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Abstract

This thesis reports on our experimental progress towards investigating

anisotropic dipole-dipole interactions in ground state 6Li40K molecules.

Evaporative cooling of 87Rb in a triple-species 87Rb-40K-6Li mixture pro-

vides sympathetically-cooled 6Li and 40K, that is subsequently magnetically

associated into Feshbach molecules which we aim to coherently transfer to

the absolute ro-vibrational ground state.

The design and implementation of a high voltage electrode system, facili-

tating investigation of anisoptropic dipole-dipole interactions, is described.

The implementation of 6Li D1 sub-Doppler cooling into our experiment is

described, and its effectiveness evaluated. Theoretical considerations are

presented on factors governing the optimal choice of starting and intermedi-

ate states for coherent state transfer, leading to two experimentally-feasible

pathways to the absolute ground state being selected. A series of spectro-

scopic measurements are presented, comprising broad surveys of excited

states on the 11Π and 21Σ potentials, followed by high resolution measure-

ments of selected vibrational levels, as well our attempts at two-photon

spectroscopy, one of which demonstrates successful addressing of the X1Σ

ν=3 level.
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Chapter 1
Introduction

The rapid development of laser cooling techniques has consequently provided routine

access to high phase-space density, ultracold temperature, atomic ensembles (Lett et al.,

1988) (Chu et al., 1985) (Dalibard and Cohen-Tannoudji, 1989) (Ungar et al., 1989) for

which a Nobel Prize was awarded in the field in 1997. An even lower, sub-microkelvin

temperature regime was accessed with the advent of evaporative cooling that led

to the subsequent demonstrations of a Bose-Einstein condensate (BEC) (Anderson

et al., 1995) (Davis et al., 1995), which earned a Nobel Prize in 2001, and quantum

degenerate Fermi gas (DeMarco and Jin, 1999). Ultracold molecular quantum gases

emerged as a new field of study when several groups reported successful association

of Feshbach molecules within BECs of 85Rb (Donley et al., 2002), 87Rb (Dürr et al.,

2004), 23Na (Xu et al., 2003), and 133Cs (Herbig et al., 2003) and from degenerate

Fermi gases of 40K (Regal et al., 2003) and 6Li (Cubizolles et al., 2003) (Jochim et al.,

2003) (Strecker et al., 2003). A further milestone was reached not long after with

association of heteronuclear Feshbach molecules of both the Bose-Fermi (40K87Rb

(Ospelkaus et al., 2006)) and Bose-Bose (85Rb87Rb (Papp and Wieman, 2006) and
41K87Rb (Weber et al., 2008)) varieties. The continuing rapid pace of evolution along

this path has seen not only the creation of a wide variety of ultracold molecules, but

the establishment of robust methods for their production as well (Ulmanis et al., 2012)

(Chin et al., 2010) (Koch and Shapiro, 2012a) (Jin and Ye, 2012).

Ultracold molecules, as a general topic, has generated a remarkable amount of scientific

1



Chapter 1. Introduction 2

interest, ranging from new applications in quantum simulation (Cirac and Zoller, 2012)

and computation (Buluta et al., 2011), to delivering enhanced sensitivity to precision

measurements of fundamental physical constants (Chin et al., 2009) (DeMille et al.,

2008) (Baron et al., 2014) (Biesheuvel et al., 2016), and even to stirring interest in

the chemistry community with the promise of an unprecedented level of control over

reaction dynamics (Friedrich and Doyle, 2009). The sheer diversity of interest in

ultracold molecules has fuelled this field’s rapid rise to prominence, and sustains the

fervent search for ever more novel applications and investigations in which ultracold

molecules can be employed. As one distinct example, ultracold polar molecules in

their absolute ground state, by virtue of a strong permanent electric dipole moment,

offer a closer look at the long-range anisotropic dipole-dipole interaction; an effect

which is tunable by both external electric fields and microwave radiation (Baranov

et al., 2012), whose magnetic counterpart has already received a greater amount of

scientific investigation.

Indeed, large magnetic dipole moments have already been experimentally observed

in atomic samples of Cr (Griesmaier et al., 2005), Dy (Lu et al., 2011b), and Er

(Aikawa et al., 2012), on which several studies of the magnetic dipolar interaction have

already been conducted (Giovanazzi et al., 2002) (Baranov et al., 2002) (Baranov,

2008) (Lahaye et al., 2009). While such experiments impressively demonstrated the

dipole-dipole interaction in bulk gases, the long-range nature of the interaction in

optical lattices is largely unexplored. For this purpose, comparatively large electric

dipoles are necessary.

With very large electric dipole moments exceeding 7000 debye already observed in

Rydberg atoms (Zhelyazkova and Hogan, 2015), the study of electric dipole-dipole

interactions is by no means the exclusive domain of ultracold polar molecules. However,

this is but one facet of a diverse array of interesting theoretical proposals (Büchler

et al., 2007) (Brennen et al., 2007) (Baranov et al., 2012) (Pupillo et al., 2008) involving
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heteronuclear dipolar quantum gases that have yet to be experimentally investigated.

The long quest to achieve production of ground-state polar molecules, in actuality,

grants entry to a vast field of experimental possibilities awaiting exploration.

Coherent transfer of Feshbach molecules to deeply-bound vibrational levels was achieved

in pioneering work on homonuclear 87Rb2 (Winkler et al., 2007) and 133Cs2 (Danzl et al.,

2008). Several other groups have since reported successful transfers of heteronuclear

molecules to their absolute ground states, inlcuding fermionic 40K87Rb (Ospelkaus

et al., 2008), 23Na40K (Park et al., 2015) and bosonic 87Rb133Cs (Takekoshi et al.,

2014) , 23Na87Rb (Guo et al., 2016). With the exception of 40K87Rb, all are known

to be chemically stable in the absolute ground state (Zuchowski and Hutson, 2010).

Extensive theoretical and experimental studies on the control of ultracold collision

dynamics (de Miranda et al., 2011) (Ni et al., 2010) (Micheli et al., 2010) in 40K87Rb

have since opened up the possibility of studying dipole-dipole interactions in chemically

unstable heteronuclear molecules, which generally offer higher dipole moments.

One such example is 6Li40K, on which the work in this thesis has been performed.
6Li40K possesses a comparatively higher 3.6 debye dipole moment than the 3.31 debye

of 23Na87Rb, itself the strongest dipole moment of the ground state molecules demon-

strated thus far (Aymar and Dulieu, 2005). This thesis will elaborate on our group’s

long-term plans to exploit this higher dipole moment with a unique electric field

implementation. The afore-mentioned groups working with ground state heteronuclear

molecules have all adopted static, unidirectional, electric field implementations. We

have instead designed, and implemented, a newer design offering a homogeneous,

rotatable, field that facilitates investigation of spatial anisotropy and time-dependent

dynamic effects of the dipole-dipole interaction. We also detail plans to use this electric

field to control the chemical reaction rate of 6Li40K, which is orders of magnitude more

than even chemically-unstable 40K87Rb (Julienne et al., 2011).

This work reports on our current progress towards investigation of the dipole-dipole
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interaction in absolute ground state 6Li40K. Starting from a 6Li40K Feshbach molecule

experiment built by previous generations of students, this thesis describes advances

made towards both of our current primary experimental goals of transfer to the ground

state and observation of dipole-dipole interactions. The optimization of molecule yield

and molecular spectroscopy of a deeply-bound vibrational level of the ground state

potential is described, which is part of ongoing work to spectroscopically identify the

absolute ground state. The planning and implementation of our high voltage electric

field setup is described, along with simulations used to estimate the field strength,

distribution and expected induced dipole moment.

1.1 Thesis Outline

This thesis is divided into two main sections; chapters two and three discuss spe-

cific aspects of the existing molecule experiment, whilst chapters four and five deal

exclusively with molecular spectroscopy.

Chapter 2 is the first of two theory-centric chapters, provides theoretical background

for important changes to the initial experimental setup, and is generally organized

into two main sections.

The first half of this chapter provides some theoretical context that motivated changes

related to Feshbach molecule procuction in our experimental setup. An overview of the

troubled history of Li molasses cooling is followed by a comparison of recent reports of

successful Li sub-Doppler cooling. A tour of established molecule production methods,

with emphasis on the magneto-association technique that we also employ, leads to a

discussion of the optimal choice of Feshbach resonance for our experimental objectives.

The second half of this chapter explores various important considerations for observing

dipole-dipole interactions in ground state molecules. The necessity of a transfer to the
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absolute ground-state and the effect of a DC electric field on ground-state molecules

are discussed. Issues of the chemical stability of ground-state molecules are explored,

along with some possibilities for controlling them in an experiment. The chapter

concludes with a brief review of some popular proposals for the application of ultracold

dipolar molecules.

Chapter 3 details improvements made to the initial experimental setup, including

our grey molasses implementation, Feshbach magnetic field optimization and replacing

our Stern-Gerlach system with a cleaning procedure based on RF-transitions.

The last section of this chapter is dedicated to our high voltage electrode system. An

explanation of our design requirements and constraints is followed by the presentation

of finite element simulation results for our chosen design. A field gradient optimization

procedure using bias potentials is described, and the maximum dipole moment the

electrodes can induce in ground state 6Li40K is estimated. Various details of how the

electrodes were constructed and installed are also presented.

Chapter 4 is the second theory-centric chapter of this thesis which discusses various

considerations for optimal ground-state transfer, from which we obtain our spectro-

scopic measurement objectives. Factors including selection rules, Franck-Condon

overlap and spin-orbit coupling are discussed, with the conclusions used to identify

two possible intermediate states that can form spectroscopic pathways to the ab-

solute ground state. The merits and experimental requirements of both candidate

intermediate states are then compared.

Chapter 5 presents our molecular spectroscopy measurement results. Prefaced

by a summary of existing published data used to make predictions that guide our

experimental approach, excited state loss measurement spectroscopy results on both

11Π and 21Σ potentials are presented. The results of our measurements on the

11Π potential are fit to the LeRoy-Bernstein formula and the derived C6 coefficients
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discussed.

A brief interlude introduces the theory behind two-photon spectroscopy, in order to

illustrate expected experimental observations. Three sets of measurements, including

successful addressing of the X1Σ ν=3 state is presented. From our measured transition

strength to the X1Σ ν=3 state, we discuss several strategies, and their associated

experimental requirements, for spectroscopic addressing of the X1Σ ν=0 absolute

ground state.

Chapter 6 concludes the thesis and provides a brief outlook of our experiment.



Chapter 2
Theory

We have a long-term experimental goal of investigating long-range anistropic electric

dipole-dipole interactions in absolute ground state 6Li40K molecules, which requires

extending our experimental capabilities along the two fronts of being able to obtain

samples of ground state molecules, and being able to make observations of dipolar

interactions in ground state molecules. The strategy of first associating molecules in

a weakly-bound state followed by a subsequent coherent transfer to a deeply-bound

vibrational level using Stimulated Raman Adiabatic Passage (STIRAP) (Bergmann

et al., 2015) has been demonstrated with pioneering work performed on homonuclear

dimers 87Rb2 (Winkler et al., 2007)and 133Cs2 (Danzl et al., 2008). STIRAP has since

also achieved a notable track record with heteronuclear molecules, with experiments

on fermionic 40K87Rb (Ospelkaus et al., 2008), 23Na40K (Park et al., 2015) and bosonic
87Rb133Cs (Takekoshi et al., 2014) (Molony et al., 2014), 23Na87Rb (Guo et al., 2016)

reporting successful transfers to the absolute ground state with consistently good

efficiencies varying from 75% to 90%.

Section 2.1 is a brief overview of some of the established molecule production methods

that serves as an introduction to the magnetic association technique used in our

experiment. The second half of the chapter (Sections 2.3 - 2.5) shifts the discussion

to various aspects of observing dipolar interactions in ground state molecules. The

necessity for operating at a deeply-bound vibrational level is explained in Section

2.2, followed by an introduction to classical dipole-dipole interactions that motivates

7
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the need for an electric field (Section 2.3). The chemistry of ground state 6Li40K

molecules presents some important experimental challenges that we address in Section

2.4. The chapter then concludes with a very brief review of some of the popularly

cited applications of ultracold ground-state molecules in Section 2.5.

This is one of two theory-focused chapters, with the other being Chapter 4. The topics

selected for discussion in this chapter form the theoretical background motivating the

development of many of the experimental improvements presented in Chapter 3.

2.1 Molecule Production

The methods of obtaining cold molecules have roughly developed along two distinct

branches: that of directly cooling pre-prepared molecules, and indirectly by way of

applying molecule association techniques to ultracold atomic ensembles.

Direct methods have evolved along several common themes, the most established

of which include buffer-gas cooling (R. deCarvalho et al., 1999) (Lu et al., 2011a),

slowing a molecular beam by means of magnetic fields (Akerman et al., 2015), or

electrostatic fields (Bethlem et al., 1999), sometimes augmented with electrostatic

trapping (Bethlem et al., 2000). Modern variants include multi-stage Zeeman slowing

(Wiederkehr et al., 2011) (Wiederkehr et al., 2012) and magnetic slowing while being

sympathetically cooled by some other atomic species mixed into the molecular beam

(Akerman et al., 2016).

Laser cooling, which plays a prominent role in indirect molecular production methods,

has been demonstrated for molecules (Shuman et al., 2010) (Zhelyazkova et al., 2014),

and interesting novel schemes such as cavity-assisted laser cooling (Lev et al., 2008)

have been proposed. However, reports of experimental success have been few, with the

difficulty largely attributed to the far more complex energy level structure of molecules
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compared to that of atoms. This presents multiple decay channels for any selected

excited state (Metcalf and van der Straten, 2003), and an enormous technical challenge

for those wishing to directly face the problem (Bahns et al., 1996). It should be noted

that none of these methods have achieved sub-micro kelvin temperatures needed to

access the quantum degenerate regime. This has led to indirect methods becoming the

default choice for workers in the field, with the most predominant of these methods

being the photoassociation and the Feshbach resonance.

2.1.1 Photoassociation

Photoassociation is a well-established method for associating pre-cooled atoms into

bialkali molecules, having been successfully demonstrated for 6Li40K (Ridinger et al.,

2011), 39K85Rb (Mancini et al., 2004), 23Na133Cs(Shaffer et al., 1999), 85Rb133Cs

(Kerman et al., 2004) and 7Li85Rb (Dutta et al., 2013). Atoms in the scattering

continuum absorb a photon and are excited into a bound state of an excited-state

potential, and is left to spontaneously decay into a bound state of the ground-state

potential (illustrated in Figure 2.1). Direct access of the absolute ground state with a

single photoassociation step (Deiglmayr et al., 2008a) has also been demonstrated.

Figure 2.1: Generic schematic diagram of direct photoassociation to the absolute
ground-state (a), compared to magnetoassociation followed by coherent transfer to
the ground-state (b). Figure taken from Ulmanis et al. (2012).

The incoherent single photon process consequently populates numerous sub-levels in
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the ground-state potential, resulting in an impure sample of ground-state molecules,

and limiting the achievable efficiency for transfer to a specific state. This can be

countered by using the well-established coherent multi-colour photoassociation tech-

nique (Koch and Shapiro, 2012b), where direct ground-state transfer has also been

demonstrated (Sage et al., 2005). The efficiency of the photoassociation process is

inherently limited by the wavefunction overlap between the scattering state and excited

state (also illustrated in Figure 2.1), although enhanced efficiencies have been reported

if photoassociation is performed near a Feshbach resonance (Pellegrini et al., 2008).

Of course, a further coherent transfer to the absolute ground-state remains a viable

option for photoassociation (Aikawa et al., 2010).

2.1.2 The Feshbach Molecule

Since numerous comprehensive reviews have been published on this topic (Chin et al.,

2010) (F. Ferlaino and Grimm, 2009) (Köhler et al., 2006), this section briefly presents

some of the basic underlying concepts behind the Feshbach molecule, as well as some

of the most established methods of their generation.

Following the explanation of Chin et al. (2010), the simplest physical picture of the

Feshbach resonance involves two molecular potentials (Figure 2.2). The so-called

‘open channel’ is coupled to the scattering continuum, representative of the molecular

electronic ground-state. The ‘closed channel’, of a different electronic state, possesses

an asymptotic energy above the continuum and supports bound states, with some

of them energetically located near the entrance of the open channel ("Ec’ is small in

Figure 2.2).

The Feshbach resonance describes a coupling between the two channels that occurs as

the closed channel is brought energetically close to the open channel ("E c" in Figure

2.2 is lowered) and causes some atoms to be transferred to a weakly bound state just
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Figure 2.2: Atoms may enter the ‘open channel’ (black) from the scattering continuum
at some energy E and access the ‘closed channel’ (red) depending on the coupling of
the two channels, which is adjusted by tuning E c-E. Figure taken from Chin et al.
(2010)

.

beneath the dissociation threshold. Since the potentials are based on entirely different

internal states, it then becomes possible to move them energetically with respect to

one another. Other than magnetic tuning via the Zeeman effect, the method used

in our experiment and discussed in the Section 2.1.3, optical Feshbach resonances

(Inouye et al., 1998), electric field tuning through the Stark effect (Li and Krems,

2007) and RF tuning via the AC Stark effect (Tscherbul et al., 2010) have also been

experimentally demonstrated.

2.1.3 Magnetic Association

Our experiment uses a magnetic association that is performed across a Feshbach

resonance at around 156G (Voigt et al., 2009). In a system involving a magnetic

association, the s-wave scattering length is described by (Moerdijk et al., 1995b):

a(B) = abg

(
1− ∆

B −B0

)
, (2.1)
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where the scattering length a is a function of the applied magnetic field B, and

also depends on the background scattering length abg, representing the off-resonant

scattering length of the open channel, with its value directly related to the energy of

the uppermost bound state. The resonance width is ∆, and magnetic field value B0,

defined as where the scattering length is experimentally observed to diverge, is defined

as the Feshbach resonance (illustrated in Figure 2.3).

Figure 2.3: Scattering length (plot a) and binding energy (plot b) near a Feshbach
resonance. Figure taken from Chin et al. (2010).

Experimentally, Feshbach association is performed with a field ramp going from negative

to positive scattering lengths. The ramp parameters form an important experimental

consideration which is re-visited in the next chapter from a more practical point of

view, when some experimental considerations for the magnetic field regulation are

discussed.

2.1.4 Choice of Resonance

Prohibition of singlet-triplet electric dipole transitions underlies the selection rule

forbidding transfer from a triplet state to the singlet absolute ground-state (Herzberg,

1950). Despite this, a weak perturbation caused by spin-orbit coupling in higher lying

states causes a mixing of these states that results in an admixture of molecules in
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singlet and triplet states. Practically, the fraction of the molecule sample associated

into a triplet state will not participate in any transfer to the singlet ground-state, and

will effectively weaken the overall experimentally-observed coupling strength of the

transition. Consequently, optimization of the singlet fraction through appropriate

choice of starting Feshbach state becomes an important consideration.

The Asymptotic Bound State Model (ABM) (Moerdijk et al., 1995a) (Tiecke et al.,

2010) is used by our group, chosen for its relative simplicity over the coupled channels

model, to describe Feshbach resonances and compute the singlet fraction present in the

molecular state. The experiment was originally configured for magnetic association

on a MF=-2 (MF (Li)+MF (K)), 155.6G resonance (Voigt et al., 2009). As part of a

previous student’s thesis (Brachmann, 2012), the procedures provided by Tiecke et al.

(2010) were employed to compute a value of 41.8% singlet fraction for this resonance,

at a field value just below the Feshbach resonance. The field strength dependence

of the singlet fraction exhibited a monotonous increase above 155G, implying that

a different Feshbach resonance at a higher field value might give an even higher

singlet fraction. My colleague (Pal, 2016) has used the same procedure on the 215.6G

Feshbach resonance, MF=-5 state, reported by Wille et al. (2008), with the result

reproduced in Figure 2.4.

A much higher singlet fraction of about 52% is observed from the sole-singlet state,

making this resonance a better choice for the ground-state transfer. Similarly, the

singlet fraction is also an important consideration in the choice of intermediate, excited

state for a coherent transfer process, but this is discussed in Chapter 4 in the context

of a more comprehensive discussion on factors influencing selection of an optimal

pathway to the ground-state.
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Figure 2.4: Singlet (black line) and triplet fractions (blue, purple and red lines)
present at 215.6G (dotted vertical line) for the MF=-5 Feshbach state. Each state
has been labelled with

∣∣∣S,MS, iLi, iK
〉
notation, where the four terms respectively

representing the total electron spin, electron magnetic and nuclear magnetic quantum
numbers. Figure from Pal (2016).

2.2 Why Absolute Ground-State?

The physical origins of a dimer’s dipole moment lies in the mutual distortion of the

atomic electron clouds by the nuclei of the partner atoms, which immediately implies

a strong effect of internuclear-separation on dipole moment. Figure 2.5 (Fedorov

et al., 2014) compares calculated potential energy curves of the absolute ground-state

of several metal-alkali dimers with their corresponding dipole moment curves. The

equilibrium internuclear distance, defined as the internuclear distance at the potential

minima, is reflected as a black square in plot (b) and roughly corresponds to the

absolute ground-state. From the plots in (a), a Feshbach molecule associated just below

the dissociation threshold at around 13-15a0 has almost no electric dipole moment

(plot (b)), and the maximum value occurs close to the equilibrium distance in all cases,

illustrating the necessity of a deeply bound polar molecule for any work involving its
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dipole moment.

