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Control, Readout, and Entanglement of Molecular Qubits

Abstract

Ultracold polar molecules possess a manifold of long-livedmolecular rotational

states, which can be coherently controlled usingmicrowave fields and entangled by

the long-range dipole-dipole interactions betweenmolecules. The ability to control

these features at the individual molecule level provides a rich toolbox with which to

engineer quantum simulations of exotic materials or build a molecular quantum com-

puter. Until recently, this level of single molecule control has eluded researchers due to

the challenges inherent in taming the complex internal structure of molecules.

In this thesis, we demonstrate full control over the internal quantum states and co-

herent interactions of individual NaCsmolecules in optical tweezers. This platform is

based on coherent assembly of ultracold Na and Cs atoms trapped and cooled in sepa-

rate arrays, before beingmagnetoassociated at a Feshbach resonance to formweakly-

boundmolecules. Using high-resolution spectroscopy of electronically excitedmolec-

ular states, we identify an efficient two-photon pathway to the rovibrational ground

state of NaCs that we use to prepare an array of ground state molecules in tweezers.

We demonstrate a “magic ellipticity” technique to eliminate differential light shifts be-
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tween twomolecular rotational states and achieve coherence times of up to 250(40)

ms for a superposition of those states. We then show that we can rearrangemolecules

in an array to eliminate defects and perform single-shot readout of multiple rotational

states using controlledmolecule dissociation and imaging of constituent atoms at high

magnetic field. Finally, we coherently control the dipole-dipole interactions between

twomolecules, producing a Bell state with a fidelity of 94(3)% and demonstrating a

universal entangling iSWAP gate for qubits encoded inmolecular hyperfine states.
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1
Introduction

1.1 Whymolecules?

Experimental atomic, molecular, and optical physics in the last half century has transi-

tioned from characterizing quantum systems to now also controlling them. This shift

has been enabled by the development of increasingly effective methods for cooling and

trapping quantum particles. The development of laser cooling was initially used as a

means to realize higher precision spectroscopy, first of ions [133] then soon after of en-

sembles of neutral atoms [214]. At the same time, however, this technique opened the

door to precise control of the internal states of small numbers of atoms. This led to a

1



boom in experimental quantum information science using individual electrostatically

trapped ions, which could now be treated as almost ideal two-level quantum systems,

also known as qubits (quantum bits) [64, 290]. In neutral atoms, laser cooling and op-

tical trapping enabled the creation of a new phase of matter: the Bose-Einstein con-

densate (BEC) [11, 72], that has been extensively studied and controlled over the past

three decades. More recently, neutral atoms have also been trapped and controlled at

the single particle level in optical tweezers and lattices, emerging as another promising

candidate for scalable quantum computing [38, 132, 136, 184]. As cooling and trapping

techniques have increased in sophistication and efficiency, the range of atomic species

that can be controlled has also expanded, from the simple hydrogen-like alkali atoms to

alkaline-earth atoms, transitionmetals, and lanthanides [2, 70, 103, 179, 207, 232].

In comparison to atoms, molecules have been relatively resistant to full quantum

control. If one spends any time talking to ultracoldmolecular physicists, it is not long

before one will encounter the oft-repeatedmantra that we are interested inmolecules

because of their “rich internal structure.” By this, wemean that the interaction of the

two or more atoms that form amolecule creates new quantum degrees of freedom that

we can seek to harness. Specifically, molecules intrinsically possess both vibrational

and rotational degrees of freedom, in addition to the electronic orbital angular momen-

tum and electronic and nuclear spin degrees of freedom common to both atoms and

molecules. This dissertation deals with heteronuclear diatomic molecules, specifically

NaCs, in which there is only one allowedmode each for vibration and rotation. How-

ever, for more complex polyatomic molecules there can bemany independent ways

for the molecule to vibrate or rotate. This means that molecules can exhibit a dense

2
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Figure 1.1: Representations of several research areas in which ultracold polar molecules have proposed
or recently experimentally demonstrated applications. These areas are: quantum computing using indi-
vidually trappedmolecules [17, 117, 215]; creation of dipolar quantummatter using ultracold molecules
cooled to quantum degeneracy [33, 75, 236]; coherent control of quantum states in chemical reactions
betweenmolecules [16, 123]; probes of fundamental physics using high-precisionmolecular spectroscopy
[12, 194, 228]; and quantum simulation of spin models [20, 54, 63, 191, 296].

energy level spectrum, with layered structure spanning all the way fromHz to 100s of

THz and very few truly empty spectral regions in between. This lies in stark contrast

to atoms, which generally possess a relatively sparse array of electronic transitions in

the optical range of the electromagnetic spectrum, overlaid with hyperfine structure on

the GHz scale. The dense energy landscape of molecules means that there are many

different tools that can be used tomanipulate them, from radio-frequency andmi-

3



crowave antennas through to far-IR, visible, and ultraviolet lasers. Molecules can also

possess permanent electric-dipole moments, allowing them to interact at long range

via dipole-dipole coupling and to be oriented using DC or AC electric fields. These prop-

erties have given rise to a wide range of proposed applications of ultracoldmolecules,

including quantum simulation of exotic spin models [20, 191, 281], quantum comput-

ing [202, 219, 300], quantum control of chemical reactions [27, 157], and searches for

physics beyond the standardmodel [129, 194, 268]. Some of these applications are illus-

trated in Fig. 1.1.

The complexity of molecules is a double-edged sword—it is both the reason why

they hold somuch potential as engineered quantum systems as well as the reason why

they are so difficult to control. An ensemble of hot molecules will occupy a wide dis-

tribution of rotational, and potentially vibrational, levels [49]. Performing any kind

of coherent quantummanipulation of molecules requires, at a minimum, being able

to initialize them in a single internal quantum state. For precision control—as with

atoms—one also needs to reduce the external kinetic energy of the molecules, open-

ing the door to trapping and addressing individual molecules. Unlike atoms, however,

these aims cannot be achieved straightforwardly using laser cooling and optical pump-

ing. Since transitions betweenmany vibrational and rotational levels of molecules are

allowed, spontaneous emission of photons from an excitedmolecular electronic state

can lead to scrambling of the internal states of the molecule, making laser cooling very

challenging.
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1.2 Methods for producing and trapping ultracoldmolecules

Methods for overcoming this complexity in order to produce and trap ultracold neu-

tral molecules can be divided into two streams, that have recently converged to very

similar results. The first stream tackles the challenge of laser cooling directly, using a

combination of judicious selection of molecular species and a large number of repump

lasers to cool molecules to ultracold temperatures. This approach draws from the field

of molecular beam physics, where techniques have been developed over many decades

to produce translationally cold beams of molecules for spectroscopic and collisional

studies. The second stream has its source in ultracold atomic physics, and relies on co-

herently producingmolecules at initially ultracold temperatures frommixtures of ultra-

cold atoms. I will briefly review both of these methods here, with a particular focus on

the coherent assembly approach, which is the one we use in the Ni Lab to produce ultra-

cold NaCsmolecules in optical tweezers. Note that the rich field of trapping andmanip-

ulatingmolecular ions is outside the scope of this review, although it has undoubtedly

cross-pollinated with the techniques described here [76].

Molecular beams have been widely used to study the properties and interactions of

atoms andmolecules for most of the last century [220]. These beams consist of a sam-

ple of molecules (or atoms) travelling in the same direction, which can have a relatively

small spread of transverse velocities resulting from velocity filtering of a molecular gas

expanding from a hot vapor source [86]. Following the development of this technique,

a primary focus of research being conducted at the time was finding ways to reduce

the internal temperature of molecules in the beam to allow for high-resolution spec-

troscopy. Amajor breakthrough in this area came in the form of the supersonic expan-

5



sion technique, where a mixture of target molecules and an inert atomic gas expand

through a small orifice into a vacuum, leading to cooling of the transverse motion of the

atoms, which, in turn, cools the internal rotational states of the molecules through col-

lisions [138, 256]. A more recently developed related technique known as cryogenic

buffer gas cooling has become particularly important in ultracoldmolecule experi-

ments. This method relies on cooling the inert atomic gas to a few Kelvin in a cryogenic

cell and allowing themolecules to be cooled directly in the cell through collisions with

the atoms. Afterwards, they can escape through an orifice to produce a beamwith both

a low internal temperature and smaller forward velocity than a supersonic jet [131, 189].

Since the turn of the century, several methods have been developed to further reduce

the forward velocity of molecular beams to the point that molecules can be confined

in electrostatic, magnetic, or optical traps. The initial leader among these methods

was Stark deceleration, which used electrodes along the path of the beam to engineer

a series of rising potential hills that the molecules would have to traverse, gradually

dissipating their forward velocity [29]. The relatedmethod of Zeeman deceleration

applied the same principle, creating potential gradients using the magnetic Zeeman

shift [289]. In the 2010s, it was experimentally demonstrated that certain classes of di-

atomic molecules possessed optical transitions that were sufficiently closed that, with

the addition of a few repump lasers, they could cycle enough photons to allow effec-

tive laser cooling of the transverse motion and laser slowing of the forwardmotion of

molecular beams [23, 114, 252, 312]. This method proved to be so effective that it en-

abled the demonstration of the first magneto-optical traps of diatomic molecules, with

molecules loaded frommolecular beams and laser-cooled to the Doppler limit or be-
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low [8, 22, 125, 274]. This approach has since been successfully extended to polyatomic

molecules [279]. Among various applications, these techniques have notably been

used to load individual molecules into optical tweezers [10], which recently led to the

first demonstrations of entanglement between individual ultracold molecules via the

dipole-dipole interaction [17, 117]. Buffer gas cooling, combined with optical pumping

and quantum state control, has also been central to setting new bounds on the electron

electric dipole moment measured using transition shifts of cold ThOmolecules [12].

The bottom-up assembly approach to creating ultracoldmolecules dates back to the

1980s, relatively early in the history of laser cooling, when photoassociation of laser-

cooled atoms was proposed as ameans of spectroscopically investigating boundmolec-

ular states of Na atoms [272]. This type of incoherent photoassociation was observed

for all the homonuclear dimers of the stable alkalis in the 1990s [1, 89, 166, 193, 283].

Among the first heteronuclear dimers to be investigated in this way was, in fact, NaCs,

the subject of this thesis, which was simultaneously photoassociated and ionized by

the Bigelow group at Rochester [249]. This method of molecule production was inco-

herent, however, transferringmolecules to short-lived electronically excited states

that could spontaneously decay to a large number of other vibrational and rotational

levels. In order to producemolecules suitable for further experimentation, a different

approach was needed.

The first evidence of coherent molecule creation throughmagnetoassociation was

the loss of atoms from a Na BECwhen an applied magnetic field was swept from above

to below a Na-Na Feshbach resonance [261]. This loss was theoretically explained

shortly thereafter as arising due to the coherent transfer of atom pairs to the weakly-
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bound vibrational state of the Na2 molecule that gives rise to the Feshbach resonance

[192]. This method was soon used to reversibly prepare pure bulk samples of weakly-

bound ultracoldmolecules, which could be detected directly through absorption imag-

ing [81, 115, 221, 295]. It was subsequently shown that, by performing themagnetoas-

sociation in a deep 3D optical lattice, collisional losses of molecules could be avoided,

thus extending their lifetimes [209]. An alternative method of creating weakly-bound

molecules—first demonstrated in [293]—is to use a detuned optical Raman transition

with the frequency difference of the Raman lasers tuned to the energy separation of an

atomic scattering state and a weakly-boundmolecular state. This method was applied

to coherently produce Sr2 molecules in an optical lattice [222, 260], as well as Rb2 [113]

and, in our group, NaCs in optical tweezers [303]. I refer readers to the thesis of Yichao

Yu for a detailed treatment of this technique [301].

Fromweakly-boundmolecules, the next challenge was to transfer them to the fully

stable rovibronic (rotational-vibrational-electronic) ground state of the molecules. This

was demonstrated in 2008 for bulk samples of both homonuclear [164] and polar het-

eronuclear molecules [202] using two-photon transfer via an electronically excited in-

termediate state. This method has become the standard in the ultracold molecule com-

munity and has more recently been extended to systems with single-molecule resolu-

tion, such as NaCsmolecules in optical tweezers in our group [48, 310], RbCs in tweez-

ers at DurhamUniversity [229], and NaRbmolecules in a quantum gasmicroscope at

Princeton [226].

A wide range of applications of coherently assembledmolecules have already been

demonstrated experimentally. Dipolar interactions between lattice-confinedmolecules
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were first observed in [296], and were used in combination with quantum gasmicroscopy

to engineer a tuneable lattice spin model with single-site resolution in [63]. In Chapter

6 of this thesis, we use the dipole-dipole interaction to entangle individual molecules

in tweezers. Chemical reactions betweenmolecules have been probed with unprece-

dented precision by combining ultracoldmolecules with detectionmethods pioneered

in physical chemistry [122, 176]. Feshbach resonances betweenmolecules have also re-

cently been observed and used to controllably formweakly-bound polyatomic molecules

[56, 211]. A variety of techniques have been developed to eliminate light shifts between

internal states of optically-trappedmolecules, leading to observations of long hyperfine

and rotational coherence times [101, 212] and the development of an optical clock based

on vibrational transitions [150]. One such technique, so-called “magic ellipticity” trap-

ping, is demonstrated in Chapter 4. Finally, both a degenerate Fermi gas [75, 236] and a

Bose-Einstein condensate [33] of polar molecules have now been created, opening up a

new frontier in the study of strongly dipolar quantummatter. This list, which is neces-

sarily incomplete, represents only a small subset of what can be achieved with ultracold

polar molecules.

The remainder of this thesis is organized as follows: In Chapter 2, I provide a de-

scription of the current state of the Ni Lab ultracold molecular assembly experiment;

in Chapter 3, I discuss our high-resolution spectroscopic investigation of electronically

excited states of NaCs to identify a narrow intermediate state for two-photon transfer

to the rovibronic ground state; in Chapter 4, I describe our demonstration of “magic

ellipticity” trapping to extend the rotational coherence time of molecules in optical

tweezers; in Chapter 5, I present a set of techniques that we have implemented for im-
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proved state-preparation andmeasurement of molecules in tweezers; in Chapter 6, I

discuss our demonstration of dipolar entanglement between the rotational states of

molecules; in Chapter 7, I detail our characterization of the first universal two-qubit

gate between individually trapped ultracold molecules; and, finally, in Chapter 8, I out-

line some possible future scientific applications of ultracold molecules in tweezers and

discuss remaining challenges.
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Invention, it must be humbly admitted, does not consist in

creating out of void, but out of chaos.

Mary Shelley

2
Molecules: A step-by-step assembly guide

2.1 Overview of the experimental apparatus

A detailed description of the Ni Group’s ultracold molecular assembler experiment, in-

cluding information on the initial construction of the apparatus, can be found in the

thesis of Jessie Zhang [308]. In this chapter, I will provide a broad overview of the cur-

rent state of the experiment, with amore detailed focus onmethods and aspects of the

apparatus that have changed in the intervening years.

Fig. 2.1 shows the overall layout of the experiment optical table, with different re-

gions labelled corresponding to optical beam paths with different functions. The exper-
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Figure 2.1: Illustration of the overall layout of the experiment optical table, centered on the glass cell.
Optics are distributed across three levels: above, level with, and below the glass cell. The height of the
Feshbach coils spans the three levels. (a) Depicts the main level of the optical table. The table has a large
rectangular slit in its center in which the Feshbach coil and glass cell assembly is mounted. The optical
setup is divided into different colored regions which are labelled by the primary purpose of the optics
within them. Full beam paths within the tweezer, Na D1 + Cs high field imaging, and STIRAP regions are
provided in figures 2.3, 2.8, and 2.12, respectively. (b) Depicts the upper level, which is a small bread-
board held above the glass cell by optical posts, with a rectangular slit through the center allowingMOT
and Raman sideband cooling beams to be directed downward to the glass cell. (c) Depicts the lower level,
which actually has two components: the underside of the main breadboard, and an additional bread-
board suspended directly below the glass cell. The latter is denoted by the dashed line in the figure. MOT
and Raman sideband cooling beams are directed upwards towards the glass cell, through the slit in the
main optical table. (d) Side view of the three levels of the optical table.
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iment is built around a glass cell under ultra high vacuum, fitted with Na and Cs atomic

dispensers that we use to fill the cell with a low density vapor of both alkali species.

Within the glass cell, we form a dual species magneto-optical trap (MOT) fromwhich

we directly load Cs into an array of 1064 nm optical tweezers. For Na, we first apply a

graymolasses cooling step before loading atoms into 616 nm tweezers [309]. Subse-

quently, we rearrange the stochastically loaded atoms into smaller near-unity-filled ar-

rays, and perform Raman sideband cooling to prepare both species close to the 3Dmo-

tional ground state of the optical tweezers [302, 309]. We then apply a large magnetic

field of 864 G using a pair of high-current coils (henceforth referred to as Feshbach

coils). Following this, wemerge the tweezer arrays, and ramp themagnetic field over

an interspecies Feshbach resonance to magnetoassociate the atom pair into amolecule

[310]. We then transfer the molecule to its rovibrational ground state via a two-photon

process [48, 309]. The rotational states of the ground state molecules can at this point

be manipulated with resonant microwaves, and themolecules can be entangled via the

long-range dipole-dipole interaction. To read out the state of the molecules, we reverse

the molecule formation steps and image the resultant atoms (both Na and Cs in Chap-

ter 4 and just Cs in Chapters 5 to 7). A representative timing diagram of this sequence is

shown in Fig. 2.2.

The experiment is controlled primarily using three hardware devices:

1. An FPGA (Xilinx ZC702), which controls transistor-transistor logic (TTL) outputs
for digital triggers and switches, and direct digital synthesis (DDS) outputs to
produce radio-frequency control signals.

2. An analog output device (NI PCI-6733), providing voltages between -10 and 10 V.
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Figure 2.2: Timing diagram for a typical experimental sequence involving assembly of rovibrational
ground state NaCsmolecules. Themolecule detection protocol represented here is described in detail
in Chapter 5, and consists of sequentially selectively dissociating molecules in two different rotational
states and imaging the resultant Cs atoms at highmagnetic field to read out the population in each state.

3. An arbitrary waveform generator (AWG, Spectrum InstrumentationM4i.6622-
x8), that is used to output radio-frequency (RF) tones to generate tweezer arrays.

These hardware devices are controlled via a unifiedMATLAB frontend, which is used

to specify the timing of all pulses in a given experimental sequence. Any given sequence

written in the frontend is first “generated”, producing corresponding sets of hardware

commands that are transmitted to the backend of each hardware device to actually run

a sequence. For further information on the computer control system, see the thesis of

Yichao Yu [301]. The optical tweezer arrays themselves are generated using Acousto-
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Optic Deflectors (AOD, IntraAction), which can be driven bymultiple RF tones to de-

flect an incoming beam intomultiple output beams. The deflection angle of the beams

is determined by the frequency of the RF tones, and, in turn, determines the spacing

between the tweezers. The tweezer beam paths are illustrated in Fig 2.3. Readout is per-

formed through fluorescence imaging of individual atoms. Depending on the particular

experimental sequence being performed, the probability of detecting an atom in a given

image can bemapped onto the population of molecules in a particular internal state

(see Chapter 5). For imaging, atoms are excited using light resonant with the D2 (for

Cs) or D1 (for Na) lines, and fluorescence is collected on an electronmultiplying CCD

camera (EMCCD, Andor iXon Ultra). Images are analyzed using the frontend control

computer to determine the presence of an atom in each tweezer.

2.2 Building blocks: Ultracold atoms in optical tweezers

The first step of every molecule experiment that we perform is to load Na and Cs atoms

into parallel arrays of optical tweezers. By individually trapping neutral atoms in tweez-

ers, we can control their quantum state with high precision. This is one of the reasons

this platform has gained a great deal of prominence in recent years for quantum com-

puting [37, 181, 184], simulation [242, 248], andmetrology [88, 237]. In our experiment,

we are particularly concerned with controlling the motional state of the atoms, which

will be inherited by themolecules created throughmagnetoassociation [310]. Using Ra-

man sideband cooling, we can prepare both atoms close to their 3Dmotional ground

state, following a procedure detailed in [308]. In recent years, we have focused on in-

creasing both the number and density of atoms in the arrays, with the goal of trans-
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Figure 2.3: Beam paths used for generating optical tweezers at 1064 and 616 nm, as well as for collecting
atomic fluorescence onto EMCCD. In comparison to earlier iterations of the apparatus [308], the posi-
tion and orientation of the dichroic used to combine the two tweezer beams has been changed tomake
room for a rotation-mounted waveplate that we use to go to amagic ellipticity condition for trapping
molecules in the 1064 nm beam (see Chapter 4). We also added a second CCD camera tomonitor the po-
sitions of the STIRAP / detuned Raman beams, which are transmitted through the objective and partially
reflected into the imaging beam path. This and other beam path diagrams use art from ComponentLi-
brary developed by Alexander Franzen [91].
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forming them into a dense molecular array for molecule-molecule interaction exper-

iments. Towards this goal, we have implemented two significant upgrades to the ex-

periment, which I will describe in detail in the following subsections: gray molasses

cooling and enhanced loading of Na atoms using the D1 line, and in-situ rearrangement

of atoms to form near unity-filled arrays.

2.2.1 Graymolasses cooling and enhanced loading of Na

2.2.1.1 Λ-enhanced graymolasses

v
|D

E

Position

32S1/2

32P1/2

F = 2

F' = 1

Cooling

(a) (b)

Repump

F' = 2

F = 1

|B

Figure 2.4: (a) Typical cycle of non-adiabatic transition from dark to bright state followed by optical
pumping from bright to dark state, ultimately producing the Sisyphus-coolingmechanism of graymo-
lasses. (b) Relevant energy levels and cooling laser frequencies for implementing graymolasses on the
D1 line of Na. Note that while the transition from F = 1 is labelled as “repump,” this is largely a matter
of historical convention, and the beam is not only acting as a repump but is also key to forming the dark
dressed state in the Λ-enhanced scheme.

As a starting point for tweezer loading, we implemented a Λ-enhanced graymolasses

cooling step for Na atoms, directly following theMOT stage. Graymolasses cooling,

first proposed in Refs. [106, 287], is a method of sub-doppler cooling that relies on

the formation of bright and dark dressed states of atoms in a standing wave of near-
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resonant cooling light. It can be implemented on transitions with F ′ = F or F ′ = F− 1,

and uses light blue-detuned from the transition. Even with just a single cooling beam,

this leads to the formation of one or more dark states, the energy of which is unaffected

by the intensity of the light. It also produces bright states, the energy of which are de-

termined by the intensity, and which can be light-shifted above the dark state. In the

presence of a standing wave of the intensity [287] and/or polarization [224] of the light,

this leads to atoms in the bright state traversing a hilly potential landscape, while the

energy of the atoms in the dark state is position-independent. The sub-doppler cool-

ing is provided by a Sisyphus-like mechanism composed of two processes that can lead

to transitions between bright and dark states: first, when atoms in the bright state ab-

sorb cooling photons, they can scatter into the dark state; and second, atoms in the

dark state can non-adiabatically transfer to the bright state, at a rate determined by

the energy separation between states and the velocity of the atoms [287]. For blue-

detuned cooling light, the non-adiabatic transfer occurs with the highest probability

at the energyminima, when the separation between the bright and dark states is small-

est. This leads to cooling since, on average, atoms that transfer to the bright state climb

some fraction of the potential hill before scattering back into the dark state. This cool-

ingmechanism is illustrated in Fig. 2.4. Atoms travelling with higher velocities have

a higher probability of non-adiabatic transfer from dark to bright states since the ve-

locity of the atom determines the rate of change of the bright state energy, and hence

the adiabaticity parameter, as the atom traverses the standing wave. This velocity-

dependence leads to an effect akin to velocity-selective coherent population trapping,

wherein atoms that have been cooled to low velocities are more likely to remain in the
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dark state. Themethod is called “gray” molasses because, unlike a conventional optical

molasses, there is minimal fluorescence from the atoms once they are cooled, as they

mostly remain in the dark state.

For Na atoms, a gray molasses can be realisedmost efficiently on the D1 line’s F = 2

to F ′ = 2 transition. In some alkali species it is possible to implement a graymolasses

using the F = F ′ component of the D2 line, but its efficiency will generally be reduced

by the effect of being red detuned from the F ′ = F+ 1 transition [121, 227]. In a standard

alkali gray molasses configuration, an additional repumping beam is added to prevent

population from accumulating in the lower F component of the ground state (F = 1

for Na), as illustrated in Fig. 2.4. In the early 2010s, it was noted that the final achiev-

able atom temperature exhibited a significant dependence on the relative detuning

between the cooling and repump lasers, with the minimum temperature occurring for

the exact Raman condition, when the frequency difference between the lasers matched

the ground hyperfine splitting [224]. Subsequent theoretical investigation revealed

that this occurs due to the formation of dark states that are a superposition of the two

ground hyperfine levels, which are generally evenmore uncoupled from the light field

than the dark states of a single-frequency graymolasses, leading to more efficient cool-

ing and population trapping [253]. This configuration came to be known as Λ-enhanced

graymolasses.

To implement Λ-enhanced graymolasses cooling for Na, we generate up to 2W of

589 nm light using a Raman fiber amplifier (MPB Photonics) seeded with a laser locked

to the F = 2 → F ′ = 1/2 crossover peak of the D1 line. The single-photon detuning

from the F = 2 → F ′ = 2 transition is controlled via a double-pass AOM (Gooch
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Figure 2.5: (a) Na atom cloud size after 1.5 ms time-of-flight expansion following graymolasses cooling,
as a function of repump beam detuning from Raman resonance. (b) Series of time-of-flight images of
cloud with optimized graymolasses cooling parameters. (c) Gaussian fits to images of expanding cloud
during time-of-flight, fromwhich we extract a temperature of 21.2 μK

and Housego), and the repump light is provided by a resonant EOM (Qubig PM-Na_1.7)

that creates a sideband at the Na ground hyperfine splitting of 1.772 GHz. This D1 light

is combined with the D2 MOT light before being delivered to the experiment table, so

the polarization configuration for the graymolasses beams is the same set of opposite

circular polarizations used for theMOT [308]. Before loading from the graymolasses

into tweezers, we optimized the parameters of a single 1 ms graymolasses pulse using

time-of-flight expansion of the atom cloud. Scanning the EOM frequency, we observed

aminimum cloud size following 1.5 ms time-of-flight for a two-photon detuning of

close to zero (Fig. 2.5(a)). Once the graymolasses parameters had been optimized, we

measured the expansion of the cloud and extracted a temperature of 21.2 μK (Fig. 2.5(b-

c)). The temperature of theMOT cloud before graymolasses is 138 μK.
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Figure 2.6: Polarizabilities of the 32S1/2, 32P1/2 states and the |mJ| = 3/2 component of the 32P3/2 state of
Na, between 550 and 950 nm. Data are taken from Ref. [19].

2.2.1.2 Magic wavelength trapping and enhanced loading

Loading Na atoms into tweezers directly from the D1 graymolasses provides both a

lower initial temperature and the possibility of loading a larger and higher density

array. In previous work in which we directly loaded Na atoms from the D2 MOT, we

needed to strobe theMOT and trapping light out of phase with one another [130]. This

is because, for trapping wavelengths between the D2 line itself at 589 nm and 820 nm,

the 32P3/2 state is anti-trapped. Thus, if the atom is excited on the D2 line while the trap-

ping light is on, it will be pushed away from the center of the tweezer, leading to heat-

ing. Rapidly strobing the cooling and trapping light out of phase eliminates this issue

[130]. However, it leads to a significant increase in the power requirements for both

beams tomake up for the off-time. If cooling is performed on the D1 line, this problem

can be sidestepped entirely, as there is a wavelength region close to 616 nm for which

the 32P1/2 state is trapped. This can be seen in Fig. 2.6, which compares the polarizabil-

21



ity of the 3S and the two 3P states for Na. Not only is 32P1/2 trapped, but, if the trapping

wavelength is chosen correctly, it is possible to achieve a “magic” trapping condition,

where the polarizability of the excited state matches exactly that of the ground state

[6, 13, 19]. Trapping at this magic wavelength can lead to particularly efficient cooling

and imaging since any excess heating caused by displacement of the trapping poten-

tial for the excited state is eliminated [187]. This occurs for Na at 615.88 nm, which is

where the polarizabilities of the 32S1/2 and 32P1/2 states intersect in Fig. 2.6. We gener-

ate trapping light at the magic wavelength using a sum-frequency-generation system

(Precilaser), combining separately amplified 1550 nm and 1020 nm beams to produce

616 nm in a nonlinear crystal.

Figure 2.7: Three-stage graymolasses sequence used for enhanced loading of Na atoms in tweezers.

Along with avoiding the need for strobing, the other major advantage of loading
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amagic wavelength tweezer from a graymolasses cloud is that it allows atoms to be

loaded with a probability of > 50% per tweezer. In typical tweezer loading in the pres-

ence of red-detuned cooling light, the light couples pairs of atoms to the attractive

molecular potential curve, leading to short-range collisions and loss of both atoms

from the trap. This gives so-called “parity-projected” loading where any tweezers con-

taining an even number of atoms will end up containing none after collisions, and any

with an odd number will contain one remaining atom. The initial filling of an array

loaded in this way is thus close to 60 %, slightly higher than a pure parity-projected

limit due to the possibility of only one atom of a pair being ejected [238, 257]. Using

light blue-detuned from all atomic transitions, however, will instead couple to the re-

pulsive potential of the two atoms, leading to inelastic collisions with a smaller amount

of excess kinetic energy determined by the laser detuning. By choosing the detuning

to give the atom pair just enough energy for one atom, but not both, to escape the trap,

it is possible to preferentially eject only one atom if the initial distribution of kinetic

energies of the pair is at all imbalanced. This conversion of pairs of loaded atoms into

single atoms allows enhanced loading of between 80 and 90% per tweezer, signifi-

cantly higher than the limit imposed by parity-projection [46, 107]. Enhanced load-

ing of Na atoms inmagic wavelength optical tweezers was first demonstrated by the

group of Huanqian Loh in Ref. [6]. The graymolasses sequence that we use for loading

is depicted in Fig. 2.7. Following Refs. [6, 69], we perform three stages of gray molasses

cooling, beginning with a high intensity and low detuning stage tomaximize the atom

capture velocity, before reducing the intensity and increasing the detuning to reduce

the atom temperature. This is followed by the tweezer-loading stage, with a duration of
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80ms, in which the detuning is again reduced to control the amount of excess energy

imparted to the atoms during collisions. Using this sequence, we achieved an average

Na loading probability of 80%.

