
=
(
iδ sinϕ sin θ cos θ − θ̇ sinϕ

)
C+

+
(
iδ cosϕ sin θ cos θ − θ̇ cosϕ

)
C− − iδ sin2 θC0

(6.41)
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Assuming that the time variation in C0 is sufficiently slow, we can solve the first and the
second equations in Eq.(6.41).


C+(t) =

iδ sinϕ sin θ cos θ + θ̇ sinϕ

iω+
[1− exp(−iω+t)]C0

C−(t) =
iδ cosϕ sin θ cos θ + θ̇ cosϕ

iω−
[1− exp(−iω−t)]C0

(6.42)

Substituting Eq.(6.42) to the third equation of Eqs.(6.41) and neglecting the rapidly oscil-
lating term exp(−iω±t), we obtain the equation describing the time evolution of C0.

∂C0

∂t
= i

[(
δ2 sin2 θ̇t cos2 θ̇t+ θ̇2

)(sin2 ϕ

ω+
+

cos2 ϕ

ω−

)
− δ sin2 θ̇t

]
C0 (6.43)

Thus, we obtain the coefficient for the dark state at t = τ C0(τ) by integrating Eq.(6.43)
from t = 0 to t = τ :

C0(τ) = exp

[
i

(
δ2

8
+ θ̇2

)(
sin2 ϕ

ω+
+

cos2 ϕ

ω−

)
− i

δτ

2

]
(6.44)

Here we use a general relation

sin2 ϕ

ω+
+

cos2 ϕ

ω−
= −4∆

Ω2
0

(6.45)

for deriving a simple and general expression for the coefficient of the dark state:

C0(τ) = exp

[
−iτ∆

Ω2
0

(
δ2

2
+

π2

τ2

)
− i

δτ

2

]
(6.46)

If we assume that the one-photon detuning ∆ is zero but the natural linewidth is finite,
which we encounter the most frequently, we obtain a simple and useful expression for the transfer
efficiency:

P = |C0(τ)| = exp

(
−π2Γ

Ω2
0τ

)
exp

(
− Γτ

2Ω2
0

δ2
)

(6.47)

The first term indicates the adiabaticity condition and appears also in Eq.(6.39), whereas
the second term appears with a finite detuning and gives the two-photon width as

δSTIRAP = 2
√
2 ln 2

Ω0√
Γτ
≈ 2.4

Ω0√
Γτ

(6.48)

On the basis of the discussions thus far, we can estimate a requirement for Raman lasers with
a realistic experimental condition. Typically we have the natural width and the Rabi frequency
of

{
Γ ≈ 2π × 300kHz

Ω0 ≈ 2π × 600kHz
(6.49)

for a molecular transition in our experiment. The adiabaticity condition restricts the transfer
duration as

τ ≫ 1.3µs (6.50)

which indicate that we can set τ as
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τ ≈ 10µs (6.51)

With these values, the two-photon width of a STIRAP transfer is given as

δSTIRAP ≈ 2π × 300kHz (6.52)

Thus, Raman laser should be stable within 100 kHz for a day-to-day reproducibility. The
requirement for the laser linewidth D is obtained by assuming the typical transfer efficiency as
90 % in the expression for a decrease in efficiency P = exp(−Dτ):

exp(−Dτ) > 0.9 (6.53)

which imposes the condition on D as

D < 2π × 2kHz (6.54)

Thus, we need Raman lasers with a linewidth narrower than 1 kHz for our experiment.
We note that the required Rabi frequency depends on the natural width of the excited state.

For clarifying this point, we rewrite the duration τ satisfying the adiabaticity condition as

τ = 50
Γ

Ω2
0

(6.55)

which gives the two-photon width as

δSTIRAP =
Ω2
0√

50Γ
(6.56)

The natural linewidth is proportional to the square of the transition dipole moment, whereas
the Rabi frequency is proportional to the transition dipole moment. Therefore, the required
Rabi frequency for ensuring an identical two-photon width with an identical transfer duration
becomes smaller with a smaller natural linewidth. Another important implication for a molecular
transition in Eq.(6.55) and Eq.(6.56) is that the Franck-Condon factor, rather than transition
dipole moments, should be large. With the small Franck-Condon factor, the transfer duration
should be long whereas the width decreases, giving more stringent conditions for both the
linewidth and the long-term stability of Raman lasers.
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Chapter 7

Conclusion and outlook

In this thesis, I described a new method for producing ultracold 41K87Rb molecules in the
rovibrational ground state. I showed that a rotationally and vibrationally pure sample of the
rovibrational ground-state molecules can be achieved in a MOT via photoassociation followed
by a STIRAP transfer. Although photoassociated molecules are much more hot and dilute than
Feshbach molecules used in the previous studies, they can be transferred to the rovibrational
ground state with a high STIRAP transfer efficiency of more than 70 %.

The present all-optical approach has two major significances. First, our results open up
the new possibility of populating a wide variety of molecular species, which cannot be formed
via magnetoassociation, in an arbitrary rovibrational level. Magnetoassociation is available
only for paramagnetic atoms such as alkali atoms or a highly magnetic Cr atom. In contrast,
photoassociation has been observed for various atomic species, including alkaline-earth and rare-
gas atoms. The all-optical approach is expected to enable producing the molecular species in
the rovibrational ground state from these atomic species. Second, the high repetition rate of our
approach makes it ideal for precision measurements. Magnetoassociation has been applied to
quantum degenerate atoms obtained by evaporative cooling, which typically takes more than 10
s. In contrast, photoassociation can be directly applied to laser-cooled atoms without trapping
and evaporative cooling. Due to such simplicity, we can produce the rovibrational ground-state
molecules with an unprecedented rapidity.

What I want to emphasize here is the usefulness of photoassociation. In the long history
of photoassociation, coherent phenomena such as a two-photon dark resonance and a STIRAP
transfer have not been observed for photoassociated molecules. Further, the hyperfine struc-
tures have been neglected in most of the previous studies of photoassociated molecules. Now
most of the cold molecules experiments appear to focus on Feshbach molecules. However, our
study showed that photoassociated molecules are still an intriguing subject to be investigated
in detail. Fig.7.1 summarizes the physical quantities obtained for the first place in this study.
In addition, photoassociation gives a good starting point for various applications which do not
require quantum degeneracy. For example, quantum computation [25], precision spectroscopy
of physical constants [27,28], and ultracold chemistry [29,54] are within reach.

Despite the intensive efforts in this study, there are still several unknown quantities. One of
the important studies is to reveal the hyperfine structure in the vibrational ground state. There
are numerous previous studies on the microwave spectroscopy of room-temperature molecules (a
thorough review is found in Ref. [137]). These studies revealed the hyperfine structures of deeply
bound levels with an accuracy of 1 kHz. The hyperfine structure of KRb in the rovibrational
ground state should also be elucidated with a similar method.

The improvement of the STIRAP transfer efficiency is another important task. In terms of
making a quantum degenerate molecular gas, it is crucial not to loose the phase-space density
during the transfer. Although I gave possible interpretations of the present high decoherence
rate limiting the efficiency, we have not yet clearly confirm the observed behaviors. I expect
that replacing the dye laser with a diode laser would improve the efficiency, but I do not know
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Initial state 

X1Σ+, =91, =0 

Excited state 

(3)1Σ+, 

Final state 

X1Σ+, =0, =0

Transition strength 
d=0.0098(3) ea0

Rotational constant 
B=1095.4(1) MHz

Transition strength 
d=0.035(2) ea0

Hyperfine strucutre

: 8.852(8) MHz

: 18.237(4) MHz

: 28.871(5) MHz

Hyperfine structure 

1.58(1) MHz

1.17(1) MHz

0.47(1) MHz

Natural linewidth 

Γ/2π=3.2(3)x102 kHz  

Rotational constant 
B=229.78(5) MHz

Rotational constant 
B=618.2(1) MHz

Figure 7.1: Physical quantities measured in this study. SpIDR spectroscopy, two-photon dark
resonance spectroscopy, and STIRAP spectroscopy reveal most of the important molecular prop-
erties relevant to the present study. The rotational constant of the excited state is measured more
precisely with SpIDR spectroscopy for the v′′ = 91,J ′′ = 2 level of X1Σ+ than with depletion
spectroscopy.
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what will be observed then. In such a situation, the high frequency noises in diode lasers may
also cause considerable decoherence and limit the efficiency.

As a possible future work with the present setup, I would like to point out the importance of
ultracold chemistry. Ultracold chemistry for KRb molecules, 2KRb→K2+Rb2, has been explored
for the fermionic 40K87Rb molecules [54,139]. These studies exhibit an excellent agreement with
a theory, implying that the underlying physics is well understood. However, in these studies,
an important aspect remains unobserved: the reaction products. In terms of investigating
chemistry, it is imperative to observe the reaction products, because one of the most important
aspects of chemistry is to produce new chemical substances. The present study based on the
REMPI detection of molecules is expected to provide a unique opportunity to detect the reaction
products. For this purpose, we will require optical trapping of molecules such that a high reaction
rate is obtained.
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J. Ye, and D. Jin. Controlling the quantum stereodynamics of ultracold bimolecular reac-
tions. arXiv:1010.3731 (2010).