Figure 2.5: Absolute ground-state potential energy curves (a) and dipole moment
internuclear distance dependence (b). Dipole moments at the equilibrium internuclear
distance de have been indicated (black squares). Figure taken from Fedorov et al.
(2014).

It is further worth noting that the high-dipole moment region of the LiK plot of

Figure 2.5(b) extends beyond the equilibrium distance by approximately 3a0. This

raises the interesting possibility that a deeply-bound vibrationally-excited state, such

as the ν=1-3 states, might exhibit as strong a dipole moment as the ν=0 absolute

ground state. However, as discussed in the Section 2.4, any vibrationally-excited state

permits inelastic collisional losses that are absent in the absolute ground state, which

is experimentally disadvantageous.
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2.3 Effect of an Electric Field

In the classical picture, the electric dipole moment of a single 6Li40K molecule points

along its internuclear axis. A large sample of many molecules will hence exhibit zero net

dipole moment unless all the individual dipole moments are aligned along a common

axis by an externally-applied electric field. The quantum mechanical equivalent is

thoroughly explored by Bohn (2009) and the essentials have been summarized here.

We consider the molecule as a simple rotator and focus on its rotational behaviour,

ignoring vibration and spin. In its rotating frame, an electric dipole moment d is

aligned along the molecular axis, which itself is tilted at some angle with respect to

an externally applied electric field. A basis comprised of good angular momentum

quantum numbers defined in the lab frame are no longer good in the rotating frame.

An appropriate transformation is made using the Wigner rotation matrices, leading to

an overall Hamiltonian given as:

〈Nmn |H |N ′m′N〉 = B.N(N + 1)δNN ′,mN m′
N

−d.ε
√

(2N + 1) (2N ′ + 1)(−1)mN


N 1 N ′

−mN 0 m′N




N 1 N ′

0 0 0


. (2.2)

The basis here is comprised of the rotational quantum number around the centre of

mass N, and its projection along the electric field direction mN . The first term is the

rotation energy, where B is the rotational constant. The second term is the Stark

shift, where d is the permanent dipole moment, and ε the applied field magnitude.

The 3j-symbols, as part of their properties, mixes states of the same mN ; unless N

and N’ have opposite parity, the whole term vanishes and, consequently, no dipole

moment can be observed. For the rotationally symmetric 1Σ ground-state N=0, so an

admixture of higher order rotational states of opposite parity is required to break the
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parity symmetry. The Hamiltonian is thus evaluated considering a maximum N=5 (Ni,

2003), representing the mixing of the 5 lowest states, and the resulting Stark shift is

plotted against applied electric field strength in Figure 2.6. If fields of up to 10 kV/cm

are considered a reasonable range for implementation, the corresponding Stark shift is

on the order of several GHz, and should be observable by spectroscopic means.
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Figure 2.6: Plot of the expected Stark shift against applied electric field.

The definition of a permanent dipole moment for a given Stark shift EStark is:

d

dε
EStark = |deff | . (2.3)

The effective dipole moment deff , representing the experimentally observable dipole

moment, is computed as a function of applied electric field ε in Figure 2.7. Follow-

ing standard conventions, the dipole moment is expressed in units of debye, where

1D=3.336× 1030 C.m.

Figure 2.7 plot exhibits different behaviours in the low and high field limits. Bohn

(2009) explains this by considering a smaller 2x2 Hamiltonian for some system where



Chapter 2. Theory 18

0 1 0 2 0 3 0 4 0 5 0
0

1

2

3

 

 

Ef
fec

tiv
e D

ipo
le 

Mo
me

nt 
(de

by
e)

E l e c t r i c  F i e l d  ( k V / c m )

6 L i 4 0 K

Figure 2.7: Induced dipole moment as a function of applied electric field. The curve
saturates at 3.56 debye in the limit of an infinite applied field.

the Stark effect µε is small compared to the rotational energy Erot:

H =


−Erot/2 −µε

−µε +Erot/2

 . (2.4)

This assumes an admixture of only the nearest higher angular momentum state of

opposite parity. The eigenvalues work out to be:

E = ±
√
E2

rot/4 + (µε)2 . (2.5)

This expression demonstrates that the Stark effect is quadratic in the low field limit

and linear in the high field limit as a result of the competition between the rotational

energy and the Stark interaction. A ‘critical field’ can then be defined as the applied

electric field needed for the Stark shift to equal the rotational splitting, and written as:

Ecrit = Erot/2µ . (2.6)
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This quantity would then define the transition point between the two distinctive regions

of behaviour in Figure 2.7. Ulmanis et al. (2012) reports a calculated critical field

value of 6.3 kV/cm for the 6Li40K molecule, and also provides a physical interpretation

of the critical field as the point where orientation of all dipoles along the field direction

is complete. As a distinction, each dipole is oriented along the field direction at an

angle, and the alignment of dipole moments along the field vector does not complete

until the effective dipole moment saturates in the infinite field limit.

2.4 Chemical Reactions

If a sample of molecules is already prepared in its absolute ground-state, an important

area of consideration then becomes an understanding of inter-molecular interactions.

Collisional and chemical interactions form loss factors that place limits on the lifetime

of the molecular sample, and the degree to which they can be controlled determines

the size of the window of opportunity within which manipulations and measurements

can be performed.

We consider a sample of ground-state molecules trapped in an optical dipole trap.

With a typical trapping potential far less than the binding energy of the molecule,

the greatest concerns are then inelastic and reactive collisions. These collisions both

exchange internal energy for kinetic energy, and would likely immediately eject all

participants from the trap. Inelastic collisions that increase kinetic energy from internal

degrees of freedom, such as vibration or rotation, do not occur if all participants are

in the absolute ground-state. Reactive collisions, which are characterized as inelastic

collisions that also change the chemical identity of the participants, then become

the primary concern. Zuchowski and Hutson (2010) have investigated the reaction

thermodynamics for alkali-metal dimers. They find that, while atom-transfer reactions

(LiK+LiK → Li + LiK2, LiK+LiK → K+Li2K) are energetically forbidden in the
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absolute ground-state, the atom-exchange reaction (LiK+LiK→ Li2+K2) is exothermic

and, thus, reactive collisions are energetically allowed.

A number of in-depth studies in this area have been performed on 40K87Rb in its

absolute ground-state. This section presents selected basics of reactive collisions with

the aim of understanding some of these experimental findings relevant for development

of our 6Li40K system. The central factors to consider in dipolar reactive collision rates

of both the 40K87Rb and 6Li40K systems are the presence of a centrifugal barrier, and

the effect of the electric field on the collision dynamics.

As explained by Hutson (2009), in a center-of-mass spherical coordinate system

convenient for describing collisions in three dimensions, the central potential V(r)

involved is modified by the angular momentum of the molecules’ motion around each

other in the laboratory frame of reference, forming an effective potential Veff . Such a

‘centrifugal correction’, in the simplest case of classical particles possessing no spin or

vibration, takes the form:

Veff(r) = V (r) + |L|
2

2µr2 , (2.7)

where L is the angular momentum, r the internuclear distance and µ the reduced

mass. The central potential must be negative (attractive) at some, or even all, angles

to permit an exothermic reaction, so the function’s maxima when V is negative is

then determined by the angular momentum of the modifying term (L). This forms

the ‘centrifugal barrier’ (illustrated in 2.9), which limits the reaction probability by

raising the minimum kinetic energy a colliding particle must have to approach the

central potential of the other participant. The quantum mechanical equivalent for

single channel scattering is given as:

V = ~2

2µr2L(L+ 1) . (2.8)

Out of the family of long range dispersion forces with the form Cn/rn, the ones relevant
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to our system are the dipole-dipole interaction with n=3, and the van der Waals

force with n=6. The 1/r2 dependence of the centrifugal barrier indicates its effects

extend further than either dispersion force. This is confirmed by the calculations of

Julienne et al. (2011) who show that the van der Waals force has negligible effect on

the centrifugal barrier height of 40K87Rb. Consequently, this remainder of this section

focuses on the dipole-dipole interaction only.

We follow the presentation of Bohn (2009), and consider a pair of classical dipoles,

in arbitrary orientations, and at arbitrary spatial co-ordinates. Their interaction

potential can be written as

Vd(−→R ) =
−→µ1.
−→µ2 − 3

(−→µ1.R̂
) (−→µ2.R̂

)
R3 , (2.9)

where µ is the dipole moment and −→R = R̂R are relative co-ordinates of the dipoles.

For the special case where the dipoles’ centre-of-mass are aligned along the same axis

and the dipole moments are parallel and make an angle θ with this axis (illustrated in

Figure 2.8), the expression simplifies to:

Vd(−→R ) = µ1µ2
1− 3cos2θ

R3 . (2.10)

dd

θθ z

Figure 2.8: Pair of classical dipoles.

This expression suggests an angular dependence of the sign of the potential. This

corresponds to electric repulsion when like-charged ends of the dipoles face each

other (side-to-side orientation) and, likewise, an attractive negative potential with

opposite charges facing each other (end-to-end configuration). The combined effects

are illustrated in Figure 2.9, and any experimental observations must account for both
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effects as a whole. The remainder of this section highlights some of the findings of

studies on reaction dynamics in ground-state 40K87Rb that are relevant to developing

an experimental strategy to managing them in our 6Li40K system.

Centrifugal Barrier

V(r)

r

Long-range dispersion

Figure 2.9: Generic schematic example of a centrifugal barrier as described by
Equation 2.8 (red dashed line), whose overall height may be lowered by the presence
of long-range dispersion forces of the form Cn/rn (green line).

For the case of 40K87Rb, Kotochigova (2010) calculated the height of the p-wave

centrifugal barrier to be higher than the mean collisional energy of a 350 nK ground-

state molecular sample. This suggests that even in the absence of an external field,

the p-wave barrier is of sufficient height to lower the reaction rate to the point of being

tunnelling-limited. The author further shows that the reaction rate is dominated by

the lowest partial wave channels because the centrifugal barrier height increases for

collision channels corresponding to higher values of L, which consequently reduces

their contributions. de Miranda et al. (2011) has investigated the effect of the spatial

geometry of the trapping potential on chemical reaction rates in the presence of

an electric field. They used a 1D optical lattice with strong confinement along the

lattice axis to generate a series of quasi-2D ‘pancake’ trapping potentials, in which

ground-state 40K87Rb molecules were held (schematic example in Figure 2.10 from

(Pupillo et al., 2008)). This had the effect of allowing a close approximation to a 2D

collision plane, on which the electric field was applied to align the dipoles to only allow

repulsive side-to-side collisions. The authors report a significantly improved sample

lifetime in the trap compared to a 3D optical dipole trap, which allows both types of
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collision to occur. These ideas are further explored in the work of Ni et al. (2008).

Figure 2.10: Illustration of polar molecules in a 2D trapping potential with the
dipole orientation controlled by an electric field. Figure taken from Pupillo et al.
(2008).

The main findings of particular relevance to our experiment are reproduced in Figure

2.11, where Ni et al. demonstrate significant changes in the centrifugal barrier by an

electric field. The dip at higher induced dipole moments is attributed to the coupling

of higher angular momentum partial wave scattering channels.

Figure 2.11: Dependence on centrifugal barrier height on electric field strength for
side-to-side collisions (plot V1, red solid line) and end-to-end collisions (plot V0, blue
dashed line). Figure taken from Ni et al. (2010).

The physical interpretation that Ni et al. (2010) provide for this overall effect of the

electric field is reproduced in Figure 2.12, which shows that the anisotropic nature of

the dipole-dipole interaction provides a significant angle-dependent raising or lowering

of the centrifugal barrier height.

It is also worth noting that the authors further observe no oscillations in the loss
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Figure 2.12: Schematic drawing of the effect of anisotropic dipole-dipole interaction
on the p-wave centrifugal barrier height in 40K87Rb. Figure from Ni et al. (2010)

trends, and comment that this lack of scattering resonances validates the underlying

fundamental assumption that incoming molecules reaching the central potential cause

a reaction, and are lost from the trap, with a near unity probability.

Samples of bosons, such as our 6Li40K system, collide predominantly through an s-wave

channel at ultracold temperatures. With L=0, the centrifugal barrier does not exist,

and control must be provided solely with the electric field. The feasibility of this has

been investigated by Julienne et al. (2011), who calculated loss rate constants for

several alkali-metal dimers for a quasi-2D trapping potential in the limit where the

lowest partial wave’s contribution dominates. The results of particular interest for our

experiment are summarized in Figure 2.13. The rate constant K has been defined as

the loss rate for a certain 2D number density that results in a 1s lifetime; e.g. a 2D

cloud of density 1× 108 cm−2 has a lifetime of 1 s with a rate constant of 10−8 cm2/s.

Also of particular note is the comparison between fermionic 6Li39K and bosonic 6Li40K.

The fermionic species is reported to exhibit lower rate constants by up to two orders

of magnitude, which the authors attribute entirely to the p-wave centrifugal barrier.

Nevertheless, the authors recommend a field strength on the order of 20 kV/cm for

stabilization of 6Li40K, which lies in the high dipole-moment regime where the low-field

advantage of the p-wave barrier in fermionic 6Li39K has completely vanished. We take
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this recommendation into consideration in a later chapter on electrode planning and

construction.

Figure 2.13: Reaction rate of fermionic 6Li39K is suppressed, compared to bosonic
6Li40K, due to its centrifugal p-wave barrier. 87Rb133Cs and both KCs are chemically
nonreactive. Figure from Julienne et al. (2011).

The 6Li40K reaction rate plot in Figure 2.13 shows a well-behaved monotonic reduction

in loss-rate constant for most of the displayed range of induced dipole moments. This

implies that a strategy of a strongly-confining trapping geometry, together with high

induced dipole moment, would be a suitable option for controlling unwanted chemical

reactions.

This has the effect of only allowing a single plane of collisions, in which the electric field

aligns the dipoles to favour the dipole-dipole electric repulsion of side-to-side collisions

over end-to-end collisions. These parameters have been modelled by Quéméner and

Bohn (2011) for a small parameter range, reproduced in Figure 2.14. The reported

large increase in barrier height reaffirms these conclusions.

No optical lattice has been set up in our experiment, but the reported values of Julienne

et al. (2011) can be used to make order-of-magnitude estimations of the expected
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lifetime of an arbitrary sample of molecules. We consider <1000 molecules loaded into

a single 2D 60µm diameter optical trap (one ‘pancake’ of a 1D lattice), forming an

approximate peak density of approximately 3× 107 cm−2. At 1 debye, with a 50 kHz

strong confinement, Figure 2.13 predicts a roughly 3× 105 cm2/s rate constant which

would roughly provide a 0.01 s lifetime which would already be sufficient for switching

on the electric field. Excess electric field generation capability could be used to either

further enhance the sample lifetime or allow for some flexibility in the selection of

trapping frequency.

Figure 2.14: Potential barrier height as a function of induced dipole moment and
trapping frequency of a quasi-2D trapping potential. Figure from Quéméner and Bohn
(2011).

2.5 Possible Applications

The idea of manipulating polar molecules with an electric field has led to some novel

proposals for their use in quantum computation. DeMille (DeMille, 2002) proposed

holding an array of polar molecules in an optical standing wave, with a position-

dependent Stark shift applied to make each lattice-site spectroscopically distinct

(Figure 2.15). Each lattice site represents a qubit and the dipole’s orientation, with

respect to the electric field, its state.
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Figure 2.15: Array of polar molecules in a 1D lattice proposed for quantum compu-
tation. Figure from DeMille (2002).

Other commonly-cited schemes that have been proposed include trapping polar

molecules close to a superconducting transmission line to enhance coupling of mi-

crowave transitions of rotational states that hold the information (Andre et al., 2006),

and the implementation of two-qubit logic gates using microwave transitions in polar

molecules (Yelin et al., 2006).

A "magic angle" has been predicted, where the Stark shift becomes independent of

the external electric field (Kotochigova and DeMille, 2010). Dynamic effects have also

been observed in magnetic dipoles, induced by fast rotations of dipolar orientation

(Giovanazzi et al., 2002). This is an area that remains unexplored for electric dipole

interactions, and will be made accessible to our experiment with the construction of

the high voltage electrode system described in Chapter 3.



Chapter 3
Experimental Preparations

In the previous chapter, we have discussed the reasons underlying our selection of a

different Feshbach resonance for molecule association than the one our experiment was

pre-configured for by a previous generation of students.

In this chapter we present a number of related improvements important to the

experiment, and is roughly divided into two main sections: Section 3.2 describes our

implementation 6Li D1 ‘grey molasses’ sub-Doppler cooling, and Section 3.3 details

our optimizations of magnetic field regulation and detection sub-systems, aimed at

enhancing the molecule yield. The chapter then concludes with Section 3.4, which

describes the design and construction of our high voltage electrode system.

3.1 Initial setup

Our experimental setup was originally based at the MPQ LMU, in Munich, and was

moved to CQT in 2010. The setup has been developed by generations of students, on

which a triple species MOT (Taglieber et al., 2006), degenerate Fermi-Fermi mixture

of 6Li and 40K (Taglieber et al., 2008) and heteronuclear 6Li40K Feshbach molecules

formed on a narrow resonance (Voigt et al., 2009) have been sequentially developed.

This setup has also been used in an investigation on cross-dimensional scattering

(Costa et al., 2010) which concluded shortly before it was moved. Numerous repairs

28
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have been performed on this setup, which have been listed in great detail in the thesis

of my colleague Pal (2016). Detailed descriptions of this setup and its sub-systems

can be found in the theses of past students (Voigt, 2009b) (Taglieber, 2008) (Costa,

2011) (Brachmann, 2012), and only specific details of relevance to the discussion are

reproduced in this work in their respective sections.

3.2 Cold Atom Production

This section begins with a description of cold atom production in our initial experi-

mental setup, followed by a brief overview of dark resonances (Section 3.2.1) which is

a concept fundamental to both ’grey molasses’ and two-photon spectroscopy (Chapter

5). ’Grey molasses’ is discussed in detail in Section 3.2.2, where it is compared to

other recent advances in 6Li sub-Doppler cooling (Sections 3.2.3 and 3.2.4). Section

3.2.5 describes the technical details of our implementation of 6Li grey molasses, while

Sections 3.2.6 and 3.2.7 contain our experimental results.

The details of the experimental sequence, up to the production of cold Fermi gases,

is the subject of a previous student’s thesis (Taglieber, 2008). A simplified overview

of this sequence is described in the following paragraphs to aid in providing a wider

perspective of the grey molasses implementation, and in illustrating the intent behind

some of the design choices.

Following a triple species MOT (Figure 3.1), 6Li and 87Rb respectively undergo a

compressed (cMOT) and dark (dMOT) MOT phases to increase their phase-space

density. Thereafter, the MOT magnetic field is switched off, and 87Rb undergoes a

further optical molasses phase for 1.5ms to reduce its temperature to around 40µK,

while the 6Li and 40K atomic clouds are left in free-fall.

The conclusion of the laser cooling phase of the experiment leaves all three species
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Figure 3.1: Partial experimental scheme outlining individual experimental phases
occurring in the MOT chamber, which is followed by a transfer to the ultra-high
vacuum (UHV) chamber for evaporative cooling. Also shown is where grey molasses is
implemented (dotted box).

spread over all possible Zeeman MF states of the hyperfine ground state manifold. σ+

polarized light is applied to optically-pump each species into a single magnetically-

trappable state. The clouds are then re-trapped by switching on the MOT coils and

are magnetically transferred to the ultra-high vacuum (henceforth UHV) chamber for

evaporative cooling, where 87Rb is cooled by microwave evaporation into a BEC. 6Li

and 40K are cooled sympathetically, by being in thermal contact with 87Rb. Absorption

imaging performed immediately after the evaporative cooling phase reveals that the
87Rb BEC is almost completely used up absorbing the heatload placed on it by the

other two species.

We believe that it is possible to increase our Feshbach molecule production yield by

increasing our cold atom yields. This could be attempted solely within the existing

experimental framework by increasing the amount of 6Li loaded into the MOT, whilst

adjusting the 40K and 87Rb atom dispenser settings to both manage the heatload on

the 87Rb BEC and match the 40K atom yield to that of the 6Li. This section, however,

explores an alternative approach of pre-cooling the 6Li before evaporation.

The existing sympathetic cooling sequence lasts a very long 63 s due to the low inter-

species scattering cross-section of 6Li (Taglieber et al., 2008), and it is suspected that

this could be shortened by lowering the starting temperature of 6Li. Consequently,

the 6Li cloud would also suffer fewer background collisional losses (vacuum losses),
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possibly permitting a higher cold atom yield from the same 87Rb BEC. Designed as a

proof-of-concept, this attempt is made with the constraint of making the minimum

number of changes to the existing experimental sequence and setup; the grey molasses

cooling stage is implemented and evaluated within the existing 1.5ms 87Rb molasses

(Figure 3.1) duration even if it eventually proves to be a suboptimal choice of duration

for grey molasses. Once the benefit of grey molasses on the 6Li cold atom yield is

measured, this constraint will be lifted.