2.2.1.3 D1 imaging

EMCCD
camera

MOT / �-GM beams

Cs high-field
imaging Na D1 imaging

Dichroic

f = 1 m 
lens

QWP

QWP

Retro mirror

QWP + HWP

*

*

Figure 2.8: Na D1 and Cs high-field imaging beam paths. The two beams are combined on a dichroic
mirror and directed to the atoms by amirror that they share with one of the pairs of MOT / Λ-enhanced
graymolasses cooling beams. The beams are retroreflected on the other side of the glass cell using a
mirror positioned so as to avoid clipping theMOT beams. The polarization of the Na D1 light is circular,
chosen tomatch the polarization of theMOT beams. It is rotated by an additional quarter waveplate in
front of the retroreflectionmirror, such that the retroreflected beam has opposite circular polarization.
The Cs high-field imaging light is aligned to produce vertical polarization after the first quarter wave-
plate, and the fast axis of the retroreflection waveplate is aligned to the vertical such that the polarization
of the high-field imaging beam is unaffected by it. We add a 1 meter focal length lens in the D1 path to
counteract the divergence of the beams, resulting in retroreflected beams that are slightly focusing and
thus similar in diameter to the incoming beams.

The blue-detuned graymolasses light can also be used for imaging of single Na
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Figure 2.9: (a) Average histogram of photoelectron counts for D1 imaging of Na, where the left peak
corresponds to empty sites and the right peak to sites containing one atom. False positive and negative
rates are determined by fitting a sum of Gaussians to the peaks. (b) Average image of an 8-site array
corresponding to the histograms on the left.

atoms [6]. However, since the atomic fluorescence is significantly reduced in a graymo-

lasses compared to a red-detunedMOT or polarization gradient cooling configuration,

the signal-to-noise ratio will be less favorable for imaging. In prior work we imaged Na

atoms using theMOT beams themselves. However, we found that when trying to im-

age the atoms with graymolasses, there was somuch excess scattering of the imaging

light from the glass cell onto the camera that the imaging signal was not resolvable. To

overcome this issue, we added a dedicated imaging beamwith a diameter of∼1 mm,

significantly smaller than theMOT beams. This beam is combined with the Cs high-

magnetic-field imaging light (discussed in Chapter 5) and retroreflected close to the

glass cell. This beam path is illustrated in Fig. 2.8. The use of this small beam allowed

us to achieve high intensities of incident imaging light with comparatively little scat-

tering. This comes at the expense of reduced cooling efficiency during imaging, due to

only having a single cooling axis. Nevertheless, using a small blue detuning of 18MHz,

we were able to achieve good imaging histogram separation—as shown in Fig. 2.9—

corresponding to false positive and false negative rates of 0.9% and 0.4%, respectively,
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and an overall imaging survival of 95.5%.

2.2.2 In-situ rearrangement of atoms

5 �m

Na

Rearrange 

Cs

Na
Cs

5 �m

Figure 2.10: Single-shot images of Na and Cs atoms before and after rearrangement from 16-site to 8-
site arrays. The images of the two species are independently normalized, and are superimposed with
different colors. Black boxes are centered on the individual sites in the array, rounded to the nearest pixel.

An important step towards preparing a dense array of NaCsmolecules is being able

to begin with densely-filled arrays of Na and Cs atoms. By implementing enhanced

loading for Na, we were able to increase the initial filling fraction to 80%, but for Cs we

remain limited to the∼60% parity-projected filling. To produce atomic arrays with

close to unity filling, we implemented deterministic in-situ rearrangement of atoms.

To perform said rearrangement, we first load 16-site arrays of both atoms and perform

fluorescence imaging to determine which sites contain atoms. All of the empty sites

are then dropped, and the tweezers containing atoms are shuttled to one side to cre-
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ate smaller 8-site arrays with close to unity filling. This method was introduced by the

group of Mikhail Lukin in Ref. [85], and has become a workhorse technique in neutral

atom tweezer experiments. The rearrangement process is demonstrated in Fig. 2.10,

which shows consecutive single-shot images of the Na and Cs arrays before and after

rearrangement.

The RF tones defining the AOD deflection angles of the different tweezers are gen-

erated on-the-fly, allowing the tweezer positions to be reconfigured arbitrarily during

the sequence. Tominimize dead-time between cycles of the experiment, the entire ex-

perimental sequence is generated once at the start of a given run of data collection, but

the precise sequence of moves for the rearrangement is left unspecified at generation

time. Immediately following the pre-rearrangement image, the image is loaded from

the EMCCD camera onto the control computer, where it is analyzed and the necessary

sequence of moves is determined. These instructions are then transferred to the com-

puter running the AWG, where they are read frommemory at runtime. The total time

between taking the first image and executing the rearrangement is between 150 and

200ms. This includes overhead time for loading from and readying the camera, an-

alyzing the images, and configuring all the output devices for the next portion of the

sequence.

2.3 Coherent creation of ground state molecules, or There and Back Again

2.3.1 Magnetoassociation of atom pairs

The first step in molecule formation is to create weakly-boundmolecules throughmag-

netoassociation. This was first demonstrated for single molecules in optical tweez-
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ers by our group in Ref. [310]. We begin by ramping themagnetic field in the glass

cell to 866 G using two large Feshbach coils in a Helmholtz configuration. Themag-

netic field is controlled through active stabilization of the current in the coils, which is

monitored using a Hall probe. For details of the coil assembly and calibration, see Ref.

[308]. At somemagnetic fields between 0 and 100 G, the Zeeman shift of the atoms can

cause the energy difference between pairs of atomic states to become resonant with

the frequency separation of neighboring optical tweezers, which can result in tweezer-

induced Raman transitions [309]. To avoid these regions, we jump themagnetic field to

100 G as fast as possible and then ramp the rest of the way in 39ms. Once themagnetic

field is at its maximum value, wemerge the two tweezers by sweeping the frequency of

the 616 nm vertical AOBD, and then ramp down the amplitude of the 616 nm tweezer

to adiabatically lower the Na atoms into the 1064 nm tweezer. We then use a smaller

pair of coils around the glass cell—referred to as shim coils—to ramp themagnetic field

back down by 2.5 G, crossing the interspecies Feshbach resonance at 864.1 G. This re-

sults in atom pairs that are in the relative motional ground state being transferred to a

weakly boundmolecular state which we refer to as a “Feshbachmolecule.”

While the magnetoassociation process itself is close to 100% efficient, we typically

achieve an overall two-way conversion efficiency from atoms tomolecules of between

30 and 40%. This is primarily limited by the Raman sideband cooling of Na, which has

a 3D ground state fraction of close to 60% after cooling. This ground state fraction is

itself limited primarily by scattering of the 616 nm tweezer light. Cs cooling is gener-

ally more straightforward due to its heavier mass, with typical final 3D ground state

fractions in the 80-90% range. Some additional heating can then be introduced at the
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merge stage. Although themerge parameters, including themove rate, trap depths,

andminimum-jerk trajectory, are optimized tominimize heating, there may still be

some residual heating due tomisalignment of the trap centers along the axial direction.

There is some additional imperfection in the state preparation of both atoms in the

|F = 1,mF = 1⟩Na |F = 3,mF = 3⟩Cs hyperfine state combination in which the Feshbach

resonance occurs. All of these factors contribute to the final Feshbachmolecule creation

efficiency.

2.3.2 Two-photon transfer to the rovibrational ground state
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Figure 2.11: Two-photon pathway from the Feshbachmolecule to the X1Σ+ ground state of NaCs, via the
v′ = 22 vibrational level of the electronically excited c3Σ+1 state. Figure adapted from [48].

Following Feshbachmolecule creation, we transfer molecules to the X1Σ+ rovibra-

tional ground state using a two-photon scheme—illustrated in Fig. 2.11. In previous
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work, we used the v′ = 26 vibrational level of the c3Σ+
1 electronic state as an interme-

diate for two-photon transfer [48, 309]. However, this state had an anomalously broad

linewidth of 120MHz, making it difficult to apply the standardmethod of resonant two-

photon transfer via Stimulated Raman Adiabatic Passage (STIRAP).We found that it

was possible to overcome this limitation using detuned Raman transfer with a detun-

ing of several GHz [48]. We subsequently performed a spectroscopic investigation of

other potential intermediate states to identify a narrower line that would overcome this

limitation, settling on the v′ = 22 level of c3Σ+
1 . This spectroscopic investigation is de-

scribed in detail in Chapter 3. Using v′ = 22, we succesfully transferredmolecules to

the rovibrational ground state using STIRAP, which is the method we use for molecule

preparation in Chapter 4. In Chapters 5, 6, and 7 we, in fact, return to using detuned

Raman, albeit for different reasons. In this case, we tune the lasers to be blue-detuned

by 500MHz from the intermediate state, a detuning that is specifically chosen to avoid

transitions from the next rotationally excited state to c3Σ+
1 . This allows us to dissociate

molecules in the rotational ground state without disturbing population in the rotation-

ally excited state, as described in Chapter 5.

2.4 Molecular manipulations: Rotational structure andmicrowave control

Once we have producedmolecules in their rovibrational ground state, the next chal-

lenge is to actually coherently control some of the rich internal structure that we have

been seeking to exploit. We are particularly interested in controlling the rotational

states of the molecule. For this task, our tool of choice is resonant microwave fields.

Microwaves have been used to probe and control the states of molecules for close to 100
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Figure 2.12: (a) Beam path for two-photon transfer of molecules from the Feshbach to the ground state,
via STIRAP or detuned Raman. (b) An Airy disk phase pattern is imprinted on the beams using passive
beam shaping optics (Asphericon AiryShape), resulting in top hat beam profiles at the focus, that we use
for uniform addressing of all the sites in the array.

years. The first use of microwaves to control the state of a molecule occurred in 1934,

when they were used to drive the inversion of the pyramidal ammonia molecule [65].

The technique was not further developed, however, until the boom inmicrowave tech-

nology following the SecondWorldWar, at which point it quickly became a standard

method of performing rotational spectroscopy of molecules [97]. Famously, the same

ammonia transition which was first investigated in 1934 was later used to construct the
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maser (microwave amplification by spontaneous emission of radiation) [96], that went

on to inspire the invention of its optical equivalent: the laser.

The rotation of polar molecules can be controlled via microwaves due to themolecule’s

electric dipole moment. The dipole interacts directly with the applied electric field of

the microwaves. The change in average orientation of the dipole depending on the rota-

tional state of the molecule produces transition dipole moments that allow rotational

transitions to be driven by resonant microwaves. The energy spacing between rota-

tional levels is determined by themoment of inertia of the molecule about the axis of

rotation. Small, light molecules such as H2, will rotate faster, yielding rotational tran-

sitions that can reach energies as high as the near-infrared optical regime [45]. Most

molecules, however, have rotational energies broadly within themicrowave andmm-

wave region of the electromagnetic spectrum. The first rotational transition of NaCs,

the only one we currently address, occurs at 3.47 GHz, corresponding to a wavelength of

8.64 cm.

2.4.1 Microwave generation

The hardware used for generating and delivering resonant microwaves at 3.47 GHz is

depicted schematically in Fig. 2.13. We generate the microwave signal bymixing a sta-

ble crystal oscillator at exactly 3.42 GHz (Luff Research) with one of the DDS outputs

of our FPGA system at close to 50MHz. Both the oscillator and the clock of the DDS

chip are referenced to the same 10MHz Rb clock (Stanford Research Systems). The

amplitude and precise frequency of microwave pulses are controlled dynamically in-

sequence using the DDS. Pulse durations can be specified with a precision of 10 ns, and
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Figure 2.13: Electronics path for generating 3.47 GHzmicrowaves to address theN = 0 toN = 1
rotational transition in NaCs. Schematic created using symbol library Ref. [93].

aminimum on-time of 500 ns. The signal after the mixer is sent through an isolator to

minimize reflections, followed by a 10 dB attenuator and a narrow band-pass filter that

significantly attenuates all but the positive sideband of the mixed signal at 3.47 GHz.

The filteredmicrowaves then pass through amicrowave circulator that provides addi-

tional isolation. The return port of the circulator is directed towards an attenuator to

absorb any reflected signals, but it can also be used for monitoring of the microwave

pulses. The signal is then amplified by a 45 dB high-power amplifier (Minicircuits ZHL-

16W-43-S+), passing through a final circulator and a switch, which is opened whenever

microwaves are not on, to prevent any electrical noise being directed to themolecules.

Themicrowaves are finally transmitted to themolecules using a dipole antenna, that

is suspended above the glass cell. A picture of the dipole antenna is shown in Fig. 2.14.
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Figure 2.14: Resonant dipole antenna used to direct 3.47 GHzmicrowaves to the molecules.
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There is nothing like looking, if you want to find some-

thing. You certainly usually find something, if you look,

but it is not always quite the something you were after.

J.R.R. Tolkien

3
High-resolution spectroscopy of the c3Σ+1

state of NaCs

Material in this chapter, including portions of the text and figures, originally appeared

in print in [217], and include some data from a different experiment within the Ni group

built to study all-optical association of NaCsmolecules [171, 301]. The coupled-channel

model codebase used here was originally developed byWilliam Cairncross for use in

[48].
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3.1 Electronic and rotational structure of bialkali molecules

In this section, I provide a brief introduction to the electronic and rotational structure

of bialkali molecules, with a particular focus on NaCs. This introduction is designed to

help orient a reader with little to no prior molecular physics knowledge, but it is by no

means a complete picture of the complexities of molecular structure, which is rich and

replete with interesting edge cases. For a more complete picture, I recommend readers

turn to Brown and Carrington, Rotational Spectroscopy of Diatomic Molecules ([45]), a true

reference tome for both the structure of particular classes of diatomic molecules and for

the details of spherical tensor algebra and coupling of angular momenta required for

a full quantummechanical treatment of molecular structure. For a modern treatment

including recent developments in studies of ultracold molecules, I recommend Krems,

Molecules in Electromagnetic Fields ([158]). Both of these books are significant sources

throughout this section.

3.1.1 Molecular electronic potentials

The fundamental problem of quantum chemistry is to determine the energy of a molecule,

given a specific set of positions andmomenta for all its constituent particles. This task

is, it turns out, Herculean in scale, and performing it both efficiently and accurately has

been the life’s work of countless researchers over the last century. In the comparatively

simple case of atoms, where we need only consider a single fixed nucleus and some

number of mobile electrons, we are used to thinking of the states as forming a ladder in

energy. The rungs of this ladder consist of the eigenstates of the atomic Hamiltonian,

defined by, in order of decreasing energy scale: the radial quantum number, n, of the
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Figure 3.1: Relevant potential energy curves of NaCs. Singlet X1Σ+ (green) and triplet a3Σ+ (purple)
curves at the Na(3s) + Cs(6s) threshold are from Ref. [44]. At the two Na(3s) + Cs(6p) thresholds, we
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curves from Refs. [104, 105, 305]. These states can also be labelled in the Hund’s case (c) basis as (2)Ω =
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outermost electron(s), their total orbital angular momentum, L, total spin, S, and cou-

pling to total nuclear spin, I. These properties define a relatively sparse progression of

energy eigenstates, with n defining electronic states separated by 100s to 1000s of THz

(for low-lying states), superimposed with substructure given by coupling between L

and S, defining the fine structure on the GHz to THz scale, and coupling between L, S

and I, resulting in hyperfine structure on the few GHz scale.

In the case of molecules, the introduction of multiple nuclei complicates the prob-
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lem by orders of magnitude. Since the energy of the molecule is primarily determined

by the interaction of the electrons with the combined electric field of all the nuclei, the

relative positions of those nuclei will be of critical importance. However, the nuclei

are themselves bound together by their interaction with all the electrons, so finding

the energy eigenstates requires solving the Schrödinger equation simultaneously for

the coupled system of nuclei and electrons. This rapidly becomes intractable even for

small molecules. As a result, much of quantum chemistry is concerned with choosing

an appropriate set of approximations that allow this problem to be solved relatively ac-

curately. The first andmost important of these is the Born-Oppenheimer Approximation,

which states that since themass of the electron is so much smaller than themass of the

nuclei, one can assume that the electrons instantly respond to any changes in the posi-

tions of the nuclei. As a result, to calculate the electronic energy of a molecule, one can,

to first order, neglect the quantummechanical motion of the nuclei, and just treat them

as fixed charges with some set of positions {ri}. For every possible combination of ri,

one can compute the resulting electric field and find the lowest energy eigenstates of

the electrons moving in that field. This process defines themolecular potential; that is

the energy of the electrons in the coordinate space defined by the nuclear positions ri.

Themolecular potential is the primary conceptual tool used to explain the structure of

molecules [275].

For diatomic molecules, the simplest class of molecules that exist, the molecular po-

tential is defined by a single variable: the distance R between the nuclei. We can thus vi-

sually represent the energetic structure of the molecule by plotting the electron energy

against R. If we plot only the lowest energy eigenstates of the electrons for each value of
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R, then this defines the ground electronic potential. We can also consider higher energy

configurations of the electrons, that may have a very different dependence on R to the

ground state. Figure 3.1 shows the potential energy curves for a five electronic states of

NaCs that are relevant to this chapter (reproduced from [217] and using potentials com-

puted in [44, 104, 105, 305]). Each of these curves is labelled by a set of quantum num-

bers, which will be discussed in detail below. At large values of R, the potential curves

are labelled by a pair of single-atom states, e.g. Na(3s) + Cs(6p1/2). This is the dissocia-

tion limit of the molecule, where it can again be treated as two non-interacting atoms

in independently defined electronic states. Notice, however, that any given combina-

tion of electronic states for Na and Cs can producemultiple different molecular poten-

tials, with very different energies. These differing energies are caused by the strong in-

teractions between the electrons at small internuclear separations. Wewill turn shortly

towards a quantummechanical description of these interactions, but first we should

briefly return to the question of the motion of the nuclei.

Within the Born-Oppenheimer Approximation, although we can calculate an energy

for the electronic states at every internuclear separation R, the real internuclear sep-

aration will not be fixed. In fact, one can think of the nuclei as acting like a quantum

(an)harmonic oscillator with a confining potential V(R) defined by the electronic states.

Theminimum of the electronic potential as a function of R defines the equilibrium in-

ternuclear separation Re, and, like any quantum oscillator, the lowest energy eigenstate

of the system corresponds to some zero-point vibration about this equilibrium. The

energy separation between the ground and first vibrationally excited eigenstates is typi-

cally on the order of a few THz, such that every electronic potential can support around
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one hundred distinct vibrational eigenstates. These eigenstates are labelled in order

of increasing energy by the vibrational quantum number v, starting from v = 0. Near

the minimum of an electronic potential, its shape is approximately harmonic, but at

high energies it becomes very anharmonic as it approaches the energy of the free atom

pair, which is known as the dissociation threshold. Near the dissociation threshold,

the vibrational level spacing becomesmuch smaller as the vibrational wavefunction

approaches the unbound scattering wavefunction of a pair of atoms.

As well as vibrating along the bond axis, the whole system of nuclei and electrons

can rotate with quantized angular momenta determined by themasses and separation

of the two nuclei. The typical spacing of rotational levels for diatomics is several GHz.

Rotational levels are labelled by the rotational angular momentum quantum numberR.

Finally, magnetic interactions within the molecule can induce additional splittings that

can range typically fromHz to hundreds of MHz. Already, the dense and complex en-

ergy level structure of molecules is apparent. Unlike atoms, each electronic state corre-

sponds to a potential curve covering an enormous range of energies, which can support

hundreds of vibrational levels. Each of these vibrational levels in turn has hundreds of

rotational sublevels, which are then further split by hyperfine structure. This hierarchy

of energy scales is illustrated in Fig. 3.2.

3.1.2 Molecular quantum numbers

In developing themolecular potential picture within the Born-Oppenheimer approx-

imation, we have only discussed the relative positions andmomenta of the nuclei. In

other words, we have been operating in themolecule frame, where the coordinate sys-
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tem is defined by themolecular bond axis, along which the nuclei vibrate and about

which the electrons orbit. But what happens when the bond axis is rotating? It turns

out that this rotation is of fundamental importance, because it determines the relation-

ship between themolecule frame and the lab frame, which is the stationary coordinate

system defined with respect to our experimental apparatus. In order for a quantumme-

chanical property of the molecule to bemeasurable, it must have somewell-defined

projection in the lab frame, enabling it to interact with whatever lab frame field we ap-

ply to probe it. However, manymolecular quantum numbers are only well-defined in

themolecule frame. To actually predict how themolecule will interact with our mea-

surement apparatus, we thus need to understand how these quantum numbers couple

to molecular rotation. We can then convert between themolecule frame and the lab

frame using rotation operators: theWigner D-matrices, which depend on the rotational

state. In general, we will specify the full state of the molecule using some combination

of lab frame andmolecule frame quantum numbers.
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The quantum state of an atom is primarily determined by the total orbital and spin

angular momenta of its electrons. This is thus a sensible place to start devising a set

of molecular quantum numbers. We can define the total electron orbital angular mo-

mentum, L, and spin, S, as the vector sum of the angular momenta of all the individual

angular momenta:

L =
∑
i

li (3.1)

S =
∑
i

si (3.2)

where i indexes the valence electrons (of which there are two for bialkalis). In the case

of atoms, the total orbital angular momentum L of the electrons is conserved due to the

spherical symmetry of the atomic potential. We do not have any such spherical sym-

metry in molecules, and thus L alone is not a good quantum number. We do, however,

have cylindrical symmetry along themolecular bond direction. As a result, the projec-

tion of L along the internuclear axis, which we label Λ, is a good quantum number [158],

at least some of the time, as we will see shortly. By analogy with the standard labelling

of atomic states with the letters s, p, d for L = 0, 1, 2, we label molecular states with the

capital Greek letters Σ,Π,Δ for |Λ| = 0, 1, 2. The electron spin does not interact with

the nuclear electric potential, so S is a good quantum number, along with its projection

onto the internuclear axis, which we label Σ. The electron orbital angular momentum,

electron spin, andmolecular rotation can couple together to give multiple other quan-

tum numbers, that may bemore or less useful depending on the particular molecular

state we are describing. A list of all relevant molecular quantum numbers is given in
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Table 3.1.

There is one other fundamental quantum number that is not described by any com-

bination of properties we have discussed so far, which I will brieflymention: parity.

Parity describes how the total state of the system transforms under the application

of the spatial inversion operator, P̂, which corresponds tomaking the lab frame trans-

formation (x, y, z) → (−x,−y,−z). In the absence of an external field applied in

the lab frame to break inversion symmetry, this inversion cannot change the state of

the molecule, meaning that the molecule’s eigenstates must also be eigenstates of par-

ity. Applying the parity operator twice is equivalent to performing the transformation

(x, y, z) → (−x,−y,−z) → (x, y, z), i.e. P̂2 is the identity. This means that the eigen-

value of a parity eigenstate can only take two possible values: 1 and -1. The sign of the

parity eigenvalue of a molecular state is its parity quantum number. For most molecu-

lar states, the parity is determined by the projection of the orbital angular momentum

as (−1)Λ. However, this is not the case for Λ = 0 states, which can have either positive

or negative parity depending on the specific combination of electronic orbital angular

momenta summed to produce the state. We thus label all Λ = 0 states with a+ or− to

denote their parity eigenvalues. For a more thorough discussion and derivation of the

parity quantum number, see [45].

3.1.3 Hund’s coupling cases

We now have an inventory of potential molecular quantum numbers, but which ones

do we actually need to uniquely identify quantum states? As can be seen in Table 3.1,

the majority of the possible quantum numbers are listed as “sometimes” conserved. In
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Quantum num-
ber Symbol Derived Frame Conserved?

Energy E Lab, Molecule Yes
Parity ϵ Lab, molecule Yes
Electron orbital
A.M. L L =

∑
i li Lab No

Electron orbital
A.M. projection
on internuclear
axis

Λ Molecule Sometimes

Total electron
spin S S =

∑
i si Lab Sometimes

Electron spin
projection on
internuclear axis

Σ Molecule Sometimes

Rotation R Lab Sometimes
Total orbital
A.M. N N = L+ R Lab Sometimes

Total spin and
orbital A.M. J J = L+ R+ S Lab Yes

Total A.M. pro-
jection in lab mJ Lab Yes

Total A.M.
projection on
internuclear axis

Ω Ω = Λ + Σ Molecule Yes (usually)

Total electronic
A.M. Ja Ja = L+ S Lab Sometimes

Table 3.1: Relevant molecular quantum numbers.
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Figure 3.3: Illustration of the couplings of angular momenta for (left) Hund’s case (a) and (right) Hund’s
case (c) molecules.

fact, ignoring nuclear spins which we have not yet introduced, there are only four quan-

tum numbers which are always strictly conserved: energy, E, parity ϵ, total angular mo-

mentum, J, and its projection in the lab frame,mJ. All of the other potential quantum

numbers will, to some extent, be mixed by interactions within the molecule such that

they do not have a single well-defined value. However, if a state can be described as

being, for example, 99% in S = 1, then Smay still be a useful way to label the state.

Hund’s coupling cases, named for German physicist Friedrich Hund, are a widely

used categorization of diatomic molecules by their dominant couplings. Determin-

ing which coupling case a molecule falls into allows us to choose an appropriate set

of quantum numbers with which to label it. Hund’s cases are labelled alphabetically

from (a) to (e). Two of these cases are particularly relevant to this chapter: (a) and (c).

Hund’s case (a) is the most commonly used. The strongest coupling in this case is of

L to the internuclear axis to give the projection Λ. The electron spin S is in turn coupled

to the internuclear axis via spin-orbit coupling, giving well-defined projection Σ. Since
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Λ and Σ are both good quantum numbers, their sumΩ is also good. Rotation is rela-

tively independent, and can be added to the sum of orbital and spin angular momenta

to give the total angular momentum J. Because the rotational angular momentum is by

definition orthogonal to the internuclear axis for a diatomic molecule, the projection

of J onto the internuclear axis is still equal toΩ = Λ + Σ. Hund’s case (a) gives us the

standard spectroscopic labelling of molecular states,

η2S+1Λ(ϵ)(Ω) (3.3)

Some of these only need to be specified for certain states; ϵ is only needed for Σ states,

andΩ is only specified if at least one of L or S is nonzero. The η quantum number is

an index used to label the different electronic in ascending order of energy, which has

a slightly odd convention. The ground electronic state is always labelled X, e.g. the

ground state of NaCs is denoted X1Σ+. The electronic states that are nominally acces-

sible by single-photon optical transitions from the ground state are then labelled alpha-

betically with capital letters, e.g. A1Σ+, B1Π0, etc. By “nominally accessible,” wemean

that the transition does not change the total spin state S. The transitions that are not

accessible by single photon transitions are labelled with lower case letters, e.g. a3Σ+
1 ,

b3Π, c3Σ+
1 , etc. Hund’s case (a) provides the most comprehensive set of molecular quan-

tum numbers, making it particularly useful. Even when a state cannot be described

purely in case (a), we will sometimes express it as a linear combination of some set of

case (a) states.

Hund’s case (c) is slightly messier. In this case, the spin-orbit coupling is so strong

that L and S first couple to form Ja before they couple to the internuclear axis. The indi-
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Hund’s Case Description Good quantum num-
bers

(a)
Strong coupling to in-
ternuclear axis, some
spin-orbit coupling

Λ, S, Σ, J,Ω

(b) No spin-orbit coupling
and/or Λ = 0 Λ,N, S, J

(c) Very strong spin-orbit
coupling J,Ω

(d)

Strong orbit-rotation cou-
pling but weak spin-orbit
coupling to internuclear
axis

L,R,N, S, J

(e)
Strong spin-orbit but
weak coupling to intern-
culear axis and rotation

Ja,R, J

Table 3.2: Hund’s coupling cases.

vidual projections onto the internuclear axis Λ and Σ are no longer well defined. How-

ever, their sumΩ, the projection of Ja onto the internuclear axis, is still a good quantum

number. Rotation is then added toΩ to give the total angular momentum J. Because Λ

and Σ are no longer good quantum numbers, we cannot generally label states using the

spectroscopic notation introduced for case (a). Instead, the standard case (c) labelling

is of the form (η)Ω(ϵ), where ϵ is only specified forΩ = 0 and η now just numbers the

electronic states in order of increasing energy starting from 1, e.g. (1)Ω = 2 is the lowest

energy state withΩ = 2. The other coupling cases are briefly described in Table 3.2, but

are not used to describe NaCs.*

*Technically, the electronic ground state of NaCs could be considered case (b), but for Λ = 0 states
case (a) and case (b) are identical, so we do not draw a distinction.
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3.1.4 Molecular hyperfine structure in magnetic fields

The hyperfine structure of a molecule is defined by themutual interactions of the elec-

tron spin and nuclear spins. Because its effect on themolecular energy levels is very

small, we can generally treat the hyperfine structure as a perturbation that splits the

rovibronic energy levels. As a result of this weak interaction, the spins of two nuclei in a

diatomic molecule generally do not significantly couple either to the internuclear axis

or to one another, so we can describe the hyperfine structure in terms of interactions

between S and each of the nuclear spins Ii individually.

For states with S ̸= 0, the hyperfine structure is dominated by direct interactions

between the electron and nuclear spins. This has two components, a short-range Fermi

contact interaction and long-rangemagnetic dipole-dipole interaction. The Fermi con-

tact interaction is a scalar operator and can be expressed as

HFC =
∑
i

αiS · Ii (3.4)

The coupling constant αi depends on the wavefunction amplitude of each of the indi-

vidual electrons at the nucleus i, and, while it can in principle be predicted by theory

[158], it is oftenmore accurate to determine it empirically, which is what we do later

in this chapter. Themagnetic dipole-dipole interaction, which is much smaller, can

be expressed as a rank-2 spherical tensor formed from the product of the electron and

nuclear spins, which are rank-1 tensors,

Hdd = −
∑
i

√
6
3

∑
i

dqi [S⊗ Ii](2)q (3.5)
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where, once again, the dqi are general coupling constants that can be determined spec-

troscopically.