[54] K.-K. Ni, S. Ospelkaus, D. Wang, G. Quéméner, B. Neyenhuis, M. de Miranda, J. Bohn,
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Abstract. We review our experimental progress toward achieving the
production of quantum degenerate bosonic polar molecules, 41K87Rb. Our
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absolute ground state via the stimulated Raman adiabatic passage (STIRAP).
We have achieved a dual-species Bose–Einstein condensate of 41K and 87Rb
in a magnetic trap, which consists of NK = 1.4× 104 potassium atoms and
NRb = 3.5× 104 rubidium atoms. An optimum optical transition for STIRAP is
being identified by a separate experiment based on photoassociation in a dual-
species magneto-optical trap of 41K and 87Rb.
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1. Introduction

Quantum degenerate gases of polar molecules are regarded as one of the most exotic quantum
many-body systems for the anisotropic and long-range nature of dipole–dipole interaction.
Novel quantum phases, such as crystal [1] and supersolid [2], are predicted for a Bose–Einstein
condensate of polar molecules. The dipole–dipole interaction between molecules in an optical
lattice is expected to pave the way for simulating a spin system [3], while the controllability of
the anisotropic interaction via a microwave [4] will offer a new tool to explore the physics of a
quantum many-body system.

To achieve quantum degenerate polar molecules, many approaches have been devised and
implemented [5]. Recently, significant advance has been made in the ‘indirect approach’, which
is based on associating ultracold atoms to form ultracold diatomic polar molecules. Here the
process involves two steps: the first is to form loosely bound molecules by photoassociation or
magneto-association at a Feshbach resonance of ultracold atoms and the second is to transfer
them to their lowest rovibrational level via optical transitions such as stimulated emission
pumping (SEP) or stimulated Raman adiabatic passage (STIRAP) [6]. The second process is
required to cope with the following two unfavorable characteristics of loosely bound molecules:
firstly, loosely bound molecules are unstable against collisions (vibrational quenching), and
secondly, they have a negligible dipole moment since atoms in the molecule are well separated.
Thus, transferring loosely bound molecules to the absolute ground state is very important.

This two-step scheme was originally demonstrated at Yale for laser-cooled 85Rb and 133Cs
atoms to form ultracold 85Rb133Cs molecules in their absolute ground state [7]. In that pioneering
work, a combination of photoassociation and SEP was employed. However, a further quest
for atomic cooling and improvement in the transfer efficiency is needed for realizing quantum
degeneracy with polar molecules.

Here we employ an alternative strategy that combines magneto-association at a Feshbach
resonance and STIRAP. Magneto-association can transfer atoms to a single molecular level
at nearly 100% efficiency. STIRAP realizes a conversion efficiency of 100% since it uses a
two-photon dark state where population between two molecular states can be controlled by the
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relative intensity of two lasers. Moreover, there are no heating processes in these steps. Thus,
this combination should enable us to convert quantum degenerate atoms to quantum degenerate
polar molecules. Intensive efforts to obtain quantum degenerate molecules in this scheme have
been made for bosonic Rb2 [8] and Cs2 [9] molecules at Innsbruck and for fermionic 40K87Rb
molecules at JILA [10].

We are aiming at achieving a Bose–Einstein condensate of polar molecules. To produce
bosonic polar molecules from atoms, there are two possible choices for constituent atoms,
i.e. two fermionic species or two bosonic species. Choosing two fermionic species for
constituent atoms has an advantage in that Feshbach molecules are expected to have a long
lifetime due to the Pauli exclusion principle. There are not many combinations of atomic species
left for this approach because (a) it is natural to choose an alkali–alkali combination to make use
of a magnetically tuned Feshbach resonance and (b) known stable fermionic alkali species are
only 6Li and 40K. The possibility of performing efficient STIRAP for LiK is yet to be explored,
since knowledge about the molecular potentials of LiK is currently limited. An experiment in
this approach is ongoing in Munich [11].

In contrast, there are several possible combinations for choosing two bosonic species.
Molecular potentials of both ground states and excited states are already well known for some
of the combinations. Among others, 41K87Rb has the advantage that Feshbach resonances have
been reported at low magnetic fields [12] and all the associated scattering lengths (aRb, aK

and aKRb) are positive [13]. In addition, a high photoassociation rate of KRb [14] enables us
to explore molecular potentials using photoassociated molecules. A drawback of using two
bosonic species is that Feshbach molecules tend to have a short lifetime because there is no
suppression of collisions [15]. This problem can be circumvented by putting atoms in an optical
lattice before applying magneto-association [16]. We note that a combination of 87Rb and 133Cs
is yet another attractive possibility since molecular potentials in the excited states have been
investigated in detail [17] and many Feshbach resonances have been reported [18].

Here we report our progress toward achieving a quantum degenerate gas of 41K87Rb
molecules based on magneto-association and STIRAP. Our efforts involve the production of a
mixture of 41K and 87Rb Bose–Einstein condensates and the search for an optimum intermediate
state for STIRAP via spectroscopy of 41K87Rb molecules.

In the following, section 2 discusses important parameters that set the ultimate efficiency
for magneto-association and STIRAP. Section 3 describes our experimental set-up to obtain
a double-species Bose–Einstein condensate of 41K and 87Rb. Section 4 presents our spectro-
scopic studies on photoassociated KRb molecules. Section 5 summarizes the obtained results
and discusses future prospects.

2. Key issues in the experimental design

STIRAP is expected to acheive 100% transfer efficiency when the whole population is held in a
dark state. However, the efficiency is decreased when the dark state is perturbed. The efficiency
of a STIRAP transfer at a two-photon resonance is given by [19]

P = exp
(
−

π20

�2
0τ
−

Dτ

2

)
, (1)

where 0 is the natural linewidth of the excited state, τ is the pulse duration, D is the
linewidth associated with the frequency difference between the two lasers and �0 is the reduced
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Rabi frequency, which is defined as �0 =

√
�2

P + �2
S, where �P(�S) is the peak Rabi frequency

of the pump (Stokes) field7. Here the first term describes the reduction of efficiency due to
diabatic processes, while the second term describes the limitation due to decoherence. From
equation (1), we can derive the necessary condition for an efficient transfer:

�2
0

π 20
�

1

τ
� D. (2)

Thus, reducing the linewidth D helps reduce the intensity required for a successful transfer.
The Rabi frequency in equation (2) depends on the Franck–Condon factor, which is a

measure of the wavefunction overlap between the ground and excited states:

�2
P(S) = d2 E2

P(S)|〈e|gP(S)〉|
2
. (3)

Here d is a transition dipole moment, EP(S) is an electric field of the pump (Stokes) laser and
|〈e|gP(S)〉|

2 is a Franck–Condon factor between an excited state and a loosely bound level (the
lowest rovibrational level). We assume that the transition dipole moment does not depend on the
internuclear distance. To achieve a high transfer efficiency, one must identify a transition with a
large Franck–Condon factor. Thus, it becomes imperative to perform a molecular spectroscopy
to find the details of interatomic potential.

Now let us examine if one can satisfy condition (2) in the actual experiment using the
parameters for 41K87Rb. The differential frequency of two independent lasers can be stabilized to
within D ∼ 2π × 10 kHz by locking them to a stable high-finesse cavity. To satisfy the condition
of D and τ in (2), the pulse duration should be τ ∼ 1 µs. The time variation of laser intensity
of the order of 1 µs is easily achieved by an acousto-optical modulator. The condition of �0, 0

and τ in (2) then gives a limitation on the Rabi frequency:

�2
0

0
� 107 s−1. (4)

For the KRb molecule, the (3)16+ is a good candidate for the intermediate state as explained
in section 4. This state has a transition dipole moment of ∼1ea0 [20], which corresponds to
a natural linewidth of ∼2π × 500 kHz. The Franck–Condon factors between this state and the
ground state are of the order of 10−2 [21]. Substituting these values into the inequality (4), we
obtain a required Rabi frequency �0 ∼ 2π × 3 MHz and a required intensity I ∼ 600 mW cm−2.
Since the typical size of a Bose–Einstein condensate is less than 100 µm, the power necessary
for an efficient transfer is less than 100 µW, which is easily obtained by using a semiconductor
laser.

Another key issue that affects the efficiency of STIRAP is the closed-channel fraction of
Feshbach molecules, which contributes dominantly to the Franck–Condon factor. In general,
the closed-channel fraction of Feshbach molecules away from the resonance is larger than that
close to the resonance. However, the absolute amount of the closed-channel fraction depends
strongly on the width (or the coupling strength) of the resonance [22]: molecules formed at a
broad resonance are strongly perturbed by an atomic channel even away from the resonance,
while those formed at a narrow resonance are dominated by the closed channel except very
near the resonance. Thus, it is beneficial for us to use a narrow Feshbach resonance for the
preparation of molecules with a large Franck–Condon factor. However, there is a drawback in

7 In this expression, �P '�S is assumed.
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using closed-channel-dominated molecules: they can easily decay via vibrational quenching due
to a large wavefunction overlap with low-lying molecular levels. To avoid this problem, atoms
should be loaded into an optical lattice before they are converted to molecules.

To date, two Feshbach resonances have been reported for 41K87Rb at 35 G with a width of
37 G and at 79 G with a width of 1.2 G [12, 13]. Apparently, the former is a broad resonance,
while the latter is a narrow resonance. In fact, coupled channel calculations indicate that a
closed-channel fraction of Feshbach molecules formed at the 79 G resonance exceeds 90%
below 70 G [21]. Based on the above discussions, we conclude that the resonance at 79 G is
appropriate for the preparation of molecules with a large closed-channel fraction.