3.2.1 Dark Resonances

Following the explanation of Cohen-Tannoudji (Guery-Odelin, 2011), we consider a

Λ-type three-level system of an atom at rest, in which two phase-coherent lasers, ‘Pump’

and ‘Stokes’, are driving two different transitions (Figure 3.2) to the same excited

state. Historically, it was experimentally observed that when the relative detuning of

both lasers becomes zero (∆P = ∆S≡0) all fluorescence disappears, implying that

the excited state population has vanished. The theoretical treatment of this ‘Raman

resonance condition’ (Arimondo and Orriols, 1976) attributes this phenomenon to the

atoms being put in a state that is a linear superposition of the two lower states and

completely uncoupled from the light field and consequently named the ‘dark state’.

ΔPΔS

Pump(P)
Stokes(S) 1>

3>

2>

Γ

Figure 3.2: Atomic three-level system. Two lasers, each with a detuning from
the atomic resonance, address different transitions to the excited state |2〉, whose
population suffers radiative decay by spontaneous emission at the rate Γ.

Stimulated Raman Adiabatic Passage (STIRAP) (Bergmann et al., 2015) is a novel

application of dark states, in which the Rabi frequencies of both transitions are adjusted



Chapter 3. Experimental Preparations 32

via their respective laser intensities such that a population is coherently transferred

between states |1〉 and |3〉 without populating |2〉. In three-level systems where |1〉 and

|3〉 cannot be directly coupled, this avoids losses to spontaneous decay incurred from a

transfer to the short-lived intermediate state. It is also experimentally convenient that

reversing the sequence of laser intensities also reverses the transfer. The dependence

on relative detuning, over detuning from the atomic transition, inherent in dark states

also makes this technique resistant to laser frequency fluctuations, provided phase

coherence is maintained such that the fluctuations are equal in both lasers. These

unique properties have also resulted in novel applications in the areas of high resolution

spectroscopy and sub-Doppler cooling.

3.2.2 6Li Sub-Doppler Cooling

An important development in the field of laser cooling has been that of Sisyphus

cooling, which has historically been demonstrated to great effect (Dalibard and Cohen-

Tannoudji, 1989) (Weiss et al., 1989) (Lett et al., 1988) (Lett et al., 1989). Some of

the contemporary efforts in this area, using a novel ‘grey molasses’ scheme, have been

directed at 7Li (Grier et al., 2013), 39K and 40K (Salomon et al., 2013) (Nath et al.,

2013) (Sievers et al., 2015) where traditional Sisyphus-type sub-Doppler cooling has

proven ineffective. Narrow-line Doppler cooling (Duarte et al., 2011) (Gross et al.,

2016) (Sebastian et al., 2014) is another technique that has been shown to be effective

in Li. Another experiment in our group has successfully demonstrated this technique by

cooling on the 6Li 22S1/2 to 32P3/2 transition at 323 nm, achieving a final temperature

of around 50µk (Sebastian et al., 2014) (Gross et al., 2016). Unfortunately, this

technique is unsuitable for our experiment due to the vacuum chamber window optical

coatings and the high cost of a similar UV laser system. In general, these techniques

offer the further benefit of efficient loading of optical traps (Burchianti et al., 2014),

which is of interest to groups employing all-optical cooling schemes.
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This section begins with a brief overview of sub-Doppler cooling and its difficult

relationship with Li, graduates to a discussion of some modern reports of successful
6Li sub-Doppler cooling, and evaluates their respective experimental requirements

with the goal of selecting one scheme for implementation in our experiment.

The conventional optical molasses ‘Sisyphus’ technique was, within a short period

of time successfully demonstrated in Sodium (Lett et al., 1988), Cesium (Salomon

et al., 1990) and Rubidium (Shang et al., 1991), all of which are atomic species with

well-defined hyperfine structure. Molasses cooling has since become a popular choice

for achieving sub-Doppler temperatures due to its relatively low technical requirements,

and is even implemented to good effect in our current setup (Taglieber et al., 2006)

where it cools 87Rb from 800µK to 50µK.

σ+

σ-

λ/4 λ/2
0

k1

k2

y

x

Figure 3.3: Lin-⊥-Lin laser configuration. Linear-polarized light counter-propagating
along vectors k1 and k2 create a spatially-modulated polarization gradient. Figure
taken from Metcalf and van der Straten (2003).

The standard Sisyphus technique, as explained in Cohen-Tannoudji (Guery-Odelin,

2011), relies on the atomic species having multiple Zeeman sub-levels in the ground-

state manifold, on which the Lin-⊥-Lin laser configuration (Figure 3.3) induces a

spatially-modulated light shift.

For a moving atom, the probability of being optically-pumped to the higher sub-level

is highest at the peak of the potential hill, where it spontaneously emits a photon and

returns to the valley. Climbing the potential hill results in a net loss of kinetic energy

from the atom that continues until the atom is localized inside one of the potential

wells. This leads to a dependence of the final temperature on experimental parameters
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Figure 3.4: Sisyphus cooling scheme showing two spatially-modulated light shifted
Zeeman states (black solid line and red dashed line) and optical pumping to an excited
state (dotted line) (Dalibard and Cohen-Tannoudji, 1989). The finite optical pumping
time lets atoms experience more ‘uphill’ motion that ‘downhill’ motion.

related to the light shift, given for a low intensity and high detuning as:

kBTsub−Doppler = ~Ω2 |δ|
4δ2 + Γ2 ≈

~Ω2

4 |δ| ∝
I

δ
, (3.1)

where Ω is the Rabi frequency, I the intensity, δ the detuning and Γ the natural

linewidth. The fundamental limit of this mechanism physically occurs when the

cooling effect is balanced by dispersive heating caused by photon recoil, given as the

recoil temperature:

kBTrecoil = h2

2Mλ2 , (3.2)

where M is the mass of the atoms and λ the wavelength of the light. The rate of loss

of energy is directly related to the rate of the atom’s motion through the spatially-

modulated potential, leading to a common description of the Sisyphus mechanism as

a ‘frictional’ or ‘cooling’ force.

The difficulties with Sisyphus cooling of Li has its origins in the Li level structure,

shown in Figure 3.5, in which the hyperfine level spacing of both 2P manifolds is

close to the natural linewidth (Γ = 2π× 5.87MHz) of Li. This spectral overlap leads

to the Li hyperfine structure often being described as ‘unresolved’, which is said to
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undermine the optical pumping processes (Dalibard and Cohen-Tannoudji, 1989) that

are foundational to Sisyphus cooling. This consequently greatly reduces the generated

sub-Doppler cooling force (Fort et al., 1998) of a conventional Sisyphus implementation.

22P1/2

22S1/2

F=3/2

F=1/2

F'=1/2

F'=3/2

D1=
670.993nm

228MHz

26MHz

22P3/2
F"=5/2

F"=1/2
4.5MHz

D2=
670.978nm

Figure 3.5: Level structure of 6Li illustrating the D1 and D2 transitions.

Attempts have been made to perform Sisyphus cooling of Li as far back as some of the

earliest magneto-optical trapping efforts on Li (Schunemann et al., 1998), but none

have reported success. Some implementations, such as our experiment’s, only yielded

heating (Taglieber et al., 2006). More recently, two distinct methods of Li Sisyphus

cooling have been successfully demonstrated: far-detuned optical molasses and grey

molasses. The remainder of this section is dedicated to individually examining their

mechanisms and published results, in order to select one for implementation within

our experiment.

3.2.3 Far-Detuned Molasses

Hamilton et al. (2014) report a successful 7Li sub-Doppler cooling scheme that operates

with an excited state detuned anywhere in the 10GHz span between the D1 and D2

lines, with a specified minimum detuning of 1GHz from either line (Figure 3.6). The

authors make the central claim that Sisyphus cooling of Li involves only the atomic
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fine structure, and that a sufficiently large detuning minimizes involvement of the

hyperfine structure and, consequently, all the difficulties associated with it.

Figure 3.6: Level scheme for far-detuned Sisyphus cooling of 7Li. Figure taken from
Hamilton et al. (2014).

The experimental setup used a 3D optical lattice made with three mutually orthogonal,

retro-reflected beams, in which the lin-⊥-lin configuration provided the polarization

gradients for Sisyphus cooling. The reported best result for this configuration from

several measurements was a 100µK temperature with a 45% cooled atom fraction from

a starting temperature of 300µK out of a compressed MOT phase, in addition to a

loss of <10% of the starting atom number. It is important to note here that they have

also made observations of effects in this system not related to molasses cooling, which

they use to explain the reported ‘cooled atom fraction’.

The authors observed a final temperature that is proportional to the depth of the lattice

potential, as well as an increase in the final temperature if the cloud is rapidly released

from the lattice instead of a gentler ramp-down that permits adiabatic expansion of the

lattice. They report that this behaviour is consistent with published work on the cooling

of Cs (Kastberg et al., 1995) by an adiabatic lattice relaxation. Furthermore, a bimodal

equilibrium momentum distribution at shallow lattice potentials that transforms to a

Gaussian distribution if the lattice is deepened is also observed. The area under the

sharp central peak has been used to define the ‘cooled atom fraction’.
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Figure 3.7: Far-detuned optical molasses results summary (inset) and observed
bimodal momentum distribution. Figure from Hamilton et al. (2014).

In a recent work on molasses pre-cooled Cs that is further adiabatically cooled in an

optical lattice , Dion et al. (2016) demonstrate through both modelling and experiment

that the bimodal distribution is caused by the atomic cloud being confined in a shallow

dispersive potential, leading to some fraction undergoing heating and some other

fraction experiencing laser cooling. Each individual atom periodically experiences

cooled, trapped, and heated, temporarily untrapped, states. Hamilton et al. does

not provide experimental results of measurements made with a non-adiabatic release

of the cloud from the lattice, so while a significant improvement in temperature is

noted, it is difficult to distinguish the individual contributions of the presented novel

Sisyphus cooling-scheme from the adiabatic lattice expansion cooling scheme. It is a

particularly important distinction to make in this case, as the effectiveness of adiabatic

lattice cooling on Li is well-established, with some of the earliest results (Chen et al.,

1992) reporting a similar final temperature to the one reported in Hamilton et al.

(P/m=2 ~k and 2.6 ~k respectively).

The experimental observations indicate a non-negligible role of cooling by adiabatic

lattice relaxation, so any future experimental implementation by our group hoping for

a similar outcome should have provisions made for inclusion of an equivalent optical
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lattice.

3.2.4 Grey Molasses

The other sub-Doppler cooling scheme that has been recently successfully demonstrated

for Li is the grey molasses scheme. The experimental implementations of the grey

molasses cooling scheme closely follow the proposal of Weidemüller et al. (1994), who

combined Sisyphus-type polarization gradient cooling with velocity-selective coherent-

population transfer (VSCPT) to form a new cooling scheme. It was originally designed

to merge VSCPT’s ability for cooling below the photon recoil limit of the Sisyphus

scheme, with the much lower atom losses of the Sisyphus scheme relative to VSCPT,

and was successfully demonstrated for Rb (Esslinger et al., 1996) and Cs (Boiron

et al., 1995) (Boiron et al., 1996) soon after its theoretical proposal. The remainder

of this sub-section very briefly summarizes some of the mechanisms described in

the proposal by Weidemuller et al., with the aim of providing an intuitive picture

illustrating how recent experimental implementations have utilized this technique as a

novel work-around of Lithium’s unresolved hyperfine structure hampering conventional

Sisyphus cooling.

VSCPT is a laser cooling technique that arose as a practical application of dark

resonances. An intuitive picture of this technique begins by considering a stationary

atom subject to two lasers tuned to frequencies meeting the Raman condition. If the

atom is now assigned some motion, it will experience Doppler-shifted laser frequencies,

proportional to its velocity, but with different constants of proportionality for each

laser (∆f ∝ k.v ). The only way for the atom to fulfil the Raman condition would be

to have no momentum, inherently making it velocity-selective. Aspect et al. (1988)

utilized this to demonstrate 1D laser cooling below the photon recoil limit. In the low

temperature limit where the slowing of the atomic motion by laser cooling is limited by

momentum transfer through random photon scattering, all atoms perform a random
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walk in velocity space. The atoms close to p=0 are decoupled from the light field, and

remain trapped in the dark state, in a technique that the authors termed VSCPT. An

atom trapped by VSCPT, however, is still susceptible to collisions with other atoms

possessing non-zero momentum, which would automatically remove the trapped atom

from the dark state. Reducing this loss mechanism with the Sisyphus scheme forms

the foundation of Weidemuller et al.’s ‘grey molasses’ proposal.

Grey molasses can essentially be viewed as Sisyphus-assisted VSCPT. In Figure 3.8 we

consider a linear-⊥-linear laser configuration, much like in Sisyphus cooling, interacting

with two sub-levels of the ground-state hyperfine manifold of an atom, with one being

a ‘dark resonance’ state not coupled to the light field.

λ/2

0

Ec, min

Ec, max

Zp

C

NC

Figure 3.8: Proposed grey molasses cooling mechanism. (Weidemüller et al., 1994).
Relative heights of E cmax and min are set by detuning from the atomic transition and
relative polarization of the input beams. ‘C’ denotes the coupling state, while ‘NC’
denotes the non-coupling dark state. Z pdivided by the mean optical pumping time
defines the maximum capture velocity.

The bright, ‘coupling’, state is spatially modulated, but the dark-state (‘non-coupling

state’) does not interact with the light field so is not. Weidemuller et al. showed

that the probability of being non-adiabatically transferred out of the non-coupling

state to the coupling state has a maximum at the coupling state’s minima. For a

blue detuning, they further demonstrate that the atom must, similar to conventional
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Sisyphus cooling, climb a potential hill to be pumped back to the no-coupling state

after spontaneous emission of a photon.

To relate their findings back to the semi-classical picture, the authors make a rough

assumption for the mean optical pumping time to estimate the energy transfer per

unit time out of the atom, and relate it to a force using Fv=-dW/dt. Hence all atoms

experience a frictional force that seeks to confine them in momentum space around

p=0, where the VSCPT mechanism cools them below the recoil limit.

The importance to grey molasses lies in the optical pumping mechanisms. The non-

adiabatic process that removes an atom from the dark state does not involve the

lightfield. The dark, non-coupling, state is only accessible when the Raman condition

is met, which itself only specifies a relative detuning of the two lasers and not a

detuning to the atomic transition. Since the atomic transition does not explicitly play

a role in either process, neither will the unresolved nature of the Li hyperfine structure.

At the time of planning for our experiment, two groups had reported successful Li

implementations of grey molasses, both operating on the Li D1 transition (Figure 3.9)

(Burchianti et al., 2014) (Grier et al., 2013).
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Figure 3.9: 6Li D1 grey molasses level scheme. ∆ is the Raman detuning, and δ is
the principal laser’s detuning from the atomic transition.
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Burchianti et al. (Burchianti et al., 2014) found, for the principal and repumper

respectively, intensities of 2.7 and 0.5 I sat to provide optimal cooling. They report a

final result of 40.5µK with a 75% cooled fraction, starting from a 500µK temperature

out of a compressed MOT stage. Grier et al. (Grier et al., 2013) used 45 Isat for both

principal and repumper and report a final result of 40µK from a 500µK starting

temperature out of a compressed MOT stage. In a subsequent study by the same group

(Sievers et al., 2015) the authors report a 48µK final temperature from a starting

800µK starting temperature out of a compressed MOT stage, with a 60% efficiency

using 14.6/0.73 Isat principal to repumping intensities.

The grey molasses results are consistent across several studies, whereas the work of

Hamilton et al. has not seen further investigation. The much lower beam intensity

requirements of the grey molasses scheme (2.7-45 Isat vs 1694 Isat) for a similar ending

temperature and lower atom losses (45% vs 60-75% efficiency) made grey molasses the

far more attractive option of the two. Chapter 3 details the implementation of the

grey molasses cooling scheme in our experimental setup, and the results obtained.

3.2.5 Implementation of D1 sub-Doppler cooling

The Li laser system, described in detail as part of a previous student’s thesis (Voigt,

2009a), is illustrated here in a simplified schematic in Figure 3.10 for convenience.

Grating-stabilized external cavity diode lasers (ECDL) are locked to an atomic transi-

tion via saturated absorption spectroscopy on a 6Li spectroscopy cell. The trapping

and detection transitions are on the 6Li D2 line (2S1/2 to 2P3/2, 670.978 nm) (ECDL1),

and the Zeeman slower laser (ECDL2) is locked to ECDL1 with an offset beat lock.

Optical pumping is done on the D1 transition, and thus an additional laser (ECDL3)

is separately locked on the D1 transition (2S1/2 to 2P1/2, 670.993 nm) via the same

spectroscopy cell.
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Figure 3.10: Simplified schematic of the lithium laser system (Details in (Taglieber,
2008)). A beam splitter in the optical pumping path provides the grey molasses
reference.

The optical pumping laser has limited output power of approximately 5mW with all

of it required for optical pumping, so a small amount of its output is split off with

a beam sampler to form the wavelength reference for a separate grey molasses laser

system.

671nmdLaser 671nmdTA

PD

Beatdlock

Monitor
cavity

AOM

TodExperiment

Fromdreferencedlaserd
lockeddtodD1dtransition

Figure 3.11: Grey molasses laser system.

The grey molasses laser system (Figure 3.11) is built around a home-built ECDL

offset-locked to the D1 optical pumping laser, with its output used to seed a tapered

amplifier, providing up to 300mW of power. The offset lock compensates for the AOM

frequency and facilitates tuning of the principal detuning (δ as shown in Figure 3.12 ).

Radio-frequency (RF) modulation of the TA current through a Minicircuits Bias-Tee

by a 5W Minicircuits RF amplifier is used to generate a phase-coherent repumper
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sideband. This allows the repumper-to-principal detuning, or Raman detuning, (∆

in Figure 3.12) to be tuned directly through the modulation frequency. The TA

output is monitored by a cavity, and the respective resonance peak heights of principal

and repumper components are used to monitor the principal/repumper ratio, with

adjustments made by varying the RF modulation amplitude.

22P1/2

22S1/2

F=3/2

F=1/2

F'=1/2

F'=3/2

D1=
670.993nm

228MHz

26MHz

Δ
δ

principal repumping

Figure 3.12: Level scheme for grey molasses cooling reproduced here for convenience.
∆ is the Raman detuning and δ the principal detuning.

It was observed that the repumper amplitude fluctuated with frequency over the

expected operating region around the Raman resonance (∆=0), so a lookup table

was inserted into the control program to flatten the frequency response using a VVA

connected to the RF amplifier. Experimentally, this extends the Raman detuning

range accessible for investigation at the cost of lowering the maximum achievable

repumper intensity. The output of this laser system was overlapped on the K MOT

beam using a broadband polarizing beamsplitter, thus inheriting the 6 beam σ + σ−

configuration of the MOT setup.



Chapter 3. Experimental Preparations 44

3.2.6 D1 sub-Doppler cooling

The performance of grey molasses cooling in this experimental system is first character-

ized by observing its effect on the atomic cloud immediately after the cMOT stage, with

the rest of the experimental sequence disabled. This will be followed, towards the end

of this section, by a further investigation that includes the subsequent optical pumping

and magnetic trapping stages. Atom numbers and temperatures are determined after

time-of-flight expansion from absorption imaging performed with D2-resonant light

(2S1/2 to 2P3/2). For optimization of the grey molasses parameters, the 1/e cloud

radius after a fixed expansion time is recorded as a measure of temperature. More

comprehensive ballistic expansion measurements with curve fits for the temperature

are then performed to evaluate the fully-optimized grey molasses scheme.

Upon completion of the cMOT phase, the MOT lasers and magnetic field are switched

off. The grey molasses beam is switched on only after a 100µs delay, to allow the

MOT magnetic fields and any eddy currents to fully decay, and its duration is fixed to

1.5ms for all the measurements presented here.

We first investigated the dependence of grey molasses cooling on the Raman detuning ∆,

as shown in Figure 3.13.The strongest cooling effect is observed close to ∆ = 0, where

the Raman condition is met, with a half-width of approximately 0.3Γ. The overall

profile is highly asymmetric, with a strong heating peak occurring at a repumper-

to-principal detuning of around 0.5Γ, where we observe that the cloud is almost

completely destroyed. The overall trend is in good agreement with published results

(Grier et al., 2013).