For states with S = 0, the hyperfine structure will be much smaller; typically only

on the kHz scale. It is dominated by the interaction between the electric quadrupole

moment of the nuclei and the electric field gradients of the molecule. This interaction

can be expressed as [45]

HQ =
∑
i

∑
k

eQiqαk
Ii(2Ii − 1)

√
(6)T2

k(Ii, Ii) (3.6)

where T2
k(Ii, Ii) is the rank-2 spherical tensor formed by coupling Ii to itself (for explicit

forms of the spherical tensor components see Section 5.5 of Ref. [45]). There are two ad-

ditional terms that contribute generally on the 100 Hz level to the structure of bialkalis,

consisting of scalar and tensor couplings between the two nuclear spins [4, 35],

H(0)
spin−spin = c4Ii · Iβ (3.7)

H(2)
spin−spin = −c3

√
6T2(C) · T2(Ii, Iβ) (3.8)

where c3 and c4 are coupling constants and T2(C) is a rank-2 spherical tensor describing

the angular dependence of the spin-spin interaction, the full form of which is given

in Ref. [35]. Finally, there is a nuclear-spin-rotation coupling term originating from

the interaction of the spins with the magnetic field produced by the rotating nuclear
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charges, which can be written

Hspin−rot =
∑
i

ciN · Ii (3.9)

This term is generally very small and is often ignored even for 1Σ states.

An applied magnetic field shifts the hyperfine states, and couples to electron spin,

electron orbital angular momentum, rotation, and nuclear spin. This can bemost easily

expressed in the lab frame, assuming that the magnetic fieldB is uniform and oriented

along the z-direction [4, 158]:

HZ = μBB(gSSz + gLLz) + μNB(grRz +
∑
i

gi(1− σi)Iα,z) (3.10)

where μB and μN are the Bohr and nuclear magnetons, respectively, the g are g-factors,

and σi is a constant describing the shielding of the nuclear spins by the electrons. The

dominant terms are the electronic couplings to Sz and Lz, with smaller contributions

from the nuclear couplings which generally become important only for 1Σ states. Note

that, because the field interacts with the total lab frame angular momentum Lz, which

is generally not a good quantum number in the molecular frame, the Zeeman effect can

mix different electronic states.

3.1.5 The c3Σ+
1 and X1Σ+ states of NaCs

The c3Σ+
1 state of NaCs can be described in the Hund’s case (a) basis, as we do here, or in

the case (c) basis, in which it would be labelled (3)Ω = 1 [151]. We choose to represent

the state in the case (a) basis with quantum numbers |ΛSΣ; JΩmJ⟩ |INamINa⟩ |ICsmICs⟩.
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Uncoupled nuclear spins are appropriate given the highmagnetic fields of 10-860 G

used for the spectroscopy reported herein. The high degree of spin-orbit coupling in

the c-b-B complex splits the c3Σ+
1 lines from equivalent c3Σ−

0 lines, which we have not

observed experimentally, by as much as 1 THz [304]. We therefore do not consider any

terms that mix |Ω| = 0, 1 states. Wemodel the hyperfine structure of the lowest few

rotational levels of c3Σ+
1 using an effective Hamiltonian including rotational structure,

electron spin-nuclear spin hyperfine interactions, Zeeman splitting, and an effective

Ω-doubling interaction,

Hc3Σ+1
= BJ2 + αNaINa · S+ αCsICs · S+ gSμBBSz + HΩ. (3.11)

where B is the rotational constant of the molecule,B is the appliedmagnetic field

and αNa and αCs are effective hyperfine parameters for the two nuclei. We do not con-

sider the nuclear quadrupole interaction (or any of the smaller terms) which, based

on the hyperfine splittings of Na and Cs atoms, should be two-to-three orders of mag-

nitude smaller than the dipolar term. TheΩ-doubling Hamiltonianmatrix elements,

⟨Ω′|HΩ |Ω⟩ =
ωef
2 δΩ′,−Ω, lift theΩ degeneracy, causing the eigenstates ofHc3Σ+1

to be

states of good parity |P = ±⟩ ∼ |Ω⟩ ± |−Ω⟩. Because we access only one of these

parity states in the experiment, the value of ωef cannot be determined, so we fix it at an

ad hoc value of 5MHz and neglect the dependence of the doubling on J. To estimate its

Franck-Condon couplings to the Feshbach and X1Σ+ states, wemodel the vibrational

structure of the c3Σ+
1 state using the experimental potential of Ref. [105]. Given that we

only consider states with |Ω| = 1, we absorb terms that depend only onΩ into the over-

all vibronic energy, such that the line assignment is the same in both the Hund’s case
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(a) and (c) bases.

Tomodel the X1Σ+ ground state we use the Hamiltonian and coupling constants

from Ref. [4]. The rotational structure is given by

Hrot = BN2 (3.12)

where, since L = 0, we haveN = R as a purely rotational quantum number.

The hyperfine Hamiltonian is given by the sum of equations 3.6 through 3.9 above:

Hhf = HQ + H(0)
spin−spin + H(2)

spin−spin + Hspin−rot (3.13)

and the Zeeman Hamiltonian is given by Equation 3.10, with Sz = Lz = 0.

3.2 Coupled channel models

When trying to determine the eigenstates of a molecule or scattering pair of atoms, it

can be useful to represent states as a function of two parameters: the internuclear sepa-

ration R and the internal state ξ, asΨ(ξ,R). Here, ξ can represent any combination of all

the internal quantum numbers, but crucially it must be able to be represented as a lin-

ear combination of a finite set of basis states. By contrast, R is a continuous variable rep-

resenting the vibrational wavefunction of the atom pair which, unless we approximate

the interaction potential as fully harmonic, does not necessarily have a convenient de-

composition into a set of basis functions. In general, the internal and vibrational states

will be coupled by themolecular potential V(ξ,R). To find the combined eigenstates of

the internal state Hamiltonian and themolecular potential, we use a coupled-channel
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model.

In the Ni lab, our approach to building a coupled-channel model was heavily influ-

enced by the work of Jeremy Hutson, who describes the method in detail in Refs. [126–

128], and has collaborated with us in the past to model the Feshbach resonance that

we use tomagnetoassociate NaCsmolecules [44, 310]. The core idea of the coupled-

channel model is that the total molecular stateΨ(ξ,R) can be represented as a sum over

channels corresponding to different molecular internal states, each of which has an

associated vibrational wavefunction:

Ψ(ξ,R) =
1
R

∑
i

Φi(ξ)ψi(R) (3.14)

The Φi(ξ) here represent a complete orthonormal basis over relevant internal states of

the molecule, which could, for example, encompass all of the different S and Λmolecu-

lar states which asymptote to the same unbound atomic state. The Schrödinger equa-

tion for the molecule can then be reformulated as a sum of coupled differential equa-

tions of the form
d2ψi

dR2 =
∑
j

(Wij(R)− Eδij)ψj(R) (3.15)

TheWij(R) are couplingmatrix elements defined by

Wij(R) =
∫

Φi(ξ)∗(Hint + V(ξ,R))Φi(ξ)dξ (3.16)

whereHint is the molecule internal state Hamiltonian, independent of vibration. The
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coupled equations can be expressed inmatrix form,

d2ψ
dR2 = (W(R)− EI)ψ(R) (3.17)

where ψ is a column-vector of the original ψi.

Solutions to the coupled-channel problem can be found by discretizing R on a grid

and numerically propagating trial solutions to converge at a wavefunction which solves

Eq 3.17 and the boundary conditions at large and small R (which are generally that the

wavefunction goes to zero). Such a solution will only exist at certain values of the en-

ergy E, which correspond to the vibrational eigenstates. In general, propagating a solu-

tion fromwithin a classically allowed region, such as the inside of a potential well, to

a classically forbidden region, such as the outside of a potential well, will be extremely

numerically unstable. On the other hand, propagating in the opposite direction tends

to be stable. As a result, a general stable approach to solution finding for a molecular

binding problem is to propagate two sets of solutions, one starting from the classically

forbidden region at small R and one starting from the classically forbidden region at

large R. Eigenstates can then be found bymatching the two solutions at a particular

midpoint within the classically allowed region [126]. This process is illustrated in Fig.

3.4.

In practice, we actually propagate the log-derivative of the wavefunction, Y(R) =

dlnψ
dR , which is more numerically stable. Once energy eigenvalues are found using the

log-derivative, the full wavefunctions in each channel at those energies can be recon-

structed. We use the coupled-channel model in two contexts in this chapter, first in

section 3.4 to model the properties of the lowest energy unbound state of the atom
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Figure 3.4: Illustration of matching condition for numerically finding a bound vibrational eigenstate
ψ(R) in a single channel by propagating solutions from both classically forbidden regions to a central
point Rmid within the classically allowed region.

pair, and later in section 3.5 to perform a deperturbation analysis on the coupled

c3Σ+
1 − b3Π1 − B1Π1 electronic states.

Whenmodelling the lowest energy unbound state of the Na + Cs atom pair, the dif-

ferent channels correspond to the different atomic hyperfine states with the same total

hyperfine projectionmF, which is the only quantum number strictly conserved by the

interaction potential. In this case, the long-range confining potential is provided by the

tweezer, while the short range repulsion is due to the molecular potential. Themodel

Hamiltonian consists of Na and Cs hyperfine interactions,Hint = HNa,Cs, singlet and

triplet channel molecular potentials denoted by VX1Σ+(R) and Va3Σ+1
(R), a magnetic

dipole-dipole interaction Vd(R), and tweezer potential Vtrap(R):

HF(R) = HNa + HCs + PS=0 VX1Σ+(R) + PS=1Va3Σ+1
(R) + Vd(R) + Vtrap(R) (3.18)

55



wherePS=0 andPS=1 are projectors onto singlet and triplet subspaces. We use func-

tional forms of the singlet and triplet potentials and Vd term given in Ref. [44], with

the former being a refinement of potentials originally defined in Ref. [80] designed

to reproduce the Feshbach resonance in this channel at 864 G.We solve the coupled-

channel problem in the spin-coupled basis |N,mN; S,mS; INa,mINa ; ICs,mICs⟩, including

only channels with no rotational angular momentum, |N = 0,mN = 0⟩. Depending on

the choice of initial atomic state preparation, we restrict the incoming channels to only

those with eithermtot = mINa + mICs = 4 or 6.

In the second case, we use the coupled channel model to describe the combined

molecular potential formed by the coupling of the c3Σ+
1 , b3Π1 and B1Π1 electronic states.

The individual channels are the three so-called diabatic (non-interacting) potentials.

We empirically tune the couplings between the potentials to reproduce the known po-

sitions of vibrational lines, in a process known as deperturbation. We can subsequently

re-diagonalize the potentials to produce new adiabatic potentials, in which the vibra-

tional states can be viewed as consisting of only a single channel.

3.3 The puzzle of anomalous broadening in NaCs

As described briefly in Section 2.3, preparation of rovibronic ground state NaCs

molecules involves a two-photon transfer from the weakly bound Feshbachmolecule

state, via an electronically excited state. Although the two-photon transfer methods

used (both STIRAP [216] and detuned Raman [309]) are designed specifically to avoid

populating the intermediate state, the state’s properties can nevertheless strongly in-

fluence the efficiency of the transfer process. Most critically, the effective two-photon
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Rabi rate will be determined by the transition dipole moments from the intermediate

state to both the initial and final states. Also significant, however, is the lifetime of the

intermediate state. If this state’s lifetime is too short compared to the time required for

two-photon transfer, the approximation that it is unpopulatedmay break down, mani-

festing as decoherence or population loss during the transfer [235].

In searching for an intermediate state through which to transfer from the Feshbach

to the ground state of NaCs, we have principally turned our attention to the c3Σ+
1 elec-

tronic potential. States within this potential have a high degree of singlet-triplet mix-

ing, due to strong spin-orbit coupling with the nearby B1Π potential [151]. This allows

these states to act as a bridge between the triplet-dominated Feshbach state and the

singlet X1Σ+ ground state. In the limit of large internuclear separation, the c3Σ+
1 state

asymptotically tends towards the Na(3s) + Cs(6p3/2) unbound atomic state, corre-

sponding to a pair of Na and Cs atoms with the Cs electronically excited on the D2 tran-

sition. It was thus initially anticipated that states within this potential, especially those

relatively close to the dissociation threshold, would have lifetimes similar to that of the

Cs 6p3/2 state, which has a natural linewidth of Γ = 2π × 5.2MHz, corresponding to a

lifetime 1/Γ = 30 ns [259]. This was, however, found to not be the case.

In the first high-resolution spectroscopic measurement of the v′ = 12, J = 2 vi-

brational line of the c3Σ+
1 state performed using the optical association apparatus in

the Ni group, the linewidth was found to be significantly broadened by two-photon

stimulated absorption-emission processes induced by the optical tweezer light itself.

This broadeningmechanism is discussed in detail in [301]. The narrowest observed

linewidth for this state in a shallow tweezer was Γ = 2π × 27(1)MHz. In subsequent
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work using the apparatus with which this dissertation is concerned, we initially used

the v′ = 26, J = 1,mJ = 1 vibrational line as an intermediate for ground state trans-

fer. This line, however, was observed to have a width of Γ = 2π × 120(30)MHz even

without tweezer-induced broadening, more than an order of magnitude larger than the

Cs D2 linewidth [48]. The remainder of this chapter details our spectroscopic investiga-

tion of multiple vibrational lines within the c3Σ+
1 potential, through which we sought

to identify trends in and possible mechanisms for this unexpected broadening. Our ul-

timate goal was to identify a narrow line which could be used for efficient two-photon

transfer to the ground state.

3.4 Photoassociation spectroscopy

To probe the electronically excited c3Σ+
1 potential, we performed photoassociation (PA)

spectroscopy on pairs of Na and Cs atoms co-trapped in a single optical tweezer [130].

Both atoms were Raman sideband cooled in separate optical tweezers, which were then

adiabatically merged into a single trap [172, 302], as described in Section 2.2. The atom

hyperfine states were initialized to either |F = 2,mF = 2⟩Na |F = 4,mF = 4⟩Cs, with to-

tal magnetic quantum numbermtot = 6, or |F = 1,mF = 1⟩Na |F = 3,mF = 3⟩Cs, with

mtot = 4. Themtot = 6 scattering state was probed at a magnetic field of 8.8 G, while

themtot = 4 state was probed at highmagnetic field of 860 G, close to the Feshbach

resonance in this channel [44, 310]. For this chapter we take the magnetic field as the

quantization axis, which is parallel to the k-vector of the tweezer. The atoms were pho-

toassociated using light resonant with the transition from the lowest energy unbound

relative motional state of the atoms in the trap to boundmolecular states of the c3Σ+
1
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Figure 3.5: (a - k) Photoassociation spectra showing the v′ = 0 (a), 12-18 (b - h), 22 (i), 24
(j), and 25 (k) vibrational manifolds of the c3Σ+1 potential. The atoms were prepared in
|F = 2,mF = 2⟩Na |F = 4,mF = 4⟩Cs (|F = 1,mF = 1⟩Na |F = 3,mF = 3⟩Cs) for v′ = 0 to 14 (v′ = 15 to
25), and a constant magnetic field of B = 8.8G (B = 860G) was applied. The polarization of the pho-
toassociation light was approximately σ+ for v′ = 0 to 14, and an equal mixture of σ+ and σ− for v′ = 15
to 25. Solid lines are fits to themodel of the c3Σ+1 state described in Section 3.2 with the rotational con-
stant B and the hyperfine constant αNa along with a global frequency offset and scattering time as fit
parameters. The fit values for each vibrational manifold are given in Table 3.3. The dashed lines indi-
cate Lorentzian fits, which we use to fit the line position in cases where only a single state is observed
without the rotational andmagnetic sublevel resolution required to perform a fit to the complete c3Σ+1
model. Frequencies of the highest energy line of the J = 1manifold of each level are given in Table 3.4.
We label the assignment of lines by their approximate J andmJ quantum numbers overlaid on the data
for v′ = 22. (l) Fit of the rotational constant dependence on vibrational level to second order using the
model Bv = B− α(v′ + 1

2 ) + γ(v′ + 1
2 )

2 [45], with parameter fit values B = 1.154(9)GHz, α = 14(1)MHz,
γ = 0.29(4)MHz.

potential. The photoassociation light was provided either by the optical tweezer itself—

the frequency of which can be widely tuned while still providing strong confinement

of the atoms—or by an additional counter-propagating focused beam overlapping the
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Table 3.3: Hamiltonian fit parameters of observed vibrational lines in the c3Σ+1 potential. Levels v′ = 13,
14, and 24 are not included, as only one line was observed in each of these vibrational manifolds, which
does not provide sufficient data to reliably fit the full c3Σ+1 Hamiltonian. In the case of the v′ = 12 data, we
did not measure the spectrumwithmagnetic sublevel resolution, so the hyperfine constants were fixed
at the fit values for v′ = 15 and only the rotational constant Bwas varied. Conversely, in the case of v′ = 16
and 18, only the first rotational level was measured, precluding robust fitting of the rotational constant.
For these levels, the rotational constant was fixed at the value predicted by the model fit in Fig. 3.5(l) for
these vibrational levels.

v′
Initial
state
|F,mF⟩Na
|F,mF⟩Cs

Laser pol. Magnetic
field (G) B (GHz) αNa (GHz)

Observed
rota-
tional
lines

0 |4, 4⟩ |2, 2⟩ σ+ 8.8 1.147(7) 0.69(3) J = 1, 2, 3
12 |4, 4⟩ |2, 2⟩ σ+ 8.8 1.04(1) - J = 1, 2
15 |3, 3⟩ |1, 1⟩ σ+ + σ− 860 1.003(3) 0.63(1) J = 1, 2
16 |3, 3⟩ |1, 1⟩ σ+ + σ− 860 - 0.66(3) J = 1
17 |3, 3⟩ |1, 1⟩ σ+ + σ− 860 1.004(5) 0.47(5) J = 1, 2
18 |3, 3⟩ |1, 1⟩ σ+ + σ− 860 - 0.40(2) J = 1
22 |3, 3⟩ |1, 1⟩ σ+ + σ− 860 0.981(3) 0.41(2) J = 1, 2
25 |3, 3⟩ |1, 1⟩ σ+ + σ− 860 0.986(5) 0.46(2) J = 1
26 |3, 3⟩ |1, 1⟩ σ+ + σ− 860 0.953(3) 0.31(2) J = 1, 2, 3

tweezer. In the former case, the tweezer/PA light was generated from a home-built tun-

able external cavity diode laser, while in the latter, the PA light was generated from a

tunable Ti:Sapphire laser. When photoassociation occurs, the molecular state will gen-

erally rapidly decay, either to an excited atomic motional state that is likely to have suf-

ficient energy to escape the trap, or to a lower energymolecular bound state that will be

dark to the atom imaging step. We therefore detected photoassociation through corre-

lated loss of Na and Cs atoms [173]. In the spectra presented here, we plot the joint Na

and Cs survival conditioned on initial loading of both atoms in their respective traps.

We observed photoassociation to the v′ = 0, 12, 13, 14, 15, 16, 17, 18, 22, 24, 25, and 26

vibrational manifolds of the c3Σ+
1 potential. Within some of these vibrational levels, we
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were able to observe rotational structure up to the J = 3 rotational state, and resolve

individual magnetic sublevels. The spectra of all observed lines in each vibrational level

are shown in Fig. 3.5 along with corresponding fits to the effective Hamiltonianmodel.

In Table 3.3 we report experimental parameters and fit values for all observed lines,

and in Table 3.4 we report absolute frequencymeasurements and linewidths of the

|J = 1,mJ = 1⟩ sublevel for each vibrational level. We choose this line as a reference

because it is a resolved state to which we can consistently strongly couple with pure

σ+ or σ+ + σ− light, defined with respect to themagnetic quantization axis, at either

high or lowmagnetic field, and because it is the intermediate state which we use for

two-photon transfer to the rovibrational ground state, discussed in Sections 2.3 and

3.6.

For the initial atom pair state |F = 2,mF = 2⟩Na |F = 4,mF = 4⟩Cs, the angular mo-

mentum values are predominantlyN = 0, S = 1, giving J = 1. By selection rules, this

state couples most strongly to J = 2 states in the excited state manifold with predomi-

nantly σ+ polarization, with a small coupling to J = 3 due tomixing of rotational states

in c3Σ+
1 . Experimentally, we observed stronger than expected coupling to J = 3, which

we attribute to imperfect motional cooling of the atom pair, which would lead to hav-

ing some initial population in a rotationally excited atom pair state that couples more

strongly to J = 3.

On the other hand, the initial atom pair state |F = 1,mF = 1⟩Na |F = 3,mF = 3⟩Cs is

in a mixed singlet-triplet spin state, and can thus couple to both J = 1 and J = 2 via

σ+ polarized light. This scattering channel exhibits a Feshbach resonance at 864.11(5) G,

which we use for adiabatic assembly of weakly bound Feshbachmolecules [310]. Part
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of the motivation for performing the spectroscopy in this chapter was to identify vi-

brational states in c3Σ+
1 suitable to use as an intermediate state for two-photon optical

transfer from these Feshbachmolecules to the rovibrational ground state. In Ref. [48],

we showed spectra resolving the structure of the v′ = 26 level with σ+ + σ− light inci-

dent on Feshbachmolecules, and used the |J = 1,mJ = 1⟩ line of this vibrational state

as an intermediate to prepare rovibrational ground state NaCsmolecules via a detuned

Raman process. Our choice of two-photon transfer method and transfer efficiency were

constrained by the anomalously broad linewidth of v′ = 26, discussed in Section 3.5.

For each vibrational level, we used the scattering and excited state models de-

scribed previously in this chapter to fit the observed spectra. Our initial state was

fixed to be either the |F = 2,mF = 2⟩Na |F = 4,mF = 4⟩Cs state at low field or the

|F = 1,mF = 1⟩Na |F = 3,mF = 3⟩Cs state at high field, with the vibrational wavefunc-

tions corresponding to each hyperfine component of these scattering channels deter-

mined by the coupled-channel model. Because we performed Raman sideband cooling

on both atoms before PA, preparing each atom in its absolute motional ground state

with high probability [173, 302, 308], we assumed that the initial scattering state was

the lowest energy unbound eigenstate found when solving the coupled-channel prob-

lem. The forms of the spectra obtained for a given initial state are determined by a com-

bination of the vibrational wavefunctions and the spin and angular momentum expan-

sion factors for each of the available excitation channels. The transition dipole moment

(TDM) to every excited state was found by first integrating the scattering wavefunction

over internuclear separation R, multiplied by a function from ab initio theory describing

the position dependence of the singlet-triplet character of the excited state [198, 303]
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and then summing over the components of the scattering wavefunction weighted by

their respective angular momentum coupling coefficients.

In fitting the spectra, we varied the rotational constant B and the hyperfine constant

αNa as free parameters. We found that if both αCs and αNa were used as free parame-

ters they exhibited a high degree of covariance, such that neither could be accurately

uniquely determined by fitting the spectra. Given that the c3Σ+
1 potential asymptotes

to the Na(3s) + Cs(6p3/2) pair, the Na ground state hyperfine splitting will be the dom-

inant contribution to the molecule’s hyperfine structure. As such, we approximated

the αCs parameter by its 6p3/2 asymptotic value of 50.275MHz [259]. We note that this

may be an overestimate of the Cs contribution, and thus the Na hyperfine constants in

Table 3.3 may represent a slight underestimate of the Na contribution to the hyperfine

structure. Additionally, we used global frequency offset and scattering time variables

to simultaneously fit all the line positions and themagnitude of the PA depletion signal,

respectively. At each fit iteration, we diagonalized the excited state Hamiltonian to de-

termine line positions and relative strengths, fromwhich we derived the expected atom

pair survival as a function of PA frequency. We performed a nonlinear least squares fit

to minimize the difference between the simulated and observed spectra simultaneously

for all four free parameters. Fit parameters for each vibrational level are given in Ta-

ble 3.3. With the aid of the model, we can identify each of the lines, which are labeled,

overlaid on the v′ = 22 spectrum in Fig. 3.5(i), by J andmJ, which are approximately

good quantum numbers for the state. The ordering of lines as a function of energy is

the same for all of the vibrational levels. At the lower magnetic field used to probe v′ =

0 to 14, the magnetic substructure of each rotational level is not fully resolved. In Fig.
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v′ |J = 1,mJ = 1⟩ freq [GHz] Linewidth [MHz]
0 288698.91(5) 39(13)
12 306496.6(1) 27(1) [301]
13∗ 307884.55(8) -
14∗ 309260.150(4) 70(10)
15 310624.77(1) 12(3)
16 311986.30(2) 10(3)
17 313341.27(2) 12(8)
18 314692.77(1) 27(5)
22 320002.49(1) 17(3)
24∗ 322595.86(1) -
25 323866.47(8) 42(9)
26 325121.31(7) 120(30) [48]

Table 3.4: Frequencies and narrowest observed linewidths of |J = 1,mJ = 1⟩ states in each vibrational
level. For levels v′ = 13, 18, and 24, the lines were only observed in the presence of significant power
broadening, so we do not report a narrow linewidth for these states. * denotes levels for which cou-
pling to the state was weak enough that only one line could be observed experimentally, making rota-
tional and hyperfine assignment impossible. For these levels, the reported frequency is the center of
a Lorentzian fit to the observed line. For all other lines, the frequency of the |J = 1,mJ = 1⟩ line is de-
termined by fitting the whole spectrum to the c3Σ+1 model as described in the text. The reported tran-
sition frequencies are given with respect to the hyperfine center of mass of the atom pair at the mag-
netic field used for spectroscopy. The hyperfine COMwas calculated using the Breit Rabi formula. It
is 4.711 GHz below the |F = 2,mF = 2⟩Na |F = 4,mF = 4⟩Cs channel at 8.8 G and 8.175 GHz above the
|F = 1,mF = 1⟩Na |F = 3,mF = 3⟩Cs channel at 860 G. The frequency and linewidth of the v′ = 26 state,
previously reported in [48], were determined using resonant depletion of Feshbachmolecules, and are
included here for completeness.

3.5(l), we fit the vibrational dependence of the rotational constant of the molecule to

second order in v′ using the functional form Bv = B − α(v′ + 1
2) + γ(v′ + 1

2)
2 [45] with

parameter fit values B = 1.154(9)GHz, α = 14(1)MHz, and γ = 0.29(4)MHz. We note

also that there is a clear decrease in the effective Na hyperfine coupling constant αNa as

a function of v′, indicating a reduction of electron density at the Na nucleus at higher

vibrational levels [154].
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3.5 Modelling anomalous broadening

0

0.5

1
S

ta
te

 a
d
m

ix
tu

re
b
3

1

c3
1

B1
1

b3
1

0

0.5

1

S
ta

te
 a

d
m

ix
tu

re

c
3

1

v
=

2
2

v
=

2
6

c3
1

B1
1

b3
1

0

0.5

1

S
ta

te
 a

d
m

ix
tu

re

B
1

1

c3
1

B1
1

b3
1

290 295 300 305 310 315 320 325

Energy [THz]

0

50

100

150

L
in

e
w

id
th

 [
M

H
z
]

Figure 3.6: Predicted admixtures for each Hund’s case (a) state as a function of energy from the Na(3s)
+ Cs(6s) threshold, shown from the bottom of the c3Σ+1 potential to just below the Na(3s) + Cs(6p3/2)
threshold. Particular eigenstates of the coupled potential are assigned to the uncoupled potential of
which they have the largest admixture, with the exception of highly mixed states denoted by hollow
circles, which are plotted for clarity with the c3Σ+1 vibrational progression to which they belong, though
they have a slightly larger admixtures of B1Π. Also shown in the bottom panel are the experimentally
observed linewidths, reported in Table 3.4, for all the c3Σ+1 states identified in this work.

A distinctive feature of the vibrational spectra of the c3Σ+
1 potential is the presence

of several vibrational lines with anomalously broad linewidths. Similar anomalous

broadening of lines in the coupled c3Σ+
1 − b3Π1 − B1Π1 complex has been observed pre-

viously in other bialkalis, including Li2[241], NaK [270] and NaRb [110], but the origin
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of the broadening remains poorly understood. In Table 3.4, we report measurements

of the narrowest observed linewidths of the |J = 1,mJ = 1⟩ line for most of the vibra-

tional states identified in this chapter. Tomeasure the linewidth without power broad-

ening, we systematically lowered the intensity of the photoassociation laser until only

approximately 50% of the atom population was photoassociated. We then scanned

the laser frequency across the line and performed a fit to a Lorentzian to determine the

linewidth. Based on themodel Hamiltonian, we expect eachmJ = 1 line to be domi-

nated by a single nuclear hyperfine component, with a small contribution frommore

weakly coupled nuclear states. As these different nuclear components of the lines are

not resolved, we interpret the narrowest experimentally observed lines reported here as

providing only an upper bound on the natural linewidths of the most strongly coupled

hyperfine state. In Ref. [48], we investigated only the v′ = 26 vibrational level with the

goal of using it as an intermediate for ground state molecule production, and found it

to have a linewidth of 120(30)MHz, more than an order of magnitude larger than the

Cs D2 line to which themolecular potential asymptotes, which has a full width at half

maximum of 5.2 MHz [259]. We note that independent work in Ref. [262] measured

this same state to have a linewidth of 51(5) MHz, probed in a bulk sample of NaCs in a

weak optical dipole trap. In our spectroscopic investigation, we identified several nar-

rower vibrational lines, albeit with the narrowest having a linewidth of 10MHz, still

a factor of 2 larger than the Cs D2 line. The narrowest lines we observed are v′ = 15-17,

with v′ = 22 having a slightly larger linewidth of 17 MHz and v′ = 25 and 26 both being

significantly broader with linewidths of 42(9) and 120(30)MHz, respectively. We also

measured a linewidth of 70(10) MHz for v′ = 14, however, given that this line is unas-
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signed, we note that it could potentially originate from the J = 2 rotational state and

thus not be directly comparable to the other measured linewidths.

One of the possible mechanisms for the observed broadening is predissociation,

meaning the coupling of a molecular state to another state at an energy above the lat-

ter’s dissociation threshold, which can lead to rapid nonradiative dissociation of the

molecule [45, 304]. This has previously been proposed as a potential mechanism for

the anomalous broadening observed in Li2 [241] and NaRb [110]. In NaCs, the c3Σ+
1 po-

tential is mixed very strongly with the nearby B1Π1 and b3Π1 potentials via spin-orbit

coupling. We note that while earlier widely used experimental potentials for NaCs [80]

predict that the a3Σ+
1 curve does not cross any electronically excited potentials below

the Cs(6p) threshold, a more recent refinement of the triplet scattering potential [44]

shown in Fig. 3.1 exhibits a significantly sharper short-range repulsive wall, which

crosses the b3Π1 curve well below threshold. This is the same potential that we use in

the coupled-channel model, and which accurately reproduces the location of the Fes-

hbach resonance in the lowest energy scattering channel. Though the precise short

range behavior may be difficult to predict with confidence from scattering data, this

new potential suggests that there may be lower energy crossings andmore significant

wavefunction overlap between bound and dissociative states than previously thought.