3. Double-species Bose–Einstein condensate of 41K and 87Rb

3.1. Experimental set-up

Our experimental apparatus for the production of a Bose–Einstein condensate of 41K and 87Rb
is based on a double MOT system. Two-stage differential pumping was employed to realize a
high vapor pressure (∼10−8 Torr) for both potassium and rubidium and an ultra-high vacuum of
3× 10−11 Torr. The first cell contained home-made enriched 41K dispensers and commercial Rb
dispensers. The cell was kept at 50 ◦C in order to increase the loading efficiency of potassium.
For evaporative cooling of both potassium and rubidium atoms, the cloverleaf trap with a
magnetic field gradient of 292 G cm−1 and a curvature of 67 G cm−2 was constructed around
the second cell. Typically, 109 41K atoms and 109 87Rb atoms were simultaneously collected in
a MOT in the first cell and continuously pushed to the second cell by resonant laser beams. The
pushing laser for potassium was resonant with the F = 1 to F ′ = 2 transition, while that for
rubidium was resonant with the F = 2 to F ′ = 3 transition. The pushed atoms had a velocity of
around 20 m s−1 and were captured again by the MOT in the second cell. The loading efficiency
of the second MOT depends on the diameter and intensity of both cooling and repumping beams
of the second MOT. For potassium, a loading rate of 3× 108 atoms s−1 was obtained at an e−2

beam diameter of about 20 mm and a total intensity of about 50 mW cm−2.

3.2. Production of a 41K Bose–Einstein condensate

Bose–Einstein condensation of 41K atoms was first realized by sympathetic cooling with
rubidium atoms [23]. After that, we reported the successful production of a Bose–Einstein
condensate of 41K with a large number of atoms by means of direct evaporative cooling [24].
Here, we briefly describe two key issues for achieving a Bose–Einstein condensate of 41K
without sympathetic cooling.

The first issue is the complexity in laser cooling of 41K. It originates from the fact that the
hyperfine splitting between F ′ = 3 and F ′ = 2 in the 43P3/2 state is as small as 13.6 MHz. This is
of the same order as the natural linewidth of this excited state (6.2 MHz). Thus, it is practically
impossible to form a closed transition for laser cooling since off-resonance excitations to nearby
levels such as F ′ = 2 and F ′ = 1 are not negligible. To cope with this problem, we have prepared
almost the same amount of laser power for both cooling and repumping beams and detuned both
lights below the whole hyperfine manifold by about 20 MHz [25]. Although this configuration
enabled us to trap a large number of atoms, it led to a high temperature of about 5 mK and a low
density of about 1× 1010 cm−3. The obtained phase-space density at this stage was about 10−9.
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Figure 1. Realization of Bose–Einstein condensation of 41K atoms by direct
evaporation in a magnetic trap [24]. Absorption images of 41K atoms after 40 ms
expansion show (a) a thermal cloud at T = 750 nK, (b) a bimodal distribution at
T = 580 nK and (c) an almost pure condensate of 3× 105 atoms. The evaporative
cooling was performed by driving rf-transition between hyperfine levels of 41K
atoms. No coolant was involved in the experiment.

By introducing additional stages for spatial compression and Doppler cooling [26], we were
able to reach a phase-space density of 10−6, which was a good starting point for evaporative
cooling.

The second key issue is the necessity of using the hyperfine transition for evaporative
cooling. We could not obtain a Bose–Einstein condensate of 41K atoms by driving transitions
between Zeeman sublevels. This was presumably because the rate constants of inelastic
processes involving atoms in the F = 2, m F = 1 state [27, 28] were higher for 41K than for 87Rb.
We confined atoms in the F = 2, m F = 2 state in a magnetic trap and performed evaporative
cooling by driving the hyperfine transition to the F = 1, m F = 1 state. Typical frequencies
needed for evaporation were less than 400 MHz, since the hyperfine splitting of 41K atoms
in the ground state is only 254 MHz. By evaporating atoms in the F = 2, m F = 2 state while
constantly removing atoms in the F = 2, m F = 1 state, it was possible to achieve Bose–Einstein
condensation as shown in figure 1 [24]. The typical number of atoms in a pure condensate
was 3× 105.

3.3. Quantum degenerate mixture of 41K and 87Rb

We have also succeeded in producing a quantum degenerate mixture of 41K and 87Rb in a
magnetic trap. We first loaded almost the same number of 41K and 87Rb atoms into a magnetic
trap and performed evaporative cooling of both 41K and 87Rb atoms by driving the F = 2,
m F = 2 to F = 1, m F = 1 transition simultaneously. However, we observed significant losses of
atoms for both species. Thus, we switched to sympathetic cooling of 41K by 87Rb [23]. So far,
we have succeeded in achieving a dual-species Bose–Einstein condensate with up to 1.4× 104

atoms for 41K and 3.5× 104 atoms for 87Rb (figure 2).
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Figure 2. Images of dual Bose–Einstein condensates of 41K and 87Rb atoms
after 20 ms of expansion. The evaporative cooling was performed by driving the
F = 2, m F = 2 to F = 1, m F = 1 transition for the 87Rb atom. 41K atoms
were sympathetically cooled as in [23]. The numbers of atoms in these images
were 3.5× 104 and 1.4× 104 for Rb and K atoms, respectively.

4. Spectroscopy toward STIRAP

4.1. Selecting the optimum path for STIRAP

The optimum state for STIRAP should have large Franck–Condon factors with both weakly
bound levels and the lowest rovibrational level. To understand which state can be used as
an intermediate state, knowledge of the excited states of molecules is required. Here we
briefly explain the excited states of alkali diatomic molecules with electronic orbital angular
momentum L of 1. There are extensive spectroscopic data for these states that facilitate our
spectroscopy. Since an alkali dimer has a total spin S = 0 (singlet) or S = 1 (triplet), there are
four excited states labeled as 16+, 15, 36+ and 35 in Hund’s case (a). Figure 3 shows the
calculated potential energy curves of the ground and excited states of KRb molecule in Hund’s
case (a) [29]. In Hund’s case (c), these states are coupled by the spin–orbit interaction to yield
four components: �= 0+ (16+ and 35), 0− (36+ and 35), 1 (15, 36+ and 35) and 2 (35), where
� is a projection of total angular momentum EJ = EL + ES.

The Franck–Condon factor depends not only on the spatial overlap but also on the spin
component of the wavefunction. Since a Feshbach molecule has both spin triplet and singlet
components, there are two possible paths to transfer it to the absolute ground state: (a) Feshbach
molecule (triplet component)→ intermediate state (spin mixed)→ the absolute ground state
(singlet) or (b) Feshbach molecule (singlet component)→ intermediate state (singlet)→ the
absolute ground state (singlet).

The first scheme uses a spin mixing due to the spin–orbit interaction in the intermediate
state. This scheme was first pointed out for the �= 1 manifold consisting of (1)15, (2)36+ and
(1)35 [17] and demonstrated for RbCs [7] and for 40K87Rb [10]. In this scheme, the (2)36+

state couples to the loosely bound molecules, whereas the (1)15 state couples to the lowest
rovibrational level.

In contrast, in the second scheme we can focus on a spin singlet state with large spatial
overlaps of the wavefunctions. In fact, the experiment for Cs2 at Innsbruck has been performed
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Figure 3. Ab initio potential energy curves of KRb [29]. Here only potentials
related to our experiments are shown. Singlet and triplet potentials are indicated
by blue and red curves, respectively.

based on this scheme [30]. For the case of KRb it was pointed out that the (3)16+ state has
favorable wavefunction overlaps both with loosely bound levels and the lowest level [31].

We are currently pursuing the second scheme using the (3)16+ state. The (3)16+ state has a
purely singlet character; it can potentially couple with states dissociating to the K(4P) + Rb(5S)

limit, but they are so far away from the (3)16+ state that the spin–orbit coupling between
them is negligible. The accurate potential energy curve of the (3)16+ state has been found in a
frequency range from 9778 cm−1 (potential minimum) to 10 412 cm−1 by means of conventional
spectroscopy of 39K85Rb molecules [32, 33]. Since the best candidate for the intermediate state
for STIRAP lies between 11 400 and 11 800 cm−1, the potential in this region has to be more
precisely determined.

4.2. Experimental set-up

For spectroscopic studies, we prepared another experimental apparatus that can produce loosely
bound molecules via photoassociation of laser-cooled 41K and 87Rb atoms following a similar
experiment by the University of Connecticut group [31]. This set-up enables us to take a
spectrum over a wide range of frequencies at a rate of 10 Hz, which is much faster than taking a
spectrum with Feshbach molecules. Figure 4 shows our experimental set-up for spectroscopy of
loosely bound 41K87Rb molecules. First, 1× 108 K atoms and 2× 108 Rb atoms were cooled
and trapped in a double-species MOT. Compressed MOT (C-MOT) was applied for both
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Figure 4. Schematic diagram of the experimental set-up used for the depletion
spectroscopy of ultracold 41K87Rb molecules. 41K and 87Rb atoms were cooled
and trapped simultaneously in a MOT. The photoassociation laser was applied for
10 ms to form loosely bound X16+ and a36+ molecules, whereas the depletion
laser was always turned on. Molecules in a specific vibrational level of the X16+

state were ionized by an intense pulse laser and detected with a Channeltron
ion detector.

clouds to cool and compress further to obtain number densities of 2× 1011 cm−3 for K and
4× 1011 cm−3 for Rb and temperatures of 400 µK for K and 100 µK for Rb. Both K and
Rb atoms were prepared in their lower hyperfine states F = 1 during the C-MOT process.
Then, a photoassociation laser with an intensity of 8.5 W cm−2 irradiated K and Rb atoms
for 10 ms to form ground state molecules8. The frequency of the photoassociation laser was
usually fixed at about 12 570.134 cm−1, exciting the J = 1 level of the �= 0+ state. A tunable
CW Ti:S laser with an intensity of 13 W cm−2 was simultaneously applied to molecules to
deplete the population in a specific rovibrational level. Resultant molecules were detected
with a Channeltron (Burle 4869) after they were ionized via resonance-enhanced multi-photon
ionization induced by a pulsed dye laser with an intensity of 3× 106 W cm−2. Signals from
the Channeltron were amplified with a homemade pre-amplifier [34] and sent to a high-speed
digitizer (National Instruments PCI-5112) to count the number of molecules. Scanning the
frequency of the Ti:S laser yielded a depletion spectrum that can resolve rotational structures of
both ground and excited states.