The principal detuning throughout is maintained at 4.5Γ blue from the F=3/2 to

F’=3/2 transition. It is not found to have any significant effect on the final temperature

of the cloud within a ± 1Γ range, which is expected as long as the Raman condition

is met, and is also consistent with the published observations of other groups who
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Figure 3.13: Effect of varying the Raman detuning ∆ on the 1/e cloud radius after
a fixed expansion time (back open squares), and corresponding atom number (red
filled circles), expressed in units of the natural linewidth of the D2 transition, where
Γ=2π× 5.87MHz. A dashed line has been placed at the Raman resonance as a guide
for the eye. Strong heating is observed at small positive detunings, and the cloud has
greatly exceeded the camera’s viewing area at 0.05Γ, so that cloud radius value should
be considered a great underestimate, and the atom number from the fit assumed to be
inaccurate.

have confirmed this for a larger range of around ± 2Γ (Burchianti et al., 2014) (Grier

et al., 2013). The number of atoms remaining after grey molasses is likewise found to

be optimal where the Raman detuning is close to 0, with an overall behaviour that

closely complements the temperature trend-line.

For all measurements, the repumper is kept at about 9% of the principal intensity. The

dependence of the cooling effect on this parameter cannot be effectively investigated

due to RF power limitations, but the selected value is roughly consistent with what

others have found to be optimal (Grier et al., 2013) (Sievers et al., 2015).

The grey molasses procedure is further optimized by varying the optical power by

changing the RF power sent to the AOM, and the Raman detuning was set to 0, with

the results shown in Figure 3.14. The atom numbers are considered with respect to

the initial atom number and an overall ‘capture efficiency’ of the grey molasses phase
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is computed.
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Figure 3.14: Effect of varying grey molasses laser intensity, expressed as a ratio of
D2 saturation intensity (Isat=2.54mW/cm2), on cloud radius (black open squares) and
atom number expressed as a percentage of a cloud left free-falling out of the cMOT
stage (red filled circles). The free-falling cloud expands beyond the camera’s viewing
area, causing the atom count to be lower than the molasses-cooled cloud, and results
in the calculated efficiency ecxeeding 100% at some points.

The usual triple species experimental sequence leaves the 6Li cloud in free fall for the
87Rb molasses duration, so the capture efficiency of grey molasses is computed against

a reference Li cloud that has undergone such a freefall and suffered all consequential

losses. For a longer time-of-flight a free falling 6Li cloud, released from the cMOT,

expands beyond the viewing area of the camera. A strong amount of cooling would

then result in more atoms remaining within the viewing area and present a >100%

capture result. It is arguable that this outcome may even indicate that grey molasses

could increase the subsequent magnetic transport’s capture efficiency. We found both

cloud radius and atom number to be insensitive to higher optical powers beyond the

values shown in Figure 3.13, and these results have not been shown. 1.7 Isat was found

to be the minimum intensity needed to achieve maximum cooling as well as capture

(lowest cloud radius with lowest atom loss) in our setup. A value of around 2 Isat was

eventually selected for the final ballistic expansion temperature measurements.

A time-of-flight temperature measurement for the optimized grey molasses scheme is
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Figure 3.15: Time-of-flight temperature measurements performed after the cMOT
phase (filled blue triangles) and grey molasses (hollow black squares). The solid lines
are curve fits for the temperatures, respectively 362µk and 86µk.

shown in Figure 3.15. Grey molasses starts with a slightly larger initial radius due to

the short period of free-fall before molasses cooling begins. The calculated temperature

is 86µK out of the grey molasses phase, compared to 362µK after the preceding cMOT

stage. This is noted to be somewhat higher than previously published values of around

40µK, and is likely caused by the limited molasses duration; a duration greater than

2ms is typically needed to achieve a 40µK end temperature (Sievers et al., 2015).

Despite this, our implementation of grey molasses has successfully reproduced published

behaviour trends for various grey molasses parameters, and has demonstrated a

significant cooling effect with minimal atom loss when compared to a cloud left in

free-fall for the molasses duration. We then added the subsequent optical pumping

and magnetic trapping steps to the experimental sequence to see if the benefits of grey

molasses persisted.
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3.2.7 Magnetic Trapping after Grey Molasses cooling

At the end of the molasses phase, a uniform 9G magnetic bias field is applied for

about 400µs and all three species are optically pumped with σ+ polarized light into

a magnetically trappable state (Figure 3.1). When both the bias field and optical

pumping light are switched off the MOT coils are switched on to recapture the cloud

for magnetic transport. For the measurements presented here, the cloud is released

after a 100ms holding time, with the remainder of the transport sequence disabled.

Time-of flight temperature measurements are performed at this point to investigate

the effect of grey molasses on the temperature of the atomic cloud before magnetic

transport.

As seen in the plots of Figure 3.16 (red circles), grey molasses has only a minor

benefit compared to the usual sequence with a free-falling cloud (black squares), which

is surprising considering the much lower temperatures observed directly out of the

molasses phase.

We observed that changing of the magnetic field gradient of this trap increased the

effect of grey molasses, with a lower gradient resulting in a lower observed temperature

(blue triangles in Figure 3.16), indicating that the colder starting cloud was possibly

being heated by the higher magnetic field gradient. For comparison, the optimal

capture gradient with grey molasses was found to be about 30G/cm, compared to a

much higher 140G/cm without.

The fitted temperatures and the accompanying atom numbers for our optimization of

this subsequent magnetic trapping stage are summarized in Figure 3.17.They reveal

that while grey molasses reduces temperature from 300µk to about 130µk at the

lower field gradient, it is at a cost of almost 33% of the 6Li atom number, which is

unexpected given the very low losses observed in the grey molasses stage alone (Figure

3.14).
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Figure 3.16: Time-of-flight plots out of the subsequent transport capture trap for
regular (black squares), grey molasses (red circles) and reduced gradient trapping with
grey molasses (blue triangles). Solid lines are fits to ballistic expansion curves from
which temperatures are inferred (solid lines) and provided in Figure 3.17.
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Figure 3.17: Summary of atom numbers (black filled squares) and temperatures (red
open circles) from the curve fits in Figure 3.16, after subsequent magnetic trapping, with
the usual field gradient (fullgrad), and the optimized lower field gradient (low-grad).

This result is still not well understood within our group. A measurement of cold 6Li

atom numbers after evaporation and sympathetic cooling revealed no improvement

from including the grey molasses phase. However, given the observations presented

in this section on the initial capture phase of magnetic transport, it is only fair to

conclude that similar investigations into all the other subsequent phases of the magnetic
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transport system will have to be conducted, to understand both the physical origins

of our observations, and how to harness the benefits of grey molasses cooling in later

stages of our experiment.

Unfortunately, this investigation would cost a lot of time due to the complex design

scheme for the waveforms coordinating the numerous magnetic fields of the transport

system, and has been put on hold pending the completion of our spectroscopic

measurement objectives (discussed in Chapters 4 and 5). It also eventually became

clear, for reasons detailed in Chapter 5, that the entire grey molasses laser system

would have to be used for spectroscopy instead.

3.3 Molecule Production

In Chapter 2, we discussed our decision to re-configure the experiment to use a 215.6G

Feshbach resonance, instead of the existing 155G resonance, due to its higher singlet

fraction. The following sub-sections detail some of the experimental changes made

to optimize the molecule yield at this new resonance, and evaluation of possible

improvements to the initial detection scheme. While the specific technical details

of molecule production in the UHV chamber is the subject of a previous student’s

thesis (Voigt, 2009a), an outline is presented here to serve as context for the changes

described in the rest of this chapter.

Evaporative
hcooling

40K
transport

87Rb
transport

6Li
transport ODT

loading

State
preparation Stern-

Gerlach
RF

cleaningState
preparation

Feshbach
ramp Spectroscopy

Cleaning

Time-of-flight

Figure 3.18: Partial experimental scheme outlining individual experimental phases
after the laser cooling portion of the experiment. This figure is a continuation of, and
complements, Figure 3.1.

Figure 3.18 outlines the experimental sequence after evaporative cooling of 87Rb



Chapter 3. Experimental Preparations 51

and sympathetic cooling of 6Li and 40K. 6Li and 40K are loaded into an ODT, and

any remaining 87Rb is removed with a resonant light pulse. An adiabatic rapid

passage on an RF transition is used to transfer 6Li from |F = 3/2,MF = 3/2〉 to

|F ′ = 1/2,MF ′ = 1/2〉. Similarly, 40K is transferred from |F = 9/2,MF = 9/2〉 to

|F ′ = 3/2,MF ′ = −9/2〉. The magnetic field is raised to about a gauss over the

resonance where 6Li undergoes a second state preparation, and is transferred from

|F = 1/2,MF = 1/2〉 to |F ′ = 1/2,MF ′ = −1/2〉. The strategy of splitting the state

preparation of 6Li into two stages at different magnetic fields is used to avoid raising

the field over the Feshbach resonance with both species prepared in states that will

respond to it. The magnetic field is calibrated using the 6Li |F = 1/2,MF = 1/2〉

to |F ′ = 1/2,MF ′ = −1/2〉 radio-frequency (RF) transition, the details of which are

found in Sambit’s thesis (Pal, 2016). The field is then ramped down across the

Feshbach resonance to associate the molecules. The following sub-sections describe

optimizations made to this ramp for operating at the new Feshbach resonance as well

as the other experimental procedures that improve the detection of the associated
6Li40K molecules.

3.3.1 Magnetic field Optimization

The importance of magnetic field regulation in the molecule association ramp can be

appreciated from the work of Hodby et al. (2005), who proposed a theoretical model for

magneto-association yields based on experimental measurements of bosonic 85Rb2 and

fermionic 40K2. The authors determined that the experimentally observed efficiency is

a function of the magnetic field ramp rate, up to a maximum theoretical limit that is

solely a function of phase-space density of the atomic clouds. It is generally accepted

that the field ramp rate is an important parameter to be optimized experimentally

(Regal et al., 2003) (Chin et al., 2010).

Experimental optimization of molecule yield in our experiment involves both the ramp
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endpoint and ramp rate (Voigt et al., 2009), forming a wide 2D parameter space

in which the optimal values have to be chosen. The remainder of this sub-section

describes how we first restrict this range using the stability of the field regulation

system as a guide, and how we then optimized it for our desired Feshbach resonance.

Specific details of the Feshbach magnetic field regulation scheme are found in the

thesis of a previous student (Voigt, 2009b), though the essentials are highlighted here.

Current regulation for the Feshbach magnetic field is performed by 2 Proportional-

Integral-Differential (PID) control loops (Figure 3.19). A slow (low bandwidth) loop

providing feedback to the power supply voltage setpoint attempts to keep the ‘bypass’

circuit branch, parallel to the field coils, always at 10A. A fast PID loop, with the

desired field ramp waveform as its setpoint, adjusts the MOSFET impedance in the

bypass branch to allow the appropriate amount of current into the ‘Feshbach’ circuit

branch.

Completion of the field calibration procedure on an RF transition of 6Li (Pal, 2016)

allows us to relate a magnetic field value to a setpoint value of the PID control system.

By extension, this also allows us to convert the error signal extracted from the ‘fast

PID’ magnetic field regulation circuit to the actual error in the generated field at the

atomic cloud’s position with a high precision.

SlowvPID

500A
PowervSupply

Sense
resistor

mosfet

current
transducer

Feshbach
coils

FastvPID

'Bypass'v
branch

'Feshbach'
branch

Rampvwaveform
inputv

10A

Figure 3.19: Simplified diagram of the Feshbach field current regulation scheme. A
more comprehensive version and associated details are found in (Voigt, 2009a).

Figure 3.20 shows an example of the error signal recorded on an oscilloscope during a
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field ramp, using parameters close to what was eventually chosen. The start of the

ramp is automatically synchronized to the 50Hz AC line signal by the experiment’s

computer control system. We consistently observed large oscillations (black line) and

investigated if the fluctuations were large enough to cause unwanted, uncontrolled and

repeated, ramping over the Feshbach resonance. We quantified the fluctuations by

defining a ‘max. field error’ (dotted lined) describing the maximum deviation from

setpoint recorded during a Feshbach ramp, which is used as the figure-of-merit for our

optimizations.

Choosing the original ramp rate and duration used for the 156G resonance as a starting

point, several values of ramp rate and duration were checked to generate an overall

picture of the regulation scheme’s capabilities, with the outcome summarized by the

black lines in Figure. 3.21. The approximate 17mG width of the molecule formation

feature that we have observed using the 215.6G Feshbach resonance (Pal, 2016) is

chosen as the criterion of acceptability, and is represented by the shaded grey area.
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Figure 3.20: Error signals from the Fast PID circuit recorded on an oscilloscope
during a ramp at ≈216G before (black) and after (red) modification. The ramp
duration is 20ms, begins just before the 10ms point in both plots, and is bounded by
the vertical blue dotted lines. The arrow and dotted lines illustrate the definition of
‘max error’ - the maximum deviation from setpoint observed over the entire Feshbach
ramp. The vertical axis has been converted to field values using the field calibration
results. The field is at a constant value with no oscillations before and after the
displayed plots.
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Figure 3.21: Calculated maximum field error (defined in Figure 3.20) at around
216G seen at the cloud position as a function of ramp duration (a) and ramp rate
(b). The shaded area encloses values within 17mG. For comparison, the field ramp
typically spans a range of about 0.5G. The device’s capabilities before (black squares)
and after (red circles) modifications are also represented.

We found unacceptable levels of fluctuation in most of the parameter range of interest

to us. By inspecting the design and layout of the fast PID regulation circuit, we were

able to make improvements that increased its stability at higher slew rates which

significantly reduced the amplitude of observed fluctuations (red lines in Fig. 3.21).

The final maximum error roughly corresponds to a 1×10−5 deviation at a 216G field.

Details of the outcome of optimizing the ramp rate on the molecular yield are found

in Sambit’s thesis (Pal, 2016).

3.3.2 Imaging with RF cleaning

Molecule detection is performed by direct imaging in this system, the details of which

are part of a previous student’s thesis (Voigt, 2009a). This section builds on a brief

summary of the existing system in order to motivate the development of an alternative

scheme.

After a 2.2ms time of flight, 6Li imaging is conducted first; 22S1/2|F = 1/2,MF = −1/2〉
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to 22P3/2|F ′ = 3/2,MF ′ = −3/2〉 (Figure 3.22) resonant light disassociates the molecules

back into their constituent atoms which are then detected with no change in laser

frequency. This is made possible by the low binding energy of weakly bound Fesh-

bach molecules. 40K is subsequently detected by a second light pulse resonant on its

42S1/2|F = 9/2,MF = −9/2〉 to 42P3/2|F ′ = 11/2,MF ′ = −11/2〉 transition, although

the order could be reversed if desired.

Experimentally, this procedure is performed at the magnetic field value where the

Feshbach ramp has ended. The association process typically leaves a small, visibly

denser, cloud of approximately 5000 molecules sitting amid a much larger cloud of

around 4× 104 to 1× 105 uncombined atoms. This results in a significant, unwanted

offset when the molecule number is computed from the absorption profile, which should

be avoided. To get a more accurate count of the molecule number, the initial setup

used a non-uniform magnetic field pulse produced by a single coil (Stern Gerlach

pulse) to spatially displace the atomic cloud away from the molecular cloud, which

is unaffected due to having almost no net magnetic moment (Voigt, 2009a). As an

alternative, a radio-frequency (RF) transition could be used to ‘clean’ the molecular

cloud by moving the uncombined atomic fraction to another state for ‘storage’, which

does not participate in the usual detection scheme, and this forms the subject of this

section.

We have observed that π pulses and adiabatic rapid passages done with an RF-sweep

achieved largely comparable efficiencies for all RF transitions discussed in this section.

The π pulses were eventually selected for the final experimental implementation due

to the shorter time required for the cleaning procedure. The RF pulses are applied in

time-of-flight (Figure 3.18), with durations of 45µs for 6Li and 30µs for 40K, which

were selected based on measurements of Rabi oscillation times of their respective RF

transitions, which are described in more detail in the following paragraphs.

A partial level scheme of 6Li is provided in Fig 3.22 to illustrate the 6Li RF cleaning pro-
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cedure. The usual 6Li detection for the molecules occurs on the 22S1/2|F = 1/2,MF = −1/2〉

to 22P3/2|F ′ = 3/2,MF ′ = −3/2〉 transition using σ- polarized light. Prior to the de-

tection sequence, RF is used to drive a transition from 22S1/2|F = 1/2,MF = −1/2〉

to the 22S1/2|F = 1/2,MF ′ = 1/2〉, the designated ‘storage state’.

The detection resonance for the 22S1/2|F = 1/2,MF = 1/2〉 to

22P3/2|F ′ = 3/2,MF ′ = −3/2〉 transition under σ- polarization is found to be about

76MHz away from the 22S1/2 |F = 1/2,MF = −1/2〉 to 22P3/2|F ′ = 3/2,MF ′ = −3/2〉

molecule detection transition. Since this is greater than the natural linewidth of the
6Li D2 line (Γ=2π× 5.87MHz), atoms stored in the MF=1/2 state should have a

minimal response to the molecule detection light.

mF=-1/2
mF=1/2

mF'=-3/2
mF'=-1/2

RF

σ- molecule detection22P3/2

22S1/2

671nm
D2

F=1/2

F=3/2

6Li

Figure 3.22: Partial level diagram illustrating the molecule detection transition and
RF transition for removing uncombined 6Li atoms to the 22S1/2|F = 1/2,MF = 1/2〉
‘storage state’.

This scheme was evaluated by first disabling the 40K state preparation, which conse-

quently prevents molecule formation, then performing the RF cleaning procedure fol-

lowed by absorption imaging on the 22S1/2|F = 1/2,MF = −1/2〉 to

22P3/2|F ′ = 3/2,MF ′ = −3/2〉 transition used for molecule detection. We find that

the fraction of atoms remaining, normalized to the atom number measured with the

RF cleaning disabled, has a mean of around 0.08 with a standard deviation of 0.04.

A similar scheme is adopted for imaging 40K, as illustrated in Figure 3.23, and evaluated

in a manner similar to the 6Li cleaner. The regular molecule detection is performed on

the 42S1/2|F = 9/2,MF = −9/2〉 to 42P3/2|F ′ = 11/2,MF ′ = −11/2〉 transition with
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σ- light. An RF sweep (RF1 in Figure 3.23) preceding detection moves atoms to the

42S1/2|F = 9/2,MF ′ = −7/2〉 ‘storage’ state, and its efficiency is estimated by first

disabling the 6Li state preparation and determining, using light resonant with the

molecule detection transition, the fraction of remaining atoms. We found the remaining

fraction to be around 0.149. From the level schemes, we do not expect spin-exchanging

collisions to play a role. We experimentally tested this by first enabling both species’

state preparations, and instead did not ramp the magnetic field down across the

Feshbach resonance to prevent molecule formation. We then verified that enabling

either of the cleaning schemes had no effect on the atom number of the other species.

42P3/2

F=9/2 mF=-9/2

42S1/2

mF=-7/2

mF'=-11/2

mF=-5/2

mF'=-9/2
mF'=-7/2 mF'=-5/2

RF1,RF3
RF2

F=11/2

767nm

σ- molecule detection 40K

Figure 3.23: Partial level diagram illustrating the 40K detection resonance. Also
shown is the 42S1/2|F = 9/2,MF = −7/2〉 primary storage state that receives the
uncombined 40K atomic fraction (RF1, RF3 ), and the secondary storage state that the
primary is emptied into (42S1/2|F = 9/2,MF = −5/2〉) with another RF transition
(RF2 )

Unlike 6Li, several more MF states are available to 40K atoms which start in the

42S1/2|F = 9/2,MF = −9/2〉 state, and transitions to a few of the neighbouring MF

states can be addressed within the frequency limits of the RF source. This opens the

possibility of using another RF sweep (RF2 ) to empty the MF=-7/2 ‘primary’ storage

state into the next accessible state 42S1/2|F = 9/2,MF = −5/2〉, forming a secondary

storage state. A second attempt at cleaning into the primary storage state can then

be performed.

The feasibility of this approach depends on the transfer to the secondary storage

(RF2 ) having a high efficiency. Any atoms remaining in the primary storage state
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during the second cleaning pulse (RF3 ) will be transferred back to the detected

42S1/2|F = 9/2,MF = −9/2〉 state. This was tested by first allowing RF1 to trans-

fer the atoms to the 42S1/2|F = 9/2,MF = −7/2〉 state and imaging them on the

42S1/2|F = 9/2,MF = −7/2〉 to 42P3/2|F ′ = 9/2,MF ′ = −9/2〉 transition. This detec-

tion resonance was found to be about 38MHz away from the molecule detection reso-

nance, which is more than the natural linewidth of the 40K D-line (Γ=2π× 6.04MHz),

verifying that the storage states will not participate in molecule detection.

We found that RF2 has a leftover faction of around 0.04 with a standard deviation of

0.10 in the 42P3/2|F = 9/2,MF = −7/2〉 state, with the cloud being reduced below the

detection threshold in some measurements. Enabling the second cleaning pulse (RF3 )

reduces the remaining fraction from 0.149 to 0.039 in the 42P3/2|F = 9/2,MF = −9/2〉

state containing the molecules. While this appears to be a superior outcome compared

to the 6Li detection equivalent, in practice, this is negated by the larger starting

number of uncombined 40K atoms.

