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ABSTRACT

Optical tweezer arrays of neutral atoms have emerged as a promising platform for studying quan-
tum physics. These individual atoms can be carefully prepared in single quantum states, and easily
manipulated with microwaves and lasers. MHz scale interactions are accessible at several micron
scale distances by exciting these atoms to Rydberg states. These arrays can also be created in arbi-
trary 2D geometries with the use of a spatial light modulator. Adding the capability of a second
species opens new possibilities in non-destructive measurement and quantum simulation of bipar-
tite systems with widely tunable parameters.

In this thesis, we describe our efforts to build a flexible platform for studying quantum phenom-
ena utilizing two species of atoms, sodium and cesium. In particular, we discuss the laser technology
and setups required to create dual species optical tweezer arrays. These arrays are made defect-free
with real-time rearrangement of atoms using a separate set of tweezers created with acousto-optical
deflectors. We then describe how to excite these atoms coherently to the Rydberg state with coher-
ence times in Cs as long as 20 microseconds. With these techniques established, we are able to probe
an Ising critical point in 1D and 2D systems with up to 81 atoms. In particular, we measure and
confirm the value of the universal critical exponent, 7, via adiabatic preparation of the ground state
at the critical point. Then, we measure the interactions between sodium and cesium atoms setting

the stage for future experiments. Lastly, a theoretical proposal is presented where Rydberg atoms
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can be used to enhance the interaction rates of ultracold polar molecules, as well as measure their

states non-destructively.
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Introduction

Over the last few decades, atomic, molecular and optical (AMO) physics has become an active and
fruitful area of fundamental research ranging from high precision spectroscopy to quantum com-
puting and simulation. Central to this effort has been crucial advances in the control of atomic and
molecular systems to isolate them from unpredictable sources of noise and unveil their underly-
ing quantum nature. It is precisely their underlying quantum behavior that makes these platforms

especially useful for probing quantum phenomena.



Controlling atoms require getting all their degrees of freedom, including electronic, spin and
translational, under control. For atoms, energy scales for electronic transitions are typically in the
optical domain, which, in units of temperature, are at around tens of thousands of Kelvin. Thus,
at typical temperatures in a laboratory, the atoms are predominantly in the ground electronic state.
The translational degree of freedom was first tackled with the technique of doppler cooling *>+.
Doppler cooling involves shining light that is red detuned from an atomic transition towards the
atoms. Due to the Doppler effect, atoms traveling towards the laser beam view an up-shifted fre-
quency and thus encounters a larger scattering cross-section (the laser is more on-resonant) com-
pared to those traveling away from the beam. Thus, a net slowing effect is achieved due to the mo-
mentum kicks from the absorption of these counter-propagating photons. Putting laser beams
along all six directions in space provides three dimensional cooling along all axes. The limit of laser

cooling via this mechanism (known as Doppler cooling)

hT

Tp = ——
D kg

(r.1)

is set by the natural linewidth of the atomic transition. When Doppler shifts are below this linewidth,
the atom cannot easily distinguish which laser beam (co- or counter- propagating) to absorb from.
Doppler cooling limits for alkali atoms are typically around a few hundreds of microkelvin. Com-
bining red-detuned light with a magnetic field gradient (created in the lab with a pair of magnetic
field coils running in the anti-Helmholtz configuration), a magneto-optical trap '>* of cold atoms

can be formed. Temperatures in these MOTs were routinely found to be below the Doppler limit
due to the multilevel nature of the atoms, which enables sub-doppler cooling mechanisms such as
polarization gradient cooling®'. Further cooling of these gases via evaporative cooling resulted in
Bose-Einstein condensation ®*%, a distinctly quantum phenomenon, where a macroscopic popula-

tion of atoms are found in the ground state. Cooling has also been performed on Fermions resulting



Increasing Control

Various atomic
clocks

Hubbard models
in optical lattices

Optical Tweezer
Arrays of Rydberg
Atoms and Molecules

Increasing Interactions
4

BEC-BCS Crossover

Figure 1.1: A non-exhaustive schematic overview of some characteristic systems in AMO
physics along the dimensions of control (mostly spatial control) and interaction strength.
Our system of interest, optical tweezer arrays of atoms or molecules, represents a system
capable of large interaction strength and a high level of control.

in a degenerate Fermi gas®, where obeying the Pauli exclusion principle, Fermionic atoms fill up all
states below a Fermi surface.

This quantum gas'75 is the starting point for many additional studies utilizing ultracold atoms.



These studies can generally be categorized along two axes: the level of system control and amount of
interactions as shown in figure 1.1. The lowest level of control starts from the quantum gas, where
millions of atoms collide and interact freely. When interactions are suppressed, these fundamentally
identical atoms are an ideal platform for an accurate clock '#7. On the other hand, these contact
interactions are also highly tunable near a Feshbach resonance’*, making them valuable as a resource
for studying quantum mechanics. These interactions predict features such as the so-called BEC-

BCS crossover '%7

, where Fermions transition from condensation of delocalized Cooper pairs to
tightly-bound Bosonic molecules***'7. These Fermionic atoms provide a controllable platform
for studying superconductivity **, a phenomena of Fermionic electrons. Superfluidity, the fluid
equivalent of superconductivity has been successfully observed in ultracold gases*>*. Additional

complexity is introduced with long-range interactions, present in magnetic atoms, that come from

the dipole-dipole interaction

Vid(R) = 4;0 <#1]é3/£2 SELE 125(#2 : R)> ' (1.2)

where 2, and g, are the dipole operators for particles 1 and 2, and R is the distance between the
dipoles, while R = |R] is the distance between them. Depending on the competition between
the contact interaction (once again, controlled by a Feshbach resonance), and the dipole-dipole
interaction, the so-called dipolar gas can be unstable >#. The exact theories governing such systems
are fundamentally quantum mechanical and not easily solvable, lending value to these dipolar gases
as a quantum simulator.

Whereas gases offer large atom number, isolating individual atoms offers more control, where
the Hamiltonian of the system can be meticulously engineered and rigorously studied. Trapping
individual atoms require localized potentials which can be created by light. In a two level atom,

light that is far red-detuned from an atomic transition shifts the ground state energy lower through



the AC Stark effect. This shift is proportional to the intensity of the light, so atoms experience a
lower potential at intensity maxima of the light. A method of efficiently creating many traps, each
trapping an individual atom, involves interfering counterpropagating laser beams creating an op-
tical lattice ”>. These optical lattices naturally implement lattice models such as the Bose-Hubbard

model 7' with the Hamiltonian

1
H=—tY ala;+ 5UZ A7 —1) (1.3)
(i) i

where the first term (as a sum over nearest neighbors) represents the tunneling of atoms from one
site to another and the second term represents a contact interaction present when there are mul-
tiple atoms on one site. 2{1 and ; are the creation and annihilation operators of a Boson on site 7.
n; = 21321,' is the number operator for the number of Bosons on a single site. Lastly # and U repre-
sent the tunneling and interaction energies, both of which are tunable with the depth of the lattice
and the scattering length (characterizing the contact interaction) between the atoms. With the mi-
croscopic resolution”* available in these systems, the superfluid to Mott insulator transition™ has
been studied **. In the Fermionic version of the model (where the Pauli exclusion principle must
be obeyed), aptly named the Fermi-Hubbard model, antiferromagnetic correlations have been ob-
served resulting from an allowed superexchange process when nearby sites have opposite spin 7. In
the dipolar version of the model, where an additional dipole-dipole interaction is present (say from
a magnetic atom), anisotropic dipolar solids have been observed *'® arising from the anisotropic
dipole-dipole interaction.

While a wide variety of lattice geometries can be obtained with interfering laser beams**%, more

flexibility can be achieved with optical tweezers '**. Arrays of optical tweezers with arbitrary ge-

ometry can be formed using a spatial light modulator to imprint a phase on the laser beam, while

*A Mott insulator has a well-defined number of Bosons on each site.



those with rectilinear geometries can be formed from acousto-optical deflectors. Trapped atoms in

tweezers can serve perfectly well as atomic clocks '

or sensors*'?, but a larger realm of possibilities
open when the particles in the tweezers can interact. In the first half of my PhD, where much of the
work has been documented in a previous thesis*+* and is highlighted in section 6.2, we explored the
possibility of obtaining interactions between tweezer-trapped particles (in particular sodium and ce-
sium atoms) by forming polar molecules. NaCs, the polar molecule in question, has a relatively large
permanent dipole moment of around 4.7 Debye 3¢, among the largest of the bialkali molecules.
This arises from the electronegativity difference between the two atoms that form the covalently
bonded molecule. These dipoles interact with the dipole-dipole interaction (equation 1.2). On the
way to forming molecules, we discovered that putting a sodium and cesium atom in a single tweezer

already leads to measurable kHz scale interactions '*®

that depend on the hyperfine states of the
atoms. This close-range interaction, while technically arising from a full-blown molecular potential

in the Born-Oppenheimer approximation, is well modeled with a contact interaction, known as the

Fermi pseudopotential '

2
VR) = — =50 (r) =~ (1.4)

where the standard delta function potential needs to be “regularized” due to a diverging bound
state energy, which disagrees with a square well in the limit as the width of the well goes to zero.