While predissociation remains difficult to observe directly, we seek to gain some

understanding of the potential role of this mechanism in the broadening of some vibra-

tional lines bymodelling the nonradiative couplings of the c3Σ+
1 potential to B1Π1 and

b3Π1. We do this using a process known as “deperturbation”, which involves modify-

ing theoretical molecular potential curves with small phenomenological perturbations,
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which are numerically optimized tomaximize the agreement between the depertur-

bation potential and experimental data [152, 305]. The name “deperturbation” refers

to the fact that after adding these empirical perturbations, the final potentials should

actually more closely resemble the real molecular potentials. We take as our starting

point previous ab initio calculations of the spin-orbit couplings between the states in

the c − b − B complex as a function of internuclear separation R, performed by the

group of Robert Moszyński [198, 255], which capture the overall coupling but do not

accurately reproduce experimental spectra of the molecule. We then add R-dependent

perturbations of the formW(R) = c (R/R0)
n exp(−(R/R0)

m) to the off-diagonal cou-

plingmatrix elements and the diagonal terms representing the ab initio potentials. We

chose the deperturbationmatrix element to have a relatively small number of free pa-

rameters and a simple functional form that goes to 0 at R = 0,∞. We then optimize

the parameters c, R0, n andm for each term tominimize the residual between the re-

sulting deperturbed potential and empirical adiabatic c3Σ+
1 , b3Π1 and B1Π1 potentials

[104, 105, 305].

Using the deperturbed potentials, we can estimate the energies and admixtures of

each of the three states for all of the vibrational levels in the c − b − B complex, as

shown in Fig. 3.6. Note that, because the mixing depends significantly on the spacings

between the closest vibrational levels from each series in the complex, the deperturba-

tion step is critical for capturing trends in the mixing strength as a function of energy.

However, the deperturbation elements themselves (Fig. 3.7) are phenomenological and

do not necessarily reflect the actual form of the underlying couplings. With this caveat

in mind, we note that the deperturbed potentials predict a very strongmixing of all
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three levels, particularly c3Σ+
1 and B1Π1, in the region between v′ = 23 and 32 of the c3Σ+

1

vibrational series. Themost mixed states, v′ = 27 and 28 of c3Σ+
1 , are actually close to an

evenmixture of singlet and triplet, but for simplicity’s sake we still label them as part

of the c3Σ+
1 vibrational series. This region of predicted strongmixing coincides with our

experimentally observed onset of anomalous line broadening, suggesting that the mix-

ingmay be responsible for inducing rapid predissociation or other nonradiative decay

of the states. We also measured the v′ = 18 line to have a width of 27(5) MHz, a factor

of two larger than neighboring lines, which we attribute to its predicted high degree of

mixing due to an accidental near-degeneracy with the v′ = 1 state of B1Π. While our ex-

periment is not equipped to study the potential predissociation process directly, these

results indicate that further study of nonradiative decay processes in NaCs and other

bialkalis may prove fruitful.

3.5.1 Deperturbationmatrix elements

We report in Table 3.5 the optimized parameters for the deperturbation functions that

we add to eachmatrix element in the 3x3 coupled-channel Hamiltonian representing

the c − b − B complex. In Fig. 3.7, we show the ab initio and perturbed diagonal poten-

tials and couplingmatrix elements used to estimate the mixing between the channels

in Section 3.5. To find the optimal deperturbation parameters, we performed an un-

constrained search usingMATLAB tominimize the residual between the deperturbed

potential and the empirical potentials from Refs. [104, 105, 305] as a function of all the

perturbing function parameters, in the range from R = 3.6 to 10.6 Å. The exponent pa-

rameters n andm are bounded to be greater than 0 to ensure the perturbations go to 0
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Figure 3.7: Ab initio and perturbedmatrix elements, in THz, as a function of internuclear separation R
for each channel in the coupled c− b− B complex.

at R = 0,∞, and all other terms are unbounded. We began by including six perturbing

functions, one for each of the diagonal, cc, bb, and BB, and coupling, cb, cB and bB, ma-

trix elements. Following initial optimization, we added additional perturbing functions

until reasonable agreement with the empirical potentials was achieved. After optimiza-

tion we found that the vibrational energies predicted using the perturbed potentials

agreed with all the observed lines reported in Table 3.4 with amean absolute deviation
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of< 40GHz. We note that given the high dimensionality of the minimization problem,

the parameters reported here likely do not represent a unique set of optimal deperturb-

ing functions. However, we observe that the energy dependence of the mixing between

the diabatic states shown in Fig. 3.6 is relatively insensitive to the precise form and rel-

ative weights of the deperturbing functions, but very sensitive to the spacings between

particular vibrational levels. For this reason, we believe that any deperturbedmodel

of the complex that is able to achieve close agreement with experimental data is suffi-

cient to provide qualitative insight into the coupling and its potential link to the widths

of the vibrational lines observed herein. We found that using a 2x2 coupled-channel

model including only the c3Σ+
1 and B1Π1 states we could not achieve better than 1 THz

agreement with experiment regardless of the number of deperturbing parameters used.

Channel c [THz] R0 [Å] n m
cc 4032 2.912 2.057[-4] 7.29
cc -26.56 3.809 2.272 2.3
cc 53.09 3.748 0.4164 42.09
cc 65.74 3.448 0.01794 5.972
cc 14.63 0.5263 1.484[-12] 0.3209
bb -28.97 3.442 9.359[-3] 11.67
bb -146.8 1.978 0.6053 1.69
BB -10.91 6.687 5.156[-3] 19.89
bB 9.128 1.834 1.836 0.9779
cB -6.4 6.49 19.66 14.18
cb 19.39 5.753 6.855 9.59

Table 3.5: Optimized parameters of deperturbation functions giving perturbedmatrix elements shown
in Fig. 3.7. Where used, the numbers in square brackets represent the power of 10 by which the preceding
parameter is divided.
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Figure 3.8: STIRAP transfer from Feshbachmolecules to the rovibrational ground state of X1Σ+, via
the c3Σ+1 , v′ = 22 intermediate state, averaged over eight sites in a 1D optical tweezer array. The pump
laser wavelength is 937 nm and the Stokes laser wavelength is 642 nm. The average one-way transfer
efficiency is 73(3)%.

3.6 Two-photon transfer

In previous work [48, 309], we prepared up to five NaCsmolecules in an optical tweezer

array in the rovibrational ground state of the X1Σ+ potential through Feshbach asso-

ciation followed by detuned two-photon Raman transfer, using the v′ = 26 level of

c3Σ+
1 as an intermediate state. This level was initially chosen because of its expected

high degree of singlet-triplet mixing, which leads to stronger coupling for the up-leg

of the transfer. At that time, the correlation between singlet-triplet mixing and anoma-

lous broadening was not well understood. Only once COVID-19 occupancy restrictions

were lifted and we could perform extensive spectroscopy did we identify the nearby

narrower vibrational lines (see Table 3.4).

For our first demonstration of ground state transfer, we chose to use detuned Raman

transfer because the large linewidth of the v′ = 26 state made themore standard STI-

RAP technique prohibitively lossy. Detuned Raman transfer canminimize scattering
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from the intermediate, but remains more difficult to scale to a larger array of molecules

since the two-photon resonance position is highly sensitive to local variations in the in-

tensity of the Raman beams. Our first demonstration of parallel production of an array

of ground state molecules was limited by a combination of scattering from the interme-

diate state and residual non-uniformity in our top hat shaped Raman beams [309].

Having identified several narrower vibrational lines in the c3Σ+
1 manifold, we selected

the v′ = 22 level as the new intermediate for ground state transfer. While it does not

have the narrowest linewidth of all the lines observed, it was sufficiently close to v′ =

26 to allow locking of our transfer lasers (pump laser at 937 nm, Stokes laser at 642 nm)

to the same high finesse cavity that we used previously. It also had similar couplings

strengths as v′ = 26 to both our initial Feshbachmolecule state and the rovibrational

ground state. Using this new intermediate state, we were able to transfer molecules to

the rovibrational ground state via STIRAP.We used Rabi frequencies of 2π × 40MHz for

the Stokes laser and 2π × 14MHz for the pump laser, and performed resonant STIRAP

(Δ ≈ 0) with an average one-way transfer efficiency of 73(3)%. The NaCs Feshbach

molecule population during forward and reverse STIRAP pulses is shown in Fig. 3.8. We

continue to use v′ = 22 for ground state transfer throughout the remaining chapters,

however as discussed in Chapter 5, we do return to using detuned Raman transfer in

order to be able to tune the lasers out of resonance with transitions from theN = 1

states to allow for sequential detection of molecular states.
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3.7 Open questions

While the deperturbation analysis conducted in this chapter provides a glimpse of the

state mixings responsible for the anomalous broadening of c3Σ+
1 states in NaCs and

ways to avoid them, it does not contain a detailedmechanism for that broadening. As

discussed earlier, the most likely mechanism for the broadening is predissociation, al-

though there are remaining open questions as to the exact predissociation pathway.

In particular, predissociation requires coupling to unbound continuum states of an-

other electronic potential, which in this case wouldmost likely be the a3Σ+
1 potential,

which is expected to intersect close to or below the Cs D2 dissociation threshold with

the excited electronic potentials. This mechanism is considered in detail in Ref. [241] in

the case of the b3Π state of Li2, which is coupled by rotation-orbit interactions to a3Σ+
1 .

This in turn leads to broadening of the nearby A1Σ+ state, which is coupled to b3Π by

spin-orbit. This broadening in the a-A-b complex was again considered in the context

of ultracold NaRb in Ref. [110], though not treated quantitatively at that time. A similar

indirect coupling could lead to the broadening of c3Σ+
1 states considered in this chapter.

This picture is slightly complicated by the fact that the dominant mixing that can be ob-

served in Fig. 3.6 is actually to the B1Π state, the coupling of which to a3Σ+
1 has not been

directly studied. The analysis conducted here does not, however, take into account the

Ω = 0 states (including A1Σ+), which could significantly complicate the picture with

the introduction of the rotation-orbit and other interactions that do not conserveΩ.

An extremely valuable extension of this work would involve developing a compre-

hensive model of all the states that connect to the first three dissociation thresholds

of NaCs. There are a total of eleven such states, assuming each different |Ω| state is
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treated as a separate potential: X1Σ+, a3Σ+
0,1,A1Σ+, b3Π0,1,2,B1Π0,1 and c3Σ+

0,1. There also

exists sufficient spectroscopic data onmost of these states [80, 104, 105, 175, 286, 304,

305] that it may be feasible to perform a direct 11x11 deperturbation analysis to simul-

taneously fit all the known line positions. The predictions of such amodel could also

be benchmarked against the radiative lifetimes of states where known, as done in this

chapter and in Ref. [305], whichmay provide a more complete picture of dominant pre-

dissociation pathways, or suggest other broadeningmechanisms not yet considered.

This would be of use not only to researchers working with NaCs, but also to the now

rather large community of bialkali researchers, as the effects present in NaCs are likely

to also be present to a greater or lesser extent in all heteronuclear bialkalis. A compre-

hensive understanding of the first few electronically excited states of the bialkalis may

allow for further improvements to the fidelity of two-photon transfer from Feshbach

molecules to the rovibrational ground state [25], or uncover states that could be used

for narrow-line cooling and imaging [147] or coherent optical manipulation of ultracold

molecules.
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It’s still magic even if you know how it’s done.

Terry Pratchett

4
Magic ellipticity trapping and rotational

coherence

Material in this chapter, including portions of the text and figures, originally appeared

in print in [210].

4.1 Optical trapping of molecules

The ability to spatially confinemolecules is an essential prerequisite for probing and

controlling them precisely. Some of the earliest experimental demonstrations of

molecule trapping usedmagnetic fields, as well as DC or AC electric fields to confine
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bulk samples of molecules [28, 145, 276, 288]. These traps, which can have depths of

hundreds of mK,* allowed confinement of molecules cooled using techniques such as

Stark deceleration [29] and buffer gas cooling [288], which can achieve cold but not ul-

tracold temperatures. One of the earliest observations of optical trapping of molecules,

with a typical depth of 100s of μK, was achieved withCs2 molecules produced by pho-

toassociation of atoms in amagneto-optical trap, with the molecules inheriting the ini-

tially cold temperature of their constituent atoms [266]. This same principle was subse-

quently used to coherently produce and trap ultracold molecules through Feshbach as-

sociation in bulk optical dipole traps [124, 202] and optical lattices [60, 92, 209]. In the

Ni group, we demonstrated that this method could be extended to the production of

single NaCsmolecules in optical tweezers, which are tightly focused and individually-

controllable optical dipole traps [48, 173, 309, 310]. Other species have subsequently

also been loaded into optical tweezers [230], including through direct laser cooling of

molecules to ultracold temperatures [10, 280].

One problemwith optical trapping is that the trap light can induce large differential

light shifts betweenmolecular states. This can be highly detrimental to applications

that require coherence between superpositions of rotational states, such as quantum

computing and simulation withmolecules. Many approaches have been developed

to reduce the differential light shift between rotational ground (N = 0) and excited

(N ≥ 1) states. These include selecting a specific angle between the confining light’s lin-

ear polarization and static magnetic or electric fields [36, 153, 200, 247], using a particu-

lar trapping wavelength [26, 108, 150] or intensity [34], or a specific magnetic field [63].

*1 mK is equivalent to 20.2 GHz
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In the first approach the static field determines the orientation of the excited rotational

eigenstates and a specific polarization angle matches the polarizability of one excited

state to the ground state. This method, however, is not applicable even at moderate

trap depths when the differential light shifts are of similar magnitude to the shifts in-

duced by the static fields, such as for polar molecules confined in optical tweezers. In

this deep trap regime, the rotational eigenstates are determined by the polarization of

the tweezer light, rather than an external field.

4.2 Anisotropic polarizability andmagic ellipticity

In this chapter, I describe a method we employed to trap X1Σ+ NaCsmolecules in opti-

cal tweezers with “magic” elliptical polarization, to reduce the differential light shift by

more than three orders of magnitude. Here, “magic” refers to a specific degree of ellip-

ticity near χm = 1
2 cos

−1(1/3) ≈ 35.26◦ that nulls the differential light shift, proposed

in Ref. [225]. Similar methods have been explored in atomic systems [70, 143, 265, 273].

Wemeasured the reduction of the differential shift by microwave spectroscopy and

used Ramsey interferometry to characterize the coherence. With the aid of dynamical

decoupling pulses, we achieved a coherence time of up to 250(40) ms.

Some theoretical aspects of “magic” ellipticity trapping have been described in Ref.

[225]. The ground state of rotation (N = 0) is illustrated in Fig. 4.1(a) as a spherically

symmetric rotational wavefunction with isotropic polarizability (2α⊥ + α||)/3 for any

optical polarization, where (α||) and (α⊥) are the molecule’s parallel and perpendicular

polarizability with respect to the internuclear axis. This approximation is valid when

the trap depth is small compared to the energy ofN = 2 excited states (the optical po-
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Figure 4.1: NaCsmolecules in an optical tweezer array. (a) Schematic of the experimental setup, includ-
ing the tweezer k-vector, magnetic field B, and trap polarization ε(θ, χ). Right is a simplified energy level
diagram of ground (N = 0) and first excited (N = 1) rotational states, where the optical trap lifts the
sublevel degeneracy. (b) The azimuthal angle θ and ellipticity χ of polarization determine the orientation
and light shift, respectively, of theN = 1 sublevels. Unlike for linear polarization (circle), at the magic
ellipticity χm (star), the differential light shift with respect toN = 0 is zero for oneN = 1 sublevel.

tential couples states with both ΔN = 0 and ΔN = 2). Throughout the text, trap depth

(U) refers to the optical potential experienced by the relatively unperturbedN = 0

state. We use frequency units that are implicitly related to energy by Planck’s constant.

As shown in Fig. 4.1(b), forN = 1 the trap-induced light shift lifts the degeneracy

of the three rotational sublevels (mN = −1, 0, 1),† and strongly perturbs their wave-
†Note that throughout this chapter we choose the quantization axis to be along theminor axis of the

polarization ellipse, which is the most convenient quantization axis for rotational sublevels. In Chapter
6, when we consider nuclear spin states, we instead define the quantization axis to be along themagnetic
field.
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functions, such that each sublevel has well-defined orientation relative to the optical

polarization above a certain trap depth threshold. This threshold is relatively low for

NaCs due to its hyperfine structure, small Zeeman interaction, and anisotropy of po-

larization. At the magnetic field of 864 G at which we produce and holdmolecules, the

rotational wavefunction of the lowest eigenstate aligns with the trap’s polarization

at a trap depth of around 100 kHz (>99.5 overlap with the eigenstate aligned along

the trap’s polarization). In a linearly polarized trap, the light shift is as large as 400.8

kHz/(MHz trap depth), corresponding to a ratio of shift to trap depth of 0.4. By tuning

the ellipticity [41] near χm, we can eliminate this differential light shift to first order.

4.3 Dynamical polarization control of tweezer ellipticity

We implemented themagic ellipticity trapping schemewith an array of individual

NaCsmolecules in optical tweezers, prepared using themethods described in Chap-

ter 2. For all data presented in this chapter, we prepared an array of eight molecules

via stimulated Raman adiabatic passage—see Chapter 3—which predominately oc-

cupy the motional ground state of the traps [308]. After molecule creation, we applied

a pulse resonant with the CsD2 transition to blast away any residual atoms. To detect

molecules, we dissociated the molecules, separated the tweezers, lowered themagnetic

field, and imaged both atomic species. In this chapter, we detected only the |N = 0⟩

molecules. The Cs blast step provides a background free molecule signal.

Because atomic state preparation, cooling, and detection require linearly polarized

tweezer light, it was necessary for us to change the polarization from linear to elliptical

and back during the experiment sequence. For this purpose, we used amotorized stage
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Figure 4.2: N = 0 toN = 1 rotational transition in the rovibrational ground state of NaCs. (a) Dif-
ferential light shift as a function ofN = 0 trap depth at three distinct trap ellipticities. The colored
red, blue, and green lines correspond to the light shifts ofN = 1,mN sublevels of the hyperfine state
|3/2, 3/2, 7/2, 5/2⟩, and the grey lines correspond to the same for other hyperfine states. (b) An exam-
ple of a measured rotational spectrum in themagic elliptically polarized trap. (c) Extracted resonant
frequencies of the middle state from the rotational spectroscopy at different trap depths (U) and QWP
rotational angles. The solid lines are linear fits.

(GriffinMotion, RTS100) to rotate a quarter-wave plate (QWP) by χm in about 100ms

with a repeatability of±0.0007◦. To ensure polarization purity andminimize site-to-

site polarization variation across the array, we used a Glan-Taylor polarizer to clean up

the polarization and placed the QWP as the last element before the microscope objec-

tive. Before the QWP, the polarization extinction ratio wasmeasured to be 300,000.
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To characterize differential light shifts under various trap polarizations and inten-

sities, we performed rotational microwave spectroscopy to selectively transfer the

molecules fromN = 0 to the relevantN = 1 sublevel with a transition frequency

near 3.47 GHz. Themicrowave pulses were generated by a tunable source referenced to

a stable Rubidium clock (see Fig. 2.13). As trap ellipticity increases (Fig. 4.2(a)), the de-

generacy of the two upper sublevels is lifted. At an ellipticity near χm, the state with no

differential light shift emerges. An example of theN = 0 toN = 1microwave spectrum

in an elliptical trap is shown in Fig. 4.2(b).

To find the precise QWP angle that achieves magic ellipticity, we scanned themi-

crowave frequency over the transition with a 10 μs π-pulse at varying trap depths and

recorded the resonance frequencies, as shown in Fig. 4.2(c). As expected, the slope of

the resonance frequency as a function of QWP rotation is steeper at higher trap depths.

The differential light shift is zero where the rotation angle dependence for all the trap

depths intersect. We determined the angle of the intersection with a weighted fit to be

36.83(10)◦, which deviates from the theoretically expectedmagic ellipticity angle by

∼ 1.6◦. This discrepancymay be due to birefringence of the glass cell assembly and the

microscope objective. Nulling the differential lights shift allows a determination of the

N = 0 toN = 1 transition frequency f0 = 3.4713203(7)GHz, taken as the transition

frequency at the optimal ellipticity at trap depthU =1.34MHz. This value is consistent

with the low-depth regimemeasurement of the transition in Ref. [32].

Residual light shift at the optimal QWP angle reveal site-to-site variations in fre-

quency across the eight trap sites. To characterize these effects, we used a 60 μs mi-

crowave pulse to drive the rotational transition at a large trap depth of 41.2 MHz that
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Figure 4.3: Variations in rotational transition frequency across the eight traps at two different trap
depthsU, and trap geometries and spacing. At a high trap depth of 41.2 MHz (red triangles), the tran-
sition frequency spans a range of 23 kHz across the array, and at a lower depth of 1.34MHz (blue circles),
it spans< 1 kHz.

magnifies light shifts. We found a site-to-site variation spanning 23 kHz (Fig. 4.3) with

a 5(2) kHz average shift from themeasured f0, which constitutes a light shift to trap

depth ratio of 1.2(5) · 10−4. Despite the variation, this corresponds to a reduction in

sensitivity by three orders of magnitude compared to the linearly polarized trap. The

trap intensities across the array were made uniform to within 1%, such that they do not

contribute significantly to the variation. We attribute the residual shifts to an ellipticity

variation of 0.062◦ across the array.

4.4 Perturbations to magic condition

With the large linear differential light shift of the rotational transition eliminated by

themagic ellipticity condition, other terms in the interaction between themolecule and

the trapping potential can become important. These secondary interactions can per-

turb the magic condition and even limit the ultimate effectiveness of magic trapping.

We discuss here the two effects that can appreciably perturb the magic condition at this
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scale: trap-induced couplings between hyperfine states andmotional-state-dependent

shifts in the ellipticity condition due to trap aberrations. Calculations of the magni-

tudes of these perturbations were performed by Gabriel Patenotte.

4.4.1 Influence of hyperfine structure

Figure 4.4: Calculation of the transition frequency to themagicN = 1 state (fm). The effective Hamilto-
nian for the rotational/hyperfinemanifold of NaCs was diagonalized with a basis extending up to either
N = 1 orN = 3. The difference represents the second order light shift, or hyperpolarizability, whichmixes
N = 0withN = 2 andN = 1withN = 3. The three most prominent adiabatic crossings are produced by
the coupling of high field seekingN = 1 hyperfine states |MNa,MCs⟩ = | 12 ,

7
2 ⟩, |

3
2 ,

1
2 ⟩, |-

1
2 ,

5
2 ⟩, and the low

field seeking hyperfine state | 32 ,
7
2 ⟩with themagic | 32 ,

5
2 ⟩ state.

We diagonalized the effective Hamiltonian for the rotational-hyperfine states of X1Σ+

NaCs given in [5] and found two effects in the “deep” trap regime that alter the elliptic-

ity at which the transition frequency is first-order insensitive to light shifts. The first is

adiabatic crossings of the magic N=1 state with other rotational hyperfine states. These

crossings, visible in the region between 0 and 10MHz depth in Fig. 4.4, occur when the
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magic state becomes degenerate with light-shifted non-magic states with different

nuclear hyperfine quantum numbers. The nuclear electric quadrupole interaction can

couple these states, leading to an avoided crossing. The crossings introduce a first or-

der light shift for the nominal magic ellipticity χm, which is made larger near depths at

which the crossings occur. At a trap depth of 1.34MHz, the first order sensitivity of the

‘magic’ transition is 270Hz/MHz. The second effect is that the optical tweezer couples

rotational states separated by ΔN = 2. The mixing of anisotropicN = 2 andN = 3

states withN = 0 andN = 1 states, respectively, introduces a second order light shift,

which is shown by the difference of the two curves in Fig. 4.4.

Figure 4.5: Ellipticity relative to χm for which the transition frequency is first order insensitive to inten-
sity fluctuations. The inset highlights the optimal ellipticity for the range of trap depths used in coher-
ence timemeasurements.

Both of these effects can, in principle, be corrected for by adjusting the ellipticity

slightly away from the theoretical value of χm so as to make the sensitivity of the transi-

tion frequency to trap depth locally zero at some particular depth. The optimal elliptic-
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ity to correct for these effects as a function of depth is shown in Fig. 4.5. We calculated

the optimal ellipticity to be 0.025◦ larger than χm at a trap depth of 1.34MHz. However,

these non-linear shifts do slightly complicate the experimental calibration of the magic

condition, as evidenced by the fact that the linear fits to the transition frequency depen-

dence on waveplate angle in Fig. 4.2(c) for different depths do not perfectly intersect at

the magic angle. The depth-corrected ellipticity can bemore precisely determined us-

ing local measurements of the gradient of the transition frequency with depth, or using

the coherence of the transition itself, as we do below in Fig. 4.7(b).

4.4.2 Aberrations and temperature

0.25 0.00 0.25

Radial minor axis (�m)

0.8

0.6

0.4

0.2

0.0

0.2

0.4

0.6

0.8
A

xi
al

 z
 (
�m

)

(a) (b)

0.8

0.4

0.0

0.4

0.8

1.2

1.6

2.0

T
ra

ns
iti

on
 fr

eq
ue

nc
y 

sh
ift

 (
kH

z)

0.4 0.3 0.2 0.1 0.0 0.1 0.2 0.3 0.4

Radial minor axis (�m)

0.4

0.3

0.2

0.1

0.0

0.1

0.2

0.3

0.4

R
ad

ia
l m

aj
or

 a
xi

s 
(�

m
)

0.0

0.8

1.6

2.4

3.2

4.0

4.8

5.6

T
ra

ns
iti

on
 fr

eq
ue

nc
y 

sh
ift

 (
kH

z)

Figure 4.6: Shifts of rotational transition frequency as a function of molecule position in tweezer. (a)
Shows a contour plot of the transition frequency relative to the trap center for a radial cross-section of
the trapping potential, assuming a trap depth ofU = 1.34MHz. Contour lines are spaced by 200 Hz. The
red circle represents the typical harmonic oscillator length

√
ℏ

2mNaCsω
= 80 nm, where ω is the radial trap-

ping frequency of the molecules. (b) Contour plot of transition frequency shift for an axial cross-section.
Red ellipse again represents harmonic oscillator length, which is 200 nm along the axial direction.

In Chapter 6, we identify a critical role played by aberrations of the trapping poten-
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tial and the temperature of the molecules in the coherence of the dipole interaction. At

the time of publication of [210], we didmodel the effect of distortions of the ellipticity

at the focus of a tweezer, whichmeans that molecules with different amounts of mo-

tional excitation can sample different overall ellipticities. However, at that time, we

did not consider the influence of aberrations of the tweezer. We thus revisit the effect

here, using the astigmatismmeasured in section 6.6. We show in Fig. 4.6 the expected

shift of the magic transition frequency as a function of displacement along both radial

and axial cuts through the trap center, taking into account both astigmatism and the

previously modelled distortion of the ellipticity at the tweezer focus. The energy shift

is largest for displacement along themajor axis of the polarization ellipse, though, as

a result of aberrations, it is also significant for axial displacements. As a result of this

position dependent shift, different motional states of molecules in the tweezer will

experience different average transition frequencies. Unlike the perturbations to the

magic condition due to higher order couplings to other states, this shift cannot be com-

pensated for by changing the global ellipticity of the tweezer. In other words, it is not

generally possible to achieve a perfect magic condition simultaneously for all motional

states of a molecule in a tweezer. This is true even for an ideal tweezer due to the distor-

tion of the ellipticity around the focus [271], but the effect is mademore dramatic by the

presence of aberrations.

For a trap depth of 1.34MHz, the axial shift in trap centers between theN = 0 and

N = 1 states shifts the transition frequency by 16 Hz away from themagic condition.

Additional motional excitation along the axial directionmakes relatively little differ-

ence, however, inducing further shifts of< 1Hz per motional quantum. Motional exci-
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tation along the radial directions aligned with the major andminor axes of the tweezer

polarization ellipse are more significant, giving shifts of 43 and 161Hz per motional

quantum, respectively. In Section 6.6, wemeasure the axial ground state fraction of

the molecules to be 34(4)%, which, assuming thermal equilibrium between the trap

axes, would imply radial ground state populations of at least 93%. As such, the expected

aberration andmolecule temperature induced perturbations to the magic condition are

currently significantly smaller than the limit imposed by residual ellipticity variations

(Fig. 4.3). However, if the ellipticity variation were to be reduced by an additional order

of magnitude in the future, molecule temperature would begin to set a more fundamen-

tal limit on the achievable cancellation of light shifts.

4.5 Rotational coherence

With the reduced light shift sensitivity,N = 0 andN = 1 rotational superpositions ex-

hibit long coherence times, which we characterized via Ramsey spectroscopy. We use a

spin-echo π-pulse to eliminate dephasing of the ensemble-averaged signal due to static

light shift variation across the traps. The spin-echo pulse also decouples slow shot-to-

shot variations in the detuning. For a linearly polarized trap (U = 1.0MHz), the 1/e

decay time is τ = 0.57(2)ms, in agreement with a simulated coherence decay that in-

corporates measured intensity noise and the strong light shift sensitivity (black line in

Fig. 4.7(a)). With optimal magic ellipticity, the spin-echo coherence was extended by

two orders of magnitude to 62(3) ms (blue circles in Fig. 4.7(a)). This coherence was

further extended to 250(40) ms through the use of repeated XY-8 sequences (up to

72 total pulses) [167], which decouple noise on timescales slower than the spacing be-
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Figure 4.7: Rotational coherence times for 1.34MHz trap depth. (a) The coherence time was character-
ized using a spin-echo phase Ramsey pulse sequence (shown in top left) in linear andmagic elliptically
polarized traps. In the linear trap, the phase Ramsey contrast as a function of the free precession time
(red triangles) agrees well with the simulated coherence decay based on intensity noise (black dashed
line). The spin-echo coherence time is extended by two orders of magnitude in the magic trap (blue cir-
cles), which can be further improved using the XY-8 pulse sequence (green squares) illustrated in the
top right. The solid lines represent the fit to a Gaussian decay curveC(t) = exp[−(t/τ)2]. For the XY-8
pulse sequence, the overall amplitude was left as an additional fit parameter to account for off-resonant
population leakage duringmicrowave pulses. For the spin echo data, all contrasts were normalized to the
shortest time point. Example spin-echo and XY-8 phase Ramsey scans are shown in the top left and right
insets, respectively. (b) Spin-echo phase Ramsey contrast at 50ms as a function of the QWP rotation an-
gle. A Gaussian fit yields an optimal rotation angle of 36.81(3) degrees. The top axis is the corresponding
light shift expected from the ellipticity angle deviation relative to f0. (c) Site-by-site Ramsey contrasts
at 50ms showing a global phase shift of 73(3)◦. The contrast is normalized to the averaged N=0 popula-
tion.
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tween pulses. Themaximum achievable contrast using the XY-8 sequence in Fig. 4.7 is

slightly less than 0.8 even at short times, due to population leakage to the other non-

magic rotational sublevels during the microwave pulses. In Chapter 6, we eliminated

this issue by using slightly slower pulses and implementing truncated Gaussian pulse-

shaping to reduce off-resonant coupling [40]. Fig. 4.7(b) shows that the observed spin-

echo coherence depends sensitively on small changes of the QWP angle in the vicin-

ity of the magic ellipticity. The spin-echo contrast for individual traps at a precession

time of 50ms (Fig. 4.7(c)) shows a small amount of dephasing between sites. An over-

all phase shift of 73(3)◦ at long times (despite spin-echo) indicates a changing global

frequency, the potential source of which is discussed further below.