3.3.3 Stern-Gerlach Investigation

As a form of consistency check, the RF cleaning is enabled and the measured number

of molecules compared with, and without, a Stern-Gerlach pulse following cleaning. It

is expected that the molecule number measured without activating the Stern-Gerlach

pulse will be slightly higher, caused by the detection of uncombined atoms left behind

by the imperfect cleaning efficiency.

This measurement was intended to investigate both the magnitude of this offset, and

if fluctuations in the uncombined atom numbers, introduced through this offset, are

significant enough to affect the standard deviation of the measured molecule number.

Figure 3.24 summarizes our observations, and a somewhat unexpected result; the

Stern-Gerlach pulse appears to increase the molecule yield. It is plausible that the
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Figure 3.24: Feshbach molecule yield with and without the Stern-Gerlach pulse. The
RF cleaning is enabled in both instances and occurs before the Stern Gerlach pulse.

Stern-Gerlach pulse might be able to somehow associate molecules. This Stern-Gerlach

setup is a new implementation, and these observations possibly cannot be directly

compared to results of previous theses. Since the Stern-Gerlach current pulse is not

regulated in this implementation, and cannot be easily adjusted in a controlled fashion

to facilitate a more thorough investigation, it has been disabled in favour of the RF

cleaner.

3.4 High Voltage Electrode setup

We have designed and constructed an electrode system to provide a homogeneous,

rotatable, electric field across a 50µm diameter spherical region. This encompasses the

cloud held by an optical dipole trap (ODT), and enables measurement of the dipole

moment of ground state molecules. Figure 3.25(c) is a photograph of the installed

electrodes, taken with the coils for the magnetic trap and the ODT optics removed.

The magnetic trap coil positions and ODT beam paths are schematically represented

in Figure 3.25(a) to provide a sense of the spatial constraints around the glass cell.
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Intended as an addition to the initial experimental setup and all the technical con-

straints that entails, this section endeavours to describe some of the more interesting

aspects of the design (sub-Section 3.4.1) and construction (sub-Section 3.4.2) of our

electrode system.

Other groups with similar experiments, but working on different atomic species, have

largely favoured using parallel Indium-Tin-Oxide (ITO) coated glass plate electrodes

positioned outside the glass cell to provide a static uniform field along one direction of

their choosing (Park et al., 2015) (Guo et al., 2016) (Ni et al., 2008). The popularity of

ITO is due to its high optical transmission at visible wavelengths, which permits great

flexibility in electrode positioning and sizing with minimal cost to optical access. A less

common approach that has been demonstrated consists of parallel steel bars following

the outside four corners of the glass cell (Takekoshi et al., 2014) (Debatin, 2013).

Recently, Gempel et al. (2016) have demonstrated a hybrid approach where 8 ITO

traces deposited directly on two closely-spaced, parallel, vacuum chamber windows are

used as ‘bar’ electrodes. This particular design offers precision placement of a complex

electrode configuration with almost no penalty to optical access. The ‘bar’ design

further allowed positioning of ITO deposition away from high-power optical beam

paths, allowing the authors to use optical traps operating outside the high-transmission

wavelength range of ITO. Such a design, however, requires precision manufacturing

capabilities that we did not have access to at the time of our construction.

Figure 3.25(a) is a rough schematic representation of our experiment’s glass cell and

the positions of the copper coil holders of the QUIC trap. The lack of space outside

the glass cell meant that the field had to be generated inside the glass cell, using either

metal rods or ITO-coated glass electrodes. The direction atomic clouds are loaded

into the glass cell by the magnetic transport system is out of the plane of this figure.

This automatically means that electrodes can only be deployed along the ODT beam

directions (in the plane of Figure 3.25(a)), where they do not block the transport
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Figure 3.25: (a) Schematic diagram of our setup. The glass cell is surrounded by
coil holders for the Quadrupole(Q) and Ioffe(I) coils of the QUIC magnetic trap. The
ODT beam paths are shown in red, and the trap is loaded from below the plane of the
image. RF and microwave antennas are positioned above the plane of the diagram (not
shown). The final electrode positions (circles) are included for reference. (b) Example
COMSOL simulation using an arbitrary electrode configuration to illustrate the spatial
offset of the cloud from the glass cell’s geometric centre. Visible in this picture are
wireframe models of the glass-cell and magnetic trap coil-holders to provide a sense of
scale. The perspective is roughly similar to photograph (c). (c) Photograph of the
glass cell with electrodes installed and the QUIC trap removed. The approximate
cloud position is labelled, as well as the ODT beam paths. For clarity, an offset overlay
of the electrode CAD design has been added.

path. Our ODT operates at 1064 nm, where ITO offers reduced optical transmission

compared to the visible wavelength range. We performed a quick feasibility test by
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placing an ITO-coated glass plate into the beam path of one of the ODT beams while

increasing the power gradually using an AOM, and found that the coating was visibly

damaged at around 1W of output, corresponding to an intensity of approximately

5W/cm2. This implied that the design would have to be of the "parallel bar" sort,

assembled inside the glass cell itself.

Installing electrodes inside the glass cell is far more technically challenging than an

external setup, but is not without benefits of its own. Several groups have remarked

that their maximum achievable field strength is limited because of the relatively low

dielectric breakdown voltage of air (Debatin, 2013) (Ni, 2003) limiting the voltage that

can be applied compared to an internal setup (20MV/m vs 3MV/m for air (Trinh,

2014)). It has also been demonstrated with Rb and Cs atomic vapours that the cell

conductivity of a regular glass cell can increase by alkali adsorption into the cell walls,

which would partially shield the cloud from the effects of an externally applied DC field

(Bouchiat et al., 1999). The authors further demonstrated that a sapphire glass cell

greatly reduces the problem, and it can also be circumvented by using a repetitively

pulsed electric field scheme (Takekoshi et al., 2014). Installation of electrodes within

the glass cell would negate the problem almost entirely, since it would only manifest as

a weak leakage current between electrodes for a DC field, and a weak inter-electrode

capacitive coupling for a pulsed one, limiting the response rate but otherwise not

overly distorting the generated field.

3.4.1 Electrode Design

Chapter 2 has discussed the strategy of reducing the undesirable chemical reaction

rate in ground state 6Li40K molecules using a DC electric field in conjunction with a

2D optical trapping potential. However, ground state molecules held in an optical trap

experience an effective trapping potential that also includes the DC Stark shift caused

by any applied electric field. It follows that a sufficiently strong spatial dependence of
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the electric field has a distinct possibility of distorting the effective shape of an optical

trapping potential. This can be intuitively appreciated in our case by considering

an arbitrary 1D Gaussian trapping potential. An electric field with a linear spatial

dependence across this potential will lower one side of the potential with respect to

the other, and thus present a lower effective trapping potential depth to any molecules

within. Allowing excessive lowering the effective depth would lead to losing confinement

of the molecules in this trap. A low field gradient thus becomes an important design

consideration for our electrode system.

In our planned experimental sequence, the electrodes will not be energized until

the ground state transfer is completed (said transfer and 2D ODT loading replaces

‘Spectroscopy’ in Figure 3.18), well after the cloud of molecules is transported into the

glass cell. Consequently, only the small portion of the electrodes near the molecular

cloud postion (Figure 3.25(c)) needs to possess a unique configuration that is specifically

optimized to achieve a low gradient electric field distribution.

Finite element analysis in the COMSOL Multiphysics software package was used to

simulate distributions of field strength and gradient in the vicinity of the molecular

cloud position in the ODT. As a figure of merit, the field gradient is related to the

Stark shift using the result summarized in Figure 2.6. This is then related using

hf=kBT , where f is the Stark shift across the molecule cloud caused by the field

gradient, to estimate the equivalent additional trapping potential depth T required to

compensate for it. In general, since we do not have a 2D optical trap, the lowest field

gradient option is favoured by default to lower the requirements of the future trap

design.

Our simulations immediately revealed significant challenges arising from geometri-

cally off-centre positions of the molecular cloud, due to the trapping geometry of

our (Quadrupole-Ioffe) magnetic trap, and the asymmetric distribution of grounded

conducting surfaces around the cloud position, due to the coil layout of the magnetic



Chapter 3. Experimental Preparations 64

trap. Figure 3.25(b) is an example simulation that provides a sense of scale by illus-

trating the cloud position and its displacement away from the geometric centre of the

trap. We attempt to compensate for these difficulties with a two-pronged approach of

an asymmetric electrode placement, coupled with different voltages applied to each

electrode determined by a compensation scheme.

A great number of electrode designs were tested in COMSOL, which can roughly

be grouped into designs using parallel bars, and those involving a loop, with a few

examples of the latter illustrated in Figure 3.26. The final design is shown in Figure

3.25(c). In general, it was found that compared to parallel bars, designs involving any

shape of loop (single turn coil) increased efficiency, defined as field strength per unit of

applied voltage. It was further observed that the field gradient at the cloud position

could indeed by lowered by asymmetric placement of electrodes around the geometric

centre of the trap.

Unfortunately, in both cases the required construction tolerances were found to be

much more stringent compared to parallel bars at the corners of the glass cell; small

misalignments of the electrodes from ideal positioning could result in large penalties to

the field gradient at the cloud position. The final choice of an asymmetrically-positioned

rod design prioritized low field gradient over efficiency. The more lenient construction

tolerances also allowed the electrodes to be hand-made instead of machine-milled to a

high precision.

Since the superposition principle allows us to linearly combine various electric field

distributions to achieve a specific outcome, we have designed two different iterative

schemes that use bias potentials applied to various electrode combinations to optimize

field homogeneity at the cloud position. A demonstration is provided in the form of

Figure 3.27. In this demonstration, an initial field of arbitrary magnitude was setup

such that its vector points along the vertical axis in Figure 3.25(a). The voltages were

set to +5 kV for the upper two electrodes with respect to the horizontal ODT beam
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Figure 3.26: Some of the rejected electrode designs that include loops. (a) Top-down
view of the glass cell with 4 electrodes forming a square loop arranged equidistant from
the geometric centre of the glass cell. (b) Isometric view of the glass cell, showing three
of four electrodes. This electrode design features an elongated ‘racetrack’ loop angled
to face the cloud location, with the electrodes positioned asymmetrically around the
geometric centre of the trap. The stringent construction tolerances for this design
made it an impractical choice.

(red line), and -5 kV for the lower two. A compensation scheme calculates a correcting

field distribution such that the superposition of the two at the cloud position exhibits

a lower gradient whilst maintaining the initial vector direction. For comparison, the

compensated voltages for this particular demonstration were 5.24 kV and 11.7 kV for

the upper two electrodes and -5.4 kV and -12 kV for the lower two. Using the correcting

potential comes at the cost of a lower maximum achievable field strength, which we

can appreciate in this demonstration from the large difference in voltages when the

correcting potential is included. This procedure can be repeated along the other

orthogonal spatial axis, and the two fields can be combined to adjust the angle of the

overall field vector.

Simulations based on a ± 20 kV voltage limit estimate the overall electrode sys-

tem’s maximum achievable field strength to be ≈8.5 kV/cm, corresponding to a

≈1.9 debye dipole moment for a 6Li40K molecule (Figure 2.7). The field inhomogeneity

is 19V/m/50µm, representing a 0.004% maximum change in electric field strength

across the 50µm cloud position, or equivalently, a 4× 10−5 deviation. This compares

favourably to the simulation result of Ni (2003), who found a 10V/cm2 field gradient



Chapter 3. Experimental Preparations 66

0 5 0 0 0 1 0 0 0 0

- 7

- 6

- 5

 

 

 i n i t i a l
 c o m p
 f i n a l

D i s t a n c e  ( µm )

Ele
ctr

ic F
ield

 St
ren

gth
 (k

V/c
m)

0 . 0

0 . 3

0 . 6

Ele
ctr

ic F
ield

 St
ren

gth
 (k

V/c
m)

Figure 3.27: Result of finite element analysis of electric field strength along the
asymmetric axis (horizontal axis in Figure 3.25(a)), with the black vertical line marking
the cloud position. The initial field (solid green line) is superposed on top of a correction
field (blue dash-dotted line) that produces a combined field with lower gradient at the
cloud position (red dotted line). For this plot, the voltages set are respectively: -5.4 kV
and 5.2 kV for the left two electrodes, -12 kV and 11.7kV for the right two electrodes
in Figure 3.25(a).

with a 750V/cm field (or equivalently 0.006% over 50µm) for a parallel plate ITO

electrode configuration in the 40K87Rb experiment, which can possibly be attributed

to the greater number of degrees-of-freedom available to apply correcting potentials

afforded by 4 electrodes instead of 2. Gempel et al. (2016) report a better than 1× 10−6

simulated deviation across their cloud position for their 8-electrode design.

Unfortunately, our simulated field strength of ≈8.5 kV/cm falls well short of the

20 kV/cm value recommended by Julienne et al. (2011) (discussed in Chapter 2), and

indicates that the future 2D optical trapping potential will be consequently more

challenging to design. For comparison, the field generated per unit voltage of our

chosen configuration is approximately 40% of the textbook case of infinitely large

parallel plates placed on the walls of the glass cell. If the correcting potential is not

used, an estimated 21 kV/cm field strength with a 0.07% deviation over the 50µm

cloud position can be generated with the full ±20 kV capability. A partial, scaled-down,

correcting potential can also be used to induce a higher-dipole moment at the cost of
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a higher field gradient, however, such a discussion only becomes meaningful when the

design of the optical trapping potential is complete.

3.4.2 Electrode Construction

The electrodes have been constructed of 1mm diameter stainless steel 316 rods, that

have been electropolished and are held in position by a MACOR spacer positioned

away from the transport path of the cloud (Figure 3.28). The electrode rods have

been positioned sufficiently away from each other and the chamber walls to support

voltages in excess of ± 20 kV without suffering a dielectric breakdown. However,

space constraints around the vacuum chamber limited us to one CF35 port for the

electrical feedthrough, and we were unable to find a 4-channel feedthrough supporting

a potential difference greater than 20 kV to the grounded vacuum chamber walls and

40 kV between any two channels. This consequently results in the ± 20 kV limitation

of the electrode system.

Simulations revealed that the arrangement of the electrodes around the cloud position

(Figure 3.25(a)) had to be implemented within a ±0.6mm construction tolerance. In

order to do this, the electrodes would first run along the corners of the glass cell, using

them as a positioning guide along two spatial axes. The electrodes then bend inwards,

with two right-angle bends, into the desired configuration close to the cloud position

and extend till the end of the glass cell, using that surface as a position guide for the

third spatial axis (Figure 3.25(c)). A series of simulations altering the length of the

electrode configuration is used to select the exact position of the bend such that any

field gradient along the length of the electrodes is minimized. The electrodes were

hand-made using guides precision-milled for the specified angle of each bend, and

were checked against these guides after electropolishing to ensure that no damage or

relaxation of any of the bends had occurred.
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Figure 3.28: CAD rendering of the electrode system not visible in Figure 3.25. The
atom transport path is marked out by the red vacuum differential pumping tube.
The yellow sphere represents the size of the atomic cloud after transport, when it is
magnetically decompressed at the corner of the turn. It is subsequently re-compressed
for transfer into the glass cell. The electrode rods are held in place by a MACOR ring
spacer and exit the chamber through an electrical feedthrough in the visible T-section.
The gold device in the picture is an unused Channeltron.

The complex series of bends in the middle section of Figure 3.25(c) and partially

visible in Figure 3.28 occurs just before entering the glass cell, and is unrelated to field

generation at the cloud location; it is required to work around a sputtered layer of

titanium near the glass cell entrance left by a titanium sublimation pump that will

otherwise present a short across the electrodes.

Testing with +15 kV placed on any electrode yields an excellent <20 nA leakage current

in all cases. Further testing is pending the purchase of several higher output voltage

power supplies and suitable high voltage MOSFET switches to enable testing at the

full ± 20 kV. Using a LCR meter, we have measured the capacitance between electrodes

to be around 80 pF. This is of the same order of magnitude as the high voltage switches

which have parasitic capacitances specified at around 30 pF each across the switch and

to ground. Consequently, characterization of the system’s switching time should only

be done using the same model of switch as selected for operation at ± 20 kV, and such
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a measurement would provide an estimation of the minimum required lifetime of the

ground-state molecules.



Chapter 4
Spectroscopic Routes to the Ground State

Our immediate experimental goal is the implementation of a coherent transfer to the

ground state via an intermediate state, the first step of which is the selection of a

suitable intermediate state. Figure 4.1 is a plot of the ab initio potentials that dissociate

to the lowest 3 asymptotes of 6Li40K, as reported in the work of Allouche (2007).

Given the upper-most bound-state of the X1Σ potential as the starting Feshbach

state, and the deepest-bound vibrational level of the same potential as the target

ending-state, the goal is to select a vibrational level belonging to one of the excited

state potentials to be used as an intermediate state. These ab initio potentials have an

uncertainty larger than typical linewidths achieved in laser spectroscopy and STIRAP.

This necessitates an intermediate step of high resolution laser spectroscopy before

our selected state can be implemented in a coherent transfer scheme, and this is the

subject of the next chapter.

We have selected two possible routes to the ground state using two different excited

state potentials, with the justification of these choices forming the basis of discussions

in this chapter. The next section (4.1) contains a brief overview of some preliminary

topics that frame the discussions of subsequent sections: the notation scheme, Hund’s

cases, selection rules and overlap integrals. Section 4.2 discusses our favoured choice

of excited state potential. Section 4.3 presents a discussion on the effects of spin-orbit

coupling, from which an additional candidate intermediate state is also identified. The

final section of this chapter (Section 4.4) compares the merits of both candidates.

70
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Figure 4.1: Selection of ab initio potentials, with no spin-orbit coupling effects
considered, of 6Li40K plotted for short internuclear separation (Allouche, 2007). Further
ab initio models of the excited state potentials have also been reported in the work of
Rousseau et al. (1999) and Jastrzebski et al. (2001).The respective asymptotes that
they dissociate to are labelled. The arrow denotes the X1Σ 11Π transition to be driven.
Hund’s case (a) notation is used, which is described in the next section.

4.1 Preliminaries: Selection Rules, Hund’s cases

and Overlap Integrals

The factors that determine the candidate intermediate, excited-states are the Franck-

Condon overlaps that describe the coupling strength between states, and the selection

rules for electronic transitions. It then follows that the ideal intermediate state for our

experiment would have a high overlap integral with both the starting Feshbach state,

and the target absolute ground state, while also obeying the selection rules applicable

to the good quantum numbers in each case.

The 6Li40K molecule is described by both Hund’s cases (a) and (c) (Figure 4.2), with

the exact choice depending on the strength of the spin-orbit coupling for each specific

state. The good quantum numbers under Hund’s case (a) are: Λ, the projection of

orbital angular momentum on the internuclear axis, S, the spin, Σ, the projection of
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spin on the internuclear axis, and Ω, the total angular momentum projection on the

internuclear axis (Ω = |Λ + Σ|). The molecule is described under the 2S+1Λ notation in

case (a). Under Hund’s case (c), strong coupling of L and S implies that Λ and Σ are

no longer good quantum numbers; their coupled angular momentum J a with projection

on the internuclear axis Ω is used instead. In both cases, the angular momentum

of nuclear rotation N and Ω form a resultant angular momentum J. The only good

quantum number common to both cases (a) and (c) is Ω, and the Ω± notation, with

the ± denoting wavefunction symmetry where appropriate, is used when spin-orbit

effects are included in a state described by Hund’s case (a) (Bussery et al., 1987).

J

L S

Σ
Ω

Λ

J

L S

Ω

Ja

(a) (b)
N N

Figure 4.2: Illustration of Hund’s case (a) (diagram a) and case (c) (diagram b).

The selection rules for electric dipole transitions are dependent on the Hund’s coupling

case involved. For Hund’s case (a) these are (Herzberg, 1950):

∆J, ∆Λ, ∆Ω, ∆MJ = 0, ± 1,

except ∆J6=0 if J=0 and ∆J6=0 for Ω=0→Ω=0

∆S, ∆Σ = 0

∆MI = 0,±1 for ∆MJ = 0

∆MI = 0 for ∆MJ = ±1

The starting Feshbach state is taken to be X1Σ ν=48, just below the dissociation

threshold of the electronic ground state, with ν=0 as the absolute ro-vibrational ground

state. Transition rules ∆S=0 and ∆Ω=0, ±1 immediately form two distinct pathways

to the absolute ground state by limiting the excited-state choices to 1Π and 1Σ states,



Chapter 4. Spectroscopic Routes to the Ground State 73

with the condition that allowed 1Σ states also be rotationally-excited to fulfill ∆J6=0

when Ω=0 by using ∆N6=0 (Herzberg, 1950). The Fourier-grid method (Balint-Kurti

et al., 1991) in Mathematica is used to solve for the eigentates of published ab initio

excited-state and ground-state potentials (Rousseau et al., 1999) (Tiemann et al., 2009).