By attaching a % 7, which as an operator on a wavefunction ¥ means 8% (7), the eigenfunctions
and eigenenergies agree with the limit of the square well. w is the reduced mass of the two atom sys-
tem, and « is the scattering length. This interaction was not only spectroscopically measured but
was also critical for our method of molecule formation. We pursued a general molecule formation
method, utilizing an optical state transfer via a Raman process from an unbound two-atom state

in the tweezer to a weakly-bound molecular state *##. The optical transfer method benefited greatly



from better wavefunction overlap of the two-atom trap state with the intermediate state, which was

an excited molecular bound state. The large negative scattering length of a particular hyperfine com-

bination of sodium and cesium enhanced the wavefunction at short distance resulting in enhanced

optical transfer efficiency. We were able to achieve about 69% molecule-creation efficiency. Unsat-

isfied with the small kHz scale molecular interaction at tweezer distances of 2 microns and also due

to the success of the more proven Feshbach association*#7>*'35* in optical tweezers, we decided to

search for a new pathway towards interactions. In particular, we sought to excite atoms to Rydberg

states, which are high principal quantum number states, where MHz level interactions are avail-

able at the several microns scale. Our quest to improve a molecule-formation apparatus into a dual

species Rydberg atom machine forms the main contents of this thesis, the main systems of which are

schematically depicted in figure 1.2.
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Figure 1.2: The main systems discussed in this thesis, all of which involve optical tweezer
arrays. (a) The study of critical physics using a cesium Rydberg atom array interacting via
the van der Waals interaction (see chapter 4). (b) The study of dual-species interactions and
observation of interspecies interactions (see chapter s). (c) The interaction between two
molecules mediated by a Rydberg atom (see chapter 6).

In chapter 2, I give an overview of our machine with a focus on how we achieved large optical



tweezer arrays of sodium and cesium atoms. In chapter 3, we review Rydberg atoms and their inter-
actions and demonstrate the successful excitation of cesium atoms to Rydberg states with large co-
herence times. In chapter 4, we combine the techniques of chapter 2 and 3 to study critical physics
on a Rydberg atom array in both a circular and rectangular geometry. In chapter s I will describe
the new features of a dual species apparatus and the successful excitation of sodium atoms and ob-
servation of interactions between sodium and cesium. Finally, in chapter 6, as a tribute to the early
part of my PhD, I explore molecules again and describe a theoretical proposal to enrich the tool-
box of molecular quantum computing with Rydberg atoms for faster interaction speeds and non-

destructive measurement.



Experimental Apparatus

2.1 INTRODUCTION

As with many ultracold atom/molecule experiments, our apparatus rests on a floated optical ta-
ble, which provides vibration isolation from the ground. The experiments take place under ultra
high vacuum (UHV) which allows for the creation and trapping of sub millikelvin atoms, while

limiting high energy collisions with background gas atoms. The details of the experimental cham-



ber are detailed in previous theses from the group '#>*#3, and the important parts are reproduced
here for context. The experiment takes place in an epoxy-bonded 1o mm x 20 mm x 80 mm rectan-
gular quartz cell from JapanCell. Each face is 4 mm thick and AR coated for < 4% reflection from
550 to 1100 nm at 0-45° angles of incidence. Light can also enter the cell from its open end (where
atoms would enter as well) via an AR coated flange (MPF A8004-1-CF, coated for 550-1100 nm)
and an in-vacuum 45 degree silver mirror (PF10-03-Po1P). We believe the epoxy-bonding worsens
the vacuum in our chamber and limits the vacuum-lifetime of atoms in our tweezers to approxi-
mately 5-6 seconds. Our atom sources are sodium and cesium metal dispensers from SAES Getters.
These dispensers are constantly on and for dual-species operation, we run about 3.9 A of current in
two dispensers, while the resistance is approximately 0.5 ohms. For experiments involving only Cs,
we run 3.9 A through one dispenser and 2.1 A through the other. The current source is a standard
laboratory benchtop power supply.

Surrounding the experimental apparatus are optics that control and direct laser beams into the
glass cell to address the atoms. A potentially non-exhaustive list of lasers that are sent into our cell
include: sodium and cesium optical tweezers, rearrangement tweezers, sodium and cesium MOT
beams, sodium and cesium Raman beams, sodium and cesium optical pumping beams, and sodium
and cesium Rydberg beams. Since we have so many beams, a judicious reuse of beampaths is re-
quired, and we often send multiple beams down the same path. Figure 2.1 shows all the various
optical access paths currently built in the experiment. Co-propagating beampaths are typically com-
bined either on the apparatus side with dichroic mirrors or prior to the output coupling fiber. In-
dividual polarization control of the beams are accomplished via custom dual (or even triple) wave-
length waveplates from Union Optic. The beampaths will be described in more detail in the sections
that make use of the beams.

To create our tweezer traps, we use a custom microscope objective from Jenoptik with a numer-

ical aperture of o.55, aperture size of 18 mm and an effective focal length of 16 mm. The objective
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Figure 2.1: A top view and side view schematic of all the beams that impinge on the atoms.
For clarity, co-propagating beams are drawn next to each other. For example, in the top
view, there are 4 distinct MOT beam paths, a tweezer beam path, a skewed diagonal beam
path (for the “coprop” Raman beams), a left going and right going beam path. In the bot-

tom view, there are additionally up and down beam paths that co-propagate many beams.

is designed for 6 mm of glass (in our system, 2 mm of this is an ITO coated glass plate and 4 mm is

the thickness of our cell wall). To image atoms, we collect light through the same microscope ob-
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jective onto an Andor iXon Ultra 897 camera (Model number DU-897U-CSo-BVF). The collected
light is focused onto the camera with a 400 mm lens. Filters that block our tweezer wavelengths are
required for low background imaging.

In section 2.2, we discuss how we laser cool and image sodium, which has additional complexity
due to large light shifts on the main cooling transition. In section 2.3, we discuss the how we laser
cool and image cesium, which is comparatively simpler and more standard. Section 2.4 describes
how we form optical tweezer arrays of both sodium and cesium. Section 2.5 describes the neces-
sary software and hardware upgrades required to perform atom rearrangement, which is critical for
forming defect free arrays. Lastly, section 2.6 describes our optical pumping procedure, which is

used to prepare the atoms into a single quantum state after rearrangement.

2.2 LASER COOLING AND IMAGING OF SODIUM

In this section, we describe the laser cooling and imaging of sodium used in our experiment. Sodium
has nuclear spin / = 3/2, leading to two hyperfine ground states F = 1and F = 2 in the 35} /, state.
We form a magneto-optical trap (MOT) on the D2 line, which is the transition to 3P/, and con-
tains a cycling transition from F = 2 to F' = 3". The laser system to create this light is described in
a previous thesis**? and involves a Raman fiber amplifier (VRFA-P-2000-589-SF from MPB Com-
munications) which amplifies and subsequently doubles 1178 nm light from a ECDL seed from
Timebase (ECQDL-1178). The laser is locked using modulation transfer spectroscopy ** on the
crossover of the F = 1to F/ = 2and F = 2to F = 2 transition. A series of AOMs modifies the
frequencies to drive desired resonances.

While the D2 line is the only line which has a viable cycling transition for the purposes of making

a MOT, trapping sodium atoms in tweezers using cooling on the D2 line is non-trivial due to large

*Note primed quantum numbers indicate excited state quantum numbers.
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transition light shifts from the trapping light **°. To obtain sufficient cooling to cool atoms into the
traps, the traps need to be strobed faster than the trap frequency but slower than the scattering rate

(so that each dark period allows for a few photon scattering events). Strobing the tweezers decreases
the available power for atom trapping and limits the number of atoms we can have in our arrays.

It turns out that there is an accessible magic wavelength * for the D1 (35;/, — 3P;,) tran-
sition in sodium. A magic wavelength for a given transition is one that has zero transition light
shift. Thus, with D1 cooling, it is possible to cool and trap atoms into DC tweezers, thus preserv-
ing tweezer power to trap more atoms. D1 light is produced from a second doubled Raman fiber
amplifier seeded from a second ECDL seed from Timebase. The primary output of this laser is
used for the NaCs molecule experiment in our lab. Upon request, these fiber amplifiers have an
additional IR “dump” port for unconverted 1178 nm light. We separately double this unconverted
IR with a magnesium-doped periodically poled lithium niobate (MgO:PPLN) crystal from Cove-
sion (MSHG1180-0.5-40) which is 40 mm long. Operating the RFA at 2 W of §89 nm output
yields approximately 5 W of IR. The conversion efficiency is approximately 4.4% /W saturating at
about 16%. After the crystal, the light has repump sidebands added by an EOM from Qubig (PM-
Na_1.7), and is frequency shifted by a single and double pass AOM. The beampath for creating the
D1 light is shown in figure 2..2.