4.6 Limitations on coherence

4.6.1 Tweezer intensity noise

Wemeasured the 1064 nm tweezer light intensity on an out-of-loop photodiode to cal-

culate an intensity-noise dominated coherence time. The signal was band-pass filtered

and amplified through a low-noise SR560 pre-amplifier from Stanford Research Sys-

tems. We simulated the decay of coherence from the resulting noise spectrum using

theMagnus and cumulant expansions. Details on the method can be found in [53] and

references therein. Specifically, we consider only the second cumulant, which gives the

highest order contribution to coherence decay. It is expressed as

c2(t) =
1
2

∫ ∞

−∞
dωS(ω)|F(ωt)|2 (4.1)
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Figure 4.8: (a) Spectrum of measured intensity fluctuation of tweezer beam over 2 s. Inset shows the
time-trace of the noise. (b) Normalized Ramsey coherence for average of eight sites predicted from
Monte Carlo simulation using random sampling of intensity noise data and experimentally calibrated
light shifts of each site. Fitting to a Gaussian decay gives a coherence time of τecho = 1.24 s. (c) Corre-
sponding simulated Ramsey phase scans for each time point in b, showing both decay of coherence and
slight overall phase shift due to slow drifts. (d) Simulated Ramsey coherence assuming an additional
randomGaussian noise source with a standard deviation of 2π × 25Hz. Fitting to this data yields a decay
time of τecho = 59ms.

where S(ω) is the power spectrum of the noise source, and F(ωt) is the transfer function

of the pulse sequence. For spin-echo with an infinitely narrow π-pulse, the transfer

function is

F(ω, t) =
4
ω
sin
(
ωT
4

)2

(4.2)

Then the contrast follows

p = exp(−c2(t)) (4.3)
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We used this method to simulate decoherence due to intensity noise for molecules in

a linearly polarized trap. The simulation curve is shown in Fig. 4.7(a) and is in good

agreement with the observed coherence time.

With the three orders of magnitude reduction in sensitivity to intensity fluctuations

achieved usingmagic ellipticity, we find that the decoherence predicted by this method

no longer matches the experimentally-observed coherence time. To verify that intensity

noise cannot in general explain the observed decoherence, we explicitly simulated the

time-evolution and ensemble averaging of the quantum state of the molecules during

the Ramsey experiment in the presence of experimentally sampled noise. This allowed

us to model effects not captured by the second cumulant method, such as slow drifts

on the Hz timescale that can give rise to overall phase shifts and shot-to-shot varia-

tion in the spin-echo Ramsey signal, reducing the contrast of the time-averaged signal.

Because of the gradient of ellipticities across sites in the array, there is also a different

phase shift accumulated for each site, which can further impact the averaged signal.

Tomodel these effects, we first measured the slow drift of the tweezer intensity using

an out-of-loop photodiode with no frequency filtering or amplification for a time of 2 s,

which is the duration 1-2 experimental cycles. We thenmodelled the Schrödinger evo-

lution of the rotational states of all eight array sites under a spin-echo pulse sequence

with a time-varying detuning for each site sampled directly from the intensity fluctua-

tion data, multiplied by the average light shift measured in Fig. 4.3. To capture the ef-

fect of shot-to-shot variations, we determined the coherence at each time using an en-

semble average of 20 runs with randomly chosen t = 0 starting times within the inten-

sity noise trace. Using this method, we found an expected coherence time that is well
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described by a Gaussian e−t2/τ2echo decay with a characteristic timescale of τecho = 1.24 s,

more than an order of magnitude longer than the spin echo decay time we observed

experimentally. This expected coherence decay curve is shown in Fig. 4.8(b). This

strongly suggests that the coherence is limited by a noise source other than intensity

fluctuations.

To better understand howmuch noise would be needed to explain the decoherence,

wemodelled the expected coherence in the presence of a randomGaussian noise source

sampled with a bandwidth of 1 kHz. Using this method, we estimated that detuning

noise with a standard deviation on the order of 2π × 25Hzwould explain the observed

spin echo coherence time, as shown in Fig. 4.8(d). This is also similar to the amount of

white detuning noise required tomodel the observed single body decoherence using a

Lindbladmaster equation simulation, as discussed in Section 6.4. In comparison, the

standard deviation of the detuning noise produced by intensity fluctuation, averaged

across all sites, is only 6 Hz.

To simulate slow drifts in detuning, which could give rise to the overall phase shift

of the spin echo signal shown in Fig. 4.7, we assumed a detuning that varies linearly

in time. We found that to explain our observed phase shift the rate of change of this

detuning would need to be at least dΔ
dt = 2π×330Hz / s, corresponding to a total change

in detuning of 2π × 16.5Hz over the course of the 50ms spin echo wait time. This linear

detuning drift is, again, not consistent with the measured fluctuation of the tweezer

intensity, so it must have a different origin.
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4.6.2 Polarization fluctuations

Another possible way in which the tweezer could be limiting the molecule coherence

is if the polarization of the trapping light is fluctuating. Unlike intensity noise, at this

stage we do not have a sensitive direct measurement of the time-variation of the polar-

ization. However, we can place some bounds on it based onmeasurements of the static

polarization purity before the objective.

4.6.2.1 Fast fluctuations and polarization extinction ratio

The polarization of light transmitted through a fiber is known to fluctuate over time

due to interference between light propagating in different polarizationmodes. Such

fluctuation can bemitigated using polarizationmaintaining (PM) fibers, which are de-

signed to suppress cross-coupling and interference betweenmodes. Even PM fibers

still exhibit quite significant polarization fluctuation, however, as a result of thermal

variation, vibrations, and other mechanical stress of the fiber [213]. These fluctuations

generally manifest as a randomwalk in the output polarization at short times, possi-

bly accompanied by overall linear drifts or periodic modulation at longer timescales,

depending on the characteristics of the environment of the fiber [186]. These fluctua-

tions are notoriously hard to predict or eliminate entirely and, in applications such as

quantum communication schemes where polarization purity over time is critical, the

polarization is oftenmeasured and stabilized in real-time [82, 186, 267]. Alternatively,

one can attempt to simply clean up the output polarization after a fiber by attenuating

unwanted polarization components, thus translating polarization fluctuation to inten-

sity noise at the output. This is the approach we took, cleaning up the tweezer polar-
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ization first with a polarizing beam splitter directly after the PM fiber, and again with

a Glan-Taylor (GT) polarizer placed as close as possible to the objective. Wemeasured

the polarization extinction ratio (PER) after the GT using an additional polarizer on a

rotationmount, which can be rotated to be either parallel or perpendicular to the po-

larization of the light transmitted through the GT. The PER, which wemeasured to be

3× 105, is the ratio of the powers of the transmitted beam in these two configurations.

The PER alone does not, however, tell us everything about the polarization of the

light after the GT. One interpretation of the PER could be that the transmitted light is

slightly elliptically polarized, with a ratio of major to minor axes of
√
3× 105, which

would correspond to an ellipticity of χ = 0.105◦. However, the measurement of the pow-

ers is time-averaged so the same observed PER could equally have resulted from a linear

output polarization with an orientation θ that is rapidly fluctuating with a standard de-

viation of 0.105◦. These two pictures would lead to very different impacts on themagic

ellipticity condition—a static residual ellipticity could be compensated for by changing

the waveplate rotation angle, whereas a rapidly fluctuating polarization angle would

necessarily lead to a fluctuating detuning.

It will be instructive at this point to introduce amore detailed description of what

the polarizer is doing. To this end we can use the Stokes-Mueller formalism for the de-

scription of the polarization of light. In this formalism, the polarization state of a beam
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is represented by the four-element Stokes vector [68]:

S =



S0

S1

S2

S3


(4.4)

The first element S0 = I corresponds to the intensity, and the remaining elements are

related to the polarization angle θ and ellipticity χ by:

S1 = S0 cos (2θ) cos (2χ) (4.5)

S2 = S0 sin (2θ) cos (2χ) (4.6)

S3 = S0 sin (2χ) (4.7)

The effect of polarizing optics are then described by 4 × 4matricesM, known as the

Mueller matrices, whichmultiply the Stokes vector. TheMueller matrix describing a

partial polarizer is

M =
1
2



p2x + p2y p2x − p2y 0 0

p2x − p2y p2x + p2y 0 0

0 0 2pxpy 0

0 0 0 2pxpy


(4.8)

where px and py describe the polarization along the horizontal and vertical directions

[68], and 0 ≤ p2x + p2y ≤ 1. For a horizontally aligned polarizer we have px > py
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and the PER is defined as R = p2x/p2y [155]. We can consider some limiting cases of the

input polarization to understand how each one will be affected by the GT polarizer. For

initially perfectly horizontally polarized light, we have

MS =
1
2



p2x + p2y p2x − p2y 0 0

p2x − p2y p2x + p2y 0 0

0 0 2pxpy 0

0 0 0 2pxpy





1

1

0

0


=



p2x

p2x

0

0


(4.9)

meaning that the polarization remains perfectly horizontal but the overall intensity is

attenuated by a factor p2x. Conversely, if the light is initially polarized at 45◦ to horizon-

tal, we have

MS =
1
2



p2x + p2y p2x − p2y 0 0

p2x − p2y p2x + p2y 0 0

0 0 2pxpy 0

0 0 0 2pxpy





1

0

1

0


=

1
2



p2x + p2y

p2x − p2y

2pxpy

0


(4.10)

This corresponds to light that is linearly polarized at an angle slightly offset from hori-

zontal. The polarization angle is given by θ = 1
2 tan

−1(
2pxpy
p2x−p2y

) ≈ 1
2 tan

−1( 2√
R
) for R ≫ 1.

For the measured R = 3× 105 of the GT, this corresponds to θ = 0.105◦. Lastly, for right
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circularly polarized light, we have

MS =
1
2



p2x + p2y p2x − p2y 0 0

p2x − p2y p2x + p2y 0 0

0 0 2pxpy 0

0 0 0 2pxpy





1

0

0

1


=

1
2



p2x + p2y

p2x − p2y

0

2pxpy


(4.11)

which corresponds to slightly elliptically polarized light with orientation θ = 0 and

ellipticity χ = 1
2 sin

−1(
2pxpy
p2x+p2y

) ≈ 1
2 sin

−1( 2√
R
). For R ≫ 1, this also gives χ = 0.105◦. We

thus see that the actual polarization after the GTwill depend on the PER and the input

polarization state, with fluctuations in the input polarization angle of up to 45◦ translat-

ing to output angle fluctuations of up to δθ = 0.105◦, and input ellipticity fluctuations

from linear to circular translating to output ellipticity fluctuations δχ = 0.105◦.

What effect would these polarization changes have on themagic condition for the

molecules? Variations of the input polarization angle are equivalent to variations of the

waveplate rotation angle. As such, we can empirically determine the resulting expected

shifts in transition frequency from the linear fits in Fig. 4.2(c). Extrapolating the mea-

sured rotation angle dependence at 3.2MHz to the depth of 1.34MHz used for the co-

herence measurements gives an expected detuning shift of 1.10 kHz for an angle change

δθ = 0.105◦. We can theoretically predict the effect of ellipticity variations by diagonal-

izing the molecular rotation Hamiltonian, which gives an expected shift per degree of

9.87U×10−3

◦ . For a trap depth ofU = 1.34MHz and ellipticity change δχ = 0.105◦, this gives

a shift of 1.39 kHz. These shifts are significant—if fast polarization fluctuations of the

tweezer light amount to even 2% of these maximum possible shifts, they would already
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be sufficient to fully explain the observed decoherence.

4.6.2.2 Slow drift
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Figure 4.9: Slow drifts of the transition frequency over a period of three hours. Each point represents
the transition frequency determined from fitting a scan of the resonance averaged over the preceding 23-
minute period.

In addition to the decay of the coherence, we can directly observe detuning drifts

at rates much slower than the experimental repetition rate ( 0.6 Hz) by scanning the

resonance frequency and tracking how it evolves over long averaging periods. Fig. 4.9

shows such a scan taken over a three-hour period, during which time we observe a drift

in the resonance of approximately 700 Hz. The rate of this drift is slow enough that its

effect on coherence should be almost entirely eliminated by the spin-echo sequence. It

does, however, point to the presence and possible origin of polarization fluctuations.

In particular, the shape of the drift—initially changing rapidly and then appearing to

stabilize by the second hour of the scan—suggests some association with the relatively

slow thermal equilibration of the experiment. This may be due to temperature changes

of the PM fiber delivering the light, though the resulting drifts in the polarization angle

or ellipticity would have to be as large as 45◦ and 90◦, respectively, to give this much of

99



a shift. This would also result in large intensity fluctuations after the first cleanup cube,

which we have not observed experimentally.

Alternatively then, the polarization drifts could originate after the GT polarizer. One

possible origin of such drifts could be changes in the tilt of the two dichroics after the

GT (see Fig. 2.3). The final polarization purity was observed to be extremely sensitive

to the vertical tilt of these dichroics, which needed to be carefully aligned to achieve the

final measured PER of 3× 105. In a separate systematic scan of the polarization purity of

a beam passing through a dichroic, we estimated that the ellipticity changes by approx-

imately 1.4◦ per degree of vertical misalignment of the dichroic. Given the sensitivity of

the detuning to ellipticity, a 700 Hz shift could thus result from a change in the vertical

tilt of either dichroic by 0.04◦. Vibrations of the dichroics at acoustic frequencies may

also contribute to the fast polarization noise that induces decoherence. Another source

of slow drifts is the temperature-dependence of the waveplate itself. In measurements

of the temperature dependence of a separate waveplate with a retardance of 0.304 λ

(used in Chapters 5 and 6), we found that the retardance changed with temperature

by 0.0004 λ/K. The effect of this retardance change on the tweezer ellipticity depends

heavily on the choice of waveplate. For the QWP used in this chapter, the ellipticity is

first-order insensitive to changes in retardance at the magic angle, meaning that this is

unlikely to be amajor contributor to the drift. However, for the 0.304 λwaveplate used

in later chapters to maximize the strength of dipolar interactions, the ellipticity varies

approximately linearly with the retardance. This results in an expected detuning shift

of 5.5U× 10−4 /K (or 740 Hz/K for a trap depth of 1.34MHz).
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4.6.3 External electric andmagnetic fields

Figure 4.10: Shift of transition frequency from fm at a trap depth of 1.34MHz as a function of applied
electric field oriented parallel to the major axis of the polarization ellipse.

Finally, we considered the effect of external electric andmagnetic fields on themagic

condition. We calculated the expected shift in the transition frequency as a function

of applied electric field oriented parallel to the major axis of the polarization ellipse,

which is the orientation that gives the maximum differential shift. The dependence on

the field is quadratic, with a fitted dependence of f = 0.1 E2 Hz / (Vm−1)2, shown in Fig.

4.10. If we assume a background static electric field of 500mV/cm, then a fluctuating

component with a standard deviation of 25 mV/cmwould be sufficient to generate the

2π × 25Hz detuning noise required to explain our observed spin-echo coherence time.

This is of a similar order to background fields measured using Rydberg atom electrom-

etry in Ref. [208]. In that case, the electric field was induced by a build up of charged

particles adsorbed on the surface of the glass vacuum cell, similar to the one used in our
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experiment. The authors of Ref. [208] used a UV LED to induce desorption of charges

on surfaces, thus reducing the stray electric fields. However, when we illuminated the

glass cell with a 365 nm, 2WUV LED, we saw no change in the rotational transition

frequency. We did, however, observe changes in the loading rate of atoms in optical

tweezers, indicating that the LEDwas inducing some desorption of atoms from the

interior walls of the glass cell. Another possible source of background electric fields is

the Feshbach coils. The overall voltage drop across the entire Feshbach coil circuit is

17 V, which is divided between the coils themselves and the IGBTs that are used to ac-

tively stabilize the current flowing through the circuit [308]. Based on themeasured

resistance of the coils, we expect the voltage drop across each coil to be approximately

4 V when the current is set to generate the 864Gmagnetic fields at which we produce

and probemolecules. Based on COMSOL simulations of the coil assembly, though not

including additional conducting surfaces in the region of the glass cell, we expect that

the electric field in the glass cell could be as high as 600mV/cm. This field would, how-

ever, be dominantly along the same axis as the magnetic field, parallel to the tweezer

k-vector. As a result, it would induce a shift of approximately half that produced by the

field along themajor axis of the tweezer simulated in Fig. 4.10. Themagnetic field is

stabilized to a precision of∼ 1 in 105, meaning that the detuning fluctuations from this

coil-induced electric field are expected to be< 1Hz. However, due to the quadratic

Stark shift, the presence of the static background field will increase the sensitivity of the

transition to any additional stray electric field fluctuations.

We also calculated the expected shift in the transition frequency due tomagnetic

field fluctuations about a static 864Gmagnetic field parallel to the direction of prop-
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agation of the optical tweezers. At this field we expect the ground and excited rota-

tional states to be close to pure in the uncoupled basis, limited primarily by electric

quadrupole interactions. We estimated themagnetic field sensitivty to be−0.3Hz/G at

a trap depth of 1.34MHz. With amagnetic field instability of∼10 mG, we can rule out

magnetic fields as limiting our observed coherence time.

4.7 Outlook

In this chapter, we demonstrated amagic ellipticity scheme for cancelling light shifts of

oneN = 0 toN = 1 transition of NaCs. Using this scheme, we achieved rotational co-

herence times of 62(3) ms with a single spin-echo pulse and 250(40) ms using an XY-8

dynamical decoupling pulse sequence. The effectiveness of XY-8 dynamical decoupling

indicates residual AC detuning noise, but measurements and simulations indicate that

this remaining decoherence is not consistent with tweezer intensity noise. We consid-

ered other possible sources of detuning noise and determined that fluctuations of the

tweezer polarization and stray electric fields are the most likely candidates. The extent

of polarization fluctuations warrants further investigation, but it could potentially be

reduced by improved thermal stabilization of the experiment, additional polarization

cleanup before the fiber that delivers 1064 nm tweezer light, andmechanical isolation

of the fiber itself. The influence of stray electric fields could bemitigated by surround-

ing the glass cell in a Faraday cage or, in a future iteration of the experiment, incorpo-

rating in-vacuum electrodes to actively null the DC electric field. With these improve-

ments, we can reasonably expect to achieve intensity-noise-limited coherence times in

excess of 1 s.
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It’s a rare gift, to know where you need to be, before you’ve

been to all the places you don’t need to be.

Ursula K. Le Guin

5
Rearrangement, state-preparation, and

readout of an array of NaCsmolecules

Material in this chapter, including portions of the text and figures, originally appeared

in print in [216].

5.1 The problem of molecule detection

Quantum state detection using fluorescence from optical cycling transitions has be-

come an indispensable technique in atomic physics. Real-time detection of individual

atoms enables the rearrangement of occupied traps to produce densely-filled arrays
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[21, 85, 250], as well as the selective readout of their internal states [178, 187]. Both ca-

pabilities are crucial for studyingmany-body interactions and executing large quan-

tum circuits [37, 223, 244, 248]. For molecules, a subset [79, 269] do possess optical cy-

cling transitions, which has enabled advances in their laser-cooling [252, 274], trapping

[10, 280, 292], and rearrangement [117]. Other molecules can be produced by the coher-

ent association of their constituent atoms [148, 202, 230, 303, 310] with the advantage

that cold atom temperatures are preserved in the process of creating themolecules.

However, optical cycling transitions for fluorescence or absorption imaging are gen-

erally not available for these molecules. Typically, absorption and spontaneous emis-

sion of a photon by a rovibrational ground state molecule will lead to scattering into a

different rovibrational level, or even photodissociation of the molecule, whichmakes

imaging of single molecules in this way impossible [282]. While far-detuned phase con-

trast imaging techniques can, in principle, be used to detect molecules without signifi-

cantly populating excited states, these too generally fail in the limit of single molecule

detection when the shot-noise limit on themaximum achievable signal-to-noise ratio

is taken into account [109, 120].

As a result, the population of a specific state of associatedmolecules is generally de-

tected through the adiabatic dissociation of the constituent atoms, which are then sepa-

rated and imaged. Tomake use of the inherent multi-level structure of molecules, three

capabilities for the molecule SPAM toolbox are highly desirable: rearrangement while

maintaining low temperature, site-resolved state preparation, and resolved readout

of multiple internal states. The first capability would allow for the production of de-

terministically filled arrays of molecules. The latter twowould facilitate experiments
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Figure 5.1: Overview of an experimental sequence with novel SPAM techniques showing the produc-
tion, initialization, and readout of NaCsmolecules. For details on the coherent association and transfer
of atoms to the molecular ground state, see Chapter 2. The detection of unassociated Cs atoms (C-D)
enables the rearrangement of molecules to a more densely-filled array (E). An auxiliary rotational state
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106



using the many long-lived rotational states as a qudit system or amulti-level quantum

simulator [119, 233]. Various proposals have been put forward for direct molecule read-

out via controlled coupling between a ground state molecule and an ancilla atom or

optical cavity [50, 61, 109, 137, 161, 284, 291, 307]. However, these methods require the

introduction of a new, coherently-controlled interaction between themolecule and the

detection ancilla, which requires more experimental overhead to implement. In this

chapter, I discuss an alternative scheme demonstrated in our lab for the removal of de-

fects in a molecular array and sequential state-selective detection, which does not rely

on non-destructive molecule detection. Our scheme uses fluorescence imaging of the

constituent atoms of NaCs as shown in Fig. 5.1. Unassociated Cs atoms are detected

immediately followingmolecule formation to infer which sites containmolecules. We

rearrange those sites and increase the local filling probability at the edge of the array

threefold. We also use the atom signal for the detection of the twomolecular states in

the ground |0⟩ and the first excited |1⟩ rotational levels that form our computational

basis. In a single experimental cycle, molecules are sequentially dissociated from each

state and the resulting Cs atoms are detected. Lastly, we demonstrated the ability to

initialize an array of molecules in an arbitrary pattern of the computational basis states

using global microwave pulses in combination with an auxiliary rotational state out-

side the computational basis for site-selective shelving of molecules.
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5.2 High-field imaging of Cs
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Figure 5.2: State-selective detection of Cs at 864 Gauss. (a) Simplified energy structure of Cs showing
the hyperfine state |g′⟩ that Cs atoms are initialized in as well as the optical cycling transition between
|g⟩ and |e⟩ used for fluorescence imaging. (b) Schematic of the apparatus depicting the beams used for
the ejection of Na atoms and for driving the Cs optical cycling transition. The Cs hyperfine transition is
driven by amicrowave horn antenna. Fluorescence is collected by a 0.55 numerical aperture (NA) ob-
jective and EMCCD camera. (c) Timing diagram for the imaging process, including Na ejection via near-
resonantD2 light, Cs microwave transfer from |g′⟩ to |g⟩, and optical cycling. The tweezer and imaging
light are pulsed out of phase since |e⟩ is anti-trapped. (d) Histograms of the collected fluorescence from
Cs atoms.

Both the rearrangement of molecules and their sequential state-selective readout rely

on the detection of atoms at or near the magnetic field at whichmolecules are assem-

bled. Our preparation of NaCs in its rovibrational and electronic ground state is de-

tailed in Chapter 2. In summary, we prepare parallel 1-by-8 arrays of hyperfine ground

state Na and Cs atoms near the three dimensional motional ground state of their re-

spective 616 nm and 1064 nm optical tweezers. Na atoms are then adiabatically trans-
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ferred into the 1064 nm array, such that each 1064 nm tweezer contains, ideally, indi-

vidual Na and Cs atoms in their motional and hyperfine ground states. Atom pairs are

magnetoassociated into a weakly-boundmolecule via a Feshbach resonance at 864 G

and transferred to the rovibrational and electronic ground state via detuned Raman

process. Crucially for the results in this chapter, we note that any atom pairs that are

not in the relative motional ground state of the optical tweezer will fail to associate into

Feshbachmolecules, but will remain in the tweezer as a free atom pair.

To detect the unassociated atoms, we extended the low-field state-selective fluores-

cence imaging of Cs atoms in optical tweezers [62, 205] to a highmagnetic field, similar

to the high-field absorption detection of a cloud of potassium atoms [209]. In princi-

ple, one could also image Na atoms on the equivalent stretched D2 transition. We opted

to image Cs atoms due to the five times stronger polarizability of Cs in the 1064 nm

tweezers, which reduces the tweezer intensity required to trap atoms that are heated

during imaging. Themagnetic field decouples the total angular momentum F of the

excited fine structure levels, such that the quantum numbers |mI,mJ⟩ best describe

the excited hyperfine states, where I is the nuclear spin (ICs = 7/2), J is the total elec-

tronic spin, andm denotes their projections along themagnetic field axis. Detection

was performed by exciting from the lowest to highest energy ground hyperfine state

and optically cycling on the stretched D2 transition |g⟩ ≡ 62S1/2 |F = 4,mF = 4⟩ to

|e⟩ ≡ 62P3/2 |mI = 7/2,mJ = 3/2⟩. The optical cycling transition is depicted in Fig.

5.2(a) along with nearby states that can have non-zero coupling to non-σ+ components

of the imaging light. An advantage of the high-field regime is significant detuning pro-

tection against populating these off-resonant states.
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Followingmolecule creation or dissociation, Cs atoms are initialized in |g′⟩Cs ≈

|F = 3, mF = 3⟩, andmay share their optical tweezer with Na atoms in |g′⟩Na ≈

|F = 1, mF = 1⟩. Wemust eject Na atoms before exciting Cs to |g⟩Cs to avoid spin-

changing inelastic collisions that occur when the atoms are not both in the ground

hyperfine state or in spin-stretched hyperfine states [310]. As shown in Fig. 5.2(b),

which depicts the geometry of the apparatus, we heated the Na atoms out of the trap

using beams at the D2 transition frequency that were originally used to produce the Na

magneto-optical trap (MOT). The Cs atoms were then excited from |g′⟩ to |g⟩ using a

microwave horn with negligible off-resonant coupling due to a h × 250MHz detuning

with the next nearest transition. Lastly, we optically cycled on the |g⟩ to |e⟩ transition

using a small retro-reflected imaging beamwith a 1/e2 waist of∼1 mm, collecting fluo-

rescence photons through the 0.55 NA objective onto an EMCCD camera (see Fig. 2.3).

The use of a small imaging beam helps suppress background noise due to light scatter-

ing from the surface of the glass cell into the objective. Vertical polarization was chosen

tomitigate the π polarized |g⟩ to |e′⟩ ≈ 62P3/2 |mI = 5/2,mJ = 3/2⟩ transition, which is

the closest detuned by h × 67MHz. Crucially, none of the 589 nmNa D2 light, the 852

nm Cs D2 light, or the 11.34 GHzmicrowavemeasurably affected the NaCsmolecules.

The timing diagram of high-field imaging is shown in Fig. 5.2(c). We observed com-

plete ejection of Na from the trap within 3ms. For the microwave transition, instability

in the magnetic field on the 10mG level limits the transfer efficiency given the avail-

able microwave Rabi frequency. Tomaximize efficiency in the presence of this noise,

we used an adiabatic rapid passage pulse in which the frequency was linearly swept

across a 400 kHz range about the resonance in 20ms. As the imaging geometry pro-
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vides little cooling during imaging except for red-detuned Doppler cooling along the

imaging beam axis, we increased the peak trap intensity to 1.25MW/cm2 to collect

sufficient fluoresced photons before atom loss to resolve the presence of an atom over

background noise. The loss rate of molecules from |0⟩ due to scattering of the trap light

is 7Hz/(MW/cm2). To minimize the time that the molecules need to be held at high

depth, the optical cycling transition was driven near-resonantly. Due to scattering, we

observed a 5.6(8)% loss of molecules during high-field Cs imaging. We also strobed the

imaging and tweezer light out of phase with a 10% and 70% duty cycle, respectively,

at 500 kHz to prevent heating due to |e⟩ being anti-trapped in the 1064 nm tweezers

[130, 187].

To analyze the imaging fidelity, we prepared Cs atoms in |g′⟩ co-trapped with Na

atoms. The fidelity of Na ejection and subsequent Cs imaging were verified using the

sequence shown in Fig. 5.2(c). By averaging the collected signal of the EMCCD cam-

era for each site over many experimental cycles, we observed a distribution of electron

counts consisting of two Gaussian peaks: a ‘dark’ peak corresponding to electronic read

noise of the camera, and a ‘bright’ peak corresponding to atom fluorescence. This dis-

tribution is shown in Fig. 5.2(d). The ‘dark’ peak remains unchanged in the absence of

imaging light, which indicates negligible scattering of the imaging beam off the glass

cell into the CCD camera. We report a 0.38(9)% false positive rate and 0.089(2)% false

negative rate for Cs atoms prepared in |g⟩, corresponding to an overall imaging fidelity

of 99.51(9)%. Due to imperfect microwave transfer and state-preparation fidelity, the

false negative rate increased to 3.6(7)% for Cs atoms initialized in |g′⟩, which is the case

for molecule rearrangement and sequential imaging.
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5.3 Molecule rearrangement
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Figure 5.3: Rearrangement of molecules based on the detection of Cs atoms at 864 G. (a) Behavior of
the rearrangement algorithm for possible occupations of the 1064 nm tweezers for sites where Na and
Cs are both detected before Raman sideband cooling. Sites where Cs is not detected are rearranged. Such
sites may not contain a ground state molecule if: 1. the molecule does not survive Raman transfer to the
ground state; 2. the Cs atom is lost when the Na and Cs arrays are merged; or 3. the Cs transition from
|g′⟩ to |g⟩ is not successful. (b) Ground state molecule population with and without molecular rearrange-
ment that is detected by Cs imaging at high-field.