The Franck-Condon overlap integral is used to quantify the transition strength between

two states (Herzberg, 1950), and the corresponding squares of the overlap integrals are

numerically evaluated as Franck-Condon Factors (FCF), which are used as figures of

merit when selecting a transition pathway. It is important to note that specific levels

singled out for discussion in each of the FCF plots in this chapter have been labelled

with transition wavelengths that have been experimentally observed, and discussed

in detail in the next chapter. These values may show some disagreement with the

predicted transition wavelengths that are represented by the datapoints of each FCF

plot, and this is caused by uncertainties in the published ab initio potentials. However,

the theoretical predictions that were used to guide our spectroscopic measurements

(Chapter 6) were based on existing spectroscopic data with uncertainties better than

1 cm−1.

4.2 The 11Π Pathway

The 11Π potential is discussed in detail in the thesis of a previous student (Brachmann,

2012), where its ν=-9 vibrational sub-level (counting downwards from the dissociation

threshold ν=0) was recommended as the intermediate excited-state on the basis of its

good Franck-Condon factor to the X1Σ ν=0 absolute ground state. An appreciation

of this choice begins with a broader overview of all potentials in the energetic vicinity

of the selected one.

The candidate 11Π potential is highlighted in Figure 4.1, and its visibly good overlap

of the classical inner turning point with the X1Σ state’s minima is indicative of a
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strong transition strength via the Franck-Condon principle (Herzberg, 1950). The

crossing of the 13Π and 21Σ potentials at 7.5 a0 is common to alkali dimers, and is the

cause of strong spin-orbit coupling (Ridinger et al., 2011). Jastrzebski et al. (2001)

have further noted the crossing of the 11Π and 31Σ potentials around 11 a0, and expect

this to cause a mutual perturbation between these two potentials.

Figures 4.3 and 4.4 are plots of the respective Franck-Condon overlaps from the

Feshbach state to the 11Π excited-state, and from the 11Π excited-state to the X1Σ

ground state for selected vibrational levels, plotted against energy expressed as a

wavelength. The vertical line indicates the recommended ν=-9 sub-level. In general

both graphs show opposing trends, which can be intuitively understood by considering

that improving the overlap with the deeply bound ground state necessarily harms the

overlap with the weakly bound starting state. This implies a necessary compromise

although, as the next chapter shows, the range of possibilities is ultimately constrained

by available lasers to a few choices. At this point, it becomes important to investigate

the effect of spin-orbit coupling on the recommended intermediate state.
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Figure 4.3: Franck Condon factors for the X1Σ, ν=48 (Feshbach state) to 11Π
excited-state transition. The vertical line is provided as a guide for the eye that marks
out the selected 11Π, ν=-9 excited-state.

4.3 Spin-Orbit Coupling

In order to gain an intuitive picture of the effects of spin-orbit coupling in this system,

we follow the prescription of Ridinger et al. (2011), and diagonalize the four Hund’s

case (c) states dissociating on the 2S+4P asymptote (Figure 4.1) restricted to the

Hund’s case (a) subspace. These four relevant electronic states are: 13Π, 11Π, 23Σ

and 21Σ. The Hamiltonian for the interaction between open shell electrons and their

own orbital angular momentum can be written as:

HSO = H+
SO +H−SO , (4.1)

where



Chapter 4. Spectroscopic Routes to the Ground State 76

1 2 0 0 0 1 2 4 0 0 1 2 8 0 0

8 3 3 8 0 6 7 8 1

0 . 0 0 1

0 . 0 1

0 . 1

1
1 1 Π, v ' = - 9X 1 Σ  - >  1 1 Π

λ  ( n m )
FC

F

1/λ  ( c m - 1 )

X 1 Σ:
 v = 0
 v = 1
 v = 2
 v = 3
 v = 4

Figure 4.4: Franck-Condon factors for the 11Π excited-state to X1Σ ground state(ν=0
black squares) and nearest vibrational levels (ν=1 to ν=4). The vertical line is
provided as a guide for the eye that marks out the selected 11Π, ν=-9 excited-state.
The horizontal axis in this graph is the wavelength for the transition from Feshbach
to excited state (i.e. for any particular excited state, the respective FCFs will have
the same x-axis values in both Figures 4.3 and 4.4).

H±SO = aSO

2~2 (−→s1 ±−→s2) .
−→
l (4.2)

where aSO is a constant, −→s the electron spin and
−→
l the orbital angular momentum.

The four participating states can then be expressed in the ||Λ|, S,Σ,Λ〉 basis as:

|1, 1, 1, 1〉, |1, 1, 1,−1〉, |1, 1, 0, 1〉, |1, 1, 0,−1〉, |1, 1,−1, 1〉, |1, 1,−1,−1〉, |1, 0, 0, 1〉,

|1, 0, 0,−1〉, |0, 1, 1, 0〉, |0, 1, 0, 0〉, |0, 1,−1, 0〉, and |0, 0, 0, 0〉.

HSO can then be written as:
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HSO = aSO

3



1 0 0 0 0 0 0 0 0 0 0 0
0 −1 0 0 0 0 0 0 0 1 0 −1
0 0 0 0 0 0 1 0 1 0 0 0
0 0 0 0 0 0 0 −1 0 0 1 0
0 0 0 0 −1 0 0 0 0 1 0 1
0 0 0 0 0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0 −1 0 0 0
0 0 0 −1 0 0 0 0 0 0 1 0
0 0 1 0 0 0 −1 0 0 0 0 0
0 1 0 0 1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 1 0 0 0 0
0 −1 0 0 1 0 0 0 0 0 0 0



|1, 1, 1, 1〉 2
|1, 1, 1,−1〉 0
|1, 1, 0, 1〉 1
|1, 1, 0,−1〉 1
|1, 1,−1, 1〉 0
|1, 1,−1,−1〉 2
|1, 0, 0, 1〉 1
|1, 0, 0,−1〉 1
|0, 1, 1, 0〉 1
|0, 1, 0, 0〉 0
|0, 1,−1, 0〉 1
|0, 0, 0, 0〉 0

.

(4.3)

For convenience, the last two columns provide the basis vectors and the corresponding

Ω values respectively. Horizontal lines have also been included to identify the contri-

butions of each of the four participating states. Diagonalizing with Mathematica, we

find that meaningful insights can be gained from directly comparing the electronic

potentials with and without spin-orbit coupling as well as from the projection of the

eigenstates onto the basis of the electronic potentials.

Figure 4.5 is a plot of the eight Hund’s case (c) potentials dissociating to both of the

2S + 4P asymptotes, and has been zoomed in to the region of strongest coupling.

Following the notation scheme of Ridinger et al. (2011), they have been labelled with

their Ω quantum numbers, +/- electron wavefunction symmetry where available, and

up and down for the others to distinguish the Λ-doubled lines. They have also been

further grouped according to where they lie energetically, and named in accordance

with the notation used in Ridinger et al., to avoid confusion. At shorter ranges, each

of these potentials approaches one of the bare potential curves in Figure 4.1, and

deeply-bound sub-levels can consequently be described under Hund’s case (a), instead

of case (c).
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Figure 4.5: Comparison of bare potentials with Hund’s case (a) notation and spin-
orbit coupled potentials labelled with their Ω values and sorted into distinct groups to
avoid confusion. The respective asymptotes to which they dissociate to are also shown.
Bare potentials have been included to show the rapidly diminishing perturbation
caused by the spin-orbit coupling as deeper bound levels are considered.

Figure 4.6 contains plots of the coupled potentials projected onto the bare states,

expressed as a function of internuclear distance. The Ω=2 electronic state is automati-

cally excluded from consideration by the ∆Ω=0, ±1 selection rule and an Ω=0 value

of the X1Σ starting and ending potentials. The ∆S=0 selection rule further narrows

the choices to those having a significant singlet admixture.

The only Ω=1 state meeting these requirements is the 1up state of the ‘dyad’. It has a
1Π component with a coefficient that does not fall to 0 near the classical inner turning

point as shown in Figure 4.6, leaving this as the only viable candidate for excited-state

spectroscopy on the 11Π potential. Experimentally, this indicates that a splitting of

the desired ν=-9 state into the energetically closely-spaced case (c) potentials of the

‘dyad’ and ‘upper triad’ is expected, of which only one of the observed levels is suitable

for ground-state transfer.
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Figure 4.6: Projection of the eigenstates of the spin-orbit coupled potentials on
the bare potential basis. Ω = 1 states (a) Ω = 0 states (b) are represented here.
The absolute ground state corresponds to the minima of the X1Σ potential, which
is approximately 6 a0. The Feshbach molecules are assumed to form at the classical
outer turning point around 24 a0 (Ridinger et al., 2011).

The 1Π component is absent in the Ω = 0 series of plots, as potentials of different Ω do

not couple by the spin-orbit interaction. However a 1Σ component is observed to be

present in the Ω = 0− ‘upper triad’, and as a singlet state forms a viable alternative
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pathway to the singlet ground state.

4.4 The 21Σ pathway

In the previous section, the 21Σ potential was also identified as a possible choice for

the intermediate state. FCFs have been computed for the transition from the X1Σ

ν=48 Feshbach state to the 21Σ excited-state (Figure 4.7), and from the excited-state

to the X1Σ, ν=0 absolute ground state (Figure 4.8). In these plots the frequency range

accessible by our laser system is bounded by the vertical lines, who themselves mark

the positions of transitions to three candidate excited states on which high resolution

spectroscopy was performed.

A comparison of the FCFs to the ν=0 ground state of both the 1Σ (Figure 4.8) and
1Π (Figure 4.4) pathways immediately reveals that all the candidate 1Σ excited states

available to us have lower FCFs by almost an order of magnitude. However, transitions

from the 21Σ ν=28,29,30 states to the X1Σ ν=2 or ν=3 states have similar FCFs

to the 11Π ν=-9 → X1Σ ν=0 transition. The required wavelength for the ν=2 and

ν=3 ending states, depending on the exact choice of excited state, falls within the

650-670 nm range which is conveniently available at high power from the Li grey

molasses laser system, making the ν=2 or ν=3 states viable, and experimentally

convenient, choices.

It is also noted that FCFs for the X1Σ ν=48 Feshbach state to the 21Σ excited-state

(Figure 4.7) transition are lower than FCFs for the X1Σ ν=48 11Π ν=-9 transition

(Figure 4.3). As discussed in the next chapter, sufficient laser power was available at

the required 1030-1063 nm wavelengths for the lower FCFs to not be a concern. As

we have shown here, the 1Σ pathway is overall an experimentally viable alternative,

should unexpected difficulties prevent spectroscopy being performed on candidate

states of the favoured 1Π pathway.
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Figure 4.7: FCFs for the Feshbach (X1Σ, ν=48) to 21Σ excited state transition.
Vertical lines denote the experimentally-observed locations of the ν=27 to ν=29 states
(left to right).

4.5 Hyperfine and Rotational Structure

The singlet component of the 215.6G Feshbach state, is |0, 0, 1,−1, 4,−4〉 in∣∣∣S,MS, iLi,mLi
i , iK ,mK

i

〉
notation, resulting in F=5 and MF=-5. Under π-polarized

light there is only one accessible state. If we additionally consider the orbital angular

momentum quantum numbers of a 21Σ excited state, it has Ω=0, Λ=0 and Σ=0, and

considered together these factors imply no possibility of hyperfine structure. This is

no longer true when considering an Ω=1 11Π state.

By the selection rules ∆J6=0 if J=0 and ∆J 6=0 for Ω=0→Ω=0, the Ω=0 21Σ excited

state would be required to be rotationally-excited such that J=1. Selection rule ∆J=±

1 then implies that the X1Σ states accessible from this excited state would either

possess J=0, which is desired, or J=2. The energy spacing for the rotational levels

can be estimated for the Ω=0 ground state our molecule using the relation for a rigid
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Figure 4.8: FCFs for the 21Σ excited state to X1Σ ground state transition for the ν=1
to ν=4 low-lying vibrational levels and the absolute ground state (ν=0). Vertical lines
denote the experimentally-observed locations of the 21Σ ν=27 to ν=29 excited-states
(left to right).

rotor (Brown and Carrington, 2003):

E(J) = BEJ(J + 1) (4.4)

where rotational constant BE is given as 0.261 cm−1, or equivalently 7.8GHz (Deiglmayr

et al., 2008b). This indicates that the two rotational lines accessible from a 21Σ excited

state would have a 15.6GHz splitting.



Chapter 5
Spectroscopy Implementation and Results

In Chapter 2, the importance of a high singlet component of the starting Feshbach

state was discussed, which led to the selection of a more optimal 215.6G Feshbach

resonance with a higher singlet component. Chapter 4 extended similar considerations

to the intermediate, excited state and identified two pathways to the ground-state,

which have singlet components even if spin-orbit coupling is considered.

This chapter chronicles our molecular spectroscopy measurements, with the goal of

experimentally finding, and characterizing, a suitable pathway to the absolute ro-

vibrational ground-state for the subsequent realization of STIRAP. Excited state

molecular-loss spectroscopy has been performed on both 11Π (Section 5.1) and 21Σ

(Section 5.2) potentials, and a number of lines observed within the frequency range of

our laser systems. Candidate excited states for two-photon spectroscopy are singled

out for further high-resolution scanning, and two-photon spectroscopy is described with

the final selections (Section 5.3). Within this work, we demonstrate successful two-

photon addressing of the X1Σ ν=3 state. The wide range of wavelength requirements

necessitated numerous changes to the spectroscopy laser system; each section of results

is thus prefaced by a brief description of its corresponding setup as well as an overview

of existing published data that guided our experimental efforts.

83
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5.1 11Π Excited State Spectroscopy

Chapter 4 identified the Ω = 1up, ν=-9 state of the 11Π excited state potential as

the favoured candidate excited state for its relatively strong Franck-Condon overlap

with the X1Σ ν=0 ground-state. As discussed in Section 4.3, the strong spin-orbit

coupling in this region, leads to a large number of states which are experimentally-

observable, that are also energetically closely-spaced. However, only one of these

states can be coupled to the X1Σ ground-state. This emphasizes the importance of

correct identification of any observed states, a task in which we were greatly aided by

a number of previous existing spectroscopic studies (Pashov et al., 1998) (Bednarska

et al., 1998) (Martin et al., 2001) (Ridinger et al., 2011).

Polarization labelling heatpipe spectroscopy and laser-induced fluorescence spec-

troscopy have been used to investigate the 11Π levels of the 39K7Li molecule, and the

Dunham coefficients have been published. (Pashov et al., 1998) (Bednarska et al., 1998)

(Martin et al., 2001). The Dunham coefficients (Dunham, 1932) are used to describe

the energies of vibrational levels in a system, analogous to coefficients of expansion of

an anharmonic oscillator. This is related to our 6Li40K system by mass-scaling, which

is often given by the general formula (Mohamed, 2005):

Ti (v, J) = Te +
∑
k,l

(
µ

µi

)l+k/2

(Ykl + δykl)
(
v + 1

2

)k

×
[
J(J + 1)− Λ2

]l
(5.1)

where µ is the reduced mass, µi is the target mass, ν the vibrational level, J is the

total rotation, Λ2 is the projection of orbital angular momentum on the internuclear

axis, with Λ2 = 1 for Π states and Λ2 = 0 for Σ states, δykl is a constant describing

Λ-doubling of Π states and the Dunham coefficients are Ykl.

Further guidance is provided by the photoassociation spectroscopy work of Ridinger

et al. (2011), who have reported the positions of the 5 most weakly-bound vibrational
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levels of the Ω = 1up potential. Both sets of data cover frequency ranges on either

side of our operating range (see Figures 5.4 and 5.5 for an overview). A polynomial

fit across both sets of data eventually proved to be an adequate starting point for a

broad survey. Our first broad surveys targeted states roughly in the range ν=-5 to

ν=-11, counting downwards from the ν=0 dissociation threshold, and with Ω=1 or 0.

5.1.1 Overview of Spectroscopy Laser System

Figure 5.1 is a schematic representation of the STIRAP laser system. Its overall design

is part of a previous student’s thesis (Brachmann, 2012), and further details of its

construction and characterization is part of Sambit’s thesis (Pal, 2016). The frequency

stability has been extensively characterized at various timescales to demonstrate its

suitability for implementation in a STIRAP setup, and the results have been published

(Pal et al., 2016). An overview of some of the philosophy behind its design is presented

here, along with the modifications that were made for its use in spectroscopy.

The laser system is designed around an optical cavity with a finesse of about 4000,

passively temperature-stabilized, built by a previous student (Brachmann, 2012), on

which both lasers are locked using the Pound-Drever-Hall (PDH) locking scheme

(Drever et al., 1983). A double-pass AOM line is included for each laser to switch

the beams off. Since the EOMs’ maximum operating RF frequency is less than

half the 1.3GHz free spectral range of the cavity, the AOMs are used to provide a

fixed frequency offset to the laser should the desired frequency fall outside the range

accessible to the EOMs. This is achieved with the use of high bandwidth AOMs

(Brimrose TEF-300-200-.768, 200MHz RF bandwidth).

The frequency comb’s repetition rate is phase locked to the 767 nm laser once it is

locked to the cavity. Thermal drifts of the cavity would then cause a corresponding

drift of the repetition rate, which is observed by a high resolution counter, itself
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Figure 5.1: Two photon spectroscopy laser system for 767 nm/523 nm (Pal, 2016),
which has also been published as part of Pal et al. (2016).

referenced to a GPS-disciplined oscillator with a excellent specified long-term stability

of 10−13 at timescales longer than 1 s (Timetech, Refgen 10491). A software loop,

operating at 1Hz, is used to compensate for the cavity drift by applying a corrrection

to the PDH lockpoint by changing the RF driving frequency of the EOM. The 523 nm

laser receives a corresponding wavelength-scaled correction.

The 767 nm laser is an ECDL (Toptica DL-Pro), with a nominal output power of

28mW. At the time of construction, no 523 nm laser diode was readily available, so

a 1040 nm ECDL (Toptica DL-Pro) is used to seed a home-built tapered amplifier

(M2k TA-1060 1W chip), whose output is coupled into a fiberized second-harmonic

generator (SHG) (AdvR Frequency Conversion Module) (Figure 5.2 ), with a nominal

output power of around 10mW at 523 nm. Both beams travel along one of two possible

optical paths to the vacuum chamber, and are aligned on the molecules along spatially
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orthogonal axes. Further details on this laser system’s frequency stability specifically

relevant to a STIRAP setup have been left out, and can be found in Pal et al. (2016).
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Figure 5.2: Partial laser setup used for initial spectroscopy. (Pal, 2016)

Our preliminary goals for excited-state molecular loss spectroscopy required the laser

system to be able to saturate the target, Feshbach-state to excited-state, transition and

determine the laser frequency to a 1MHz or slightly better precision. This is within the

specification of the frequency comb RF-locked to the GPS-disciplined reference, so this

simpler configuration was used and the optical phase lock to the cavity was disabled.

A home-built wavemeter, referenced to a laser locked on the potassium D2-line, is

used to determine the needle order of the comb beat. The absolute frequency of the

laser is calculated by adding the beat frequency.

5.1.2 Excited State Spectroscopy

Excited-state molecular loss spectroscopy began with a broad survey over several

THz to facilitate the identification of states that are expected to be energetically

closely-spaced. Manual coarse scans were performed with the spectroscopy laser left

free-running and a 500Hz ramp signal provided to both the sweep input of the laser’s

piezo controller and the timebase axis of a digital scope. If the laser frequency sweeps

over the resonance, molecular loss would be observed and the resonance position known
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to within the frequency span of the piezo ramp.

Given a large enough ramp amplitude, the PDH locking signal repeats on the scope

every full-spectral-range of the cavity, and its width is proportional to the EOM

modulation frequency. This is used as an an improvised guide to set the piezo ramp

amplitude that determines the frequency width of the manual scan, while the piezo

offset sets the starting frequency value of the scan. The spectroscopy pulse duration

in the control software is then chosen to accommodate just over 1 cycle of a 500Hz

sweep, and around 14mW of laser power is applied.

The scan is performed by manually incrementing the piezo voltage offset, using the

PDH locking signal’s timebase position on the scope as a frequency gauge. After every

measurement, the laser frequency is manually recorded by switching off the ramp

signal and noting the wavemeter reading. The piezo offset is then incremented for the

next measurement. The precision of this approach is, in principle, then limited by the

amplitude of piezo modulation.
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Figure 5.3: (a) Example of a manual piezo offset scan, performed with about 14mW
of laser power, over one of the excited states. Each step is about 500MHz. (b) The
power and the modulation amplitude has been lowered to reduce the line broadening,
and some kind of lineshape emerges. The spacing between points (starting frequency
of the laser scan) is very approximately 40MHz and the laser scan width is 74MHz.
The frequency overlap is used as a buffer against drift of the free-running laser during
the measurement.

It was decided to limit the initial scan resolution to a very coarse 1GHz, but spanning

a large total frequency range of several THz, to provide a broad overview of enough
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excited states suitable for level assignments. Other techniques would then be used for

higher resolution scans at selected levels. Figure 5.3 (a) shows an example observation

of a molecular transition using the manual piezo offset scan method. Specific lines

selected for subsequent higher resolution scanning were measured with the laser power

reduced such that the power-broadening is greatly reduced, allowing some semblence

of lineshape to begin to be resolved, as shown in Figure 5.3 (b). This is primarily

used to determine the resonance location to facilitate subsequent high-resolution scans

within a narrow frequency range, which is important due to the long measurement

cycle time of 90 s. This facilitated appropriate setting of the subsequent scan range

through cavity temperature tuning, where applicable, and AOM order selection.