With the sodium D1 and D2 light generated, we now discuss how we deliver the light to the
experiment. At the experimental apparatus, D1 and D2 light are needed along the “MOT beam
paths” (two pairs of diagonals and a pair of vertical beams, see figure 2.1). The “MOT beam paths”
on the apparatus table consists of 4 fiber outputs for the 4 diagonals and one fiber output for the
down MOT beam (down here indicates that the beam propagates in the direction of gravity). The
down MOT beam is retroreflected to create the up MOT beam. After the beams leave the fiber, it is
collimated to approximately s mm in diameter. Polarization optics are used to convert them to the

circular polarization required fora MOT.
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Figure 2.2: Our D1 light for gray molasses based atom loading is sourced from the dump
port (unconverted IR at 1178 nm) of a doubled MPB Raman fiber amplifier. The output
beam polarization is not very pure, so we need both a quarter and half waveplate to achieve
good extinction on a PBS. This first PBS also acts as a dump to enable low power opera-
tion during alignment without needing to turn down the fiber amplifier. The beam also
diverges out of this dump port, so a lens is empirically placed to collimate the beam. The
beam is then focused into a Covesion doubling crystal and doubled to 589 nm. After the
crystal, the unconverted IR is separated from the yellow light with a dichroic. In principle,
this unconverted IR can be further used in another doubling stage. After the crystal, the
yellow light passes through an EOM to produce the repump sidebands followed by a single
and double pass AOM to shift the frequency away from the lock point. Frequency and
amplitude control are accomplished with the double pass AO.

Each of these s fiber outputs need to have sodium D1, D2 and cesium D2 light. The distribution

beampath shown in figure 2.3 combines sodium D1 and D2 light with cesium D2 light into these
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Figure 2.3: (Not to scale) This beampath distributes cesium D2 light (852 nm) and sodium
D1/Dx2 light (589 nm) to 5 outputs which are sent to the experimental apparatus to serve
as the MOT and sodium gray molasses beams. Frequency and amplitude control of the
light is performed prior to this distribution beampath. The D1 and D2 light for sodium
are already combined via a 2x2 polarization maintaining fiber optic coupler (Thorlabs
PN635R2A2). Half waveplates and cubes allow for arbitrary control of the power into all
5 output beampaths. Sodium and cesium light is combined on long-pass dichroic mirrors.
This design ensures that there are two mirrors before each output for each beam. We use
PM63o0 fibers from Thorlabs and the C240TMD as the collimating asphere.

5 fibers with independent control of sodium and cesium beam alignment into each fiber as well as
power balance into the 5 fibers. A key consideration in the design is dealing with the two different
wavelengths involved. For instance, the beams diverge at different rates in free space (and out of

the fiber) leading to a different spot size at the output fiber, and therefore different optima for the
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collimating lens position for the cesium and sodium light. To minimize these issues, the distance
from the inputs to a particular output should be similar for the cesium and sodium light and as
small as possible. Alternatively, larger beam sizes also slow down the divergence of the two beams
and the differences in that divergence due to their different wavelengths. With this setup, we deliver
approximately 400 uW of sodium D2 light to the experiment (with a ratio of about 4:1 cooling

to repump light), and 300 uW of cesium D2 light to the experiment (with a ratio of about 100:1
cooling to repump light) per beam. Note that the beam balance between pairs of beam needs to be
about 10% or better to reliably obtain a MOT.

Our experimental sequence starts with loading MOTs of both sodium and cesium atoms. Here,
we will discuss the sodium part of this sequence (but note it can happen in parallel with the cesium
parts). A MOT using sodium D2 light is first formed over 100-200 ms. Then the B field and D2
light is turned off, while the sodium tweezers and D1 gray molasses light is turned on with approx-
imately 1.5 mW in each beam. Recall that the D1 gray molasses beam are copropoagating with the
MOT beams. Atoms are loaded into tweezers during this period.

To image atoms, we apply near resonant light and rely on the atoms to cycle photons. To deter-
mine whether an atom is present at a given location, we take a simple sum of the camera counts in a
particular region and check if it is above a certain cutoft. Counts above this cutoft indicates an atom.
For high imaging fidelity (the ability to distinguish between an atom and no atom), the histogram
of camera counts over different experimental sequences should show two well separated peaks (see
figure 2.4b). The number of scattered photons relies on the balance between heating from photon
scattering and the cooling mechanisms. If the photon scattering causes so much heating that the
atoms are quickly heated out of the trap, then not much fluorescence occurs. Therefore, a cooling
mechanism (which scatters photons) must be present.

In our previous work, we performed imaging with our D2 MOT beams (at zero magnetic field,

roughly under conditions of polarization gradient cooling), which has the advantage of automat-
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Figure 2.4: (a) An example of a dual species array of sodium and cesium atoms. Note that
these two images are taken in series (not concurrently), but we have plotted the image re-
sults on top of each other to visualize the relative array locations. The box indicates the
pixels which are summed to create the histograms in (b) and (c). (b) and (c) Histograms
of the total camera count for sodium and cesium respectively. The red line discriminates
between images with and without an atom at this site.

ically being aligned to our atoms. However, these large beams cause excess background scattering
and lower the imaging fidelity. To combat this problem, we use a pair of small imaging beams (<
S00xm at the atoms and typically < 1 mW of power in each beam) along the up and down direc-

tions. Furthermore, with our DC traps, D2 imaging is no longer possible, so we use D1 light pro-
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viding cooling via gray molasses cooling. Only with both Dr loading and imaging can we completely
remove our dependence on strobing tweezers and use our full tweezer laser power for larger arrays.
Aligning the imaging beams is actually a bit tricky without atoms to reference the beams to. We
found that by shining near-resonant light, we can align one of the beams to the atoms by destroy-
ing the MOT with as little power as possible. A decent starting point for the other beam is to fiber

couple it into its counter-propagating counterpart.

2.3 LASER COOLING AND IMAGING OF CESIUM

In this section, we describe the laser cooling of cesium used in our experiment. Cesiumisal = 7/2
atom leading to two hyperfine ground states ¥ = 3and F = 4in the 65, state. We form a
magneto-optical trap (MOT) on the D2 line, which is the transition from 65; /, to 65, and con-
tains a cycling transition from F = 3to F = 4. The laser system to create this light is described

in a previous thesis '*> and consists of two distributed Bragg reflector (DBR) laser from Photodigm
(PH852DBR240TS) at 852 nm: one addresses the ' = 4 hyperfine ground state and is considered
the “cooling” laser, and the other addresses the /' = 3 hyperfine ground state and is considered the
“repump” laser. The repump laser from ' = 2 to ' = 3’ is approximately 9.2 GHz detuned from
the cooling laser, and is locked to the crossover of the F = 3to ¥ = 3and F = 3to F = 4 transi-
tion using saturated absorption spectroscopy on a vapor cell. The cooling laser is then beat-locked to
this repump laser, using a fast photodiode (Electro-Optics Technology ET-4000) to record the beat-
note and a phase-locked loop (PLL) board (AD4159) to lock the beatnote to a reference DDS oscil-
lator. The repump laser needs to be delivered to the MOT beampaths as well as the optical pumping
beampath. Its frequency is controlled by a single double pass AOM with the actual beampath it goes
to determined by shutters. The cooling light frequency is controlled by the reference frequency to

the PLL board and the light is sent down the MOT and optical pumping beampaths. This setup is
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shown in figure 2.5. Imaging is performed with near resonant light using the MOT beampaths.
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Figure 2.5: (Not to scale) This beampath distributes cesium cooling and repump light

to the MOT and the optical pumping (OP) beampaths. The saturated absorption spec-
troscopy lock of the repump light is performed on another setup. The cooling light is
combined on a NPBS (to allow for optical interference) with the repump light to create a
beatnote that is measured on a fast photodiode. For the cooling light, the frequencies of
the AOMs are not so critical, because its frequency can be controlled with the beatnote
lock. Hence, these AOM:s are in single pass configuration. The repump frequency is con-
trolled by a double pass AOM and is thus tunable. Note that using it at 5o MHz (which is
required for the MOT repump) is quite inefficient, but we do not need much repump to
form a MOT. Shutters are used to eliminate leaked light for the cooling laser and to block
the light from the undesired beampath.
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2.4 OprTICAL TWEEZER ARRAYS

In our experiment, we use a static set of tweezers for sodium and cesium, and one set of rearrange-

165

ment tweezers. The static tweezers are created with spatial light modulators'®%, while the rearrange-

ment tweezers are created with an acousto-optical deflector (AOD) '**.

The sodium static tweezer with a wavelength of 615.87 nm, which is magic for the sodium D1
transition*, is created from a complete SFG system from Precilasers. This system consists of two
fiber laser seeds at approximately 1534 and 1029 nm, which are then amplified by a ytterbium and
erbium doped fiber amplifiers respectively. They are then passed through a nonlinear crystal where
a SFG process creates approximately 4 W of 615.87 nm. The light is then intensity stabilized via an
AOM (Gooch and Housego 3110-120) and coupled to a fiber for mode cleanup. This fiber is short
(to handle higher powers) and delivers the light to the apparatus.

The cesium static tweezer is at approximately 1064 nm and is produced from a so W Precilasers
ytterbium-doped fiber amplifier seeded by light from a Mephisto MOPA (Coherent Mephisto
MOPA). The light is intensity stabilized with an AOM. To handle these high powers, we use a
quartz AOM from AA Optoelectronics (MCQ68-Az2.5-L1064-Z38-C3 5Sa) especially designed
for high power. After the AOM, the light is delivered via an end-capped fiber to the experimental
apparatus.