The levels used for the two-photon ionization are indicated in figure 3. Molecules were
first excited to the v′′ = 43 level of the (4)16+ state9 and were then immediately excited to the
ionization level. By selecting an appropriate wavelength for the ionizing pulse laser, we were
able to monitor molecules in a specific vibrational level though the rotational structure could not
be resolved due to a broad linewidth of the pulse laser (∼0.1 cm−1). We often used molecules in

8 Typical 1/e2 beam diameter was 0.7 mm, which was nearly the same as the size of the MOT.
9 The numbering given here has an uncertainty of a few quanta since the potential minimum of the (4)16+ state
has not yet been identified. This assignment of the vibrational number is based on the work on 39K85Rb by D Wang.
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Figure 5. A depletion spectrum showing rotational structures of cold molecules.
The spectrum was obtained by scanning the depletion laser while monitoring
molecular ion counts. Each dip corresponds to a resonant excitation of
molecules in the monitored level. Since we used the J = 1 rotational level
for photoassociation, subsequent decays yielded ground state molecules in the
J ′′ = 0 and 2 levels based on a selection rule 1J =±1. The same selection rule
also holds for an excitation from X16+ to (3)16+ states. Thus, three transitions
were observed for a single upper vibrational level, namely, the J ′ = 3← J ′′ = 2,
J ′ = 1← J ′′ = 2 and J ′ = 1← J ′′ = 0.

the v′′ = 91, J = 2 level of the X16+ state for spectroscopy of the excited state as they were the
most abundant. The binding energy of this level was determined to be−12.454(1) cm−1 relative
to the FK = 1 + FRb = 1 threshold by comparing a depletion spectrum and a photoassociation
spectrum for the same state.

4.3. Spectroscopy of the (3)16+ state

Before taking a depletion spectrum, we performed a spectroscopy of the (3)16+ states with
a pulse laser as a rough guide in the frequency range from 11 340 to 11 740 cm−1, where
conventional spectroscopic studies have not been reported. Since the infrared photon does not
have enough energy to ionize molecules via a two-photon transition, we simultaneously applied
an additional 532 nm pulse laser derived from a pump laser for the pulsed dye laser. In this
scheme, molecules were first excited by the infrared laser and immediately ionized by the green
laser. To suppress a three-photon transition with the infrared laser and a two-photon transition
with the green laser, we had to keep the intensity of the infrared and green lasers below 5× 105

and 1× 105 W cm−2, respectively. Based on the obtained spectrum, we performed depletion
spectroscopy for the (3)16+ state. A typical spectrum for the v′′ = 48 level of the (3)16+ state is
shown in figure 5. The narrow width of the spectrum (∼100 MHz) enabled us to locate absolute
energy levels of the excited state with much higher accuracy than using an ab initio potential,
which typically has an error of the order of 10 cm−1 (∼300 GHz).

To understand the observed spectrum, we need to consider the selection rule for rotational
levels, i.e. 1J =±1 [36]. Spontaneous decays from the photoassociation level of J = 1 yield
the ground state molecules of J = 0 and 2. Molecules in J = 0 can only be excited to J = 1 of
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the (3)16+ state, whereas those in J = 2 can be excited to J = 1 and 3 of the (3)16+ state. Thus,
we obtain three transitions as shown in figure 5. From this spectrum, rotational constants of the
v′′ = 91 level of the X16+ state and the v′′ = 48 level of the (3)16+ states were determined to
be 0.00763(8) and 0.02017(1) cm−1, respectively. The measured constant of the X16+ state was
in good agreement with that calculated from the experimentally determined accurate potential
for the ground state [37] within the experimental error. We compared the measured constant
of the (3)16+ state with that obtained from the ab initio potential [29] and found that the
ab initio potential gave a larger value by an amount of about 1%. This deviation has already
been reported in [31] and should be attributed to the inaccuracy of the ab initio potential. We
observed similar spectra for ten vibrational levels (v′′ = 41–50) that were used to construct
an accurate potential that can explain the measured energy levels and rotational constants [38].
Based on this potential, we conclude that the optimum intermediate state lies around the v′′ = 42
level, which has Franck–Condon factors of about 10−2 with both the loosely bound level and
the lowest rovibrational level [21].

5. Conclusion

In this paper, first we discussed key issues in the experimental design of quantum degenerate
polar molecules. Then, first experimental results toward the realization of a Bose–Einstein
condensate of 41K87Rb molecules were reported. A dual-species Bose–Einstein condensate of
41K and 87Rb was realized by evaporative cooling of rubidium atoms and sympathetic cooling of
potassium atoms. Excited states of KRb molecules were studied using depletion spectroscopy
and photoassociation. We plan to load a dual-species Bose–Einstein condensate of 41K and
87Rb into an optical lattice to form Feshbach molecules. A STIRAP transfer of loosely bound
molecules will be studied using photoassociated 41K87Rb molecules. Finally, a STIRAP transfer
will be applied to Feshbach molecules to produce a Bose–Einstein condensate of 41K87Rb
molecules in the absolute ground state. The list of physics we would like to pursue with quantum
degenerate polar molecules includes resonant features in collisions [39], the stability of the
molecule [40] and the supersolid phase [2].
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We report on the direct conversion of laser-cooled 41K and 87Rb atoms into ultracold 41K87Rb

molecules in the rovibrational ground state via photoassociation followed by stimulated Raman adiabatic

passage. High-resolution spectroscopy based on the coherent transfer revealed the hyperfine structure of

weakly bound molecules in an unexplored region. Our results show that a rovibrationally pure sample of

ultracold ground-state molecules is achieved via the all-optical association of laser-cooled atoms, opening

possibilities to coherently manipulate a wide variety of molecules.
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Progress in cooling and manipulating atoms has led to
diverse applications. Even more possibilities will open up
if molecules are cooled and prepared in the rovibrational
ground state because then the translational, vibrational,
and rotational degrees of freedom of the molecules can be
manipulated with greater accuracy. The potential applica-
tions range from novel quantum phases to ultracold chemis-
try, quantum computation, and precision measurements [1].
Various schemes to achieve cold molecules have been dem-
onstrated thus far. Direct cooling of molecules has been
limited in terms of temperature [2]. Recently, quantum
gases of molecules in the rovibrational ground state
have been achieved [3–5] with a coherent optical transfer
of weakly bound molecules produced via the magnetoasso-
ciation [6] of quantum degenerate atoms. However, this
scheme is only applicable to atomic species for which mag-
netoassociation is available. An alternative general method
for producingweakly boundmolecules from ultracold atoms
is photoassociation (PA) [7]. Up to now, only the incoherent
formation of molecules in the vibrational ground state via
photoassociation has been reported [8–10]. Although the
direct photoassociation yielded molecules in the v00 ¼ 0,
J00 ¼ 2 level predominantly [10], the state-selective photo-
associative formation of cold molecules in the rovibrational
ground state is yet to be achieved.

Here, we report that a rotationally and vibrationally pure
sample of ultracold 41K87Rbmolecules in the rovibrational
ground state can be directly produced in a magneto-optical
trap of 41K and 87Rb via photoassociation followed by
stimulated Raman adiabatic passage (STIRAP) [11]. In
spite of the low laser intensity due to the large volume of
our molecular gas, we have reached a STIRAP transfer
efficiency of more than 70% by employing an intermediate
state with a narrow natural linewidth. In order to identify
the two-photon resonance precisely, we developed a new

detection scheme, spontaneous-decay-induced double
resonance (SpIDR), which provided the high-resolution
spectra of one-photon transitions from PA molecules and
allowed us to observe a two-photon dark resonance [12].
Our results show that a rovibrationally pure sample
of ultracold molecules in the ground state is achieved
via the all-optical association of laser-cooled atoms, open-
ing novel possibilities to coherently manipulate a wide
variety of cold molecules that can be produced via
photoassociation.
Figure 1 shows the schematic representation of the coher-

ent transfer of ultracold 41K87Rb molecules. The potential
curves are taken from Ref. [13]. Details of the experimental
setup for the production and detection of weakly bound
molecules are found elsewhere [14]. For the present study,
we used 41K87Rbmolecules in the v00 ¼ 91, J00 ¼ 0 level of
X1�þ produced via photoassociation of 41K and 87Rb atoms
in a magneto-optical trap. The typical numbers, densities,
and temperatures of atoms were 1� 108, 2� 1011 cm�3,
and 400 �K for 41K and 2� 108, 4� 1011 cm�3, and
100 �K for 87Rb, respectively. The PA laser resonant to
the J0 ¼ 1 level of � ¼ 0þ (wave number �12570 cm�1,
intensity �1� 103 Wcm�2) was applied for 10 ms.
Molecules were ionized through resonance enhanced multi-
photon ionization by a pulsed dye laser and detected by
microchannel plates. The entire experimental procedure
was operated at 9 Hz.
Despite the successful demonstrations on quantum

gases, the STIRAP transfer into the rovibrational ground
state was not straightforward for PA molecules. Any resid-
ual magnetic field could cause decoherence for Raman
coupling between two molecular states since our molecular
sample was not spin polarized. In addition, untrapped,
high-temperature PA molecules occupied a volume larger
(� 1 mm3) than that occupied by the trapped quantum
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gases (� 10�4 mm3). This limited the available laser
intensity for driving the transition.