A total of 25 lines were observed and assigned using the manual piezo-offset scanning

scheme, which have been summarized in Table 5.1. Observation of higher lying lines

was prevented by the atomic 40K D2-line (42S1/2 to 42P3/2) at 767 nm, while the more

deeply bound states are known to have very low transition dipole moments and are

expected to be difficult to observe (Brachmann, 2012). A comparison of our lines with

mass-scaled 6Li39K heat-pipe spectroscopy data (Pashov et al., 1998) is presented in

Figure 5.4. This demonstrates that the overall trend seems to be in good agreement

with published data. A zoomed-in version of the same plot is provided in Figure 5.5,

on which published photoassociation data (Ridinger et al., 2011) has been overlaid for

comparison.

For intermediate-resolution scans, a commercial interferometric device was used to

control the spectroscopy laser’s piezo: a TEM Messtechnik iScan (Figure 5.6). This,

fully-automated, computer-controlled unit is able to stabilize a laser with 1MHz

resolution within its internal 2GHz FSR. Specific details of the design and characteri-

zation of this device is part of a previous student’s thesis (Brachmann et al., 2012)

(Brachmann, 2012). The iScan itself does not have an internal absolute frequency

reference, so for each measurement the frequency is measured with the frequency comb.
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v Ω = 2 Ω = 1up Ω = 0+ Ω = 0− Ω = 1down Ω = 0+ Ω = 1

-3 . . . . . . 389214.3

-4 . . . . . 389170 389108

-5 . . . . . 389036 388924

-6 390589 390473.5 . . . 388854 388675

-7 390368 390153.5 390605 390576 390520 388620 388362

-8 . 389733.7 390395 390355 390269 388335 387984

-9 . 389214.3 390128 390081 389967 388001 .

-10 . 388610 389780 389736 . 387615 .

-11 . 387924 389346 389336 . . .

-12 . 387124 388846 388881 . . .

-13 . 386232 388282 388373 . . .

-14 . 385248 . . . . .

Table 5.1: Summary of transitions to various vibrational levels of the 11Π excited
potential, driven from the X1Σ ν=48 Feshbach state, presented in absolute frequency
(GHz). The values in bold are measured, while the others are predicted values that we
were unable to observe. Experimental uncertainty is ±1GHz.

Unfortunately, the locking bandwidth of the device is limited to the kHz range, and its

internal photodiodes have a response optimized for visible wavelengths, resulting in its

performance being degraded at IR wavelengths. High resolution scans of transitions

falling in the near-IR and IR wavelength ranges were subsequently performed by other

means. Measurements made with this device do feature more prominently later in this

chapter, where the required wavelengths fall in a 600-670 nm range that is more suited

to it.

The power broadening of the lines is iteratively reduced, while the iScan repeatedly

scans over the detected line with increasing resolution. This cycle terminates when

the observed width of the resonance is found to be within the EOM scan range. We

have performed intermediate resolution scans of the Ω=1up ν=-8, ν=-9 and ν=-11
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Figure 5.4: Our observed lines (filled data points), as a function of energy against
vibrational level number below the dissociation threshold (dotted line). Mass-scaled
heatpipe data (Pashov et al., 1998) has been included for comparison (open circles).
The solid lines are provided as a guide for the eye. Our data is shown in more detail
in the next figure (Fig. 5.5).
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Figure 5.5: Zoomed in view of Figure 5.5. Comparison of our observed lines (filled
data points) with published photoassociation data (Ridinger et al., 2011) (open data
points). The notation scheme matches that of Ridinger et al. to facilitate comparison.
The solid lines are provided as a guide for the eye.

levels respectively located at 769.2 nm, 770.3 nm and 772.8 nm. Unfortunately, only

the predicted excited-state to absolute ground-state transition wavelengths of the

ν=-9 level was found to be within the limited temperature tuning range of the SHG.
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Figure 5.6: Excited state spectroscopy laser system with TEM Messtechnik iScan.

This consequently constrained the choice of excited state to just the ν=-9, so high

resolution scans were subsequently performed on only this particular level.

Figure 5.7 (a) shows the final molecule-loss measurement made with the iScan. For

subsequent measurements, the laser is instead locked to the cavity. Similar to mea-

surements made with the iScan, the scan range is set with the frequency comb and

the same iterative process of reducing the power broadening while increasing scan

resolution is performed. The cycle finally terminates when some molecules are found

to remain even when the laser is on resonance. The beam intensities are re-measured

at the conclusion of the scan and are included with their respective plots throughout

this section. Importantly, it was observed that these very low power scans did not

reveal any sub-structure for all of the lines subjected to high-resolution scanning in

this chapter, which would have been indicative of an undesirable hyperfine structure.

Figure 5.7 (b) shows the result of the excited-state scan with the minimum power for

all the molecules to be excited and lost from the trap. Since the width of the feature

obtained from a curve fit is found to be strongly affected by measurement fluctuations

of the few points at the bottom of the absorption feature, a lifetime measurement

under irradiation is instead used to calculate the Rabi frequency. Figure 5.8 shows the

lifetime measurement for the ν=-9 level.
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Figure 5.7: (a) Intermediate resolution scan of power-broadened line with iScan. (b)
High resolution EOM scan. The solid lines are fits to equation 5.2. The pulse duration
used was 15µs, with a 0.6mW, 30µm 1/e2 radius beam, or equivalently, an intensity
of around 21W/cm2. The centre frequency from the fit is 389 213 295MHz and the
width is 17MHz.
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Figure 5.8: Lifetime under irradiation for the 11Π, ν=-9 level. γ is the linewidth Ω
is the Rabi frequency. The solid line represents a curve fit to equation 5.2 with both
these quantities as variables.

The absorption is modelled by (Debatin, 2013):

N = N0 exp
(
−tirrΩ2

P
γ

γ2 + 4∆2
P

)
(5.2)
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where N0 is the initial number of molecules ΩP is the Rabi frequency of the transition,

γ is the linewidth of the excited state, t irr is the irradiation time, and ∆P is the

detuning from resonance. Fits for the linewidth and Rabi frequency are performed

using both the frequency and lifetime measurements simultaneously with γ and Ω

as variables. The calculated linewidth was found to be 2π× 5.27MHz and the Rabi

frequency is 2π× 328.7 kHz.

5.1.3 LeRoy-Bernstein Scaling

The well-known semi-classical LeRoy-Bernstein formula (LRB) (LeRoy and Bernstein,

1970) (Stwalley, 1970) relates the energetic spacing of vibrational levels near the

dissociation threshold to the leading dispersion term of their long-range potential,

which is of the form:

V (R) = −
∑

n

Cn

Rn
(5.3)

where C n (n=6,8,10) are the dispersion coefficients associated with dissociation on

the nS-n′S (n, n′ = S, P or D) asymptotes at long internuclear distances (Marinescu

and Sadeghpour, 1999). The LRB formula can be written in the following form:

v′ = − 2
√
π

h(n− 2)
Γ(1/2 + 1/n)
Γ(1 + 1/n)

√
2µC1/n

n E
(n−2)/2n
v′ + v0 (5.4)

where v′ is the vibrational quantum number, E the binding energy, h Planck’s constant,

µ the reduced mass, Γ the gamma function and v0 the curve fit’s offset. For our

molecule, n = 6 corresponding to the dominant van der Waal’s interaction (LeRoy and

Bernstein, 1970), resulting in a simple linear relationship between vibrational level

number and the cube-root of the binding energy. Starting with several unambiguously

identified vibrational levels, the LRB formula has been successfully used by some
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groups to aid in differentiation of several closely spaced vibrational levels belonging

to different potentials, as well as prediction of the locations of vibrational levels

(Wang, 2007) (Ni, 2003). The LRB formula, as a fundamental underlying assumption,

ignores higher order terms of the long-range potential, which limits its accuracy at

short internuclear distances where the contribution of these terms becomes significant.

Moreover, as internuclear distances decrease, effects of the exchange interaction, caused

by Pauli exclusion, and coulomb repulsion, from overlapping electron clouds, eventually

dominate over dispersion effects altogether. Ji et al.’s proposed ‘modified Leroy Radius’

quantifies these concerns by defining a spatial lower bound of validity for the LRB

formula (Ji et al., 1995). Ridinger et al. have applied this prescription to the eight
6Li40K Hund’s case (c) potentials (Figure 4.5) addressed in this section, and report

that they only just meet Ji et al.’s criterion, and consequently, any measured dispersion

coefficients should not be expected to closely follow theoretical predictions (Ridinger,

2011) (Ridinger et al., 2011).

Due to the fine structure of the Li atom, only three distinct sets of dispersion coeffi-

cients are expected to be observable for the potentials under consideration (Bussery

et al., 1987). A number of theoretical studies have yielded dispersion coefficients for

the potentials under consideration (Movre and Beuc, 1985) (Bussery et al., 1987)

(Marinescu and Sadeghpour, 1999). Of these, Movre and Beuc (1985) and Bussery

et al. (1987) take the spin-orbit interaction into consideration, which is important for

our measurement range. Ridinger et al. reported the closest match of their photoasso-

ciation measurements of the 5 weakest-bound vibrational levels with the predictions

of Bussery et al. (1987), which they attribute to Bussery et al.’s consideration of the

interaction between the two excited state asymptotes (2S+4P and 2P+4S) (Ridinger

et al., 2011).

Figure 5.9 is a plot of the cube-root of energy, expressed as a frequency from the

dissociation threshold, against vibrational level counting downwards from the dissocia-
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tion threshold, which we have fit using equation 5.4 to obtain the corresponding C6

coefficients for each potential.
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Figure 5.9: Cube-root of energy measured from the dissociation threshold against
vibrational level counting downwards from the dissociation threshold. The solid lines
are linear fits to Equation 5.4. Each state has been labelled with the notation scheme
used in Figure 4.1.

Table 5.2 compares the C6 coefficients obtained from fits of our measured data to

Equation 5.4 against the theoretical predictions of Bussery et al. (1987). Following

convention, these coefficients are reported in atomic units, where 1 a.u.=EHartree × a6
0,

EHartree=4.36×10−18 J and a0=0.53×10−10 m.

States LRB Fit (a.u.) Bussery et al. (1987)(a.u.)

Ω=1up ‘dyad’ 21399 9804

Ω=0+ ‘upper triad’ 44899 25501

Ω=0− ‘upper triad’ 54394 25504

Ω=0+ ‘lower triad’ 18454 13831

Ω=1 ‘lower triad’ 7642 13829

Table 5.2: Table of C6 coefficients extracted from linear fits to the LRB equation
compared to the theoretical predictions of Bussery et al. (1987).

Our measured C6 coefficients differ significantly from the theoretically predicted values

and the values reported by Ridinger et al.. However, since the vibrational levels we
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consider are more deeply-bound than those studied in Ridinger et al. (2011), it is likely

that our measurement range involves internuclear distances below the threshold of

validity suggested by the ‘modified LeRoy Radius’. Consequently our measurements

will contain significant contributions of short-range potentials and exchange effects

that affects the long-range C6 coefficient experimentally-observable by our experiment.

Similar difficulties have been noted in a study of 23Na87Rb (Zhu et al., 2016).

5.2 21Σ Excited State Spectroscopy

The methods used for 21Σ excited state spectroscopy share a number of similarities

with the earlier section on 11Π spectroscopy, and details of common methods have

been omitted. Similar to 11Π spectroscopy, existing heatpipe spectroscopy of 39K7Li

(Pashov et al., 1998) was mass-scaled to guide our initial coarse scans. The vibrational

level notation used in referring to the 1Σ levels counts upwards from the lowest bound

state, which is defined as ν=0.

A mere 3 transitions, ν=27 to ν=29, are expected to lay within range of our laser

system. All of these are far more deeply bound than any of those measured on the

11Π potential, greatly reducing the role of spin-orbit coupling (Figure 4.5) to the

point where a broad survey of the type performed on the 11Π potential was deemed

unnecessary for identification of states. As with the initial scans on the 11Π potential,

reduced power, manual piezo-offset scans were used to obtain an approximate frequency

value of each of the three lines before the scans described in the following sections

commenced.
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5.2.1 1050nm ν=28 Excited state Spectroscopy

Figure 5.10 is an overview of the laser system used for excited state spectroscopy

of the 21Σ ν=28 level at 1050 nm. The 1040 nm ECDL (Toptica DL-PRO) and the

home-built TA were found to work within the desired wavelength range of 1038-

1063 nm, as did the 767 nm AOM. Unfortunately, it was discovered that the frequency

comb had no output at 1038-1063 nm, and response of the high finesse cavity’s mirror

coatings did not extend anywhere close to the 1038-1063 nm range. It was found

that the newly-purchased SHG, replacing the unit that failed during 1Π two-photon

spectroscopy, could be temperature-tuned for output at 525 nm. This allowed us to

lock the spectroscopy laser to the cavity at 525 nm, as well as obtaining the comb beat

at 525 nm.

PD

1050nmHDL-Pro 1050nmHTA AOM

PD
ToH
wavemeter

ToHexperiment

EOM
FrequencyHcomb

PDHlock

Counter
SpectrumH
analyser

FPRSHG

Figure 5.10: Laser system used for excited state spectroscopy of the 21Σ, ν=28 level
at 1050 nm.

Figure 5.11 shows our observation of the ν=28 line at 1050 nm, with a centre frequency

of 285 283 319MHz, and a 16MHz width. An intermediate scan was performed using

the iScan (Figure 5.11 (a)) followed by a finer scan with the PDH lock engaged and

the lockpoint of being scanned with the EOM (Figure 5.11 (b)).

The Rabi frequency was calculated from simultaneous fitting to equation 5.2 (Figure

5.12), and found to be 2π× 116 kHz.
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Figure 5.11: Excited state spectroscopy of the 21Σ ν=28 transition at 1050 nm.
Intermediate resolution scan performed with the iScan (a) and higher-resolution scan
with the EOM (b) of the resonance center. Its centre frequency is 285 283 319± 10MHz,
with a 16MHz width. A 0.22mW beam with a ≈26µm radius, for an equivalent
intensity of around 10.8W/cm, and a pulse duration of around 90µs was used. Solid
lines are curve fits to Equation 5.2.
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Figure 5.12: Decay under irradiation for the 21Σ ν=28 line, with a curve fit for the
Rabi frequency (Equation 5.2).
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5.2.2 ν=29 1038 nm, ν=27 1063 nm Excited State Spectroscopy

The transitions to the ν=27 and ν=29 excited states, respectively expected at 1063 nm

and 1038 nm, required further modifications to the spectroscopy laser system, as shown

in Figure 5.13.

Figure 5.13: Excited state spectroscopy laser system used for measurements of the
ν=27 and ν=29 levels of the 21Σ potential.

The SHG could no longer be used, since both of the doubled frequencies, with wave-

lengths respectively at 519 nm and 532 nm, were well out of its specified temperature

tuning limits. Its role was replaced by a fortuitously-timed manufacturer-supplied

upgrade to the frequency comb, which extended its output capabilities to the 1038-

1063 nm range, permitting a direct beat measurement. The home-built wavemeter

was observed to randomly produce large fluctuations in wavelength (≈100MHz) until

its optics were replaced with suitably-coated equivalents. Furthermore, the mirror

coatings of the cavity did not cover the 1030-1064 nm range, and we had to use another

cavity borrowed from a neighbouring lab. The fiberised broadband EOM produced

no output at these wavelengths and was replaced by a homebuilt EOM, with its

crystal driven by a fixed-frequency resonant circuit. The home-built EOM facilitated

continued use of the PDH locking scheme, but the fixed-frequency design meant that

the laser lockpoint could no longer be shifted by changing the driving frequency of the

EOM. Scanning of the laser frequency then had to be solely performed by the AOM.
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The AOM’s diffraction efficiency was observed to vary greatly away from its centre

frequency, and a compensation scheme using a lookup table (Figure 5.14) was inserted

into the experimental control software. This scheme would use a variable-voltage

attenuator (VVA) built into the RF signal source to attenuate the RF amplitude of

the AOM in a manner inverse of its frequency response; making the AOM’s diffraction

equally inefficient over a large frequency range. Since the 1W TA produces far more

power than is required for spectroscopy, this trades some of the excess power for a

more useful wider scan range. The resulting setup is able to scan 200MHz at the cost

of suffering from a 10% diffraction efficiency over the double pass AOM line. The final

power used for the experiment was around 6mW, with the TA operated at around

60% of its maximum current.

2 4 0 2 6 0 2 8 0 3 0 0 3 2 0 3 4 0
- 2 . 5
- 2 . 0
- 1 . 5
- 1 . 0
- 0 . 5
0 . 0

DR
F a

mp
litu

de
 (d

B)

A O M  f r e q u e n c y  ( M H z )
Figure 5.14: Software lookup table compensating for the double-pass AOM’s RF
frequency response. The horizontal scale represents the RF frequency sent to the AOM
and does not include the factor 2 multiplication for the change in optical frequency
caused by the double-pass configuration. The vertical scale represents the amount of
attenuation applied to an initial RF amplitude set at the AOM’s specified maximum.
The unusual double centre frequency structure observed at 270MHz and 300MHz,
with 300MHz being the AOM’s ‘official’ specified centre frequency, fortuitously extends
the scan range of this scheme.

Scans of the 21Σ ν=27 and ν=29 levels were conducted in a similar manner to the

earlier 21Σ ν=28 scan; Piezo-offset scans were followed by iScan and high-resolution

AOM scans, as shown in figures 5.15 and 5.16. The 21Σ ν=29 line was eventually
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selected for two-photon spectroscopy. The Rabi frequency was found to be 2π× 142 kHz

(Figure 5.17). Table 5.3 is a summary of our measurements that have been presented

in this section.

6 2 0 6 4 0 6 6 0
2

4

6

8 1 Σ  ν = 2 7 ,  1 0 6 3 n m

N mo
l(x1

03 )

f a b s  -  2 8 1 8 4 6 5 8 4  ( M H z )

A O M

Figure 5.15: Excited-state spectroscopy of the 21Σ ν=27 state at 1063 nm. The solid
line is a curve fit. Its centre is 281 847 224± 10MHz, and it has a 27MHz width. A
pulse duration of around 50µs was used for this measurement.
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Figure 5.16: Excited-state spectroscopy of the 21Σ, ν=29 state. Solid line is a curve
fit to Equation 5.2. Its centre is 288 689 243± 10MHz and it has a 19MHz width. A
1.24mW, 38µm radius beam, with an equivalent intensity of 28.06W/cm, and a pulse
duration of around 35µs was used.

The Rabi frequencies can be normalized using Ωnorm = Ω/
√
I (Equation 5.11) to remove

their dependence on light intensity, which facilitates a direct comparison of transition
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Figure 5.17: Decay time plot of the 21Σ, ν=29 potential, with curve fit to Equation
5.2. The calculated Rabi frequency is 2π× 142 kHz.

ν=27 ν=28 ν=29

Frequency(MHz) 281847224 285283319 288689243

Linewidth (MHz) 27 16 19

Table 5.3: Measured vibrational levels of 21Σ excited potential. Inaccuracy in the
measured absolute frequency is ±10MHz.

strengths using experimental data. The normalized Rabi frequencies for the 21Σ ν=28

and ν=29 states respectively are 1.12 kHz/
√

(mW/cm2) and 0.85 kHz/
√

(mW/cm2).

These values are of the same order of magnitude, which roughly agrees with the ratio

of the FCFs corresponding to these transitions (Figure 4.7). Unfortunately we cannot

draw more insightful conclusions with the few vibrational levels within our current

measurement capabilities.
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5.3 Two-Photon Spectroscopy

Two-photon dark-resonance spectroscopy is a very useful tool used to probe deeply-

bound levels of cold molecules (Strauss et al., 2010). This technique is well-established,

having been successfully employed in similar experiments by a number of groups in

the field (Debatin et al., 2011) (Ospelkaus et al., 2008) (Lang et al., 2009), and can be

performed in two ways: the strongly-pumped Autler-Townes splitting (ATS) regime,

or the weakly-pumped perturbative electromagnetically-induced-transparency (EIT)

regime.

This section chronicles our attempts at ATS-regime two-photon spectroscopy using

the ν=-9 level of the 11Π potential, as well as the ν=28 and 29 of the 21Σ potential

as intermediate states. Our measurements are guided by the work of Tiemann et al.

(2009) who has provided an analytic model of the X1Σ+ potential of 6Li40K based on

high-resolution Fourier transform heatpipe spectroscopy. The Fourier-grid Hamiltonian

(Marston and Balint-Kurti, 1989) was used to solve this potential for the bound-state

energy eigenvalues, which are in turn used to set the initial frequency ranges for

our scans. The following sub-section precedes the discussion of our results, and

presents an outline of a commonly-cited standard theoretical framework of two-photon

spectroscopy in the strongly-pumped regime, which is provided to illustrate the

expected experimental observations.