The AOD tweezer is at approximately 1038 nm and is produced from a 20 W Azur Light Sys-
tems ytterbium-doped fiber amplifier (ALS-IR-1040-20-A-SF). This light is intensity stabilized via
an AOM (Gooch and Housego R23110-1-LTD). After the AOM, the light is delivered via an end-

capped fiber to the experimental apparatus.
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2.4.1 SPATIAL LIGHT MODULATORS

The spatial light modulator consists of an array of liquid crystals. These liquid crystals, which con-
tains long molecules, are anisotropic and thus are birefringent. An applied electric field tunes the
principal axes, with the long molecules aligning to the field. Thus, an array of liquid crystals acts as
a spatially dependent phase modulator of a laser beam, where this phase is controlled by an applied
voltage. To obtain the largest filling fraction of individually-addressable liquid crystal pixels (ad-
dressed by a voltage), these devices employ liquid crystal on silicon (LCoS) technology. The liquid
crystal is placed between a transparent conductive material, such as ITO coated glass, and a reflec-
tive array of electrodes, each of which can have its voltage adjusted. The drive electronics can then
be placed directly behind these reflective electrodes. In this configuration, light is intended to pass
through the conductive ITO coated glass, propagate through the birefringent liquid crystal, and re-
flect off the electrodes. Thus, these SLMs are used in reflection. Since the mechanism to change the
phase modulation requires physically rotating these liquid crystal molecules, refresh rates are limited
to the hundreds of Hz to kHz. These devices are also characterized by a settle time for the liquid
crystals to align. For these reasons, spatial light modulators are typically left unchanged throughout
an experimental cycle and are ideal as a static tweezer array. We note that there have been experi-
ments which have successfully used dynamic changes of the SLM to move and rearrange atoms *°.

The phase modulation capability is used to create arbitrary tweezer arrays from a single input
laser beam. To see how this is accomplished, we use the Fourier transform property of a lens, which
we will derive here. We place the SLM a distance zsp M away from a lens of focal length 7. We are
then interested in the electric field at a plane a distance 2’ after the lens. This setup is shown in figure
2.6.

We will use a scalar theory of light and ignore polarization®”. We further assume that the medium

in which the light propagates (characterized by index of refraction ) is homogeneous. In this case,
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Figure 2.6: Setup for calculating the electric field of a SLM modulated beam after a lens.

the scalar field # satisfies the scalar wave equation

n® 0%u(x,y,z,t
V2u(x,y,2,t) — 62(81‘}2/) =0. (2.1)

We assume the light is monochromatic, namely that the time dependence of #(x, y, z, £) is captured

by e ™ where w = 27vis the angular frequency of the light. Mathematically, we make the ansatz

u(x,y,2,t) = Ul(x,y,2)e”"*" and substitute into equation 2.1 to obtain

V2U+FU=0 (2.2)

where & = nw/c is the wavevector of the light. This equation is known as the Helmholtz equation.
The Rayleigh-Sommerfeld solution relates the scalar field in one plane z = z( to another atz = 2; in
the following way:

1 00 0o 21 — 2, ez'/er
Ulxi,,21) = zl/ / Ulxo, 90, 20) ! " Odeodyo (2.3)

where 1 is the wavelength of the light and » = \/(xl —x0)% + ()1 — y0)? + (21 — 20)? is the
distance from the observation point (1, 71, 21) to the source point (xo, yo, 20 ). This equation is
used to propagate the field from one plane to another. Let’s work in the far field where » ~ 2z; — zo.
ikr

In this case, (21 — 20)/7 ~ 1, and we need to Taylor expand the exponent in ¢*” to lowest order in

(x1 —x0) /(21 — 2z0) and (y1 — 90) /(21 — 20). We obtain
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Ulx1, 91, 21) = / / U(x0, y0,20)e =) ¢ Zk(a w0 ta—z Zo)dxodyo (2.4)

12 (21 — 20)

which is known as the Fresnel diffraction integral. Our plan of attack will be to propagate the field
at the SLM (which is determined by the SLM) to the lens. Then, we apply the lens transmission
function to the field. Finally, we will propagate it to the final plane of interest (such as the atom
plane).

Let the field at the SLM be given by Usim(«, 3, 2). Immediately before the lens, the field is given
by

RasIM z/e(xl H7) #(5+7%5) 7Zk(x0x1 4o )
Ul-(xh)’lyzl) = MZSLM 2e51M USLM xo’yO,zO) 25IM e LM | 2SLM dxod)’O-
(2:5)
. x2+ 2

.. . .. —ik=——
The lens transmission function is given by ¢ "7 where xand y are on the plane of the lens. The

field immediately after the lens is then given by

ke k()

_ k”l 7L71 (”0”0) l»k( 0¥ | 0N )
e BSIM ¢ USLM X0, Y05 Zo)e 25IM ¢ ZSLM | ZSLM dxodyo-

(2.6)

Ui (x1,01,21) = s

Now, we finally propagate to our plane of interest, a distance 2’ away from the lens. Using the Fres-

nel diffraction integral once again, we obtain

ik x2+y2

'Z 2z (VIJ'_}'I) — X1 | Y
U(x2,92,22) = / / Ui (%1, 01,21)e” 2 e W) dxydy (2.7)
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The resulting integral integrates over 4 variables. We can evaluate the integral over x1, y1, thus relat-
ing x», 7 directly to the SLM plane coordinates xg, yo. We collect all terms with x1, y1, which results

in the integral

o0 o0 1'/0(x12+y12) ; X%+}'% ; (x()"l Y01 ) IYC(X%‘F")%) (%X | Y
I:/ / e o e o e o) e m L +7’)6136161)’1. (2.8)
—00 J —0O0

Instead of solving this integral in complete generality, let’s consider a plane where 7 = /- In other
words, our final plane of interest is at the focus of the lens. This allows us to get rid of two terms in

the above equation, and we can perform the integral after completing the square in the exponent.

We obtain

_pEftmsim )% +Gaftrazsim)
T = ilzsime 2esim . (2.9)

Substituting this result into equation 2.7, we obtain the final field at the focal plane

U(x2, 2, 22) = M;’k%v—mw /OO /Oo Ustm (%0, 70, zo)eﬂ'k(%>dxodyo.

o o)

(2.10)

We notice that the field at the focal plane of the lens is the Fourier transform of the field on the SLM
plane, with an additional quadratic phase factor, which vanishes when zspm = f. Thus, ideally, we
would operate with zsy = f'to have this exact Fourier transform relationship between the two
planes. However, if the SLM is not exactly on the back focal plane of the lens, there is additional
phase curvature represented by this quadratic phase factor. If we are only interested in the intensity
of the light, then this phase curvature does not impact the intensity distribution.

The problem of creating an arbitrary tweezer array on the focal plane of the lens thus reduces

to calculating the inverse Fourier transform of our target pattern and projecting that on the SLM.
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However, there is a slight complication since the SLM only has phase modulation capabilities and
does not modulate the amplitude of the beam. If we have a plane wave (constant amplitude 4, and

phase) impinging on our SLM, the resulting field directly after the SLM is modified to be

Ust (%0, ¥0, 20) = AoePsim(¥0:90) (2.11)

where @g; (%0, y0) depends on the voltage applied to each pixel which can be controlled via a com-
puter. Note that since the SLM can only phase modulate each part of the beam, it makes it difficult
to specify both a desired phase and amplitude on the target plane. However, if one only constrains
the intensity, and thus the amplitude, relatively efficient algorithms, such as weighted Gerchberg
Saxton (WGS)*»"*¢ exist to calculate @ .

The WGS algorithm is an iterative algorithm. Suppose we want a target amplitude on the focal
plane to be 7 («’,y"). We start with a random initial guess phase @ (x, y) on the SLM plane. Given

an intensity distribution Zsr(x, y), we can calculate the field

Ustm,o(%,y) = 1/ IsLm (x, y)ePsuaa(x) (2.12)

on the SLM plane. We assume that the effect of the lens is to perform a Fourier transform, so we can

perform this numerically in software to obtain a field on the focal plane
U ) = A,y ), (2.13)

consisting of both an amplitude and phase part. The amplitude part is discarded and replaced with
T(«,y)g1(x,y), where g1(x/,y') is a non-uniformity correction. This correction can be either
calculated from 4; («, ') or can also be determined using feedback from a camera or from a mea-

surement on the atoms. For instance, if there is some spatially dependent optical loss which reduces
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transmission for a particular point, this correction allows our algorithm to artificially compen-
sate and raise the target intensity of that point. The inverse Fourier transform is then applied to
T,y ) g (', )é? ) resulting in an SLM plane field of 4; (x, y)el“DSLMﬁl(x’y ). We then discard

the amplitude part and replace it with /Zspm(x, y) resulting in
Usta(x,9) = y/Isia (x, p)e o), (2.14)

which is the next guess for the iterative algorithm. For the phase-fixed version of the algorithm ¢,
we no longer update ¢,(x’, y') at some N. In other words, when we perform the Fourier transform,
we discard both the amplitude and phase beyond N, but note that we still have feedback from the
gi(«,y"). For our SLM phase patterns, we typically use around N = 10, and discretize our space
into a2 2048 x 2048 grid. We crop the central 1280 x 1024 region to use for our SLM. Padding the
computational space with extra pixels helps the accuracy of the algorithm, allowing for the storage
of higher frequency components in the Fourier transform.