These difficulties were circumvented by starting from
singlet molecules which were insensitive to magnetic
fields. Utilizing singlet excited states with a narrow natural
linewidth as an intermediate state, we realized an efficient
Raman transfer of PAmolecules into a singlet ground state.
This was in contrast with previous works on the two-
photon transfer of heteronuclear molecules [3,8], which
started from triplet molecules and transferred the PA mole-
cules into the singlet ground state via the � ¼ 1 state (the
spin-mixed state of ð2Þ3�þ, ð1Þ3� and ð1Þ1�). A transition
strength comparable to the � ¼ 1 state was obtained with
the v0 ¼ 41 level of ð3Þ1�þ [14,15], whereas the narrow
natural linewidth of this state (�� 2�� 300 kHz, calcu-
lated from Ref. [16]) allowed us to obtain an efficient
transfer with a relatively low laser intensity.

Our optical system for the Raman transition consisted
of four lasers. Two diode lasers (875 nm and 641 nm)
were locked to an ultralow expansion cavity with a dual-
wavelength coating. These lasers worked as master lasers.
Two slave lasers, a ring dye laser (641 nm) and a diode
laser (875 nm), were then locked to master lasers through
an optical phase-locked loop (OPLL) [17] and used for the

experiments. The scanning of the Raman lasers was real-
ized by sweeping the microwave source for OPLL. In this
report, the microwave frequency for OPLL was noted as an
offset frequency. The typical short-term linewidth of the
Raman lasers was less than 10 Hz, whereas the long-term
stability of the ultralow expansion cavity was estimated to
be less than 100 kHz by monitoring the Cs D2 transition.
The 1=e2 diameter of the Raman lasers was set to 1.5 mm
which was larger than the size of atomic clouds. For the
STIRAP transfer, the power of the laser L1 and the laser L2
was set to 9 mW and 25 mW, respectively.
Figure 2(a) shows the population in the v00 ¼ 0 level of

X1�þ after the STIRAP transfer into the J00 ¼ 0 level as a
function of the frequency of the down transition laser (L2).
The observed two-photon linewidth of 200 kHz was con-
sistent with a simple three-level theoretical model [11]
when we took into account the Rabi frequency (2��
400 kHz) and the transfer duration (10 �s). In order to
confirm that Fig. 2(a) indicated the rovibrational ground
state, we also performed a STIRAP transfer into thev00 ¼ 0,
J00 ¼ 2 level [Fig. 2(b)] and determined the rotational
constant to be 1095:4ð1Þ MHz� h (h is the Planck’s

3

2

1

0

Io
n 

co
un

ts
 (

ar
b.

un
its

)

6050403020100
Time (µs)

1.0

0.5

0.0In
te

ns
ity

6040200
d

L1L2
c

3

2

1

Io
n 

co
un

ts
 (

ar
b.

un
its

)

-4834 -4832
Offset frequency of L2 (MHz)

b
3

2

1

Io
n 

co
un

ts
 (

ar
b.

un
its

)

17401738
Offset frequency of L2 (MHz)

a

FIG. 2. STIRAP transfer from the v00 ¼ 91, J00 ¼ 0, F00 ¼ 2
level to the v00 ¼ 0 level of X1�þ. (a) Transfer to the J00 ¼ 0
level. The population in the v00 ¼ 0 level of X1�þ is plotted
against the frequency of the down transition laser (L2).
(b) Transfer to the J00 ¼ 2 level. The asymmetry observed in
the J00 ¼ 2 spectrum is expected to be a result of the hyperfine
structure induced by the nuclear electric quadrupole moments of
87Rb. (c) Time evolution of the population in the v00 ¼ 0, J00 ¼ 0
level of X1�þ during the multiple STIRAP transfer process. The
error bars indicate the standard deviation. (d) Time variation of
the intensities of the Raman lasers during the multiple-transfer
process. Both intensities are normalized to unity. During the
waiting time of 20 �s set between the transfers, the remaining
population that is not transferred by STIRAP is removed by the
resonant Raman lasers.
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FIG. 1 (color online). Relevant molecular potential energy
curves of KRb. Weakly bound molecules were produced by
the photoassociation of laser-cooled 41K and 87Rb atoms.
Molecules in the v00 ¼ 91, J00 ¼ 0, F00 ¼ 2 level of X1�þ
were coupled to the v00 ¼ 0, J00 ¼ 0 level of X1�þ by a two-
photon transition with wavelengths near 875ðL1Þ and
641ðL2Þ nm via the v0 ¼ 41, J0 ¼ 1 level of ð3Þ1�þ. For deple-
tion spectroscopy and SpIDR spectroscopy, two-photon ioniza-
tion through the ð4Þ1�þ state was used. For the detection of the
rovibrational ground-state molecules, a three-photon transition
mediated by the v0 ¼ 6 level of ð1Þ1� was used.
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constant). The uncertainty was due to the unresolved hy-
perfine structure of the J00 ¼ 2 level. The obtained value
was in good agreement with the calculated value of
1095:362ð5Þ MHz� h obtained from the mass scaling
of the experimental value for 40K87Rb [18]. The typical
number, density, and temperature of the produced ground-
state molecules were 103, 106 cm�3, and 130 �K, respec-
tively. The production rate in the rovibrational ground state
was as high as 104 s�1.

The direct evidence of the STIRAP transfer was ob-
tained by studying the time evolution of the population in
the ground state [Fig. 2(c)] during the multiple-transfer
process [Fig. 2(d)]. The ground-state molecules after a
single transfer were used for measuring the efficiency of
transfer. We typically retrieved 53% of the ground-state
molecules after the double-transfer process, which implied
a single-step efficiency of 73%. Currently, the efficiency is
limited by the difference in the Doppler shift for the two
lasers.

The STIRAP transfer into the rovibrational ground state
can be used as new precision spectroscopy for weakly
bound molecules in an unexplored region (Fig. 3). By
mapping the population in the initial hyperfine levels onto
the ground state, we couldmeasure the hyperfine splitting of
PA molecules with an accuracy of 10 kHz� h. A higher
resolution could be achieved by using a longer transfer
duration and smaller intensities for the Raman lasers. The
observed energy levels of the F00 ¼ 3, 2, 1 levels with
respect to the F00 ¼ 0 level were 55.960(9), 27.089(7), and
8:852ð7Þ MHz� h, respectively. The values of these en-
ergy levels as obtained by a coupled channel calculation
were 56.180, 27.176, and 8:870 MHz� h, which were in
reasonable agreement with our observations.

The rest of this report is devoted to SpIDR spectroscopy,
which is an essential improvement of the one-photon
spectroscopy of PA molecules. This improvement was
necessary for identifying the structure of the excited states
and observing a two-photon dark resonance. To date,

depletion spectroscopy has been widely used for analyzing
the transition from PA molecules [15]. A continuous-wave
(cw) laser depletes the number of PA molecules, while the
loss is monitored with resonance enhanced multiphoton
ionization. Although this spectroscopy was straightfor-
ward, we encountered a serious problem related to the
signal-to-noise ratio when we attempted to record data at
a low intensity in order to avoid saturation broadening. At a
relatively high intensity, where we could observe a large
signal, the spectral width broadened to tens of megahertz,
washing out all the structure from the hyperfine levels. In
addition, saturation broadening smoothed out the transpar-
ency peak of the two-photon dark resonance and made it
difficult to identify the two-photon resonance.
In order to improve the signal-to-noise ratio of depletion

spectroscopy, we developed a method to monitor not the
depletion but the creation of molecules in the excited state.
In practice, we monitored the population in one of the
vibrational levels in the ground state to which a significant
fraction of excited molecules decays. Thus, we could
obtain a background-free spectrum, thereby increasing
the signal-to-noise ratio to observe the narrow linewidth
of the ð3Þ1�þ state.
Figure 4(a) shows the SpIDR spectrum of the v0 ¼ 41,