5.3.1 Two-Photon Spectroscopy: Preliminaries

The physical origins underlying two-photon spectroscopy are the same as dark states

described in the context of coherent population trapping in lambda systems (B. Lounis

and C. Cohen-Tannoudji, 1992). This section adopts a simplified picture that focuses

on explaining observations specifically relevant to our measurement results presented

in the next section
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Following the comprehensive description of Fleischhauer et al. (2005), a generic 3-level

system of the lambda-type, such as in Figure 5.18, is considered. Spectroscopy is

performed with a pump (P) laser coupling the starting (Feshbach) state |1〉 and chosen

excited state |2〉, and a Stokes laser (S) couples the excited-state with the target state

|3〉. Each laser is assigned some detuning from the resonance (∆S/P). The excited

state has a finite lifetime and undergoes spontaneous emission at a rate Γ.

ΔPΔS

Pump(P)
Stokes(S) 1>

3>

2>

Γ

Figure 5.18: Generic Λ-type three level system being addressed by two lasers at
some detuning. State |2〉 is an unstable level that suffers losses from spontaneous
emission at a rate Γ.

The Hamiltonian, in the rotating-wave approximation is given as: (Fleischhauer et al.,

2005)

H(t) = −~
2



0 0 ΩP

0 −2(∆P −∆S) ΩS

ΩP ΩS −2∆P


(5.5)

where ΩS/P represents the respective Rabi frequencies, and ∆S/P the respective detun-

ings from the molecular transitions.

For the case of zero two-photon detuning (∆s=∆p=∆) the eigenstates are dressed
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states that are given as:

|a+〉 = sin θ sin Φ |1〉+ cos Φ |2〉+ cos θ sin Φ |3〉

|a0〉 = cos θ |1〉 − sin θ |3〉

|a−〉 = sin θ cos Φ |1〉+ sin Φ |2〉+ cos θ cos Φ |3〉

(5.6)

where Φ is defined as

tan 2Φ =

√
Ω2

P + Ω2
S

∆ (5.7)

and the mixing angle θ is defined as

tan θ = ΩP

ΩS
(5.8)

The dressed state |a0〉 has no possibility of populating the excited state |2〉 and suffering

the associated spontaneous emission, and thus is a dark state. If the Stokes coupling

is specified to be far stronger than the Pump coupling (i.e. ΩS >> ΩP ) then θ≈0

and the starting state |1〉 becomes the dark state. A successful measurement outcome

would be an observation of the cloud being unaffected by the spectroscopy light pulse

of both lasers even if the pump laser is on resonance (∆p=∆s=0).

The other two states are energetically separated by:

~ω± = ~
2

(
∆±

√
∆2 + Ω2

P + Ω2
S

)
(5.9)

which is physically interpreted as the effect of dressing of the excited state by the

Stokes laser (Figure 5.19), forming the well-known Autler-Townes doublet.

First observed by Autler and Townes (Autler and Townes, 1955), this is often con-

sidered a signature of a successful two-photon coherent coupling. Requiring minimal
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Figure 5.19: Dressing of the excited state |2〉 by the Stokes laser generates the
Autler-Townes doublet that can be observed by the pump laser being scanned.

configuration changes to a two-photon spectroscopy setup, such a measurement is

a convenient means of verification of any resonances observed during two-photon

spectroscopy.

The experimental implications this has for the implementation of our spectroscopy

light pulse are shown schematically in Figure 5.20. The Stokes laser is switched on

before, and off after, the Pump laser to avoid unwanted excitations to the un-dressed

excited state. It is worth noting that the strong-pumping picture does not impose any

requirements for coherence of the two lasers. As discussed in the next sub-section, this

consequently allows us to use the lower locking-bandwidth, wider scan range iScan

for our two-photon measurements. Since the theoretical prediction of the Franck-

Condon overlaps does not strongly favour the pump transition by orders of magnitude,

maximum intensity will be applied for the Stokes transition during the initial scans,

and the minimum required for the Pump, which is just enough intensity to excite all

the molecules if the Stokes laser is switched off. This will keep the mixing angle as

low as possible and preserve measurement contrast by preventing losses to the |a+〉

and |a−〉 states.
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Figure 5.20: Schematic representation of the spectroscopy pulse used for two-photon
spectroscopy. Parameters used for our measurements have been included in their
respective results sections.

5.3.2 Two-Photon Spectroscopy 11Π ν=-9, X1Σ ν=0

A first attempt to identify the transition from the 11Π ν=-9 intermediate excited state

to the X1Σ ν=0 absolute ground state was made with two-photon spectroscopy using

wavelengths of 767 nm and 523 nm respectively for the Pump and Stokes lasers. Figure

5.21 summarizes the results; just over 6GHz was scanned with no peak detected.

Failure of the SHG prevented the scan from proceeding any further. For this set of

measurements, we have used pulse durations of 70µs and 90µs respectively for the

Pump and Stokes pulses, with the Stokes’ pulse starting 10µs earlier and ending 10µs

later than the Pump pulse. The Stokes beam had a 1.5mW power and a 25µm 1/e2

radius, corresponding to an intensity of around 76W/cm2. With a 1/e cloud radius of

slightly under 23µm, this represents the smallest beam size, and thus maximum Stokes

beam intensity, that can be applied in our setup. Consequently, even the smallest

drifts of the Stokes beam alignment are unacceptable, and frequent re-alignments had

to be performed by overlapping the beam on the cloud position as viewed by our

absorption imaging optical setup. This results in an alignment precise to 3µm, which

is the resolution of our imaging system. Alignment of the spectroscopy beam to this

level of precision is very time-consuming, so for the other two-photon spectroscopy

measurements presented later in this chapter where more Stokes laser power is available,
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Figure 5.21: Two-photon spectroscopy attempt with the 11Π ν=-9 intermediate
excited state. Each day’s measurements are assigned a number in the legend. The
slight rise seen to the left of the plot (green dataset) was caused by a drift of the pump
laser’s lockpoint and not indicative of a two-photon transition. This was confirmed by
a second measurement (dark blue dataset). The vertical dashed line represents the
prediction based on the ab initio potential of Tiemann et al. (2009)

a slightly larger beam diameter of 60-80µm is used instead.

With the benefit of hindsight, if we consider that the 21Σ ν=29, X1Σ ν=3 transition

was observed approximately 2.5GHz below its predicted value, it is possible that the

11Π ν=-9 X1Σ ν=0 transition frequency lies just outside the measured scan range.

Moreover, this range still falls within the ±3GHz uncertainty of the predictions

(Tiemann et al., 2009). Further scans to extend the search range had been planned,

but unfortunately could not be conducted due to unexpected failure of the SHG.

5.3.3 Two-Photon Spectroscopy: 21Σ ν=28, X1Σ ν=3

The failure of the SHG limited us to measurements using the 21Σ potential. Our

first attempt on using this potential was conducted with the 21Σ ν=28 used as the

intermediate state. As discussed in Section 4.4, the X1Σ ν=3 was selected as the

targeted final state, instead of the X1Σ ν=0 absolute ground state. The required
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wavelengths for the Pump and Stokes lasers were respectively 1050 nm and 668nm.

The laser system used is described in more detail in the next section.
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Figure 5.22: Failed two-photon spectroscopy attempt with the 21Σ ν=28 state used
as the intermediate state and X1Σ ν=3 as the end state. The rise in molecule number
seen at the left of the graph is caused by a higher starting number of Feshbach molecules
and is not indicative of a two-photon transition. Pulse durations of 330 ns and 600 ns
were used for the Pump and Stokes pulses respectively. Each day’s measurements are
assigned a number in the legend. The vertical dashed line represents the prediction
based on the ab initio potential of Tiemann et al. (2009).

Figure 5.22) summarizes an attempt that saw a range of about 3GHz being scanned.

Technical failure in the experiment that de-stabilized the molecule yield prevented the

scan from continuing. A further attempt using another intermediate state was made

several months later, and is described in the following sections.

5.3.4 Two-Photon Spectroscopy: 21Σ ν=29, X1Σ ν=3

Two-Photon spectroscopy on the 21Σ ν=29 excited state, with X1Σ ν=3 target end

state required Pump and Stokes lasers respectively at 1038 nm and 663 nm. The 21Σ

Pump laser setup used for two-photon spectroscopy remained unchanged from the

earlier section on excited state spectroscopy (Figure 5.13) - it was PDH-locked to the

cavity, and the beat with the frequency comb was used to adjust the AOM frequency
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to keep the laser on resonance, compensating for thermal drifts of the cavity. The

AOM calibration (Figure 5.14) remained active, and ensured the laser power stayed

constant with the shifting AOM frequency. The pulse duration was adjusted such that

almost all the Feshbach molecules were driven to the excited state, with the roughly

1000 remaining molecules providing reassurance that the unreliable experiment was

still working.

The Stokes laser system comprised of the recycled grey molasses laser system: a

home-built ECDL seeding a home-built TA. The TA output is used to lock the laser

to the iScan (Figure 5.23). As with the excited state spectroscopy, a wavemeter and a

beat with the frequency comb is used to monitor the laser’s frequency. The maximum

power available for spectroscopy was around 130mW at the molecular cloud’s position.

A 60µm 1/e2 beam diameter was used, resulting in a Stokes beam intensity of around

4597W/cm2. The spectroscopy pulse durations for the Pump and Stokes lasers were

respectively 19µs and 23µs.

653nmDLaser

FPR

AOM

ToDExperiment

FrequencyDcomb

Spectrum
Analyser

PD

ToDWavemeteriScan

653nmDTA

Figure 5.23: Stokes laser setup used for two-photon spectroscopy. The Stokes laser
is locked to the iScan, while a low finesse cavity is used to verify single-mode operation
of the laser.

After scanning a range of just over 1GHz, we observed a two-photon transition to

the X1Σ ν=3 target state. Figure 5.23 is our observation of the ν=3 potential with

a reduced power of around 3.5mW. In the presented measurement the spectroscopy

pulse duration has been increased slightly to fully excite all the Feshbach molecules in

order to maximize the contrast of the peak.
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Figure 5.24: Our two-photon observation of the X1Σ ν=3, using the 21Σ, ν=29
excited state. This particular graph is comprised of smoothed data that has not been
averaged over multiple measurements; the iScan lockpoint suffers from continuous
thermal drifting, making it difficult to obtain multiple equivalent measurements for
simple averaging. All the raw data is instead plotted together and a moving box filter,
which uses a linear least squares fit to determine its centre, is used to smooth the
data (Savitzky-Golay filter). The solid line is a curve fit, which determined the centre
frequency to be 451 871 452MHz.

Verification was achieved with our measurement of the Autler-Townes splitting. To

conduct this, the Stokes laser frequency was fixed on the discovered resonance, while

the Pump laser frequency was scanned. The beam parameters remained the same

as for the two-photon spectroscopy measurement. Figure 5.25 is our observation of

the Autler-Townes doublet. Asymmetry of the curve, on both axes of the plot, is

likely due to slight drifting of the iScan lockpoint. The beat with the frequency comb

is used to generate a correction for this drift just before the spectroscopy pulse is

triggered, however the 1MHz control resolution of the iScan is possibly too coarse to

fully sufficiently correct the drift.

The observed splitting of 30MHz implies a Rabi frequency of 15MHz. Full recovery of

the initial molecule number at the central peak suggests a strong coherent coupling

between states, implying no unexpected hyperfine coupling. This is a promising result,

as this implies a long coherence time, and it is known that both the coherence time



Chapter 5. Spectroscopy Implementation and Results 113

- 4 0 - 2 0 0 2 0 4 0

1

2

3

4
2 1 Σ  ν = 2 9 ,  X 1 Σ  ν = 3

 

 

N mo
l(x1

03 )

P u m p  L a s e r  D e t u n i n g  ( M H z )

3 0 M H z

Figure 5.25: Our observation of the Autler-Townes splitting of the 21Σ ν=29, X1Σ
ν=3 line. The solid line is a multiple-peak curve fit. The difference in the centre
frequencies is 30MHz, and each dip has a width of around 6MHz.

as well as the laser systems’ phase coherence time are required to greatly exceed

the STIRAP pulse duration for a high transfer efficiency (Yatsenko et al., 2002). A

formal measurement of the two-photon decoherence rate is pending construction of new

high-finesse cavities (discussed in the next section), and is not performed with the laser

system presented here due to its low phase coherence caused by the low kHz locking

bandwidth of the iScan. The measured frequency of the 21Σ ν=29, X1Σ ν=3 transition

is approximately 2.5GHz below the value based on the potential reported by Tiemann

et al. (2009). However, it is still within the ±3GHz uncertainty. A measurement

of the other rotational state (discussed in Section 4.5) in order to verify that the

measurements presented here are of the desired J=0 state, is still pending. However,

since the expected 15.6GHz spacing between these two rotational lines well exceeds

the 3GHz uncertainty of the prediction, and our observed two-photon resonance falls

within the 3GHz uncertainty, we are confident that the observations presented in this

section are of the J=0 line.
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5.4 Future Ground-State Spectroscopy

The manufacturer of the SHG was eventually unable to provide a guarantee for its

operational lifetime which, given the device’s high cost, makes future measurements in

the 520 nm range impractical. This leaves the options of addressing X1Σ ν=0 using 21Σ

ν=29 intermediate state, or selecting a different vibrational level of the 21Σ potential

as the intermediate state.

5.4.1 Extending the Current Approach

The predicted wavelength of the 21Σ ν=29, X1Σ ν=0 transition is around 635.5 nm,

which is entirely outside the gain profile of the 660 nm TA, necessitating the construction

of yet another laser system. Moreover, the Franck-Condon factors (Figure 4.8) for

addressing the X1Σ ν=3 state from the 21Σ ν=29 excited state is greater than that of

the FCF for addressing X1Σ ν=0 by a factor of 50. The experimental consequences of

this can be appreciated by considering the general definition of the Rabi frequency Ω

for an arbitrary atom-light interaction:

Ω =
−→
d .
−→
E0/~ (5.10)

where d is the transition dipole moment for this interaction. E0, the vector amplitude

of the electric field, can then be related to the light intensity I :

I = c ε0|E|2

2 ⇒ Ω ∝
√
I (5.11)

This implies that while a relative decrease in transition strength can be directly

compensated for by an increase in intensity of the spectroscopy beam, the square-root

dependence ensures that the cost of this approach will always be high. The factor

50 reduction in FCF that we expect would require a large 2500 times increase in the
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needed power, which works out to be 8.75W in our setup, or equivalently an intensity

of around 3.1× 105 W/cm2.

If we consider the measurement shown in Figure 5.25, and suppose that it is repeated

with a lower Stokes beam power such that the Rabi frequency is halved, the peaks of

the observed doublet would be separated by 15MHz. Given our observed peak width of

about 6MHz, the splitting should still be resolvable, which implies that a two-photon

spectroscopy scan (Figure 5.23) at this Stokes beam power should still observe a peak,

albeit at reduced contrast. By Equation 5.10, a factor 2 decrease of the Rabi frequency

is equivalent to a factor 2 increase in transition strength. Considering a factor 25

reduction in FCF instead, the required beam power falls to a more manageable 2.2W

with an intensity of about 7.8× 104 W/cm2.

Figure 5.26 summarizes our efforts to increase the amount of laser power available

from the Stokes laser system using spare equipment in the lab. An injection-locked

635 nm slave laser (Thorlabs 170mw diode) is introduced near the vacuum chamber,

eliminating fibre efficiency losses. The AOM used for switching the beam is also

removed and exchanged for a pair of mechanical shutters, with each individually

handling either the switching on or off of the beam.

635nmvLaser

FPR

TovExperiment

Frequencyvcomb

Spectrum
Analyser

PD

TovWavemeteriScan

635nmvslave

Figure 5.26: 635 nm Stokes laser setup for two-photon spectroscopy of X1Σ, ν=0,
using the 21Σ, ν=29 excited state.

A retro-reflecting mirror was installed in the Stokes beam path after the glass cell. The

resulting optical standing wave would offer a four-fold increase in the laser intensity
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at the maxima locations. Since the cloud size is orders of magnitude larger than the

wavelength, the expected measurement outcome would be a reduced contrast two-

photon resonance, because about half of the molecules would be located at intensity

minima and receive insufficient intensity to participate. With the beam waist also

reduced to 50µm, the final intensity at the cloud position is about 3.5× 104 W/cm2.

Unfortunately, this is only about half the minimum required intensity of around

7.8× 104 W/cm2. Increasing the laser power by a factor of 2 to about 350mW should

be achievable with the purchase of a suitable TA or dye laser. However, these are costly

devices which will not be needed again upon spectroscopic location of the absolute

ground state, as STIRAP is performed in the low-power EIT regime. Moreover, the

molecule yield will have to be significantly raised to compensate for the expected

reduced two-photon contrast, making this approach an overall unattractive choice.

5.4.2 Other Possible Strategies for Addressing X1Σ ν=0

New cavity mirrors, with improved coatings, have recently been installed for the 620-

680 nm and 1030-1064 nm wavelength ranges and installed in a pair of FPR’s of similar

design to Figure 5.1, providing a finesse of 30 000 and 80 000 respectively. Intended to

improve phase coherence of the two lasers to ensure a high STIRAP efficiency, these

will also allow scanning in the EIT regime, where a two-photon resonance can be

detected with much lower laser powers.

However, unlike the strong-pumping ATS regime, the resonance peak is narrow and

cannot be power-broadened significantly before the entire signal is washed out as it

enters the ATS-EIT crossover region (Abi-Salloum, 2010). This limits scanning to

very small step sizes of around 1MHz or less, and is ill-suited to broad scans spanning

several hundred MHz. The 21Σ ν=29, X1Σ ν=2 transition predicted to occur at

approximately 654.0 nm should still be addressable within the frequency limits of

our existing laser system. Experimental observation of this state would allow us to
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determine if the predicted transition frequencies deviate from experimental values by

a fixed offset, caused by uncertainty in the depth of the potential, or if the deviations

can otherwise be attributed to uncertainty in the shape of the potential. An improved

potential with a lower uncertainty would reduce the scan range and make a high

resolution scan for the 21Σ ν=29, X1Σ ν=0 transition in the EIT regime a feasible

option.

A further option being explored is the selection of another intermediate state. The

21Σ ν=23, ν=24 or ν=25 offer higher intermediate-to-absolute ground-state FCFs at

the cost of a poorer FCF to the starting Feshbach state. The required Stokes laser

wavelengths for these choices are just above 650 nm where temperature tuning of the

660 nm TA should allow it to be used. The required Pump laser wavelengths fall in

the range of 1080-1120 nm. Recently a 1120 nm laser diode has been installed, and the

cavity mirrors were found to still provide a finesse of around 28 000 despite being out

of the specified wavelength range of the mirror coatings.



Chapter 6
Conclusions and Outlook

This thesis describes our progress towards transferring 6Li40K Feshbach molecules

to the X1Σ ν=0 absolute ground state for investigating the long-range anisotropic

dipole-dipole interaction. Both preparatory experimental work has been described, as

well as the planning and implementation of molecular spectroscopy.

Starting from an initial experimental setup associating weakly-bound 6Li40K molecules

on a 155.6G Feshbach resonance (Voigt, 2009b), theoretical considerations are described

and experimental improvements made for associating on a 216G resonance more

favourable for ground state transfer. Several reports of successful grey molasses cooling

are compared, and one scheme was selected for implementation in our experiment.

Cooled atom fractions and final temperatures comparable to other groups are obtained,

although atom loss rates after a subsequent magnetic trapping stage are higher than

expected and not well understood. Continuation of the investigation into these

observations is pending the completion of molecular spectroscopy. The design and

construction of a high voltage electrode system has been described. It is capable of

accepting upto a ± 20 kV DC voltage, which generates a field strength of 8.5 kV/cm

with a low gradient across the molecular cloud. It was calculated that this will induce

a dipole moment of 2 debye in ground-state 6Li40K molecules.

Theoretical considerations for optimal ground-state transfer have been presented,

spin-orbit effects discussed, Franck-Condon Factors numerically evaluated, and two

118
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intermediate excited-states for ground-state transfer identified. Extensive excited-state

molecular-loss spectroscopy measurements have been presented, along with several

two-photon measurements. With a measurement of the Autler-Townes splitting, the

X1Σ, ν=3 state was shown to be successfully addressed.

The immediate outlook of the experiment involves completing two-photon spectroscopy

measurements addressing of the X1Σ ν=0 absolute ground state, followed by an

implementation of STIRAP for coherent transfer to the ground state. A 2D optical

trap of suitable trapping frequency will also have to be designed and constructed.

If the absolute ground state remains elusive, an interesting alternative would be to

attempt STIRAP transfer to X1Σ, ν=3 or X1Σ, ν=2. Either of these states would

possess internuclear separations close to that of the X1Σ, ν=0 absolute ground state

and would likewise also possess similar dipole moments to the ground state. However,

the molecule loss rate to inelastic collisions needs to be carefully evaluated if this route

is to be taken.
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