Another nice feature of SLM:s is that they can be used to correct for optical aberrations, which
are deviations of the actual wavefront from the ideal one, say of a Gaussian beam. Deviations in a
wavefront are a phase lag or phase lead relative to the ideal one. This setting is a perfect one for a
SLM which can correct for these phase differences by applying its own phase modulation. Aberra-
tions can be decomposed into a basis of Zernike polynomials*?, where each polynomial is a function
of two variables x and y and is orthonormal on the unit disk. Each polynomial is characterized by
its effect as seen after focusing by a lens, and include astigmatism, coma and trefoil. SLMs contain
inherent imperfections mostly from the surface roughness on each pixel or an imperfect filling frac-
tion. Thus, the manufacturer ships the SLM with a factory calibrated correction pattern that cor-
rects the aberrations of the SLM itself. This correction pattern is critical to apply and withoutita

simple Gaussian beam can look quite distorted as shown in figure 2.7a. We find empirically that this
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seemed to matter more for the cesium (1064 nm) SLM compared to the sodium (616 nm) SLM.

a) b)

Figure 2.7: a) A single tweezer for our cesium SLM (1064 nm) without applying the factory
calibrated correction. b) Upper: A 3 by 9 cesium array before wiping a mirror with some
dust on it. Notice the haze around the array. Lower: The 3 by 9 array after cleaning the
mirror. c¢) The corresponding arrays of cesium atoms before and after cleaning the mirror.

We note that while it is nice SLMs can in principle correct all aberrations (using infinitely high
orders of Zernike polynomials), this power is not to be abused. It cannot easily compensate for high
amounts of aberrations, nor is it easy to determine the exact Zernike decomposition to correct an
arbitrary aberration. Care should be taken in the construction of the beampath to minimize the
amount of aberrations. In fact, atom loading should be possible with zero aberration correction. In
the upper panel of figure 2.7b, we show a picture of our atom array when a mirror in the beampath
was dirty. The corresponding atom image in the upper panel of figure 2.7¢ shows misshapen traps.
We worked hard to try to improve the array in this condition using Zernike polynomials, and while
it was possible to make certain traps look better, it was impossible to make all traps look good using
only the first 4 or so orders of Zernike polynomials. To solve this issue, we simply had to clean a par-
ticular mirror in the beampath, resulting in the light pattern in the lower panel of figure 2.7b. After
cleaning, atoms loaded immediately (and at reasonable powers) with zero aberration correction.

While using cameras to emulate the atom plane (i.e. picking off the tweezer beam before the ob-
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jective and focusing with a large focal length lens) are a reasonable tool for alignment and rough
uniformity and aberration tweaking, we have not had great success at getting an exact 1 to 1 corre-
spondence of the offline tweaks with the ideal conditions as determined by the atoms. For instance
optimizing the uniformity of the trap depths offline on a camera only ensures actual trap uniformity
to around the 10% level. Further optimization on the atoms is required to get the depths to be uni-
form beyond this level. Trap depths are measured by determining the transition frequency of the
38, = 2,mp =2 = 3P3,F = 3,mp =3 (6S,),F = 4,mp = 4 — 6P3 ) F =S, mp = 5)
in sodium (cesium). This transition light shift is related to the trap depth via the known polarizabil-
ities for each state. For more precision, we can also determine the trap depth via the trap frequency.
The trap frequency is most easily measured by locating the parametric heating resonance, which
occurs at twice the trap frequency®” (axial or radial). Typically trap depth information is also used
to reduce optical aberrations based on the simple principle that optical aberrations reduce the peak
intensity of the traps. Thus, by maximizing the trap depth as a function of Zernike polynomials
applied on our SLM, we can minimize aberrations. We have found a 10-20% increase in our trap
depths after correcting for aberrations'.

Another known effect in SLMs is the presence of a “zero order” spot **. This spot arises from
the imperfect anti-reflection coating on the SLM pixels, resulting in light that does not go through
the liquid crystal medium. A rule of thumb is to avoid overlapping the diffracted beam spots (i.c.
the portions of light that does go through the liquid crystal medium) with the zeroth order or points
directly above and to the side of the zeroth order. Thus, the usable region of the SLM separates into
4 quadrants. We further block the zeroth order beam from making it to our atom plane by using a
d-shaped mirror (which also blocks out two quadrants) on an intermediate focal plane, which will

be described in section 2.4.2. The zeroth order spot is also stronger when we create arrays farther

"We have only scanned the weight of each Zernike polynomial more or less independently. There is great
potential here to use machine learning to determine how to optimize this high dimensional parameter space.
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away from the zeroth order. The diffraction efficiency of a trap is limited by a sin(r) /» envelope "*¢
resulting from the pixelated structure of the SLM, which causes diftraction into higher orders. This

diffraction efficiency can be compensated for during array generation.
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Figure 2.8: An overview of our SLM control software. The main additional abstraction
to slmsuite is in the PhaseManager, which contains a base pattern (which is responsi-
ble for the atom array pattern) and an additional pattern (which includes all corrections
that should be common for every atom array pattern). A Server manages connections
to client computers. Highlighted boxes indicate classes from slmsuite, and the dashed
lines indicate two custom camera and SLM classes we created. The CameraClient al-
lows using cameras from a separate computer. The CorrectedSLM wraps a SLM with a
PhaseManager so that the write function includes the additional corrections.
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SLM CONTROL SOFTWARE

The goals of our control software are to be flexible and modular. Our software wraps around slmsuite,
which implements the WGS algorithm and builds in feedback capabilities. For instance, it is rela-
tively well integrated with cameras in order to perform automatic uniformity feedback. It also au-
tomates the calibration between computational space coordinates and camera coordinates. It can
also perform automatic wavefront calibration, where it can determine a correction pattern for the
aberrations in your optical path and has recently implemented local Zernike polynomials, allowing
for more local aberration correction.

Our Hamamatsu SLMs interface with a computer via a display adapter and thus gets treated
as a monitor. slmsuite uses a generic class to deal with these SLMs, compared to more specific
classes to deal with SLMs that have a dedicated SDK. Generically, slmsuite defines abstract cam-
era and SLM classes, equipped with a standard set of functions such as writing to the SLM or taking
a picture that need to be implemented for each new SLM or camera. As of this writing, slmsuite
supports Thorcams, but not our Andor cameras.

The main abstraction our codebase adds is the concept of two separate “buckets” of phases,
which in the code is often referred to as the “base” or “additional” pattern. Simply stated, the base
pattern is all information that is specific to a given tweezer array pattern, while the additional pat-
tern, at least conceptually, is all information that is independent of the pattern. The base pattern is
calculated for each desired tweezer array pattern, which is specified by a list of «, y coordinates and
amplitudes for each of these points. The additional pattern mostly consists of aberration correc-
tion (manufacturer calibrated and our own Zernike polynomials) and in principle should be the
same regardless of the base pattern. The base and additional phases are set and manipulated in a

PhaseManager, which upon calling the get method returns a sum of these two components. This

i[https:/ /github.com/sImsuite/slmsuite
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abstraction between “base” and “additional” also extends to data saving, where we can save and load
base patterns separately from additional patterns and mix and match them for convenience.

Our codebase also adds a Server which can accept requests from a client in order to control the
SLM remotely. This functionality is also critical for automated feedback. The Server interfaces
with sImsuite via a class called Interface. Any users of slmsuite which want to use our ad-
ditional abstractions/functionality but with a different server or any other program should use the
Interface.

Lastly, our codebase adds two additional subclasses of SLM and Camera. For the SLM, we cre-
ated a thin wrapper called CorrectedSLM. This is because the slmsuite Hologram class, for its
feedback features, directly writes the newly calculated pattern to the SLM, without any additional
phase corrections. This is not ideal for us, because we need these corrections in order to load atoms
and these corrections may also affect uniformity. Our custom class takes any SLM as an input but
also a PhaseManager. It overwrites the write method to treat the argument only as the “base”
and the PhaseManager contains the additional phase to add to the base before displaying on the
SLM. The custom Camera subclass we created implements all Camera methods to send network
requests to a CameraServer which then routes those same commands to an actual camera. Itis
called CameraClient, and allows the actual physical camera to be located on a separate computer

from the SLM computer.

2.4.2 SLM BEAMPATHS

Figure 2.9 depicts our beampaths on the tweezer side of our apparatus, which includes the SLM
beampaths. The goal of these beampaths is to deliver light that can be modulated by a SLM through
an objective without optical aberrations. Thus, extra care is taken to center the beam on each lens
and to ensure that the beam passes through the lens on its symmetry axis. We also use achromat

lenses, instead of simple plano-convex lenses. If possible, we will use two inch optics, so inhomo-
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Figure 2.9: (Not to scale) Our tweezer and imaging beampaths. The brown is the 1064

nm cesium SLM tweezer. After the SLM, the beam is expanded to roughly 18 mm by a 4f
telescope. A PBS cube is placed as far down the beampath as possible to remove any circular
polarization which can cause vector light shifts between the hyperfine ground states. The
maroon red is our 1038 nm rearrangement tweezer. The light first goes through a vertically
deflecting AOD. The AOD location is imaged in a 4f system to a second horizontally de-
flecting AOD. Afterwards, the beam is expanded to about 18 mm by another 4f telescope.
The red is the 616 nm sodium tweezer. After the SLM, the beam is expanded with a tele-
scope, and the polarization is made linear with a PBS. This light is then combined with the
other two aforementioned tweezers on a dichroic. The yellow represents the imaging beam-
path, which collects the fluoresced light (typically 589 and 852 nm for sodium and cesium)
from the microscope objective. The light is directed to this beampath by a dichroic. The
atoms are imaged in a 4f system to an Andor camera.
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geneity of the optical surface near the edges of an optic can be avoided. Ideally, the beam should fill
the entire surface of the SLM, so that all the pixels of the SLM can be used. At the objective, for the
smallest waist at the focus, the beam should fill the entire aperture S In our experiment, these con-
straints require a beam size of approximately 10 mm at the SLM plane and 18 mm at the objective
entrance.