J0 ¼ 1 level of ð3Þ1�þ. A considerably smaller power
(5 �W) and shorter time (400 �s) than those required
for depletion spectroscopy (> 100 �W, 10 ms) were suf-
ficient to detect the excitation. This led to a significantly
narrow linewidth close to the natural linewidth. The coarse
splitting resulted from the hyperfine structure in the ground
state, whereas the fine splitting implied the existence of the
hyperfine structure in the excited state. For the sake of
comparison, the depletion spectrum in the same frequency
range is shown in Fig. 4(b).
The SpIDR spectroscopy enabled us to observe a two-

photon dark resonance [Fig. 4(c)]. The dip indicated
the emergence of the two-photon dark state with the laser
L2 [12]. By comparing the two frequencies at the dip, we
determined the binding energy of the v00 ¼ 0, J00 ¼ 0 level
of X1�þ with respect to the v00 ¼ 91, J00 ¼ 0 level of
X1�þ to be�124 955:92ð4Þ GHz� h, where the accuracy
was limited by the uncertainty of our wave meter. Taking
into account the binding energy of the v00 ¼ 91, J00 ¼ 0
level with respect to the threshold FK ¼ 1þ FRb ¼ 1,
�374:75ð3Þ GHz� h, the binding energy of the v00 ¼ 0,
J00 ¼ 0 level with respect to the atomic level with-
out the hyperfine structure was determined to be
�125 335:11ð5Þ GHz� h. From the width of the trans-
parency peak, we determined the transition dipole moment
for the down transition to be 0.0098(7) ea0, assuming the
natural linewidth of the excited state to be 2�� 300 kHz.
When we locked the laser L2 to the dip frequency and
scanned the laser L1, we obtained a well-known dark
resonance spectrum [Fig. 4(d)].
In conclusion, we realized an efficient STIRAP transfer

of PA molecules into the rovibrational ground state. High-
resolution spectroscopy of the hyperfine structure of PA
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FIG. 3. STIRAP spectroscopy of weakly bound molecules (the
v00 ¼ 91, J00 ¼ 0 level of X1�þ). An efficient transfer into the
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the hyperfine structure of photoassociated molecules in an unex-
plored region with a typical accuracy of 10 kHz. The labeling is
based on the total angular momentum including the nuclear spin.
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molecules in an unexplored region was demonstrated using
coherent transfer. We developed a highly sensitive detec-
tion scheme which enabled us to take a high-resolution
spectrum of one-photon transitions and observe a two-
photon dark resonance for PA molecules. Our method is
readily extended to other atomic species for which laser
cooling and photoassociation are available. Trapping
molecules into an optical dipole trap [19] is the next key
issue. The trapped sample of molecules will constitute
a test tube for ultracold chemistry. Moreover, the high

repetition rate makes our method a promising candidate
for high-precision spectroscopy. The precision measure-
ment of the electron-to-proton mass ratio is within reach
as microwave spectroscopy [20] or optical spectroscopy
combined with a frequency comb [21].
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FIG. 4 (color). SpIDR spectroscopy of photoassociated mole-
cules. (a) SpIDR spectrum of the v0 ¼ 41, J0 ¼ 1 level of
ð3Þ1�þ taken by exciting molecules in the v00 ¼ 91, J00 ¼ 0
level of X1�þ. Molecules formed by spontaneous decays from
the excited state are counted against the offset frequency of the
laser L1. The coarse splitting results from the hyperfine structure
of the v00 ¼ 91, J00 ¼ 0 level of X1�þ. The fine splitting in each
line implies the existence of hyperfine structure in the excited
state. For the two-photon transition, the largest peak (F00 ¼ 2) is
employed as an initial state. (b) Depletion spectrum. In order
to observe any signal, we had to increase the laser intensity by
3 orders of magnitude as compared to (a). Transitions from the
v00 ¼ 91, J00 ¼ 0 level are barely observable since the ion counts
are dominated by molecules in the v00 ¼ 91, J00 ¼ 2 level.
(c) Two-photon dark resonance between the v00 ¼ 91, J00 ¼ 0,
F00 ¼ 2 level and the v00 ¼ 0, J00 ¼ 0 level of X1�þ. The down
transition laser (L2) is scanned while the up transition laser (L1)
is held on resonance. The dots indicate experimentally obtained
data and the solid curve is a fit to the data points. (d) Two-photon
dark resonance obtained by scanning the laser L1. The laser L2
is held on resonance. The blue dashed curve indicates a SpIDR
spectrum for the F00 ¼ 2 level, while the red solid one indicates
a spectrum obtained with the laser L2.
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We investigated transition strengths from ultracold weakly bound 41K87Rbmolecules produced via
the photoassociation of laser-cooled atoms. An accurate potential energy curve of the excited state
(3)1Σ+ was constructed by carrying out direct potential fit analysis of rotational spectra obtained via
depletion spectroscopy. Vibrational energies and rotational constants extracted from the depletion
spectra of v′ = 41–50 levels were combined with the results of the previous spectroscopic study,
and they were used for modifying an ab initio potential. An accuracy of 0.14% in vibrational level
spacing and 0.3% in rotational constants was sufficient to predict the large observed variation in
transition strengths among the vibrational levels. Our results show that transition strengths from
weakly bound molecules are a good measure of the accuracy of an excited state potential.

PACS numbers: 34.20.Cf,33.20.Sn,37.10.Mn,82.80.Ms

I. INTRODUCTION

Ultracold molecular gases are prominent candidates
for realizing novel distinctive applications in physics and
chemistry, including precision measurements, quantum
computation, ultracold chemistry, and novel quantum
phases [1, 2]. Thus far, the production of ultracold
molecules in the vibrational ground state has been depen-
dent on the optical transfer of weakly bound molecules
formed via either photoassociation [3] or magnetoassocia-
tion [4]. Among the previously proposed methods [5–10],
stimulated Raman adiabatic passage (STIRAP) [11–13]
of weakly bound molecules is the most efficient method
for preparing a molecular sample in a single quantum
state.
In the STIRAP transfer, an excited state is used as

an intermediate state. It is important to select an ex-
cited state having large transition strengths from both
weakly bound and deeply bound levels. In general, the
strengths of molecular transitions from low vibrational
levels are readily predicted on the basis of the Franck-
Condon factors (FCFs) calculated from a potential en-
ergy curve or molecular constants [14]. The small number
of nodes in the radial wavefunction for a low vibrational
level indicates a low sensitivity to deviations in the ra-
dial direction, thereby enabling us to explain the inten-
sity distribution over vibrational levels from molecular
constants. However, it is difficult to predict transition
strengths from weakly bound molecular levels because
weakly bound levels have a large number of nodes in their
wavefunctions; hence, the FCFs are quite sensitive to the
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† Present address: National Metrology Institute of Japan,
Tsukuba 305-8563, Japan

‡ Present address: NIKON CORPORATION, Kanagawa 252-
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FIG. 1. (Color) Relevant potential energy curves of KRb.
Weakly bound molecules were produced by the photoasso-
ciation of laser-cooled 41K and 87Rb atoms. The (3)1Σ+

state was investigated via the spectroscopy of molecules in the
v′′ = 91 level of X1Σ+. The intermediate state for REMPI
ionization was the (4)1Σ+ state.

wavefunctions of excited states. In this letter, we show
that transition strengths from weakly bound levels can
be predicted on the basis of an accurate potential energy
curve of the excited state, constructed via direct poten-
tial fit (DPF) analysis [15] of both vibrational energies
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and rotational constants.
We focus on the (3)1Σ+ state of KRb in the range

11400–11800 cm−1 with respect to the ground atomic
threshold 4S + 5S, which was proposed as a poten-
tial candidate for the STIRAP transfer of weakly bound
molecules to the rovibrational ground state [16]. An RKR
potential curve of the (3)1Σ+ state was reported from the
potential minimum up to 10400 cm−1 [17]. An ionization
spectrum for 39K87Rb obtained by using a pulsed laser
and a depletion spectrum near 11700 cm−1 were pro-
vided in Ref. 16. Recently, we have realized the STIRAP
transfer of weakly bound molecules (v′′ = 91, J ′′ = 0 of
X1Σ+) to the rovibrational ground state (v′′ = 0, J ′′ = 0
of X1Σ+), mediated by the v′ = 41 level of the (3)1Σ+

state [18].
In this article, we report on the spectroscopic studies

on the (3)1Σ+ state carried out in the range 11400–11800
cm−1, which reveals 10 vibrational levels (v′ = 41–50).
We find that the width of the observed spectra is highly
dependent on the vibrational levels of the (3)1Σ+ state.
By introducing an analytical representation for power
broadening, we extract the transition strengths for each
vibrational level. The other electronic states that corre-
late with the (3)1Σ+ state via spin-orbit interaction are
far away; hence we assume that most of the perturba-
tions from these electronic states are negligible. Thus,
we can analyze the experimentally obtained spectra on
the basis of a single potential curve. In addition to the
previous spectroscopic work near the bottom of the po-
tential [17], vibrational energies and rotational constants
extracted from the spectra are used to construct an ac-
curate potential via DPF analysis. Using the modified
potential, it is possible to explain the variation in transi-
tion strengths among the vibrational levels of the (3)1Σ+

state in terms of the FCFs.

II. DEPLETION SPECTROSCOPY

Previously, our experimental setup for the spec-
troscopy of ultracold 41K87Rb molecules was described
in detail [19]. We provide a brief summary herein. We
start with a dual-species magneto-optical trap (MOT)
of 1 × 108 41K atoms and 2 × 108 87Rb atoms. A com-
pressed MOT (C-MOT) procedure is applied for 40 ms to
compress and cool the 41K and 87Rb atoms. The typical
densities and temperatures of 41K and 87Rb at the end
of C-MOT are 2 × 1011 cm−3 and 400 µK and 4 × 1011

cm−3 and 100 µK for 87Rb, respectively. A photoasso-
ciation (PA) laser (wavenumber, 12570.13 cm−1; inten-
sity, 1 × 103 W/cm2) is applied for 10 ms at the end
of the C-MOT process. The produced molecules are de-
tected using micro-channel plates (MCP) after they are
ionized via resonance enhanced multi-photon ionization
(REMPI) using a pulsed dye laser (wavenumber, 16543
cm−1; intensity, 3×106 W/cm2).
Depletion spectra are obtained by monitoring ion

counts in the v′′ = 91 level of X1Σ+, while a

CW Ti:Sapphire laser (Sirah Matisse TX; intensity, 50
W/cm2; beam waist, 350 µm) is continuously applied and
scanned. In the present study, we analyze spectra for the
v′′ = 91, J ′′ = 2 level, whose binding energy with respect
to the atomic threshold FK=1+FRb=1 was measured as
−12.454(1) cm−1. The frequency of the Ti:Sapphire laser
is monitored using a Fabry-Perot cavity which is locked
to 87Rb D2 line. The cavity transmission signal is used to
calibrate the variation in the scanning speed and to mea-
sure the relative frequency of the laser with respect to
the cavity transmission peak with a precision of 3 MHz.
The absolute frequency is measured using a commercial
wavemeter (Wavelength WS-7; accuracy, 60 MHz). The
accuracy of measurements for rotational constants is lim-
ited by the spectral width, which is of the order of 100
MHz, whereas that for vibrational energies is limited by
both the spectral width and the wavemeter.
Fig. 2 shows a depletion spectrum for the v′ = 41 level

of the (3)1Σ+ state, which was used as an intermediate
state for the STIRAP transfer from the v′′ = 91, J ′′ = 0
level ofX1Σ+ to the v′′ = 0, J ′′ = 0 level [18]. We can ex-
tract transition strengths as well as rotational constants
for both ground and excited states from the spectra. In
the appendix, we show that an approximate represen-
tation of the full-width-at-half-maximum (FWHM) of a
depletion spectrum is given by