Using the high-field detection of Cs atoms, we can produce a dense array of
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molecules without increasing their motional energy. To infer which traps contain

molecules, we used a combination of three atom images. After the loading and rear-

rangement of atomic arrays, we detected the initial Na and Cs occupations with fluo-

rescence imaging. The atoms were then Raman sideband cooled to near their motional

ground state and the arrays were adiabatically combined. As stated in Section 5.2, Cs

atoms were detected again at high-field followingmolecule production using previ-

ously determined thresholds. Molecules may only be found in sites where both atoms

were detected at low-field in the first two images, because two atoms are needed to

form a diatomic molecule, and where Cs was not detected at high-field in the third im-

age, because themolecules are dark to high-field Cs detection. Such cases correspond

to 27 % of the sites that will be preserved by the rearrangement algorithm.

Three relevant mechanisms can result in the preserved sites not containing ground-

state molecules, as depicted in Fig. 5.3(a). First is when atom pairs that associate

into Feshbachmolecules are lost during detuned Raman transfer, which has one-way

transfer efficiency of 76(3)%, limited by a combination of inhomogeneous intensities

of the Raman beams across the array, time-variation of the intensities of the beams,

and scattering from the intermediate state of the transfer [48, 309]. Second is that Cs

atomsmay be lost between low-field and high-field detection, which falsely appears as

molecule production. Cs can be lost during the merging of the two arrays (0.7(9) %), or

in spin-changing inelastic collisions with Na in several ms after merge (1(1) %) if either

atom is prepared in the wrong hyperfine state. A third concern is that Cs atomsmay not

be detected due to imperfect microwave transfer and state preparation, as described in

Section 5.2. Based on these mechanisms we estimate that 71(3)% of the preserved sites,
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or 19(2)% of all sites, contain a ground-state molecule.

The rearrangement of molecules proceeds as follows. Optical tweezers for sites that

are not preserved are turned off. Starting sequentially from the rightmost preserved

site, tweezers are translated to the rightmost unoccupied site bymeans of a frequency

ramp of the radiofrequency (RF) tones generating each tweezer. The translation is per-

formed using aminimum-jerk trajectory for the start and end of the ramp, linked by

a constant velocity region. At the same time, the RF amplitudes are ramped to com-

pensate for changes in diffraction efficiency across the bandwidth of the acousto-optic

deflector (AOD) generating the tweezers, which keeps the tweezer depth approximately

constant during themove. The rearrangement of molecules was performed in the same

way as atom rearrangement, which is described in Section 2.2.2.

Themeasured ground state molecule population is shown in Fig. 5.3(b). On aver-

age, we detected 13.2(4)% filling of ground state molecules without rearrangement. We

note that we rearranged the atomic arrays to the rightmost sites prior to the creation of

molecules, resulting in a lower detection rate of molecules on the left side of the array.

Accounting for the loss from the detuned Raman process and the false negative rate of

Cs high-field imaging, we estimate a 18.0(9)% filling of the array, which is consistent

with the prior estimate. Molecular rearrangement significantly improvedmolecule

density on the right side of the array. We detected a factor of 2.8(3) improvement in

the filling of the rightmost site, and the detection rate of a pair of molecules in the two

rightmost sites improved from 4.3(8)% to 16(2)%.

In order to quantify anymolecule heating induced by the rearrangement process,

we dissociated themolecules, unmerged the 616 nm and 1064 nm tweezers, lowered
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the magnetic field, andmeasured the temperature of the resulting Cs atoms in the

1064 nm trap. This method can only provide an upper bound on the temperature of

the molecules as the atoms undergo additional heating following dissociation. This

can occur most notably during the unmerging of the 1064 nm and 616 nm tweezer

arrays. However, atom thermometry can still provide a useful indication of any addi-

tional heating induced by the rearrangement process. The thermometry procedure,

described in detail previously [172, 302, 309], involves using a pair of lasers detuned

from the Cs D2 transition to drive motional sidebands on the Raman transition between

the |F = 3,mF = 3⟩ and |F = 4,mF = 4⟩ hyperfine states. Atoms in |F = 4,mF = 4⟩ are

pushed out with resonant light at the end of the sequence, allowing the population in

|F = 3,mF = 3⟩ to be inferred from the remaining atom survival.

In Fig. 5.4, we show Raman sideband spectra for the radial and axial axes of the

tweezer trap. The weakly-confined axial direction corresponds to the tweezer k-vector,

and the radial direction is in the plane of the array. To extract the temperature of the

molecules we fit the heights of the peaks [302]. In order to constrain the fit, we fixed the

frequency separation of the peaks based on themeasured trap frequencies at the same

tweezer depth that we use for Raman sideband cooling. In the radial direction, wemea-

suredmotional ground state fractions of 92(7)%without rearrangement and 97(6)%

with rearrangement, which is consistent to within one standard error with there being

no radial heating during rearrangement. In the axial direction, wemeasured 39(20)%

ground state population without rearrangement and 54(17)%with rearrangement,

which is also consistent to within one standard error with no heating. Note that for the

axial spectrumwe introduced an additional optical pumping pulse to transfer atoms
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to the |F = 4,mF = 4⟩ state before taking the spectrum. At the expense of inducing

a small amount of heating, this pulse allowed us tomore easily resolve the spectrum

from the background.

-50 0 50
Raman detuning (kHz)

0

0.01

0.02

0.03

0.04

0.05

C
s 

su
rv

iv
al

Without rearrangement
With rearrangement

-200 -100 0 100 200
Raman detuning (kHz)

0

0.02

0.04

0.06

C
s 

su
rv

iv
al

Without rearrangement
With rearrangement

HeatingCooling

(a)

(b)

Heating CoolingCarrier

Figure 5.4: (a) Radial sideband thermometry on Cs atoms, starting in the |F = 3,mF = 3⟩ state and
attempting to drive to heating and cooling sidebands of the transition to |F = 4,mF = 4⟩, both with
and without the molecule rearrangement step active. (b) Axial sideband thermometry, starting in
|F = 4,mF = 4⟩ and driving to |F = 3,mF = 3⟩.

5.4 Sequential readout of rotational states

The ability to perform sequential readout of multiple states of a particle is crucial for

qudit-based computation or multi-level quantum simulation applications, due to the

quadratic scaling of the number of measurements required for full quantum state to-
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Figure 5.5: Sequential detection of multiple rotational states. (a) Timing diagram showing the sequen-
tial dissociation of |0⟩ and |1⟩, and imaging of the resulting Cs atoms. (b) Energy level diagram of NaCs
showing the ground rotational levels, the excited intermediate states used for detuned Raman trans-
fer [48, 309], and the weakly-bound Feshbach state. Population inN = 1 is protected during detuned
Raman transfer by careful choice of the single photon detuning. (c) Multi-state detection of rotational
population during driven Rabi oscillations between |0⟩ and |1⟩.

mography [182]. Multi-state readout via fluorescence imaging has been demonstrated

in trapped ion qudits [178, 223], and would be highly applicable to molecules due to

their abundance of long-lived rotational and hyperfine states [17].

In prior work and in Chapters 3 and 4 of this thesis wemeasured |0⟩ ≡

|N = 0, mN = 0⟩ population by reversing the adiabatic steps used for molecule for-

mation: two-photon transfer to a weakly-bound Feshbach state, magnetodissocia-

tion, returning Na atoms into their original tweezer array, and detection of Na and Cs

with fluorescence imaging at 5.5 G. Since neither the Na nor Cs D2 imaging light in-
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duces significant scattering of the molecules, we can instead performmultiple rounds

of state-selective molecular dissociation and imaging to detect population in |0⟩ and

|1⟩ ≡ 1√
2
(|N = 1, mN = −1⟩ − |N = 1, mN = 1⟩), where the rotational (N) quantiza-

tion axis is defined by themagnetic field. Imaging atoms at high-field is advantageous

for this application, as it avoids the 150ms required to ramp themagnetic field down

and up between 5.5 and 865 G.

The sequence of field ramps and pulses required for sequential readout of the rota-

tional states |0⟩ and |1⟩ is shown in Fig. 5.5(a). The total time needed to detect each ro-

tational state was 50ms. Population in |0⟩was converted to a weakly-boundmolecule

via detuned Raman transfer. Prior to its detection, a microwave π-pulse transferred pop-

ulation in |1⟩ to |0⟩. The weakly-boundmolecule was dissociated and the resulting Cs

atoms, corresponding to the initial |0⟩ population, were detected. Following imaging,

a high intensity pulse resonant with the cycling transition was used to clean out any

remaining Cs atoms before the next imaging step. Subsequently, the remaining popula-

tion was dissociated and Cs atoms originally from |1⟩were also detected.

The frequency of the 642 nm Raman laser that connects the groundmolecular state

to the c3Σ potential was carefully selected to prevent population in the |1⟩ state from

scattering during the first transfer of |0⟩ to the Feshbach state. The 642 nm laser can

couple |1⟩ to the J = 1 and J = 2 rotational levels of the excited v′ = 22manifold,

where J denotes the sum of the orbitalN and electronic spin S angular momenta of the

molecule. To avoid this, we chose in this and subsequent chapters to formmolecules

using detuned Raman transfer, rather than STIRAP.We chose the frequency of the 642

nm laser to be 500MHz blue detuned from |J = 1, mJ = −1⟩, such that direct excitation
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from |1⟩would fall between the energy of the J = 1 and J = 2 levels, as shown in Fig.

5.5(b). The polarization of the two 642 nm and 937 nm Raman beams was therefore

set to σ̂− to maximize the Raman Rabi frequency contribution from the closest detuned

|J = 1, mJ = −1⟩ intermediate state.

To demonstrate sequential imaging, followingmolecule rearrangement, we applied

a resonant microwave pulse andmeasured Rabi oscillations between |0⟩ and |1⟩, shown

in Fig. 5.5(c). In the second image, we detected 95(3)% of the population in |1⟩, consis-

tent with expected losses of 5.6(8)% due to scattering of the tweezer-light during the

first imaging step. Themulti-state readout procedure provides full-state information

on all the molecules in the array, allowing for direct single-shot readout of the diagonal

elements of anymulti-qubit density matrix.

5.5 Site-selective preparation of molecules
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Figure 5.6: Microwave spectrum of molecule magic transition, with local 623 nm beams overlaid only
on odd sites in a molecular array.
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Site-resolved control of the quantum state of individual particles is necessary to im-

plement local qubit operations in quantum gates, and to prepare arbitrary initial states

in quantum simulators. Towards this goal, local control of fields on the scale of the

separation between particles is required. In experiments with neutral atoms in optical

tweezers, the conventional approach is to apply a global pulse to drive a transition that

is made off-resonant for certain sites using some combination of tightly-focused AC-

Stark-shifting beams [163, 294] andmanipulation of position-defined sub-ensembles

[38]. We demonstrated this method for molecules with NaCs [201], using the Na tweez-

ers (which were at 623 nm at the time) to apply a local light shift to the molecules. An

example of a molecular rotational spectrumwith a light shift of close to 1 MHz applied

to only the odd sites in an eight-site array, is shown in Fig. 5.6. This method has also

been used for site-selective state preparation of CaF [17] molecules. Nevertheless, this

method has significant drawbacks in themolecule case. Most notably, although the

623 nm light produces a relatively large molecule AC stark shift, it also leads to signif-

icant scattering andmolecule losses. This problemwas exacerbated when we began

using 616 nm light for magic trapping of Na, which can drive rovibrational ground state

molecules to above the Cs 6P1/2 dissociation threshold and couple to continuum states.

We thus set out to develop a different solution.

A drawback of using a computational basis sensitive to differential AC Stark shifts is

that intensity noise will result in decoherence. Intensity noise from the optical tweezer

is the dominant source of noise for molecules due to their generally large tensor polar-

izability. For this reason, we seek to initialize molecules within a computational sub-

space that is insensitive to differential AC Stark shifts from the optical tweezer. The
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ellipticity of the 1064 nm tweezer polarization is tuned to realize a “magic” state in each

rotational level that is free from anisotropic polarizability (see Chapter 4). The lowest

two “magic” states, |0⟩ and |1⟩, form our computational basis in this, whose transition

offers a two orders-of-magnitude larger spin echo coherence time than the transition

between |0⟩ and a non-magic state |1′⟩ ≡ 1√
2
(|N = 1, mN = −1⟩+ |N = 1, mN = 1⟩).

Since the computational basis cannot be AC Stark-shifted with the 1064 nm tweezer,

wemade use of the large h×5.55(1)MHz/(MW/cm2) differential AC Stark shift between

|0⟩ and |1′⟩. The |0⟩ population of certain sites was shelved in |1′⟩, allowing the remain-

ing sites to be excited to |1⟩. Shelving avoids the use of an additional near-resonant

AC-Stark-shifting beam, that could introduce unwanted scattering that would limit

molecule lifetime and state preparation fidelity.

The scheme for site-selective state preparation is illustrated in Fig. 5.7(a). The ar-

ray was divided into a set of target sites, which are to be transferred to the |1⟩ state,

and shelved sites, which are to remain in |0⟩ at the end of the sequence. For the shelv-

ing process, the trap depths of the target sites were reduced to 25% of the depth of the

shelved sites by ramping down the amplitude of the RF tones generating these tweez-

ers. The site-selective initialization was then achieved with a sequence of three mi-

crowave pulses:

1. With both sites initially in |0⟩, the shelved sites were selectively transferred to
the non-magic |1′⟩ state using a resonant microwave pulse. Due to the depth
difference between the sites, the corresponding transition for the target sites is
off-resonant.

2. With the shelved sites in |1′⟩, the target sites were then transferred to the magic
|1⟩ state.
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Figure 5.7: Site-selective state preparation in a rotational qubit subspace of |0⟩ and |1⟩. (a) Scheme for
an array initialized in |0⟩ showing the shelving of more intense traps to an auxiliary non-magic state |1′⟩
in theN = 1manifold. The remaining target sites are driven to |1⟩with a global microwave pulse. The
shelved sites are then returned to |0⟩with a final resonant pulse. (b) Microwave spectra showing the
resolved transition frequencies from |0⟩ to |1′⟩ for the shelved sites (left) and the target sites (center), as
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three peaks are probed with different microwave powers and pulse times. (c) Step 1 of the site-selective
initialization procedure, showing selective transfer of shelved sites to |1′⟩, while target sites remain in
|0⟩. (d) Average sequential readout images corresponding to |0⟩ and |1⟩ population for a site-selective
initialization of odd and even sites of the array in |0⟩ and |1⟩, respectively.

3. The shelved sites were then transferred back to |0⟩.

At the end of the sequence, the depths of the target sites were ramped back up. Using

this procedure, it is possible to initialize an array of molecules in an arbitrary configura-

tion of states |0⟩ and |1⟩. In Fig. 5.7(b), we show the resolvedmicrowave transitions to

the |1′⟩ state for the shelved and target sites at the depths used for initialization, along
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with the |0⟩ to |1⟩ transition that has the same frequency for all sites. The site-selective

shelving of some sites in |1′⟩ is shown in Fig. 5.7(c). Using this sequence to initialize a

four-molecule array into an alternating pattern of |0⟩ and |1⟩, we foundwe could pre-

pare the target sites in |1⟩with an average error rate of 4.5(8)% and leave shelved sites

in |0⟩with an error rate of 3.7(7)%. Error rates were determined by comparing the av-

erage population of each sub-ensemble measured in the target state and the incorrect

computational basis state after the initialization sequence. An average fluorescence

image showing the array state after site-selective preparation is shown Fig. 5.7(d). In

the future, these error rates could be further reduced with the use of composite pass-

band pulse sequences, that can reduce the sensitivity of a π-pulse to small detuning and

pulse area errors while suppressing coupling to further off-resonant states [134].

5.6 Outlook

In this chapter, we demonstrated several SPAM capabilities for molecules associated

from constituent atoms in optical tweezers: nondestructive detection of occupation, re-

arrangement, site-selective initialization, and sequential multi-state detection. Many

of these techniques can be generalized to other systems. For example, multi-state de-

tection is broadly applicable to bulk and lattice platforms, and site-selective initializa-

tion can be extended to other multi-level systems in optical tweezers.

Further technical improvements can increase the fidelity of these capabilities. The

detuned Raman transfer efficiency—which limits molecule production, the confidence

that a rearranged site contains a molecule, and the detection fidelity—can be increased

with beam intensity and position stabilization, more laser power, and feedforward
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cancellation of Raman laser phase noise [183]. The false negative rate of high-field Cs

detection can be reduced by improving the transfer fidelity between |g′⟩ and |g⟩with

a stronger microwave Rabi frequency. The shelving of molecular population in |1′⟩

for site-resolved initialization can be improved with shaped or dynamical decoupling

pulses to overcome noise in the transition frequency and off-resonant coupling to other

N = 1 states. Lastly, molecule loss due to the high tweezer intensity needed for Cs

detectionmay bemitigated by separating and detecting Na atoms in a tweezer whose

wavelength differs from 616 nm, which is destructive to ground state molecules due to

nearbymolecular transitions.

The SPAM capabilities presented in this chapter are vital for our implementation

and characterization of a two-qubit gate based on the dipole-dipole exchange inter-

action, detailed in Chapters 6 and 7. Molecule rearrangement produced a fourfold in-

crease of the rate at which pairs of molecules in neighboring sites could be produced,

significantly reducing the data collection time needed for all dipolar studies. Sequential

multi-state imaging also enables faster accumulation of statistics, such as a fourfold

reduction in the time required for parity measurements to quantify Bell state entangle-

ment fidelity. We use site-selective addressing of molecules in Section 7.2 to prepare

the four input logic states of two qubits to measure the truth table of an iSWAP gate. In

the long term, advances such as the ones described here will be necessary to use polar

molecules as qudit or virtual qubit systems for quantum computation and simulation

applications.
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Nothing is connected to everything; everything is con-

nected to something.

Donna Haraway

6
Entanglement of individual molecules via

coherent dipole-dipole interactions

Material in this Chapter, including portions of the text and figures, have been dis-

tributed as a preprint [215], and are undergoing peer review as of the time of submis-

sion.

6.1 Ultracold polar molecules as qubits

Foundational work three decades ago usedmolecular systems with nuclear magnetic

resonances for proof-of-concept quantum computation [94, 177], transforming theoret-
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Figure 6.1: NaCsmolecules in optical tweezers for dipolar interactions and quantum logic gates (a)
Schematic of a pair of molecules trapped in neighbouring 1064 nm optical tweezers, with field lines repre-
senting the instantaneous electric field produce by themolecule-frame dipole moment of eachmolecule.
(b) Relevant internal states are labeled by their dominant hyperfine states in the rotational ground and
first excitedmanifolds of NaCs.

ical ideas into early experiments [141, 277]. These platforms enlisted the accessible com-

plexity of molecules, using intrinsic nuclear spins as qubits and natural intramolecular

spin-spin interactions to implement two-qubit gates. However, the platformwas diffi-

cult to scale and lacked true entanglement [190] because the molecules were dissolved

in a solvent at room temperature and subjected to ensemble averaging. Subsequent

developments in quantum computing have shifted toward individually controllable

systems with simpler structures, such as trapped ions [196], neutral atoms [37], and

superconducting circuits [144].

As part of this trend towards individual control in quantum science, ultracold

trapped polar molecules were proposed as a new kind of qubit in 2002, with long-

range dipolar interactions betweenmolecules used to create entanglement [77]. Sub-

sequent works have expanded on this idea with proposals to use the rich structure of
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molecules for dense and robust encoding of quantum information, which together

may offer a new approach to scalability and fault-tolerance [3, 203, 233]. Ultracold

molecules have also attracted a great deal of attention as a tool for quantum simu-

lation, due to the anisotropy and exceptional tunability of the long-range dipolar

interactions, whichmay provide a way to simulate exotic quantum phases of mat-

ter [98, 99, 119, 191, 239, 298].

Toward these goals, ultracold polar molecules have been prepared and isolated in

optical traps [71, 164, 202]. In optical tweezer arrays, control and readout of single

quantum states of molecules have been achieved [10, 48, 226, 230], and both hyper-

fine and rotational coherence have been extended well beyond the dipolar interaction

timescale [47, 63, 101, 102, 169, 210, 212]. Most recently, entanglement between two iso-

lated polar molecules has been realized [17, 117]. However, a universal two-qubit logic

gate, which could apply to any arbitrary initial state, has not yet been demonstrated.

In this chapter, we demonstrate fast entanglement of qubits encoded in individual

molecules using the electric dipole-dipole interaction between their rotational states.

We characterized this interaction by creating a two-qubit Bell state within 664 μs with

ameasured fidelity of 94(3)%, after postselecting to remove trials with empty traps.

The fidelity is limited bymotion of molecules along the weakly confined axial dimen-

sion of the traps. We directly measured this motion via its coupling to molecular rota-

tion, which allowed us to probe themotion of the molecules using appliedmicrowave

fields. Using this method, we determined an axial ground state fraction of 34(4)%,

which is consistent with themeasured Bell state fidelity. Subsequently, in Chapter 7,

we demonstrate a universal two-qubit gate betweenmolecules.
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6.2 Molecule preparation and detection

Our experiment starts with a pair of individually-trapped NaCsmolecules assembled

from ground-state-cooled Na and Cs atoms following a procedure detailed in Chapter 2

and in Refs. [217, 308, 309]. After preparing the molecules in an 8-site array, we detect

and remove any remaining unassociated Cs atoms and rearrange themolecules to a

higher density region at one end of the array, using themethod detailed in Chapter 5.

All dipole-dipole interaction data reported in this chapter includes only the two sites

with the highest molecule density at the end of the array. These molecules are held in

magic ellipticity optical tweezers—as described in Chapter 4—where the polarization

ellipticity is chosen to cancel first-order differential light shifts between theN = 0 and

one sublevel (|e⟩) of theN = 1 rotational states, yielding long rotational coherence

times [210].

We define the quantization axis to be along themagnetic field of 863.9 G, which

is kept constant during the experiment and is parallel to the k-vector of the optical

tweezer.* The large magnetic field independently aligns the nuclear spins of the two

atoms and decouples them frommolecular rotation. The rotational sublevels are pre-

dominantly split by the AC electric field of the optical tweezer, which is elliptically

polarized in the plane perpendicular to the quantization axis. We label three states

relevant to this work: the state in which assembledmolecules are initially prepared,

|0⟩ ≡ |N = 0,mN = 0,mINa = 3/2,mICs = 5/2⟩ [48]; the magic state in the first

rotationally-excitedmanifold with the same nuclear hyperfine quantum numbers,

*This choice of quantization axis differs from Chapter 4, in which we used theminor axis of the polar-
ization ellipse. Themagnetic field direction is used here in order to allow us to express the nuclear spin
states in the nearly-diagonal basis ofmI projections along the field axis.
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|e⟩ ≡ |N = 1,mINa = 3/2,mICs = 5/2⟩ ⊗ 1√
2
(|mN = 1⟩ − |mN = −1⟩) [210]; and an

additional nuclear hyperfine state in the rotational groundmanifold that we use as one

of our qubit states, |1⟩ ≡ |N = 0,mN = 0,mINa = −1/2,mICs = 5/2⟩.†

Molecules are initially assembled in |0⟩within the ground rotational manifold and

can be transferred to |e⟩ in the first rotationally-excitedmanifold via microwave exci-

tation or dipolar exchange. Nuclear spin state |1⟩ in the ground rotational manifold is

selected to encode a hyperfine qubit in the molecule. For molecular detection, we se-

quentially detect |0⟩ and |e⟩ or |0⟩ and |1⟩within a single experimental sequence by

convertingmolecules back to atoms for fluorescence imaging as described in Chapter

5. To initially prepare a pair of molecules in different internal state combinations start-

ing from the |00⟩ state, we employ site-selective excitation of molecules using dynamic

ramping of tweezer depths combined withmicrowave shelving pulses.

To study the interactions betweenmolecules, we postselected on cases where two

molecules were detected at the readout stage, which is enabled by the fact that wemea-

sured both |0⟩ and |e⟩ during each experimental run. The probability of detecting a

molecular pair throughout all experimental runs is∼3%, which is primarily limited by

the inefficiency of molecule creation [216]. Postselection allows us to eliminate back-

ground in the interaction signal due to shots where one or both traps are empty, at the

expense of discarding shots in which bothmolecules were present but one or both were

not detected due tomeasurement error. The only remaining background on the posts-

elected signal is due to the small 0.0038 false positive rate of the imaging step, giving

a negligible contribution of 10−5 to the two-body signal, assuming uncorrelated false
†Note that we label the magic state |e⟩ in this chapter, using a different labelling scheme to Chapter 4,

in order to distinguish it from the state |1⟩ that we use to encode a hyperfine qubit.
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positives between sites [216]. The outcomes of each trial following post-selection are

described by a binomial distribution,

p(S|X,NTrial) =

NTrial

S

XS(1− X)NTrial−S,

where X is the underlying probability of measuring a particular two-qubit state, S is the

number of trials in which that state is actually measured, andNTrial is the total number

of trials in which a pair of molecules is detected at all. Given ameasurement of S, the

maximum likelihood estimator of the population, X̂, and associated 1σ confidence inter-

val can be computed by inverting the distribution using the Clopper-Pearsonmethod

[66].

6.3 The dipole-dipole interaction
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Figure 6.2: (a) Illustration of the polarization ellipse in the x − y plane, perpendicular to the k-vector of
the tweezer that sets the orientation of the rotational sublevels of the molecule. (b) Measured interaction
strengths J betweenmolecules separated by 1.9 µm at the magic ellipticity condition for two different
choices of waveplate retardance η. The black curve shows the expected form of the interaction strength
scaled to themaximum value of |J/h| observed at η = 0.304 λ.

A key reason for the choice of NaCsmolecules is their large molecule-frame dipole

moment of d = 4.6Debye [15]. In the absence of an external electric field, the lab-
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frame permanent dipole moment vanishes due to the fact that the rotational state

of the molecule is an eigenstate of parity. However, when two dipolar molecules are

brought close together they will nevertheless interact, as each rotating dipole experi-

ences the field produced by the other. This can lead to coupling between the rotational

states of the twomolecules, which is the basis for the dipolar entanglement scheme

demonstrated in this chapter.

The Hamiltonian describing the instantaneous energy of a pair of interacting electric

point dipoles is

HDD =
d⃗i · d⃗j − 3(⃗di · r̂ij)(⃗dj · r̂ij)

4πε0R3 , (6.1)

where r̂ij is a unit vector along the line connecting the two dipoles and R is the distance

between them. This expression holds both classically and quantummechanically. The

difference, though, is that in the quantummechanical case we need to consider the fact

that the dipoles are rotating, and determine how this dipole-dipole interaction term

will perturb the existing rotational eigenstates. To do this, it is useful to rewrite the

expression in terms of spherical tensors, as [39, 98]

HDD =

√
6

4πε0R3

2∑
q=−2

(−1)qC 2
−q(θij, φij)T

2
q (⃗di, d⃗j). (6.2)

In this expression, θij and φij are the polar and azimuthal angles, respectively, describ-

ing the orientation of the vector r̂ij in the lab frame, andC 2
−q is a reduced spherical har-

monic defined byCk
q(θ, φ) =

√
4π

2k+1Ykq(θ, φ). The term T 2
q (⃗di, d⃗j) represents the rank-2

tensor formed from the product of the two rank-1 tensors (vectors) that are the indi-

vidual dipoles. The components of this rank-2 tensor in both Cartesian and spherical
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tensor form are, explicitly [45],

T 2
0 (⃗di, d⃗j) =

1√
6
(d+i d

−
j + 2d0i d

0
j + d−i d

+
j ) =

1√
6
(2dzid

z
j − dxi d

x
j − dyi d

y
j ) (6.3)

T 2
±1(⃗di, d⃗j) =

1√
2
(d±i d

0
j + d0i d

±
j ) = ∓

1
2
(dxi d

z
j + dzid

x
j ± i(dyi d

z
j + dzid

y
j )) (6.4)

T 2
±2(⃗di, d⃗j) = d±i d

±
j =

1
2
(dxi d

x
j − dyi d

y
j ± i(dxi d

y
j + dyi d

x
j )) (6.5)

The equivalence of expressions 6.1 and 6.2 can be verified by substituting in these com-

ponents and the explicit forms of the k = 2 spherical harmonics, which are widely

tabulated. The form of the interaction in 6.2 is very useful, because it separates out

terms that depend on the relative orientations of the two dipoles, represented by

T 2
q (⃗di, d⃗j), and those that depend on the relative positions of the molecules, represented

byC 2
q (θ, φ).‡ To determine what the effect of the dipole-dipole interaction on the rota-

tional states will be, we can evaluate the matrix elements of ĤDD. Thematrix elements

of the individual dipole operators of eachmolecule are [281]

⟨N′,m′
N| dp |N,mN⟩ = d(−1)mN

√
(2N′ + 1)(2N+ 1)

 N′ 1 N

−m′
N p mN


N′ 1 N

0 0 0


Based on the selection rule of theWigner 3-j symbols, the matrix elements are zero un-

lessm′
N + p − mN = 0, fromwhich we can see that the spherical tensor components

d−, d0, and d+ correspond to changes of the lab-frame projection of rotation,mN, by

−1, 0, and 1, respectively. Correspondingly, the components of the two-molecule ten-
‡Note that, somewhat surprisingly, equation 6.2 contains only tensor components, with no scalar

contribution. This is because the scalar term d⃗i · d⃗j in equation 6.1 is perfectly cancelled out by the scalar
component of the 3(⃗di · r̂ij)(⃗dj · r̂ij) term. Thanks to Gabriel Patenotte for pointing this out.
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sor T 2
±2, T 2

±1, and T 2
0 represent processes that change the total rotational projection

of the twomolecules by±2,±1 and 0, respectively. If wemake the assumption that

the same two rotational states within eachmolecule are coupled by the rotational ex-

change, then by definition the totalmN does not change and we can neglect all terms

except for q = 0. This assumption can be justified by the fact that, unless external fields

are chosen specifically to make two rotational sublevels near-degenerate, any processes

which change totalmN will be far off-resonant.

We can write the q = 0 component of equation 6.2 explicitly as

HDD;q=0 =
1− 3cos2(θ)

4πε0R3

(
d0i d

0
j +

d+i d
−
j + d−i d

+
j

2

)
(6.6)

This term leads to coherent exchange of rotational excitation betweenmolecules i and

j. Restricting ourselves to the subspace of two rotational levels |0⟩ and |e⟩, we can recast

this Hamiltonian in the form of a spin-exchange interaction [73, 99, 203]

ĤDD =
J
2
(̂s+1 ŝ

−
2 + ŝ−1 ŝ

+
2 ) =

(
d√
3

)2 1− 3 cos2 θ
4πε0R3 (|0e⟩ ⟨e0|+ |e0⟩ ⟨0e|) (6.7)

where J is the effective rate of the spin exchange process within this manifold, which

depends on the transition dipole moment d/
√
3 of the |0⟩ → |e⟩ transition associated

with the raising, ŝ+i = |e⟩ ⟨0|i, and lowering, ŝ−i = (̂s+i )†, operators [281].