To navigate between these two sizes we use a 4f imaging system to expand the beam. In partic-
ular for sodium (cesium), we use a telescope with /i = 500(300) mm and /> = 750(500)mm.
Ideally, the SLM lies a distance f; before the first lens. The distance between the two lens is f1 + f2,
and the objective is a distance f> + fopj from the second lens. For cesium, we are able to satisfy these
relationships, but for Na, our SLM is not placed a distance f; from the first lens. According to equa-
tion 2.10, we see that the effect of this is to introduce additional phase curvature on the atom plane,
which does not affect the intensity distribution.

Our cesium beam starts at about 10 mm out of an collimator from Oz Optics. Light is picked off
with a beamsplitter and directed to a photodiode for intensity stabilization. After reflection off the
SLM, it enters a 4f telescope for the purpose of expanding the beam. Within this telescope, there
is an intermediate focus where we place a d-shaped mirror to reflect the zeroth order beam. Due to
space limitations, to fit a distance of f + f; between the two telescope lenses, we need to direct the
beam upwards and back down. We find that Thorlabs damped posts provide sufficient stability.
The beam is then combined with the rearrangement tweezer via a custom dichroic from Layertec.
Since the wavelengths that need to be separated are very close in wavelength (1038 and 1064 nm),
this dichroic only works well at a very specific angle up to a few degrees of tolerance, complicating

alignment.

SThere is also a school of thought that this technically results in an airy disk pattern, which can result in
interference between nearby traps. To minimize this effect, a smaller beam that doesn’t quite fill the aperture
is preferred. Simulations can be performed to find the correct compromise between waist size and airy disk
lobes that minimize interference.
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Figure 2.10: (a) An intuitive picture for the origin of the vector light shift in cesium. The
circular polarization, o, of the tweezer couples the |4, 4) state only to a |5, 5) state which
is only available at the D2 line, which is at 852 nm. The |3, 3) state couples to both the D1
line and the D2 line, which are at vastly different detunings. (b) The polarization*** at the
focus of a tweezer provided that the tweezer is at a horizontal polarization. The tweezer
propagates in the z direction, and the effective B field from the circular polarization points
in the y direction and the gradient is along the x direction. (c) Same as (b) but when the
tweezer polarization is in the vertical direction. In this case, the effective B field is in the x
direction, and the gradient is along the y direction.

After this dichroic, the polarization of the tweezer is cleaned up by a polarizing beam splitter
cube. Polarization cleanup is critical for avoiding vector light shifts on the |4, 4) to |3, 3) transition
in cesium. Figure 2.10a shows the level diagram for cesium. This light shift arises from the fact that
with 7 light, the |4, 4) state is only connected to the 65, state while the |3, 3) state has matrix
element with both 6P, /; and 6P;/,. Thus, with the large fine structure present in cesium, there

is a large detuning discrepancy with the states in each manifold and thus a large difference in the
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contribution of each state to the AC Stark shifts on the ground state levels.

a)

b) C)
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Figure 2.11: (a) An array created by an acousto-optical deflector with color-coded site la-
bels. (b) The location of the |4, 4) to |3, 3) resonance in cesium as a function of the site. (c)
The same data as (b) after cleanup of the tweezer polarization.

Figure 2.11 shows this light shift and its variance across an array formed from an acousto-optic
deflector. This shift can be on the order of a few hundred kHz, and shows a clear gradient from one
side of the array to the other. We believe this gradient of the circular polarization arises from some
polarization changing optic that depends on angle. To avoid these issues, we cleanup the polariza-
tion as close to the microscope objective as possible, which greatly reduces the polarization variation
across the array.

The use of horizontal polarization as the preferred polarization of our tweezer array is also im-

portant. The focus of a tweezer has a polarization gradient***. Suppose the tweezer propagates in
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the z direction and has a linear polarization. The polarization gradient is along the direction of the
linear polarization and the circular polarization is in the plane of the tweezer propagation and the
linear polarization (so either xz or yz plane) as shown in figure 2.10b and c. We want the effective

B field created from this circular polarization to add in quadrature (be perpendicular) to the bias
field. This minimizes the state dependent energy shift within the tweezer by reducing the effect the
tweezer focus has on the overall local polarization. This condition is satisfied with a horizontally po-
larized tweezer but not with a vertically polarized tweezer. We note that this allows one to combine
the SLM and AOD tweezer light using a polarizing beam splitter cube as long as the SLM tweezer is
on the transmission port of the cube. This requirement is most important for the tweezers in which
we perform Raman sideband cooling which are the SLM ones. It matters less for the AOD tweezers,
which are used only for atom rearrangement. In our experiment, we are geometrically constrained,
so we choose to combine the cesium SLM and AOD tweezers using the aforementioned dichroic.

After the polarization cleanup, the light then proceeds through a combining dichroic (DMLP9gooL)
from Thorlabs which allows through our 1038 and 1064 nm tweezers while reflecting 616 nm, our
sodium SLM tweezer wavelength. Then, the light proceeds through a custom imaging dichroic
from Layertec which allows 1038, 1064 and 616 nm through while reflecting 89 and 852 nm
which are our two imaging wavelengths.

The sodium SLM tweezer light starts from a C40APC-A fiber collimator from Thorlabs at ap-
proximately 10 mm. The polarization is cleaned and the light is picked off by a beamsplitter and
sent to a photodiode for intensity stabilization. The light is then sent to the SLM which operates in
reflection and sent through a 4f telescope to get expanded. The light is combined with the Cs SLM

and AOD tweezers and then sent through our microscope objective.
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2.4.3 AOD BEAMPATHS

An acousto-optical deflector consists of an optically transparent crystal, in which a sound wave
propagates through it. The sound wave creates a spatially periodic variation in the refractive index.

This effect creates a grating which can diffract an incident laser beam according to the formula

0= Y (2.15)

where A is the wavelength of the laser beam, fis the RF frequency of the acoustic wave and v is the
acoustic velocity. To obtain larger deflection angle, we typically use shear mode acousto-optic de-
flectors (AA Optoelectronics DTSX-400-1030) which is a lower velocity mode (650 m/s) compared
to typical longitudinal mode AOMs (4200 m/s). These shear mode deflectors require a particular
linear polarization and rotates the polarization by 9o degrees.

Figure 2.9 shows our AOD tweezer beam path in maroon red. The AOD tweezer light starts
from a custom collimator from Oz Optics with a beam diameter around 2 mm. The beam has
its polarization cleaned up and then is picked off for intensity stabilization. The light then passes
through two acousto-optical deflectors placed along each direction to deliver deflection in the verti-
cal and horizontal direction. In order for the effect of the first AOD to purely be a deflection (and
thus a position change after the objective lens), we place a 4ftelescope (using S0 mm lenses) to im-
age the beam from the vertical to the horizontal AOD. This beam is then expanded using another 4f
telescope (/i = 100 mm, /5 = 750 mm). This 4/ telescope which expands the beam by a factor of
7.5 also reduces the angular deflection by this same factor. This limits our total angular deflection
and thus the range of positions our AOD traps can access.

These AODs need to be carefully aligned for high diffraction efficiency across a large bandwidth.
If it is aligned for high diffraction efficiency at a single frequency, it may not have high efficiency at

another frequency. Thus, it should be aligned with a frequency ramp and the light (whose deflec-
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tion is changing) subsequently focused onto a photodiode.

2.5 ATOM REARRANGEMENT

196 which eject

Loading atoms in optical tweezers is stochastic, due to light assisted collisions "7
atoms pairwise. Red-detuned cooling light (such as light typically used in atomic MOTs) will cause
atom pairs to be excited to a molecular state, which can roll down a potential well causing pairwise
loss and a loading rate around 50%. However, by using blue-detuned light, the light excites the atom
pair to a dissociative potential where the energy release can be carefully controlled with the laser

116,205,260 Tp ejther case,

detuning. These techniques have yielded loading rates beyond 80% %+37%
stochastic loading poses a challenge for experiments in quantum computing and quantum simula-
tion which require defect-free arrays. This problem has been solved by real-time imaging of atoms
and subsequently moving atoms with mobile traps, created from an acousto-optical deflector, to
the desired locations”>*35'4, Atom rearrangement requires fast atom-imaging as well as the abil-
ity to dynamically determine the required atom moves in real time. Any time that the atom spends
while interpreting an image and deciding what to do is wasted time where the atom is vulnerable to

background gas collisions. Our approach attempts to minimize this time while maintaining as much

flexibility as possible.