2∆ ∼ 0.79Ω
√
Γτ. (1)

where Ω is the Rabi frequency; Γ, the natural width of
the excited state; and τ , the interaction time. Roughly
speaking, the width increases not only with the light in-
tensity but also with the interaction time. In our case,
τ was estimated as a few milliseconds on the basis of
the temperature of the molecules and the beam diam-
eter of the depletion laser. The natural width of the
(3)1Σ+ state has not been precisely known, but it was
estimated as 2π × 300 kHz from an ab initio calculation
[20]. In the following discussion, we derive the Rabi fre-
quency from the observed spectrum by assuming τ = 2
ms, Γ = 2π × 300 kHz, and

√
Γτ = 60.

III. ANALYSIS

Although the ab initio potential of Ref. 21 enabled us
to identify the symmetry of the observed spectra without
any ambiguity, it gave rotational constants that exceeded
the experimental ones by approximately 1% (Fig. 3).
There are two reasons for this deviation. First, the poten-
tial minimum exceeds the minimum of the RKR curve by
97 cm−1. Second, the outer turning point is at a shorter
internuclear separation than the RKR potential. We find
that the variation in the observed transition strengths
can not be understood with the ab initio potential. The
observations can not be attributed to the small change
in the vibrational quantum number, which corresponds
to the energy difference between the minima of the RKR
and the ab initio potentials. These facts indicate that the
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of (3)1Σ+ taken with molecules in v′′ = 91 level of X1Σ+.
The spectrum gives rotational constants of both ground and
excited states. In addition, the width of the spectrum enables
us to estimate the transition strength.

ab initio potential is not sufficiently accurate. In order
to obtain an accurate potential, we carried out a DPF
analysis, whereby a potential is iteratively modified until
its eigenvalues coincide with those determined from the
experimental spectra [15]. With the aid of the phiFIT
program code [22], we first construct an analytical Ex-
tended Morse Oscillator (EMO) potential of the (3)1Σ+

state on the basis of (1) the RKR curve, (2) a few points
from the inner curve of the ab initio potential, and (3)
a few points around 12500 cm−1 from the outer curve
of the ab initio potential. The potential curve of the
ground state X1Σ+ is also required for the calculations.
We use an EMO potential fitted to an accurate, experi-
mentally determined potential [23]. Then, the analytical
potential of the (3)1Σ+ state is modified to reproduce
our data by using the DPotFit program code [24]. A
good convergence is achieved when we modify the poten-
tial significantly by manually moving the points from the
ab initio potential. This procedure is repeated until the
eigenvalues of the potential are within 0.05 cm−1 of the
observed levels, i.e., only 0.14% of the vibrational level
spacing. The remaining deviations are presumably due
to the incomplete analytical function used to represent
the potential, although perturbations from other states
can also be the origin of the deviations for some levels.
Table I lists the final potential parameters. These param-
eters are used to represent the potential energy curve in
the following form:

V (R) =Vmin +De(1− e−φ(R)(R−Re))2

φ(R) =
12∑
i=0

φiy(R,Re)
i

y(R,Re) =
R3 −R3

e

R3 +R3
e

. (2)

Fig. 4 shows the RKR potential, ab initio potential and
modified potential. With the new potential, rotational
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FIG. 3. (Color online) Comparison between calculated and
observed rotational constants. Calculated rotational con-
stants of five molecular states in this range are plotted against
energy levels from the ground atomic threshold. The observed
rotational constants are in good agreement with those ob-
tained from the ab initio potential of the (3)1Σ+ state. There
is a systematic deviation of ∼1% between the observed values
and ab initio values, which indicates the inaccuracy of the ab

initio potential.

constants are reproduced within 0.3% of the observed
values (Table II). We excluded the v′ = 44 level from
the analysis because the characteristics of this level are
anomalous; a much larger transition strength, a much
smaller rotational constant, and a much larger deviation
in a vibrational energy were observed at this level. These
features indicate that this level is coupled to the (2)1Σ+

state which was observed at ∼1 cm−1 above the v′ = 44
level.

The most important implication of this analysis is that
the variation in the transition strengths with respect to
the vibrational levels of the excited state can be accu-
rately explained on the basis of the new potential. Fig. 5
shows a plot of the Rabi frequencies derived from the
observed spectra against those calculated from the cor-
rected potential. For comparison, the same plots based
on the ab initio potential are also shown. The calcu-

TABLE I. Parameters for EMO potential obtained via DPF
analysis of the observed spectra. The units are cm−1 for Vmin

and De, Å for Re, and Å−1 for φi.

Parameter Value Parameter Value
Vmin 9777.6963 φ5 -0.804673587
De 3246.0363 φ6 3.00474008
Re 5.25904119 φ7 11.3877324
φ0 0.449794066 φ8 -2.140717462
φ1 0.200265883 φ9 -39.73110586
φ2 0.406840126 φ10 -17.01400311
φ3 0.207884795 φ11 50.93279647
φ4 -0.476349301 φ12 44.83137419
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TABLE II. Comparison between observed, ab initio, and modified values for vibrational energies (E) and rotational constants
(B). Vibrational energies are energy levels of the J ′ = 1 level. Error bars in vibrational energies are 2 × 10−3 cm−1, whereas
those in rotational constants are 5× 10−5 cm−1. Observed vibrational energies are reproduced within 5× 10−2 cm−1, whereas
observed rotational constants are reproduced within 7× 10−5 cm−1. The vibrational numbering for ab initio values is shifted
by 2 because the potential minimum lies below that of the correct potential.

v′ E (cm−1) B (10−2cm−1)
Obs. ab initio - Obs. Mod. - Obs.(×10−3) Obs. ab initio - Obs.(×10−2) Mod. - Obs. (×10−3)

41 11428.965 -1.5 2.5 2.067 1.9 -7.0
42 11466.644 -1.6 29.9 2.056 2.3 -1.7
43 11504.193 -1.8 42.6 2.05 2.4 -1.5
44 11541.484 -1.9 164.2 1.99 7.8 52.6
45 11578.919 -2.2 -11.4 2.038 2.4 -1.5
46 11616.036 -2.4 -28.0 2.037 1.8 -6.8
47 11652.982 -2.6 -37.3 2.027 2.2 -3.2
48 11689.751 -2.7 -37.5 2.017 2.5 0.3
49 11726.308 -2.7 1.2 2.008 2.9 2.5
50 11762.685 -2.7 43.0 2.005 2.5 -1.4
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FIG. 4. (Color) Potential energy curves of (3)1Σ+ state. The
modified potential obtained in the present study is compared
with the ab initio potential and the experimental RKR po-
tential. The shaded area denotes the region where depletion
spectra were obtained.

lated values are calibrated on the basis of our recent
measurement of the transition dipole moment between
(3)1Σ+, v′ = 41 and X1Σ+, v′′ = 91, 0.035(2)ea0, de-
termined via dark resonance spectroscopy of the rovibra-
tional ground-state molecules. Weakly bound molecules
have more than 90 nodes in their wavefunction; hence,
the FCFs are highly dependent on the wavefunction of
the excited state. In other words, the FCFs can serve
as a sensitive measure of the accuracy of wavefunctions.
Our results show that accuracies of 0.14% in vibrational
level spacings and 0.3% in rotational constants are suf-
ficient to predict the FCFs from weakly bound levels;
these values are justified by considering the typical size
of nodes in the radial wavefunction. On one hand, the

weakly bound level v′′ = 91 in the ground state X1Σ+

has an outer turning point of ∼10Å and an inner turn-
ing point of ∼2Å in the internuclear distance. Within
these two points, there are 91 nodes; hence each node
has a typical size of ∼0.1Å. Therefore, the required ac-
curacy for representing the wavefunction is ∼10−2Å. On
the other hand, in the present analysis, an accuracy of
∼0.3% in rotational constants or ∼0.15% in internuclear
distance is obtained for the (3)1Σ+ state because the
relation between the rotational constant B and the in-
ternuclear distance R is given by B ∝ R−2. Assuming
the typical size of molecules in the v′ = 41–50 levels of
(3)1Σ+ as 6Å, we can derive the accuracy of the modified
potential in the radial direction as ∼10−2Å; this value is
in good agreement with the required accuracy for repre-
senting the weakly bound level.