The dipolar interaction can be tuned by changing R and θ. Uniquely to our system,

the rotational eigenstates of molecules are dominantly quantized by the trapping light

rather than static electric or magnetic fields. Therefore, the orientation of the tweezer

polarization ellipse determines the angle θ, providing a way to switch between attrac-
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tive (J < 0) and repulsive (J > 0) interactions. Experimentally, we realized two

different θs by choosing waveplates with retardances of η = 0.225λ and 0.304λwhile

maintaining the “magic” ellipticity polarization (χm) condition (Fig. 6.2). For the re-

mainder of this chapter, we use the latter waveplate to achieve θ = 0, maximizing the

magnitude of interaction strength. In the future, the strength could be dynamically

tuned using fast polarization control via optical interference of multiple tweezer beams

[162, 174].

6.4 Coherent exchange of rotational excitations

We characterized the coherent exchange of rotational excitation between a pair

of molecules using a spin-echo Ramsey sequence [258]. We began with a pair of

molecules in the |00⟩ state and applied a π/2-pulse to prepare the product state
1√
2
(|0⟩ − i |e⟩) ⊗ 1√

2
(|0⟩ − i |e⟩). The phase of this first pulse defines rotation

about the x-axis of the Bloch sphere. We then allowed the system to evolve under

HDD for time τ before applying another π/2 pulse. To cancel out any phase accumu-

lation due to finite detuning of the microwave pulse from resonance or slow drifts in

the resonance frequency, we applied a spin-echo π-pulse in themiddle of the inter-

action period, with a phase of +90◦ relative to the initial pulse, realizing an effective

y-rotation. This sequence is illustrated in the inset of Fig. 6.3. The π-pulses have a to-

tal duration of 12.83 µs, and for all pulses addressing this transition we used a trun-

cated Gaussian pulse shape with a width of 0.3 times the pulse duration to reduce

off-resonant coupling to other rotational states [40]. The dipolar exchange interac-

tion results in an output state with amplitudes determined by the interaction time:
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Figure 6.3: Characterization of dipole-dipole mediated rotational exchange interaction, using data
postselected to include only cases where bothmolecules are detected. (a) Populations of four possible
two-molecule states of a pair of molecules undergoing dipolar interaction at a separation of R = 1.9 μm.
The shaded bands indicate 1σ error bars, representing the standard deviation. The inset shows the spin-
echomicrowave pulse sequence used to probe the interaction, as well as the subsequent multi-state
detection step. Here, we use the convention θi, where θ and i are the rotation angle and axis, respectively,
to specify the microwave pulse. Solid lines are theory curves from a full quantum-mechanical simulation
of the dipolar interaction andmolecule motion, with temperature andmotion parameters determined
from separate single-molecule measurements (see Fig. 6.5), and tweezer separation and single molecule
dephasing chosen tomatch the data. (b-c) The same interaction applied at separations of 2.2 µm and 2.5
µm. Dashed-dot lines represent fits to a master equationmodel with phenomenological decoherence
rates. (d) Scaling of the interaction strength J as function of distance. The black line represents a single-
parameter fit with the function a/R3 with best fit value a = 5.14(4) kHz μm−3.

|ψ(τ)⟩ = 1
2(1− e−i Jτ2ℏ ) |00⟩+ 1

2(1+ e−i Jτ2ℏ ) |ee⟩.

In Fig. 6.3(a), we show the evolution of the populations in each of the possible states,

|00⟩, |0e⟩, |e0⟩, and |ee⟩, of a pair of molecules separated by 1.9 μmas a function of the

total interaction time τ. We estimated the tweezer separation from the frequencies of
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the RF tones applied to the acousto-optic deflector used to generate the tweezers and

the expected propagation of beams through a 4f optical system [309]. This does not ac-

count for any systematic deviations of the tweezers from ideal Gaussian beams, such as

could be caused by aberrations or by the overlap of the tweezers at small separations.

The data are postselected to include only cases in whichmolecules were detected in

both tweezers. The populations represent a maximum likelihood estimate of the proba-

bility of obtaining each state, and the shaded regions are 1σ confidence intervals.

We performed initial analysis of the strength and decoherence of the dipole-dipole

interaction using a Lindbladmaster equation with three phenomenological decay chan-

nels corresponding to dephasing of the dipole-dipole interaction itself, relative detun-

ing noise between the twomolecules, and global detuning noise on bothmolecules.

These processes are represented, respectively, by the jump operators:

LJ =
√

γJ (|0e⟩ ⟨e0|+ |e0⟩ ⟨0e|) (6.8)

Lδ =
√
γδ (|e0⟩ ⟨e0| − |0e⟩ ⟨0e|) (6.9)

LΔ =
√
γΔ (|ee⟩ ⟨ee| − |00⟩ ⟨00|) (6.10)

We fit themaster equationmodel to the data byminimizing the weighted least squares

residual of the model and experimental data, using the Nelder-Mead algorithm to opti-

mize the rates of the decoherence processes along with the interaction strength, J, and

a static relative detuning, δ, between themolecules. We implemented themaster equa-

tionmodel using the Julia QuantumOptics toolbox [156]. To estimate the uncertainties

in the optimized parameters of the master equationmodel we applied the parametric
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bootstrapmethod. This method relies on generating artificial datasets from the same

distribution as the real data and using them to numerically estimate the expected distri-

bution of the fit values given a particular set of experimental parameters [83]. For every

dataset that we fit, we generated new bootstrap samples using the estimator X̂ for each

two-molecule state at each point, drawing from the distribution p(S|X̂,NTrial). We then

repeated the fitting procedure for each bootstrapped sample, generating a distribution

of optimal fit parameters. We generated 300 bootstrap samples for each experimen-

tal dataset. The uncertainties in the fit parameters represent the standard deviation of

their distribution.

With the aid of the master equation, we extracted an interaction rate of |J/h| =

715(2)Hz. We observed that the decoherence was dominated by noise on the interac-

tion strength, which can also be seen in Fig. 6.3(a) by comparing the symmetric decay

of the oscillations between |00⟩ and |ee⟩with the slower rise of the |0e⟩ and |e0⟩ popula-

tions.

To understand the physical origin of this decoherence, we developed a full quantum

mechanical simulation of the motion of the molecules, as described in section 6.6. The

solid lines in Fig. 6.3 represent the decaying oscillations predicted by this model, with

parameters extracted from independent single-molecule measurements shown in Fig.

6.5.

We performed the same experiment at separations of 2.2 and 2.5 µm and extracted

J for each distance from themaster equation simulation. In Fig. 6.3(d), we plot the

interaction rate against the separation and perform a single parameter fit to the func-

tion a/R3. We observe good agreement with the expected 1/R3 scaling of the dipole-

137



Separation (µm) J/h (Hz) δ/h (Hz) γJ (Hz) γδ (Hz) γΔ (Hz)
1.9 715(2) 17(17) 107(10) 25(3) 13(2)
2.2 477(3) 214(111) 125(29) 31(31) 16(16)
2.5 314(6) 159(159) 114(32) 53(53) 35(35)

Table 6.1: Fit values and bootstrapped uncertainty estimates for the phenomenological master equation
model of interactions, for the three distances shown in Fig. 6.3. The bootstrapped distributions of fit
values for the master equation dephasing rates and detuning |δ| are, in some cases, consistent with zero
to within 1σ, and are truncated below zero due to the restriction that values must be positive. In these
cases we report the value as 1σ above zero, but note that the distribution deviates fromNormal due to the
truncation.

dipole interaction, and extract a distance-independent interaction rate of |J|
hR3 =

5.14(4) kHz μm−3. This rate is faster by 17% than expected from the dipole moment of

NaCs [15], which could be explained by a systematic error of 4% in the distance cali-

bration. Themeasured dipolar strength J is the fastest observed in work on ultracold

molecules andmagnetic atoms, even considering the closer spacings in optical lattice

systems [59, 63, 296]. Themaster equation fit parameters for all three distances are

given in Table 6.1.

6.5 Dipolar entanglement

The dipole-dipole interaction natively generates entanglement between the rotational

states of the molecules [203]. Applying the spin-echo pulse sequence with an interac-

tion time |h/2J|maps the input |00⟩ product state to themaximally entangled state

1√
2
(|00⟩ − i |ee⟩), which is equivalent up to a global rotation to the |Φ±⟩ Bell states. This

was first demonstrated experimentally with CaFmolecules with a fidelity of up to 0.89,

limited by thermal motion of the molecules due to their relatively hot initial temper-

ature [17, 117]. In the case of CaF, the entanglement benefited from a sort of motional

138



(a) (b)

|00 |0e |e0 |ee 0 0.5 1 1.5 2 2.5 3
Microwave phase (rad)

-1

-0.5

0

0.5

1

P
ar

ity
 �

Pair state

0

0.25

0.5

0.75

1
P

op
ul

at
io

n

Figure 6.4: (a) Populations of the components of the Bell state created at an interaction time of 664 μs,
indicated by a dashed line in Fig. 6.3. (b) Parity oscillation signalΠ = P00 + Pee − P0e − Pe0 after applying
an additional global microwave π/2-pulse with a variable phase to the Bell state.

narrowing effect, due to the fact that the interaction rate is much smaller than the ax-

ial trapping frequency. We expected our molecules with a large motional ground state

fraction to do significantly better, although in our case the trap frequency and interac-

tion strength are of the same order of magnitude, meaning that we did not expect to be

aided bymotional narrowing effects.

We prepared amaximally entangled Bell state at a molecule separation of 1.9 µm,

using an interaction time of 664 µs. This interaction time, which is slightly less than

|h/2J|, was chosen with the aid of the master equation fit to maximize the entangle-

ment fidelity in the presence of decoherence. To verify the entanglement of the gener-

ated state, wemeasured the off-diagonal coherences of the density matrix by applying

an additional global analysis microwave π/2 pulse with a variable phase to the pair of

molecules. At each phase wemeasured the parity signal Π = P00+Pee−P0e−Pe0, which

is expected to oscillate with the applied phase φ asΠ = C sin(2φ), where the amplitude,

C, of the parity oscillation is the coherence [231]. The total entanglement fidelity is de-

termined by the coherence and the diagonal populations, F = 1
2(C + P00 + Pee). In Fig.
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6.4(b) we show this measured parity oscillation signal, along with the populations of

all the twomolecule states prior to the analysis pulse in (a). We extracted a coherence

C = 0.93(3) using a weighted least squares fit, and populations P00 = 0.47(1) and

Pee = 0.48(1). The total entanglement fidelity, conditioned on the detection of both

molecules at the end of the sequence, is thus F = 0.94(3). This is consistent to within 1σ

with amaximum fidelity of 0.97 predicted given the currently observed decoherence of

the dipole-dipole interaction.

6.6 Motion-rotation coupling

In section 6.4, we observed that the dominant dephasingmechanism of the two-body

dipolar interaction was noise on the interaction strength. Such noise can be induced

by relative motion of interactingmolecules, which leads to fluctuation of R and θ in

Equation 6.7. To investigate the effect of motion, we first focused on the rotational co-

herence between |0⟩ and |e⟩ of a single molecule in a tweezer. While a commonway

to remove noise and extend single-particle coherence is to apply dynamical decou-

pling [17, 63, 117, 210], we found empirically that the coherence was significantly re-

duced by an XY-8 pulse sequence when the π-pulse spacing τxy8 was chosen to decou-

ple noise close to the interaction timescale |h/2J|. In particular, we observed a dip in

the coherence as a function of τxy8, the position of which shifted with the trap depth

(Fig. 6.5(a)). We identified this dip as corresponding to the axial trapping frequency of

the molecules, originating due to parametric heating of the molecules by pulses spaced

by half the trap oscillation period. From a fine scan of this dip, we extracted an axial

trap frequency of 4.95(1) kHz at the trap depth at which we performed dipolar interac-

140



|0

|e
(b) (c) (d)

(a)

�y

(�drive)-y

n

|0
 p

op
ul

at
io

n

�free /2

60 70 80 90 100 110
0

0.2

0.4

0.6

0.8

1

R
am

se
y 

co
nt

ra
st

80 90 100
Pulse separation �XY8�(�s)

 Trap depth         2.6 MHz        3.5 MHz        4.5 MHz

0 2 4
0.0

0.1

0.2

0.3

�ax

2� = 4.95(1) kHz

0 200 400
(ms)(�s)

0.00

0.01

0.02

0.03

�drive�free

�y �y �y �y�x �x�x�x

�
2(   )x

�
2(   )x

�
2(   )x

�free /2 �
2(   )x

�
2(   )x

�
2(   )x

�XY8

�

Figure 6.5: Coherent motion-rotation coupling to characterize molecule temperature and trap dis-
placement ζ. (a) Measured Ramsey coherence as a function of pulse separation τxy8 between XY-8 π-
pulses. The left plot shows three different trap depths (inferred from theoretical polarizability of NaCs
[210, 278]), at which we apply three XY-8 repetitions, totaling 24 π-pulses over an interrogation time of
24τxy8. By altering the tweezer depth during the measurement, we canmodify the trapping frequency
ωax, which shifts the τxy8 that produces maximal decoherence. Dashed lines are a Gaussian fit serving as a
guide to the eye. The right plot shows a detailed spectrum of the noise peak at the depth of 3.5 MHz; the
depth used for dipolar interactions data in Fig. 6.3. From this spectrum, which was probed with six XY-8
repetitions, we extracted an axial trap frequency of 4.95(1) kHz. (b) Illustration of the motional wavefunc-
tion of a single molecule following excitation from |0⟩ to |e⟩when the |e⟩ trapping potential is displaced.
(c) Observed oscillations in |0⟩ at half the axial trapping frequency as a function of free evolution time
τfree during a spin-echo sequence. (d) Population in |0⟩ under continuousmicrowave drive along the -
Y direction, where the drive Rabi frequency ofΩ/2π = 5.18(3) kHz was chosen to be close to the axial
trapping frequency. The solid lines in a, c, and d were generated by the same theoretical model with tem-
perature, trap displacement, and dephasing parameters chosen tomatch all of the data simultaneously.
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tions.

To explain the parametric heating, there has to be a physical coupling between ro-

tational andmotional states, implying a deviation from ideal “magic” trapping. This

could be caused either by a change in the trap depth or a displacement of the trap cen-

ter between the |0⟩ and |e⟩ states. Because the tweezer polarization is empirically tuned

tomatch the trap depths for the |0⟩ and |e⟩ states (see Fig. 4.2), we discarded the for-

mer, and turned towards characterizing the displacement. We constructed aminimal

model with a state-dependent displacement of the trapping potential, as illustrated in

Fig. 6.5(b), described by

Ĥmotion−rotation = ℏωaxâ†â−
ℏζωax

2
|e⟩ ⟨e| (â+ â†) (6.11)

Here, ζ is the displacement in units of harmonic oscillator length
√

ℏ/(2mωax) = 80

nm, withm = 156 a.u. the mass of NaCs and ωax the axial trapping frequency. â is the

lowering operator of the axial trap in the harmonic approximation. We attribute the

origin of the coupling to optical aberrations, specifically astigmatism. Simulations of

the dynamics of motion-rotation coupling using this model were performed by David

Wellnitz from the research group of AnaMaria Rey, who also helped devise the exper-

iments we performed to characterize the motion-rotation coupling. The details of the

simulation are given in Appendix A and in Ref. [215].

To determine the best fit parameters to match the data, we first fixed the trap fre-

quency using the XY-8 scan in Fig. 6.5(a) by generating simulated curves for a range of

trap frequency values, computing the weighted squared residuals between the curve

and the data for each point, and fitting a parabola to determine the best fit trap fre-
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quency.

We now introduce a newmethod tomeasure themolecules’ temperature by using

themotion-rotation coupling to transfer motional excitation to internal rotational

states, motivated by similar techniques for ions [95]. In a spin-echo Ramsey experiment

(Fig. 6.5(c) inset), motion will lead to coherent dephasing and re-phasing with half the

trap frequency, as the spatial wavepackets of the two internal states |0⟩ and |e⟩ separate

and recombine. In harmonic approximation, the functional form of the population in

|0⟩ is given by 1 − exp −2ζ2 sin4(ωaxt/4)
tanh[ℏωax/(2kBT)]

[149]. As a consequence, this measurement is sen-

sitive to the joint parameter ζ2/ tanh[ℏωax/(kBT)], where T is the molecule temperature

and kB is the Boltzmann constant.

We can couple motion and rotationmore directly by applying a continuous reso-

nant drive with a Rabi frequencyΩ = ωax, which generates dressed rotational states

|±⟩ = (|0⟩ ± i |e⟩)/
√
2with an energy separation of ℏΩ. In the dressed state picture,

the motion-rotation coupling in equation (6.11) enables resonant excitation transfer

betweenmotion and rotation driven by Ĥeff = ζωax/4 (|+⟩ ⟨−| â + |−⟩ ⟨+| â†), where

rotating terms at frequency ωax have been neglected. We prepared the initial state as

the lower dressed state |−⟩ by applying a π/2-pulse with a phase +90◦ with respect to

the drive such that excitation can initially only be transferred frommotion to rotation.

A final π/2-pulse with the same phase maps the dressed states back to the |0⟩, |e⟩ basis

for readout. Since this transfer only occurs if initial motional excitation is present, the

oscillation amplitude is directly related to themotional ground state fraction. We per-

formed this experiment using a Rabi frequency ofΩ/2π = 5.18(3) kHz, slightly detuned

from ωax, resulting in oscillation at the generalizedmotion-dependent Rabi frequency
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â†â ζ2ω2

ax/4+ (Ω − ωax)2 with decreased amplitude.

The astigmatism is directly related to the displacement ζ. We computed theory

curves for a grid with varying astigmatism, temperature, andmotional dephasing, and

extracted expectation values and error bars from parametric bootstrapping [83], follow-

ing the same procedure as described above for the master equationmodel (except now

with 500 bootstrap samples). We found ℏωax/(kBT) = 0.42(6) corresponding to an

axial ground state fraction of 34(4)%, and ζ = 0.062(5) from an astigmatism of 0.13(1)λ.

With these parameters, we canmodel the two-molecule contrast oscillations in

Fig. 6.3(a). We used the discrete variable representation for single-molecule computa-

tions and projected dipole interactions into themotional subspace. We included single-

molecule decoherence with a decoherence time of 80ms tomatch the rise of |e0⟩ and

|0e⟩ population and set the distance to 1.79 µm tomatch the observed oscillation fre-

quency. We found good quantitative agreement between theory and data. We used our

model to compute a Bell state infidelity of 3(1)%— consistent with the measurement—

with a contribution of around 1% due to single-molecule dephasing, and the rest due to

finite temperature and astigmatism.

Themolecule ground state fractionmeasured here is consistent with the lower

bound on themolecule temperature measured using thermometry of atoms after dis-

sociation in Fig. 5.4, but is lower than expected given themeasured Feshbachmolecule

production efficiency under the assumption of identical trapping frequencies for both

atoms [310]. The cause of this lower-than-expected ground state fraction is not im-

mediately clear. One possibility that we investigated is whether there could be excess

heating during two-photon detuned Raman transfer to the rovibrational ground state.
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Figure 6.6: (a) Axial trap frequency heating resonance as a function of XY-8 pulse spacing for a single
XY-8 repetition, for ground state molecules produced via detuned Raman transfer with a Raman pulse
time of either approximately one or three π-times. (b) Simulated populations in different motional states
as a function of Raman pulse time, for Feshbachmolecules initially in themotional ground state of the
tweezer. The Raman Rabi rate is chosen tomatch the rate observed in the experiment. Vertical black lines
mark the two times used in (a).

In previous work [48], we estimated, based on a simple model of the momentum kick

induced by absorption and emission of the Raman laser photons, that the probability

of molecules leaving the motional ground state could be up to 14%. Tomakemore de-

tailed predictions, we explicitly simulated the populations in the first fewmotional

states along the axial direction during detuned Raman transfer from the Feshbach to

the ground state. This simulation, shown in Fig. 6.6(b), suggests that the Raman trans-

fer can cause significant heating, but primarily for pulse durations longer than a single

π-time. We confirmed this experimentally bymeasuring the XY-8 axial heating peak for

molecules transferred to |0⟩ using either a single detuned Raman π-pulse or a 3π-pulse.

This measurement, shown in Fig. 6.6(a), reveals significantly more decoherence after

a single set of XY-8 pulses for the molecules produced using the 3π-pulse. This is con-

sistent with themuch higher expectedmotionally excited state population of 10% for

this pulse time, as opposed to 2% for a single π-pulse. Given the relatively small exci-
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tation predicted for a π-pulse transfer, this mechanism does not immediately explain

themeasured 34(4)% ground state fraction. One possibility is that there is additional

heating during the detuned Raman transfer that is not taken into account in this sim-

ulation. This could result, for example, from the vector or tensor shift of the Feshbach

molecule—which have not yet been characterized—interacting with tweezer aberra-

tions to produce a significant displacement of the trap center between the Feshbach

and ground state molecules. Alternatively, there may be some heating during the re-

arrangement process preceding the interaction, which was not measurable in Fig. 5.4

due to being drowned out by later heating of the atoms duringmolecule dissociation

and unmerging. Using the newly developedmotion-rotation couplingmeasurements

described in this section, we expect that it will be possible in the future to identify at

what point in the sequence heating occurs and either mitigate or eliminate it to pro-

ducemolecules at closer to the 80% total ground state fraction predicted from the Fes-

hbach creation efficiency [310].

6.7 Expected fidelities

In this chapter, we demonstrated sub-millisecond entanglement of molecules medi-

ated by the innate dipole-dipole interaction betweenmolecules. We characterized the

interaction bymeasuring a two-molecule Bell state entanglement fidelity of 94(3)%,

with error primarily due to imperfect motional state preparation.

Looking ahead, without single-molecule dephasing and assuming a relatively mod-

est improvement of the ground state fraction to 80%, our model predicts a Bell state

infidelity of 0.4% limited by aberrations. Finally, by eliminating astigmatism, the in-
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Figure 6.7: Bell state infidelity at the optimal time predicted as a function of inverse temperature.
The solid purple curve illustrates the prediction of the full model including astigmatism of 0.13λ.
The solid green curve illustrates the corresponding result without any astigmatism. The two dashed
curves show simulations without single-molecule decoherence γdeph = 0, with (orange) and with-
out (blue) astigmatism. Numbers quoted in themain text at 80% ground state fraction correspond to
ℏωax/(kBT) = 1.6. All curves are computed withmotional level cutoffs n = 25 [ℏωax/(kBT) = 0.4];
n = 20 [0.5 ≤ ℏωax/(kBT) ≤ 1.2]; n = 15 [1.3 ≤ ℏωax/(kBT) ≤ 2]; n = 10 [2 ≤ ℏωax/(kBT)].

fidelity could be decreased to 2 × 10−4, with approximately equal contributions from

residual thermal motion and interaction back-action ontomotion [57]. This back-

action comes from themechanical force that the dipoles exert on each other, which

even at zero temperature can lead to off-resonant population transfer to motionally-

excited states. This effect could ultimately be reduced by increasing tweezer separation

or confinement, to either reduce the force∼ 1/R4 or make population transfer more

off-resonant. The contributions of these different effects to the infidelity as a function

of temperature are shown in Fig. 6.7.

In the future, combining coherent entangling dipole-dipole interactions with exci-

tation to multiple rotational levels will enable quantum simulation of complexmany-

body Hamiltonians [119, 263], as well as encoding of robust logical qubits [3] and qu-
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dits [233]. In parallel, efforts to pursue efficient molecule production and detection

remain important for the utility of the molecular platform, for example, in a hybrid

molecule-Rydberg systemwith orders of magnitude faster gates andmid-circuit read-

out of molecular states [111, 161, 284, 307]. The coherent control of motion-rotation cou-

pling offers a new sensitive probe of molecular temperature and confinement, adding

a new degree of freedom to themolecule toolbox. This promises new opportunities for

quantum simulation andmetrology based on spin-motion entanglement [54, 95, 243].

In the following chapter, we show how the entangling dipole-dipole interaction

characterized here can be used to engineer a universal two-qubit iSWAP gate for quan-

tum computation withmolecules.
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[The Analytical Engine] might act upon other things

besides number, were objects found whose mutual funda-

mental relations could be expressed by those of the abstract

science of operations.

Ada Lovelace

7
Demonstrating an iSWAP gate between

molecular qubits

Material in this Chapter, including portions of the text and figures, have been dis-

tributed as a preprint [215], and are undergoing peer review as of the time of submis-

sion.

A universal set of quantum gates is any group of single-qubit operations and at least

one two-qubit gate with which any two-qubit unitary can be approximated with arbi-

trary accuracy. This, in turn, allows any quantum circuit onmultiple qubits to be ex-

ecuted. The prototypical universal two-qubit gate is the CNOT gate [204]. This is far
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from the only choice, however; in fact, any two-qubit entangling unitary is universal

[42]. For polar molecules, a muchmore natural choice is the iSWAP gate, which is gen-

erated natively by the dipole-dipole interaction [203]. In Chapter 6 we verified that the

dipole-dipole interaction betweenmolecules in our system can produce amaximally

entangled Bell state with a fidelity of 0.94(3). The CNOT gate can be constructed using

two iSWAP gates and five single-qubit rotations [245], as shown in Fig. 7.1. In practice,

however, directly decomposing a target circuit in terms of iSWAP gates is likely to be

more efficient and less error-prone than simply replacing every CNOT in an existing

circuit with its iSWAP decomposition [90].

iSWAP= iSWAP

Figure 7.1: Decomposition of CNOT gate into iSWAP and single qubit rotations.

The Bell state creation protocol demonstrated thus far in section 6.4 and in [17, 117]

limited the duration of the interaction using global pulses applied to a particular initial

state. However, this method cannot be generalized to arbitrary initial states, making

it unsuitable for performing useful quantum gates. To realize an iSWAP gate, we need

to be able to switch the dipolar interactions on and off and show the desired logic out-

comes for arbitrary input states within the computational basis. In this chapter, we

achieve this by encoding a qubit in non-interacting hyperfine states of the rotational

ground state, which we can transfer to or from the interacting |e⟩ state to toggle the in-

teraction on or off. In Section 7.2 we use this to demonstrate an iSWAP gate between

molecular qubits and characterize its truth table.
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7.1 Encoding a qubit in hyperfine states
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Figure 7.2: (a) Rotational-hyperfine structure of NaCs in the experimental regime. Color-shaded re-
gions denote states of the same rotational sub-level. The x-axis represents the combined nuclear-spin
contribution to the Zeeman shift, and is chosen tomake the rotational structure apparent. (b) Estimated
impurity of the states |1⟩ and |e⟩when dressed by themicrowave field used for the |1⟩ ↔ |e⟩ transition,
which depicts all available transitions from these states. The hyperfine-changing transition, labeled 3, is
red-detuned from the |0⟩ ↔ |e⟩ transition, labelled 4, by 1.9 MHz and comparably narrow. Off-resonant
coupling is primarily due to the transitions 1, 2, and 4.

We introduce a third state, |1⟩ (Fig. 7.2), within the ground rotational manifold,

which we use to implement the iSWAP gate with a qubit that does not natively inter-

act [203]. The qubit is encoded in a non-interacting hyperfine degree of freedom, which

has been shown to be insensitive to external fields and capable of maintaining long

coherence times [101, 169, 212]. The state |1⟩ is weakly coupled to |e⟩ by the nuclear

quadrupole moment [4].

To identify a suitable hyperfine state to act as the |1⟩ state of the hyperfine storage

qubit, we spectroscopically investigatedmultiple nuclear-spin-changing transitions
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from |e⟩. Transitions that change nuclear spin are mediated by the electric quadrupole

interaction [4], and are significantly weaker than those which do not. The state |1⟩was

chosen because it is the state furthest detuned from |0⟩ that still has significant cou-

pling to |e⟩, such that off-resonant coupling to |e′⟩—an excited rotational state of the

same hyperfinemanifold as |1⟩—is suppressed. The full hyperfine structure of NaCs is

shown in Fig. 7.2, along with a simulated spectrum of the couplings of the |1⟩ and |e⟩

states under a strongmicrowave drive.

The interaction is toggled by transferring between |1⟩ and the rotationally excited

state |e⟩. Time-evolution of the populations in both states during amicrowave pulse

on this transition is shown in Fig. 7.3. We note that |1⟩ is also strongly coupled to the

excited state |e′⟩with the same nuclear spin quantum numbers, which is an important

consideration for the gate implementation, which is discussed in the following section.
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Figure 7.3: (a) Hyperfine-changingmicrowave pulse from |e⟩ to |1⟩. Fit is a cos2 function with symmetric
exponential decay, giving a π-time of 0.307(9) ms and 1/e decay time of 1.2(4) ms.
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7.2 iSWAP gate betweenmolecules

We engineered the interaction between qubits using the pulse sequence shown in

Fig. 7.4(a). We initialized a pair of molecules in the computational basis at a 5 μm trap

separation with site-selective |0⟩ to |e⟩ transfer [216] and a 310 μs square π-pulse from

|e⟩ to |1⟩. At 1.9 μm trap separation, we toggled the interaction with the same hyperfine

state changing π-pulse (|1⟩ ↔ |e⟩), and applied a spin-echo pulse on the |0⟩ ↔ |e⟩

transition in themiddle of the interaction period with a duration of 12.83 µs and a trun-

cated Gaussian shape, as in Section 6.4.

For detection, we transferred |1⟩ to |e⟩ at a 5 μm trap separation and read out the |0⟩

and |e⟩ states. In Fig. 7.4(b), we show the dipolar interaction between two qubits initial-

ized in the |01⟩ state. Here, the data are postselected for trials where a pair of molecules

are both detected within the qubit subspace. The exchange interaction leads to oscilla-

tion between the |01⟩ and |10⟩ states. The full exchange occurs 330 μs after the end of

the toggling pulse, shorter than if the pulses were infinitely fast, because the interac-

tion occurs already during the duration of the toggling pulse.