2.5.1 HARDWARE

To move atoms dynamically and quickly, we use the aforementioned shear-mode acousto-optical
deflector (AOD). Driving the acousto-optical deflector requires inputting multiple frequencies. As
documented in a previous thesis of our group **?, our computer control system’s RF generation
capabilities consist of a FPGA which controls DDS chips that output single frequencies. Combin-

ing the outputs of multiple DDS chips can quickly become cumbersome and is a poor allocation of
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resources on our control system. Hence, we use an arbitrary waveform generator (AWG), the Spec-
trum Instrumentation M4i.6622-x8, to generate our AOD control signal. We operate the AWG in
first-in-first-out (FIFO) mode. In this mode, the AWG continuously runs through a bufter, out-
putting 16-bit samples at its sampling rate. We need to continually fill this buffer with new samples.
This allows the greatest flexibility in the programmed waveforms, and allows them to be determined
arbitrarily in real time. However, the computational cost is quite hefty. At the maximum sampling
rate of 625 MS/s, we need to generate and transfer over a gigabyte of data a second. We describe our
software architecture in section 2.5.2.

Another challenge that using the AWG presents is synchronization. For our experiment, the pri-
mary clock of the experiment is determined by the FPGA. The FPGA maintains the timing of all
DDS and TTL pulses, which it itself controls, and it clocks our National Instruments analog out-
put device (PCI-6733). We need to synchronize the output of the FPGA with the AWG. Precisely,
the AWG needs to know which sample in its buffer corresponds to the FPGA # = 0 for a given
sequence.

To do this, we use the AWG’s feature to output a sample clock, where each cycle corresponds to
an output of a new sample?. The goal is to use a counter to keep track of each sample of the AWG,
and to synchronize the sample count with a FPGA trigger. The counter we use is within an Arduino
Nano which also allows simple interfacing with a computer via a serial connection. The details of
the circuit are described and shown in figure 2.12.

In our case, at our maximum sample rate of 625 MHz, the clock signal is divided down by 128 to
approximately 4.88 MHz, which can be counted by our Arduino Nano (16 MHz clock speed). This
limits the theoretical synchronization accuracy to about 200 ns. Once the start trigger is successfully

mapped to a buffer sample, the FPGA and the program agree in advance that # = 0 of the sequence

SPrecisely, according to the manual of the device, this output clock is sample rate/8, if the sampling rate is
greater than 71.68 MHz, and is sample rate/4 if less.
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Figure 2.12: This circuit synchronizes the Spectrum Instrumentation AWG with our
FPGA via an Arduino. The clock signal out of the AWG is a sine wave that is about 8oco
mV peak-to-peak at a frequency of 625 MHz/8 = 78.125 MHz. We convert this into a
“digital” signal with a comparator. Then, a clock divider (or counter) divides the signal by a
factor of 16, so that it is slower than the clock speed of the Arduino. To count edges on the
Arduino, we configure hardware Timer 1 (T1) to perform the counting in hardware and
not in software. The FPGA start trigger is sent to the ICP1 pin, which latches the current
value of T1 (while allowing T'1 to continue counting), and runs an interrupt service rou-
tine in software. The interrupt service routine then writes the clock count to the serial port
which is connected to the computer. An interrupt service routine is also run each time the
16 bit hardware counter overflows to increment a software counter. The software variable
allows for an arbitrary number of bits in our counter, and for us we use a 32 bit integer.

will be x ms after the trigger. We call x the synchronization latency of our system. x cannot be zero,
since this would require the AWG program to begin outputting the real sequence immediately upon
receipt of the trigger. The latency is determined by two factors: the serial communication time be-
tween the Arduino and the program that populates the FIFO buffer of the AWG, and the computa-

tional time required to pre-fill the buffer as much as possible to prevent buffer underrun. The first
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limitation is fundamental and is on the order of 5 ms. However, faster methods than serial com-
munication may be used to speed this up. The second limitation depends on the complexity of the
sequence, and the computational capabilities of our AWG computer. In practice, we use latencies of

around 25-100 ms for most rearrangement tasks described in this thesis.

2.5.2 SOFTWARE ON THE AWG SIDE

The software additions required to implement rearrangement consists of two major components:
code to operate the AWG device itself, and code to program rearrangement sequences in a user-
friendly and efficient way on the frontend. We first discuss the code that operates the AWG device.
This code runs on an Ubuntu system, which has the AWG installed on a PCle slot, and the afore-
mentioned synchronization Arduino connected via serial port.

We parameterize our arbitrary waveforms as composed of virtual channels, each of which has
a frequency, amplitude and phase. These frequencies, amplitudes and phases can be ramped or
simply just set at specific times. Each virtual channel is calculated using AVXs 12 instructions,
and thus are calculated in parallel 64 bytes (32 samples) at a time. Virtual channels that are cal-
culated on the same CPU thread compose a Stream. Multiple streams are summed together in a
StreamManager and delivered to a single physical output via a Controller class. Our device has
4 physical output channels. Using multiple output channels requires faster data generation capabili-
ties, so we have used at most 2 physical output channels in the experiments of this thesis.

Now, we describe the data flow in our program. The Controller configures the AWG’s inter-
nal hardware buffer and also a separate software buffer that the AWG driver automatically extracts
from. The StreamManager has a buffer where it adds up results from its constituent Streams.
Each Stream also has a buffer where it stores its results. The sum of all these buffers sets a lower
bound on the synchronization latency. In other words, since it is unknown when a trigger might

arrive, these buffers are constantly filled (to prevent underrun) and thus any “real” sequence data
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needs to follow after the already computed data. Notice that during a sequence, the needed samples
are completely known, which allows us to arbitrarily fill the bufter without any latency issues. We do
allow a larger buffer to be filled during a sequence, but throttle the filling of this buffer in software
when awaiting a sequence. When we operate with 25(100) ms latency, the total relevant buffer size
is 8(40) megasamples per physical output, which is a theoretical latency of 13.4(67.1) ms.

To communicate with the Streams, especially from a remote computer, we run a Server writ-
ten using ZeroMQ as the main network communication library. The server accepts sequences,
which are a list of commands, and then passes these commands through the Controller, which
distributes them to the correct StreamManager. The StreamManager then shuttles them to the
correct Stream. The Server also alerts the requesting computer when a sequence is finished. The
key components of this software package are summarized in figure 2.13.

Currently, as mentioned above, we calculate the entire waveform in real-time. At the very least,
for every sample, the phase of each channel needs to be advanced (according to its current fre-
quency) and its value calculated. If we program a channel to perform an arbitrary frequency or
amplitude ramp, we also need to calculate the new value of the frequency and amplitude at each
sample. Thus, the highest computational costs occur when channels need to be ramped, and buffer
underrun is more likely to occur during longer ramps. When we do not ramp any channels, on our
Intel Core i9-9980XE processor, we can output approximately 64 frequencies on a single output
with a total of 16 threads at max buffer size. In typical daily operation, we operate with two out-
putsl, with around 12 frequencies on one and one frequency on the other. To reduce the latency to
25 ms, we find it helpful to reduce the sampling rate to 500 MS/s.

Now, we will discuss future improvements to this system. A hybrid approach involving precom-
puting and on-the-fly computing can save some resources for truly dynamic situations. For instance,

if particular tones just need to be on, these can use precomputed waveforms while dynamically de-

IOne for a horizontal rearrangement tweezer and the other for our cesium Rydberg beam
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Figure 2.13: Architecture of the AWG Control Software. The Server receives commands
over a network, and sends them to the Controller. The Controller distributes con-
figuration commands directly to the Spectrum AWG Driver, and sequence commands to
StreamManagers which correspond to each physical output. The StreamManager sums

up data generated by Streams. Data is then sent by the Controller to the Spectrum
AWG Driver which handles output.

termined ramps are computed on the fly. Spectrum Instrumentation has implemented DDS cores
on their AWGs which can also be utilized to relieve the load on the CPU. Lastly, a GPU is ideal for
these sort of repetitive parallelizable computational tasks. However, the main concern with using a
GPU is the required communication bandwidth between the CPU and GPU. As we will discuss in
the next section, arbitrary frequency and amplitude ramps are currently calculated on the CPU, and
these results will need to be sent to the GPU for each sample, requiring gigabyte per second trans-
fer speeds. Similar in spirit to the hybrid precomputation approach, the GPU may be reserved for

non-ramps, while the CPU continues to handle ramps.
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2.5.3 SOFTWARE ON THE USER SIDE

Our full control system and user interface has been detailed in a previous thesis in our group*#3. I
will briefly summarize the interface here. An experimental sequence is a collection of pulses on all
the channels of our experiment. Channels include the frequency and amplitude of DDS pulses, the
analog output of a National Instruments DAC, or the frequency, amplitude and phase of a virtual
channel on the AWG. A pulse can be a simple instantaneous change of the value or a complicated
ramp that extends over a certain amount of time.

Previously, sequences were fully deterministic, so they would be written and then converted into
commands for the various devices. These commands would be executed independent of MAT-
LAB and controlled by the FPGA for synchronization and precise timing. However, with atom
rearrangement, each sequence will now depend on the exact configuration of stochastically loaded
atoms. It would be infeasible to calculate a sequence for every configuration of loaded atoms, so the
sequence will need to receive feedback in real time on what it should do. To do this, we introduce
the concept of a “basic sequence”. A full experimental sequence may comprise of multiple basic
sequences. Between each basic sequence, program control is returned to MATLAB, so MATLAB
code can run during this time. Note that since MATLAB code does not run completely predictably
(from our perspective), the timing between basic sequences is not strictly controlled and cannot be
relied on. If the AWG is involved, each basic sequence must be separated by at least the synchro-
nization latency of the AWG. For us, the return to MATLAB is necessary in order to grab images
from the camera and communicate with the National Instruments DAC™, both of which currently
interface with MATLAB.