Now that we obtained an accurate potential curve as
well as the absolute values of the transition dipole mo-
ment of the v′ = 41, (3)1Σ+ level with the v′′ = 0 and
v′′ = 91 levels of X1Σ+, we can predict the transition
dipole moment for each transition. Fig. 6 shows our pre-
diction for the transition dipole moments of the (3)1Σ+

state with the least bound state and for those with the
lowest rovibrational level (v′′ = 0). The v′ = 41 level
used in Ref. 18 has favorable wavefunction overlaps with
both the weakly bound and the lowest rovibrational lev-
els; however other levels such as v′ = 38 and v′ = 39 can
potentially serve as an intermediate state for the STIRAP
transfer of weakly bound molecules to the rovibrational
ground state. The potential presented herein can enable
an accurate prediction for other isotopic combinations
of KRb. Further, the present method for achieving an
accurate potential and verifying its accuracy can be ex-
tended to other molecular states that exhibit significant
spin-orbit mixing by evaluating eigenvalues via coupled
channel calculations including spin-orbit interaction.
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FIG. 5. (Color online) Observed transition strengths. (a)
Variation among the vibrational levels. (b) Comparison be-
tween the observed values and the calculated values. Ob-
served values are determined from the spectra obtained via
a depletion laser at 104 mW (red circle) and 500 mW (blue
rectangle). For the v′′ = 44 and the v′′ = 47 levels, the spec-
tra are taken with low powers of 11 mW (v′ = 44) and 26 mW
(v′ = 47) in order to extract the peaks correctly. Calculations
based on the modified potential can explain the variation in
transition strengths with respect to the vibrational levels in
terms of the Franck-Condon factors. The v′ = 44 level is ex-
pected to be mixed with other states, and thereby shows a
significantly larger transition strength than other levels. The
inset in (b) shows the same plot based on the ab initio poten-
tial.

IV. CONCLUSION

The (3)1Σ+ state of KRb was investigated via the de-
pletion spectroscopy of ultracold molecules formed by
the photoassociation of laser-cooled 41K and 87Rb atoms.
The spin-orbit mixing of other electronic states with the
(3)1Σ+ state was negligible; hence, we could assume this
state is well-described by a single potential. The simplic-
ity of the (3)1Σ+ state enabled us to modify the poten-
tial to reproduce our observations as well as to assign the
spectra. We observed 10 vibrational levels in the range
11400–11800 cm−1 with respect to the 4S + 5S atomic
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FIG. 6. (Color online) Transition dipole moments of the
(3)1Σ+ state with the X1Σ+ state calculated from the experi-
mentally obtained accurate potential. The absolute values for
weakly bound levels are calibrated by dark resonance spec-
troscopy for the transition v′ = 41, (3)1Σ+

← v′′ = 91, X1Σ+

whereas those for the rovibrational ground state are cal-
ibrated by dark resonance spectroscopy for the transition
v′ = 41, (3)1Σ+

← v′′ = 0, X1Σ+.

threshold. We developed a theoretical model that re-
lated the spectral width with the Rabi frequency, which
was used to compare the transition strengths for each vi-
brational level. Rotational constants extracted from the
observed spectra showed a systematic 1% deviation from
those calculated using an ab initio potential. By carrying
out a DPF analysis, we constructed an accurate poten-
tial that reproduced energy levels with an accuracy of
0.14% in vibrational level spacing and 0.3% in rotational
constants. The variation in transition strengths among
vibrational levels can be understood in terms of FCFs
calculated with the modified potential. Our results indi-
cate that the transition strengths from weakly bound lev-
els serve as a sensitive measure of wavefunctions, which
can be used to test the accuracy of the potential curve.
In general, the proposed procedure can be adopted for
constructing an accurate potential and verifying its accu-
racy on the basis of rotational spectra for weakly bound
molecules.

Appendix: Analytical expression for the line shape

of a depletion spectrum

We consider a general situation, as shown in Fig. 7, and
we assume that radiative transitions occur much faster
than the time variation of the population in each molec-
ular level because of the photoassociative creation of
molecules. We first consider the evolution of the popula-
tion in the ground and excited states of a single molecule.
The optical Bloch equation for this system can be written
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FIG. 7. Energy levels relevant to depletion spectroscopy
of photoassociated molecules. Weakly bound molecules are
formed at a rate of APA. A laser having Rabi frequency
of Ω detuned from the resonance by ∆ excites ground state
molecules. Excited molecules spontaneously decay to the ini-
tial level and other levels at rates of Γ1 and Γ2 − Γ1, re-
spectively. We mainly consider a situation where Γ2 > Γ1 is
satisfied.

as

ds

dt
=−(Γ2 − Γ1)

s− w

2
dw

dt
=(Γ2 + Γ1)

s− w

2
− 2ΩIm(ρ̃eg)

ρ̃eg
dt

=−(
Γ2

2
− i∆)ρ̃eg +

i

2
wΩ

ρ̃eg ≡ρege
−i∆t (A.1)

where s = ρgg + ρee, w = ρgg − ρee, and |e > and |g >
denote an excited state and a weakly bound level, re-
spectively. ∆ and Ω denote the detuning frequency and
the Rabi frequency, respectively. The decay rates from
the excited state to the initial weakly bound level and
to other levels are given by Γ1 and Γ2, respectively. The
photoassociation rate is denoted by APA. The width is
much larger than the Rabi frequency in the experiment;
hence, we can assume that the time evolution of s and
w is much slower than that of ρ̃eg. Thus, we can set
dρ̃eg/dt = 0 and obtain the following expression for ρ̃eg:

ρ̃eg =
iΩw

Γ2 − 2i∆
(A.2)

Substituting Eq.(A.2) in Eqs.(A.1), we obtain alternative
equations for s and w as

ds

dt
=−(Γ2 − Γ1)

s− w

2
dw

dt
=(Γ2 + Γ1)

s− w

2
− 2Ω2Γ2w

Γ2
2 + 4∆2

(A.3)

Here, we assume that the time taken by the mean value of
the population ratio w/s to attain a constant value z after
is greater than the typical time for radiative transitions.
By using the relation w = zs, Eqs.(A.3) give the following
equations:

ds

dt
=−(Γ2 − Γ1)

1− z

2
s

z
ds

dt
=(Γ2 + Γ1)

1− z

2
s− 2Ω2Γ2

Γ2
2 + 4∆2

zs

(A.4)

Substituting the first equation in the second equation, we
obtain a time-independent equation for z:

(1− z) [Γ2(1 + z) + Γ1(1− z)] =
4Ω2Γ2

Γ2
2 + 4∆2

z (A.5)

This equation is readily solved, and it gives the following
expression for z.

z =

√
(1 + k2)Γ2

2 + 2Γ1Γ2k − (kΓ2 + Γ1)

Γ2 − Γ1

k =
2Ω2

Γ2
2 + 4∆2

(A.6)

This expression is used in the following discussion. Next,
we derive rate equations for the population in the ground
and excited molecular levels for the number of molecules:

dN

dt
=APA − (Γ2 − Γ1)Ne

Ne =
1− z

2
N

Ng =
1 + z

2
N (A.7)

where Ng and Ne denote the number of molecules in the
ground and excited states, respectively, andN = Ng+Ne

is the total number of molecules. In these rate equa-
tions, a typical timescale is of the order of 1 ms, and it is
governed by APA. This is much longer than the typical
timescale for radiative transitions in most cases (≤1 µs).
The time evolution of Ng is given by

dNg

dt
=

1 + z

2
APA − 1− z

2
(Γ2 − Γ1)Ng (A.8)

Thus, the solution for Ng is given by

Ng(τ) =
APA

Γ2 − Γ1

1 + z

1− z

(
1− exp

[
−1− z

2
(Γ2 − Γ1)τ

])
.

(A.9)
This expression gives the line shape of a depletion spec-
trum for an interaction time τ . Assuming (Γ2−Γ1)τ ≫ 1,
Eq.(A.9) gives

Ng(τ) →
APA

Γ2 − Γ1
(A.10)
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FIG. 8. (Color online) Width of the depletion spectrum vs
intensity. The widths of the depletion spectra for the v′ = 42
level are plotted with respect to the intensity of the depletion
laser. The errors indicate standard deviations in the fits to
the spectra.

on resonance (∆ = 0 and w → 0), whereas Ng at an
infinite detuning (∆ → ∞ and w → 1) is given as

Ng(τ) → APAτ (A.11)

Ng at an infinite detuning is much larger than Ng on res-
onance. Thus, the width of the spectrum is determined
by finding w such that it satisfies

Ng(τ) =
1

2
APAτ. (A.12)

Substituting Eq.(A.9) in Eq.(A.12) and rewriting the
equation with a new variable x ≡ 1 − z(≪ 1), we ob-
tain the following equation:

2

x

(
1− exp

[
−x

2
(Γ2 − Γ1)τ

])
=

Γ2 − Γ1

2
τ (A.13)

An analytical solution of this equation is given by

x =
4 + 2W(−2/e2)

(Γ2 − Γ1)τ

=
1

(Γ2 − Γ1)τ
× 3.18724... (A.14)

where W is the Lambert W function. Thus, the param-
eter k in Eqs.(A.6) is given by

k =
3.18724(1− 1.59362/Γ2τ)

(Γ2 − Γ1)τ − 3.18724
(A.15)

Assuming (Γ2 − Γ1)τ ≫ 1, we obtain the following ex-
pression for the FWHM:

2∆ ≈ 0.79Ω
√
(Γ2 − Γ1)τ (A.16)

When decays from the excited state to the initial state
are negligible (Γ2 ≫ Γ1), we obtain a simple relation (1).
The expression (1) was experimentally confirmed by ob-
serving the relation between the width and the intensity
(Fig.8). It is difficult to evaluate the numerical factor√
Γτ precisely; therefore, the width of a depletion spec-

trum cannot serve as an accurate measure of the transi-
tion strength. However, the expression (1) enables us to
systematically compare transition strengths for different
vibrational levels.
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