At the full exchange time, the sequence realizes the iSWAP gate up to a global rota-

tion, originating from the spin-echo pulse. The total gate time, composed of the full

exchange time and the duration of both toggling pulses, is 960 μs. The unitary corre-
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sponding to the ideal implementation in the (|0⟩ , |1⟩) basis is given by

U =



0 0 0 −1

0 −i 0 0

0 0 −i 0

−1 0 0 0


(7.1)

Under the application of this gate, |01⟩ and |10⟩ obtain a non-trivial phase of−i from

the dipolar exchange, which is the same phase that we verified via the parity oscilla-

tion of the Bell state in Fig. 6.4(b). We characterized the logic outcomes of the iSWAP

gate for each computational basis state and show the resulting population truth table

in Fig. 7.4(c). For trials where twomolecules were detected in the qubit subspace, an

average of the probabilities for each input state to transform into the intended output

state yields a truth table fidelity [116] of 0.92+0.05
−0.09.

The ease of choosing three states |0⟩, |1⟩, and |e⟩, showcases the versatile structure of

molecules, but the dense structure also risks causing leakage outside the computational

basis [203]. To take leakage into account, we also normalized the detected outcomes to

the populationmeasured in the initial state |00⟩ before performing site-selective state

preparation and the iSWAP gate. The corresponding truth table is shown in Fig. 7.4(d)

and the resulting truth table fidelity is 0.39+0.1
−0.09.

The current gate fidelity is primarily limited by leakage during four hyperfine-

changing pulses, which are needed for state-preparation, the iSWAP gate, and read-

out. Rotational transitions that change nuclear spin are two orders of magnitude

weaker than those that conserve nuclear spin at a magnetic field of 864 G. The strong
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Figure 7.4: (a) Microwave pulse sequence for implementing an iSWAP gate between two hyperfine
qubits. (b) Time-evolution of resonant dipolar exchange for a pair of molecules initially prepared in the
two-qubit state |01⟩. Solid lines are theory curves from amaster equationmodel, using parameters ex-
tracted from the data in Fig. 6.3. (c) Measured truth tables for the full iSWAP gate sequence, showing the
probabilities of measuring each two-qubit output state given each input state, conditioned on detection
of twomolecules in the (|0⟩ , |1⟩)manifold. This represents the truth table for the entangling interac-
tion with leakage errors caused by the single-qubit gate removed. (d) iSWAP truth table showing the
probabilities relative to the probability of detecting the |00⟩ state with no pulses applied. Losses here
are dominated by leakage to the |e⟩ state due to imperfect hyperfine-state-changing pulses both during
state-preparation andmeasurement and in the toggling pulses that start and end the gate. Populations
detected in all 16 input-output combinations are shown in Fig. 7.5.
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microwave pulse required to drive the hyperfine-changing transition introduces off-

resonant Stark shifts from nearby transitions making the transfer pulse sensitive to

microwave amplitude noise. The Stark shifts specifically from non-magic rotational

states fluctuate with trap intensity noise and further decohere the transition. Due to

these decoherence sources, the one-way transfer efficiency reported here was limited to

89% (see Fig. 7.3).

(a) (c)(b) iSWAP conditioned on detection iSWAP normalized to SPAM only

Figure 7.5: Full outcomes of truth table measurements for hyperfine gate. (a) Populations measured in
each two-qubit state following state-preparation in that state, relative to population in |00⟩, representing
the relative SPAM fidelity of each state. (b) Populations measured in each two-qubit state as a fraction of
the total detectedmolecule population in the (|0⟩ , |1⟩)manifold for each of the input states to the iSWAP
gate. This corrects for leakage to the |e⟩ state during state-preparation andmeasurement as well as dur-
ing the hyperfine gate itself. (c) Populations measured in each two-qubit state following application of
the iSWAP gate sequence, relative to the initial population in |00⟩ in (a), illustrating the amount lost to
leakage.

The hyperfine-changing transfer could bemademore coherent with active mi-

crowave amplitude stabilization and polarization control. The latter also mitigates

depopulation of the |0⟩ state, allowing faster driving of the transition. Another source

of leakage is due to interactions during the toggling pulses. We anticipate that 9% of

population leaves the computational basis with perfect hyperfine-changing transfer at

the current toggling duration. Nevertheless, this leakagemay be reduced given the ap-

proximately quadratic decrease with pulse duration. Other methods could reduce such
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leakage errors, including faster optical or microwave Raman transfers, a lower magnetic

field to enhance hyperfine-changing coupling for a faster transfer, andmoving traps to

toggle the interaction. Both leakage sources described here lead to populations remain-

ing in |e⟩ and |e′⟩, the latter occurring due to the spin-echo pulse. In the future, these

populations could be detected without disturbing the computational basis by state-

selective transfer to theN = 2 rotational states for readout. Such detectable errors may

be correctable using erasure conversion schemes [181, 244].
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Real truth about it is

No one gets it right

Real truth about it is

We’re all supposed to try

JasonMolina, Farewell Transmission

8
Conclusion

8.1 Themolecular toolbox

With this thesis, I have sought to bring together our recent work demonstrating a com-

plete set of tools for quantum computation and simulation with ultracoldmolecules

in optical tweezers. In Chapter 3, I described our efforts to find an efficient pathway to

the rovibrational ground state of NaCs. This allowed us to achieve a 73(3)% one-way

transfer efficiency averaged across an eight molecule array, and opened up the possi-

bility of using either resonant STIRAP or near-detuned Raman transfer, which we used

throughout the remaining chapters. In Chapter 4, I detailed our experimental demon-
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stration of magic ellipticity trapping of molecules in optical tweezers, which we used

to achieve rotational coherence times of up to 250(40) ms with the aid of dynamical

decoupling. In Chapter 5, I described our development of new state-preparation and

measurement techniques for molecules. Crucially these enabled single-shot readout of

multiple molecule rotational states and rearrangement of molecules in an array, lead-

ing to a fourfold increase in the rate at which pairs of molecules can be produced in

neighboring tweezers. All of these techniques were then put to use in Chapters 6 and 7,

in which we demonstrated record high speed and fidelity entanglement of molecules,

and a universal two-qubit iSWAP gate between qubits encoded inmolecular hyperfine

states. With this, we now have aminimally complete toolbox for coherent quantum

simulation and computation with individual ultracoldmolecules, and can turn our

attention towards future applications of this systemwhich leverage the distinctive fea-

tures of molecular qubits.

8.2 Future directions

8.2.1 Quantum simulation and synthetic dimensions

Quantum simulation was among the first quantum science applications envisioned for

individually-controlled polar molecules [281]. Pioneering theoretical works 20 years

ago proposed to use the anisotropy of the dipolar interaction combined with strong

microwave dressing of multiple states to engineer a range of exotic lattice spin models

[20, 191]. Subsequent theoretical works have further developed these ideas, propos-

ing concrete ways of usingmolecules in lattices to engineer states of matter displaying

properties such as spin-orbit coupling, topologically protected edge states, and non-
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Figure 8.1: Illustration of possible quantum simulation schemes using ultracold molecules in tweezers.
(a) Use of multiple rotational levels of molecules in a 1D optical tweezer array as a synthetic dimension
to simulate tunneling of bosonic excitations in a 2D lattice, as described in [264]. Red arrows represent
single-molecule microwave couplings t corresponding to tunneling along the synthetic dimension, and
green lines represent dipole coupling betweenmolecules, corresponding to correlated tunneling of two
excitations along the real and synthetic dimensions. (b) Two possible ways of realizing an SSHmodel
usingmolecules in optical tweezers. Top shows two sub-lattices defined by spatially separating two 1D
arrays of tweezers, with the inter- and intra-layer couplings tuned using the relative x and y positions
of the arrays, assuming a fixed polarization ellipticity for all sites. Bottom shows a way of defining sub-
lattices using two different polarization orientations for even and odd tweezers, allowing the dipole
intra- and inter-lattice couplings to be tuned using the polarization angles and the linear separation of
the tweezers.

Abelian anyonic excitations [98, 246, 297, 298]. The fully coherent multilevel control

of large molecular arrays required to realize the most exotic spin models has not yet

been realized, but remarkable experimental progress in this direction has beenmade

in recent years. Dipolar interactions betweenmolecules in an optical lattice were first

observed with KRb in [296], and the same experiment has since been used to engineer a

tunable XXZmodel [167] and t-Jmodel [54]. Interacting NaRbmolecules were observed

with single-site resolution in an optical lattice in [63], which also demonstrated the
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use of Floquet engineering to realize an XXZmodel without applying an external field.

Other works have begun to explore the strongmicrowave dressing regime necessary for

many of the proposed exotic spin models [20, 98, 191]. Notably, collisional shielding us-

ingmicrowave dressing has been used to produce a Bose-Einstein condensate of NaCs

[33] and a degenerate Fermi gas of NaKmolecules [236]. Strongmicrowave dressing

has also been used in NaCs to engineer a magic trapping condition for molecules [311].

The site-resolved control of dipolar interactions for molecules in optical tweezers

demonstrated in this thesis, as well as in Refs [17, 117], brings us yet closer to realiz-

ing the advanced quantum simulations that have been theoretically proposed. The

high degree of reconfigurability and single-site control afforded by optical tweez-

ers have already been used to great effect for quantum simulation with Rydberg

atoms [242, 244, 248]. Using ultracold molecules, it may be possible even in the near

term to engineer models with non-trivial topological characteristics such as the Su–

Schrieffer–Heeger (SSH) model [140]. The widely-studied SSHmodel consists of a lat-

tice composed of two coupled 1D sub-lattices, with different tunneling rates within

and between each sub-lattice. In certain ranges of tunneling rates, the system can ex-

hibit topologically-protected edge states [14]. As illustrated in Fig. 8.1(b), ultracold

molecules in tweezers could be used to implement an SSHmodel with rotational ex-

citations acting as hard-core bosons that tunnel via the dipole-dipole interaction [140].

Using the flexibility of the magic ellipticity tweezer platform, coupling strengths in an

ultracold molecule SSHmodel could be controlled in twoways: 1. spatially, by defining

two sub-lattices of identical tweezers in a 2D plane and using the separation and angle

between them to tune dipolar exchange rates, as demonstrated with Rydberg atoms in
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[74]; and 2. via polarization control, defining sub-lattices with different tweezer polar-

ization orientations, allowing the dipolar coupling to be tuned continuously between

attractive and repulsive interactions (see Fig. 6.2).

Another promising direction for quantum simulation with ultracoldmolecules is to

use the ladder of rotational states as a “synthetic dimension”, treatingmicrowave and

dipolar couplings between rotational states as tunneling of a bosonic excitation in a lat-

tice [263]. This allows a real 1D array of molecules to emulate a 2D lattice, or a 2D array

to emulate a 3D lattice. Suchmodels are expected to exhibit quantum phase transitions

from freely propagating excitations to bound strings or membranes in synthetic space

[87, 264]. A 2D synthetic lattice composed of a 1D array of molecules is illustrated in

Fig. 8.1. Multiple levels of a molecule can also be used to represent higher-dimensional

spins, or even a combination of spin and hole states, as explored in a recent proposal to

simulate bosonic t − Jmodels using Floquet engineering of dipole-coupledmolecules

in optical tweezers [119]. Finally, the coupling of motion and rotation of a molecule via

the dipole-dipole interaction, as observed in Section 6.6, could itself be used to study

the propagation of phononic excitations through a lattice, potentially leading to topo-

logically interesting states [78]. Entanglement betweenmotional and internal degrees

of freedom has recently been studied in bulk samples of KRbmolecules [54] and in Ryd-

berg atoms [31, 243], but, overall, it remains a relatively unexplored tool in atomic and

molecular physics.
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8.2.2 Quantum computing: Qudits and robust encoding

The vast majority of quantum computing research focuses on binary logic, such that

the qubit is viewed as the fundamental building block of a quantum computer. Since

the early days of the field, however, there has been an undercurrent of interest in har-

nessing higher dimensional quantum systems [100]. Experimentally, this makes sense:

the world itself is not binary, andmost physical realizations of qubits are embedded in

some kind of multilevel quantum system. There have been attempts to exploit this mul-

tilevel structure in various physical platforms, that have been described using different

theoretical frameworks depending on the intended purpose of the higher levels. One

important framework is the extension of binary quantum logic to d-valued quantum

logic [43]. Here, the qubit is replaced by a qudit, a d-dimensional quantum system con-

sisting of the states |0⟩ , |1⟩ , ..., |d− 1⟩ that encode a base-d integer. Such an encoding

does not a priori lead to greater computational power than the binary encoding, but it

may, in some cases, allowmore efficient implementations of quantum algorithms or er-

ror correction protocols [178, 285]. Qudit encodings and key ingredients of qudit-based

quantum computation have been demonstrated in a number of experimental systems,

including superconducting qubits [199], photons [165], and nuclear spins embedded in

crystals and quantum dots [58, 197]. A universal qudit-based quantum processor with

up to eight qudits has been demonstrated using trapped ions [223].

One can also envision encodingmultiple virtual qubits in a single multilevel system

[251]. In general, n qubits can be represented by amultilevel systemwith d = 2n states

[51]. This differs slightly from the qudit concept, since the fundamental design of quan-

tum gates and algorithms remains binary. The physical implementation of the gates
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|a⟩ = |00⟩N=0 

N=1 

N=2 

N=3 

|b⟩ = |11⟩

|c⟩ = |01⟩

|d⟩ = |10⟩

Figure 8.2: Illustration of one possible encoding of quantum information in the first four rotational
levels of NaCs in amagic ellipticity optical tweezer. Red arrows illustrate possible one- and two-photon
microwave couplings, and green lines represent dipolar coupling the states of different molecules. There
is nomicrowave or dipolar coupling betweenN = 1 andN = 2 states in amagic ellipticity tweezer,
but couplings to non-magic rotational sublevels allow this gap to be bridged using detuned two-photon
microwave pulses. States are labelled by two possible encoding schemes, a qudit encoding with states
|a⟩ , |b⟩ , |c⟩ , |d⟩, and a virtual qubit encoding where each level represents a combined state of two qubits
labelled.

may change, however, because some two-qubit entangling gates can be realized using

transitions between levels within the same physical system. This can be advantageous,

potentially allowing lower fidelity gates between physical systems to be replaced by

higher fidelity intra-system pulses, and can also potentially lower the total number

of gates required for some operations [251]. Such virtual qubit encodings have been

demonstrated or shown to be feasible in superconducting, trapped ion, and neutral

atom systems [51, 52, 139, 142, 243, 251]. This idea is also closely related to the so-called

optical-metastable-ground-state (omg) architecture for trapped ion and neutral atom

qubits, where transfer of quantum information between different qubit subspaces

within a single atom is used for efficient selective addressing andmid-circuit readout

of qubits [7, 170].
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The rotational-hyperfine structure of bialkali molecules may prove ideal for imple-

menting qudit or virtual qubit encodings [233]. Using either the magic ellipticity or

magic wavelength techniques for cancelling light shifts in ultracold molecules allows a

magic condition to be achieved simultaneously for many rotational states [102, 225].

Usingmicrowaves to couple higher rotational states would thus allow for arbitrary

single-qudit gates. Resonant pairs of rotational states are also generally coupled by

the dipole-dipole interaction, meaning that the connectivity for inter-molecule gates re-

mains high. This provides a great deal of flexibility for efficient compilation of quantum

circuits into intra- and inter-molecules gates. At the same time, each rotational state

also possesses nuclear spin structure, which can be accessed usingmicrowave pulses

as demonstrated in Section 7.1. The rotational and hyperfine substructure are relatively

uncoupled, meaning that it may be possible to simultaneously transfer information en-

coded inmultiple hyperfine states between rotational levels or even from onemolecule

to another. One could thus also envision taking the omg qubit approach withmolecules,

using the multilevel structure for local shelving andmidcircuit operations [170].

Fig. 8.2 illustrates one possible multilevel encoding of quantum information in the

first four rotational levels of NaCs in amagic ellipticity tweezer. Two potential interpre-

tations of this encoding are given: a d = 4 qudit interpretation where each rotational

level is a single qudit state, and a virtual qubit interpretation where each level encodes

a two-qubit state. In a magic ellipticity tweezer, there is no transition dipole moment or

dipolar coupling between theN = 1 andN = 2magic states. Nevertheless, two-photon

detunedmicrowave pulses that couple to non-magic states can be used to bridge this

gap. Both theN = 0, 1 andN = 2, 3 rotational state pairs are coupled by the inter-
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molecular dipole-dipole interaction. Considering the virtual qubit encoding, we can

interpret the action of the dipole-dipole interaction sequence demonstrated in Section

6.4 as transforming from the four-qubit product state |aa⟩ ≡ |0000⟩ to the GHZ state

1√
2
(|aa⟩+ |bb⟩) ≡ 1√

2
(|0000⟩+ |1111⟩).

The same interaction sequence applied on theN = 2 toN = 3 transition starting with

the product state |cc⟩ ≡ |0101⟩would produce another four-qubit cat state:

1√
2
(|cc⟩+ |dd⟩) ≡ 1√

2
(|0101⟩+ |1010⟩).

Both of these four-qubit entangled states can be generated efficiently using only two

intra-molecular π/2-pulses and one inter-molecular
√
iSWAP dipolar gate.

A related quantum information application of the multilevel structure of molecules

is the design of inherently error-robust qubit encodings within single molecules. This

approach was pioneered in [3], which proposed a way of encoding GKP-like error cor-

recting codes in the ladder of rotational states of a molecular rotor. Subsequent work

in this direction led to the proposal of absorption-emission codes, which are defined as

robust encodings of information in a finite, experimentally accessible set of molecular

rotational states for error-correction of a family of common spontaneous emission, ab-

sorption and dephasing errors [135]. This approach of encoding robust logical qubits in

single molecules could, in the long term, prove to be one of their most attractive com-

putational features if it helps solve the scaling issue imposed by the large number of

physical qubits required to implement most logical error-correction codes in existing
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quantum computers [37].

8.3 Remaining challenges

There is, of course, still significant room both to further expand the existingmolecular

toolbox and to sharpen our tools. Although the first few demonstrations of entangling

gates with molecules ([17, 117] and this thesis) have begun with higher fidelities than

comparable early demonstrations in superconducting, trapped ion and neutral atom

qubits [132, 218, 240], molecules must also advancemore quickly than those platforms

did to catch up with the state-of-the-art for quantum science. There are also significant

remaining technical challenges to themolecule platform that need to be overcome to

allow the sort of rapid scaling demonstrated recently for neutral atom qubits [37, 185,

206]. In this section, I will discuss some key challenges and possible ways to address

them.

8.3.1 Array filling

One of the key practical limitations to large-scale quantum computing or simula-

tion with individually trappedmolecules is the difficulty of producing densely-filled

molecular arrays. In neutral atoms, though arrays are initially stochastically loaded

with incomplete filling, it is possible to reliably generate almost defect-free arrays us-

ing site-resolved imaging and rearrangement [21, 85]. This method has also been ap-

plied to laser-cooled CaFmolecules, which can be directly imaged [117]. In Chapter 5,

we demonstrated that a similar approach could be applied to coherently-assembled

molecules, using imaging of unassociated atoms to locate and remove defects in the
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molecular array, allowing us to achieve peak filling fractions of just over 40%. A similar

work published in parallel using RbCs was able to produce arrays with approximately

65% peak filling [229]. These filling fractions are dominated bymolecule losses during

both the forward and backwards ground-state transfer (as well as the molecule trap-

ping lifetime in the RbCs case), which are not detectable since they do not lead to in-

dividual atoms remaining trapped in the tweezers. One path towards increasing array

filling is thus simply to increase the ground state transfer efficiency. This may require

the use of a lower energy andmore long-lived intermediate state in the b3Πmanifold for

two-photon transfer, which was the approach taken by experiments using NaRb and

RbCs that achieved over 90% one-way transfer efficiency [195, 299]. Another promising

method is to apply one of several recently developed techniques for feedforward can-

cellation of phase noise in the ground state transfer lasers [55, 168], which have been

used to achieve ground state transfer efficiencies as high as 98.7% in RbCs [183]. Alter-

natively, if a method could be devised for reliable direct detection of molecules with

single-site resolution—a challenge discussedmore below—then the standard atom

rearrangement method could be applied directly to produce arrays with close to unity

filling.

Another approach is to attempt to directly produce arrays of molecules with high fill-

ing by starting with a large number of molecules at every site and deterministically

removing all but one. This bears some similarity to the idea of enhanced loading of

atoms using light that couples to the repulsive molecular potential, leading to elastic

atomic collisions which can preferentially eject one atom of a pair from a trap (see Sec-

tion 2.2.1.2). With polar molecules, even nonreactive ones, the challenge of this method
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is avoiding rapid loss due to short-range inelastic collision [24]. Repulsive elastic colli-

sions can, in fact, be achieved using the dipole-dipole interaction itself, with the aid of

electric field or microwave shielding schemes to guarantee that collidingmolecules are

coupled to the repulsive arm of the dipolar interaction potential [9, 33, 188, 236]. Tun-

ing of such an engineered repulsive pair interaction could potentially be used in combi-

nation with evaporation from an optical trap to produce arrays with a high probability

of containing onemolecule per site.

8.3.2 Molecule detection

The ability to directly detect molecules in tweezers with both single-site and rotational

state resolution would be a powerful experimental tool for quantum science experi-

ments. Indeed, it has already been used to great effect with laser-cooled CaFmolecules

[10] for rearrangement and erasure conversion in a tweezer array [117, 118]. Coherently

assembledmolecules cannot in general be non-destructively imaged due to a lack of

closed optical cycling transitions. Thus, alternative detection techniques need to be de-

veloped. The coherent dissociation and imaging of the molecule’s constituent atoms

does allow for detection of multiple rotational states, as shown in Chapter 5, but the

detection fidelity is limited by the lossy transfer from the rovibrational ground state to

the Feshbach state. Even if that transfer is improved significantly, as described above,

the technique would still be destructive, making it suitable only for readout of the fi-

nal state of a quantum circuit or simulation, and not for rearrangement or mid-circuit

operations.

A leading candidate method for performing non-destructive molecule detection is
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to couple the molecules to a Rydberg atom via either Van derWaals or resonant dipole-

dipole interactions [159–161, 306]. Such a coupling could be used to coherently transfer

information on themolecular state to the atom for subsequent readout via fluores-

cence imaging [284, 307]. Such a scheme obviously carries with it some significant

experimental overhead in the form of introducing Rydberg atoms into the system. In

the case of coherently assembledmolecules, however, this can be alleviated by using

one of the constituent atoms of the molecule as the Rydberg species. With control over

Rydberg-molecule interactions, it would be possible to achieve not only detection of the

molecular state but also molecule-Rydberg or Rydberg-mediatedmolecule-molecule

gates [284, 307]. Such a capability could provide useful flexibility to a molecular quan-

tum computing platform, offering the choice during compilation of a quantum circuit

between fast Rydberg-mediated gates and slower but potentially very high fidelity

molecule-molecule gates [203]. Significant experimental progress has recently been

made towards coherent molecule-Rydberg interactions with the observation of the Ryd-

berg blockade effect induced by a single molecule in an optical tweezer [111].

Another possible detectionmethod relies on dispersive imaging of molecules en-

hanced by coupling to an optical cavity, which could allowminimally destructive read-

out, although the expected signal-to-noise ratios remain extremely low for the limit of

single-molecule detection [109, 234]. Finally, molecules could potentially be detected

through quantum Zeno suppression of atom tunneling into amolecule-containing

tweezer due to rapid atom-molecule losses through photoassociation [84, 137].
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8.3.3 Temperature and coherence

The primary limitation to the fidelity of all currently demonstrated instances of

molecule-molecule entanglement has been the finite temperature of the molecules

in tweezers. This is an area where coherently-assembledmolecules generally possess

an advantage over laser-cooledmolecules, due to the extremely coldmolecule tempera-

tures that can be inherited from Raman-sideband cooled atoms. Nevertheless, in Chap-

ter 6, we found that our molecule-molecule entanglement fidelity was still limited by

the axial 34(4)% ground-state fraction of the molecules. Axial motion also limited the

fidelity in the first demonstrations of entanglement with CaFmolecules, though in that

case axial ground state fractions were closer to the∼1% order [17, 117]. CaFmolecules

in tweezers have subsequently been Raman-sideband cooled to significantly lower

temperatures, at the expense of some additional molecule loss to dark states due to

imperfect optical pumping [18, 180]. Some small number of Raman-sideband cooling

steps could feasibly be applied to bialkali molecules in optical tweezers using, for ex-

ample, optical pumping via the narrow transition from the rovibrational ground state

to the lowest vibrational level of the b3Π state [146, 147]. This would necessarily lead to

somemolecule loss but could be enough to purify the already cold motional state of the

molecules sufficiently to achieve entanglement fidelities of greater than 0.99 (see Sec-

tion 6.7). As noted in Chapter 6, the measured axial ground state fraction is also lower

than expected from themeasured atom temperatures andmolecule creation efficiency

[48], indicating that there may be some additional axial heating process during or after

molecule creation that can be identified and eliminated.

After molecule temperature, the next limitation on themolecule-molecule entangle-
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ment fidelity in our system is the single-body coherence time of the magic rotational

states. In Section 4.6 we discussed several possibilities for the current limitation on the

coherence time, includingmost plausibly tweezer polarization fluctuations and stray

electric field noise. Both these effects could be experimentally mitigated in the future,

using improved passive or active polarization stabilization and Faraday isolation of the

experiment, respectively. Additionally, elimination of tweezer astigmatismwould sup-

press the motion-rotation coupling that prevents us from applying a large number of

dynamical decoupling pulses during themolecule entanglement sequence. This would

allow us to apply an XY-8 sequence and to extend the single-body coherence time to as

long as 250(40) ms.

8.4 Final thoughts

Working withmolecules is rarely straightforward—their inherent complexity requires

an equally complex set of tools to fully control their quantum state. Even fifteen years

ago, this complexity may have seemed an insurmountable barrier. Despite this the

work continued, and a host of technical challenges were overcome, enabling the sig-

nificant leaps forward inmolecular control that we have seen in the last few years. In

the sameway that a cold atomMOTwent from a Nobel-prize-winning innovation to a

product that can be bought off-the -shelf, we can hope that many of the challenges that

have taken years for early single-molecule experiments to overcomewill in the future

be viewed as manageable complexities with standard solutions. As a result, it may soon

to be possible for experimentalists to dive in earnest into the varied and complex physi-

cal applications of ultracoldmolecules. So far, we have barely scratched the surface.
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A
Motion-rotation coupling simulation

This appendix describes the methods used to simulate the dynamics of molecules in

tweezers in the presence of motion-rotation coupling in Chapter 6. Themethod de-

scribed here was devised by AnaMaria Rey and DavidWellnitz. The simulations were

written by DavidWellnitz in the Julia programming language [30] using the KrylovKit

package [112]. The details of the simulation are included here for completeness, and can

also be found in Ref. [215].

To simulate the dynamics withmotion-rotation coupling, we used a combination

of discrete variable representation (DVR) and exact diagonalization. We computed the

local electromagnetic field of a single tweezer in the presence of astigmatism following
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Ref. [254]. Of the primary aberrations, astigmatism and coma produce displacement

of the |0⟩ and |e⟩ states in the axial and radial directions, respectively, by altering the

ellipticity of the tweezer polarization at the focus. The local energy of the two states

was determined from their polarizabilities α0 and α0 + α2
1−3 cos(2χ)

10 , where α0 and α2 are

the theoretical scalar and tensor polarizabilities of NaCs in a 1064 nm tweezer [278].

We identified the position of minimal energy, corresponding to the point of maximum

intensity for |0⟩, by gradient descent.

This gave us a DVR of the potential energy, fromwhich we got the DVR Hamiltonian

Ĥmotion,0/e for each rotational state following Ref. [67]. We numerically computed the n

lowest motional eigenenergies and corresponding eigenstates of each rotational state.

We chose the tweezer depth tomatch the numerically extracted level spacing to the

experimentally measured value of h× 4.95 kHz.

To compute the two-body Hamiltonian of dimension 4n2, we replaced the fixed

molecule positions r̂ij of equation 6.7 with an integral over the positions of both

molecules in states |0⟩ and |e⟩,

ĤDD =
1
2

∫
d3⃗rid3⃗rj

1− 3 cos2(θ)
4πε0 |⃗ri − r⃗j|3

(ψ̂†
e (⃗ri)ψ̂

†
0(⃗rj)ψ̂e(⃗rj)ψ̂0(⃗ri) + h.c.) (A.1)

We then projected this Hamiltonian into the low-energy eigenstates, where we re-

placed integrals with sums over discrete grid values. Analogously, we also projected

the pulse/drive Hamiltonian

Ĥpulse =
Ω
2
|0⟩ ⟨e|+ Ω∗

2
|e⟩ ⟨0|+ Δ |e⟩ ⟨e| (A.2)
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into the DVR basis, which couples different motional levels according to their state

overlap. We chose Δ such that the microwave pulse is exactly in resonance Δ =

−⟨ψ0| Ĥmotion,e |ψ0⟩ + ⟨ψ0| Ĥmotion,0 |ψ0⟩, where |ψ0⟩ is the ground state of Ĥmotion,0. We

numerically verified that residual detuning≲ h× 1 kHz is removed by spin-echo.

Finally, we included a phenomenological single-molecule dephasing termwith a rate

γdeph described by the Lindblad operators

L̂j =
√

γdeph
2

(|e⟩ ⟨e|j − |0⟩ ⟨0|j) . (A.3)

For the single-molecule simulations, we further includedmotional dephasingmodeled

by the diagonal matrix

L̂motion,j =
√

2γmotion



1 0 · · · 0

0 2 · · · 0
...

... . . . ...

0 0 · · · n


. (A.4)

We then propagated the resultingmaster equation in real time to reproduce the ex-

perimental data. We ignored any dephasing that occurs during the pulses for simplicity,

which is expected to be insignificant for pulse durations∼ 10μs, but kept dipolar inter-

actions on during the pulses.

Tomake the two-particle simulations more efficient, we ignored off-diagonal ele-

ments betweenmotional states whose energies differed bymore than h× 200Hzwhen

computing the lines for Fig. 6.3. Since the coupling between these manifolds due to
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dipolar interactions is≲ h × 10Hz close to the ground state, this only affects dynamics

during pulses. It removes small oscillations with an amplitude of a few percent, smaller

than experimental error bars, from the theory curves.

In all simulations, we setΩ = h × 38 kHz, γdeph = 1/(80ms), and R = 1.79 μm, with

the separation set slightly smaller than the experimentally measured value to match

the observed interaction rate for a molecule frame dipole moment d = 4.6D.We chose

a temperature-dependent cutoff for the number of motional eigenstates included in

the simulations. For the single-molecule simulations, we chose the cutoffs n = 30

[0.6 ≤ ℏωax/(kBT)]; n = 40 [0.4 ≤ ℏωax/(kBT) < 0.6]; n = 50 [ℏωax/(kBT) < 0.4]. For

the two-molecule simulations in Fig. 6.3, we set n = 30.
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