In this case of atom rearrangement, images are grabbed in between basic sequences, and then the

“*This is certainly unnecessary, and in fact some 20-30 ms of latency arises from using MATLAB to com-
municate with the National Instruments card. Using the FPGA to directly interface with the camera is also

being explored.
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rearrangement algorithm is calculated in MATLAB and the rearrangement sequence is determined.
In principle, the rearrangement sequence can then be created, compiled and ran much like any other
sequence, without any significant change in the user interface. However, in this paradigm, sequence
creation and compilation occurs in between basic sequences, while atoms are sitting idly in traps.
Thus, we need to prioritize speed in between basic sequences to prevent atom loss or heating.

To do this, we note that most components of the sequence are already known regardless of the
loaded atom configuration. For instance, if we are performing a Rydberg experiment, Rydberg ex-
citation pulses after rearrangement are known and can be precompiled already. In other words, we
would like to precompile everything that we already know before any atom loading as much as pos-
sible. We introduce the concept of a “global”, which is a dynamic variable that can be set in between
basic sequences. Globals can represent a variety of concepts, such as the length of pulses, the set
value of pulses, parameters of a ramp or a switch for whether a pulse occurs. In this paradigm, the
user needs to create a scaffold of all possible rearrangement sequences, and the appropriate globals
are filled after the image is obtained.

For the implementation, globals are assigned to particular memory addresses in a piece of pre-
compiled object code, which is compiled and managed by LLVM. This object code also precom-
piles any ramp functions, which is much faster than interpreting them on the fly. Note that LLVM
supports compiling for a non-host target system. For the AWG, the code is compiled on the host
computer (which is typically a Windows computer), and then sent over the network to the AWG
computer (typically an Ubuntu computer), which executes it when needed. The complete imple-

mentation details and a detailed API is out of scope for this thesis.
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2.6 OrtIiCcAL PUMPING

In our experiments, we often need to perform state preparation. For instance, to perform Raman
sideband cooling, the atoms need to be prepared in a particular hyperfine state. Our Rydberg exci-
tation scheme is also hyperfine-state selective requiring high fidelity state preparation. Our optical
pumping schemes have been described in previous theses and are relatively standard, but I'd like to
reiterate here for completeness and to also provide some practical tips on how to optimize the proce-
dure.

Typically, we want to perform Fand m level pumping; in other words, we’d like to prepare
the atoms in a single F, m state, typically |F = 4, mp = 4) for cesium and |F = 2, mF = 2) for
sodium. This can be achieved by shining o lightonthe F = 4to ¥ = 4and F = 2to F = 2
transition in cesium and sodium respectively along with a repumper to address the F = 3 and F =1
states. Due to the lack of a mp = S(mp = 3) state in cesium (sodium), the |4, 4) and |2, 2) states
are dark states to this drive. Hence, we would expect accumulation of cesium and sodium atoms in
these states. While these conditions can technically be achieved on both the D1 and D2 transitions
in sodium and cesium, the D1 transition always leads to better results, due to its lack of a # = S and
F = 3state, which contains mr = S and mr = 3 that limit how dark the final state is. In both
these atoms on the D2 line, this transition is detuned. However, the detuning is smaller in sodium
(only about 60 MHz) compared to cesium (about 250 MHz), so this is a limitation in sodium but
not cesium. Thus, in sodium, we perform optical pumping on the D1 line, while providing repump
on the D2 line.

This procedure requires a quantization magnetic field to well-define these states and also purely
polarized light. We use a roughly 8.8 G bias field along the long direction of our glass cell. Good
optical pumping thus relies on both the circularity of the light and the alignment of the light prop-

agation axis to the direction of the bias field. The circularity is achieved using a good polarizer (such
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as a Glan Taylor) followed by a quarter wave plate (sometimes a half waveplate is also used to be able
to account for more generic polarization changes caused by subsequent optical surfaces such as the
glass cell itself). Alignment of the beam can be done with mirrors, but it’s easiest to change the bias
field slightly with our other bias coils.

Any sort of alignment or optimization procedure requires a metric to optimize on. We can per-
form hyperfine state selective detection by applying resonant light with the ¥ = 4to F = S and
F = 2to F/ = 3 transitions in cesium and sodium. In this case, the light can heat up atoms in F = 4
and F' = 2 and push them out of the trap. Atomsin F = 3 and F' = 1 are left untouched. A sub-
sequent (non) hyperfine-state selective image can determine whether there was an atom in F = 4
or I/ = 2. The absence of an atom is interpreted as an atom in the F = 4 (F = 2) state in cesium
(sodium), while the presence of an atom is interpreted as an atom in F' = 3 (F = 1).

The first coarse diagnostic that can be performed is to determine whether atoms are being lost
under application of optical pumping light. If atoms are lost, this implies that there is no dark state
the atoms are being pumped into, and the continual photon cycling leads to heating and ejection
from the trap. The next diagnostic is to perform a depumping measurement. In this case, atoms are
first optically pumped into some state (hopefully the correct one!), and then are exposed to optical
pumping light again without repump. In the ideal case, there will be no excess depumping out of
F = 4or F = 2 Dby the optical pumping light. Upon hyperfine state selective detection, all atoms
remain in F' = 4 or F' = 2. However, if the polarization is not correct or any parameter of the optical
pumping is not ideal, there will be accumulation of population in the 7 = 3 and F' = 1levels. The
time scale of such depumping can be optimized.

This time scale of depumping depends on factors such as the exact power being used in the opti-
cal pumping procedure, thus as a quantity on its own, it does not hold much value. We compare it
to the time scale of depumping when the atoms are prepared in |F = 4, mp = 3) and |F = 2, mp = 1)

instead. In this case, some of the atoms should quickly depump without any repump light. State
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preparation into |4, 3) and |2, 1) is achieved with two Raman pulses transferring atoms from |4, 4)
(12,2)) to |3,3)(]1,1)) and subsequently to |4, 3) and |2, 1). The ratio of these two quantities is
called the depumping ratio, and we achieve around 10,000 for both species.

Note that these above metrics only work if the initial state preparation is good enough at prepar-
ing most of the atoms into |4, 4) and |2, 2). The detection method of pushing out F = 4 and F' = 2
can only determine whether our atoms are in the ' = 4 or // = 2 manifold but not specifically
which hyperfine state the atoms are in. To effectively perform 7 state resolved imaging, we use a
pair of Raman beams to transfer atoms out of |4, 4) (|2, 2)) into |3, 3) (|1,1)). This can be achieved,
since in a magnetic field, the various transitions between the hyperfine states are frequency resolved.
Subsequently F = 4 and F = 2 pushout is performed, and surviving atoms must have come from
the |4, 4) and |2, 2) states'™.

Another technical note of interest is that when setting the polarization of the optical pumping
beams, it is sometimes hard to distinguish whether o light or _ light is being utilized. In the for-
mer case, atoms are prepared in |4, 4) (|2, 2)) while in the latter case, atoms are prepared in |4, —4)
(|2, —2)). To distinguish between these possibilities, one can measure the optimal blast detuning
(pushout from |4, 4) to |5, 5) or |2, 2) to |3, 3) in cesium and sodium respectively) as a function
of the magnetic field. Depending on whether the state that the atoms are pumped to are aligned or

antialigned with the field, the optimal blast detuning either goes to higher or lower frequency.

2.7 SUMMARY AND OUTLOOK

In this chapter, we discussed the basic setup of our apparatus, and detailed our efforts to scale up
our optical tweezer arrays from single atoms to a hundred and more. In particular, while cesium was

more or less a straightforward task, sodium required the implementation of D1 gray molasses and

T Technically, these atoms could also be coming from other mrlevelsin F = 3and F = 1notincluding
mp=3and mp = 1.

48



a magic wavelength tweezer to avoid deleterious light shifts. Larger tweezer arrays also required the
use of new (to us) technology including SLMs and shear mode AODs. The SLM is quite a robust
device but a flexible codebase is required to unleash all its capabilities. The shear mode AODs were
an absolute pleasure to work with, due to their high efficiency and ease of alignment. With larger
arrays, inhomogeneities became a serious problem. Special care of the polarization and careful tun-
ing of the spot intensities (aided by experimental measurements) are required to acquire accurate
collective statistics. Lastly, such larger arrays can only be taken advantage of with the successful im-
plementation of atom rearrangement. Rearrangement requires real-time feedback and thus entirely
new fast hardware (AWG) and new software paradigms to implement flexibly and efficiently.
Although our apparatus has served us and my PhD quite well, there are many possible upgrades
that can be implemented in the future. Our vacuum lifetime of 6 seconds is quite a limitation espe-
cially for larger arrays. A 100 ms sequence times results in a per-atom loss probability of 016 —
0.9835 resulting in defects in our array. Longer vacuum lifetimes have been achieved by using
two-chamber designs, where the higher pressure source chamber is separated from a science cham-
ber where atoms are trapped. The atomic source, which is created in the source chamber, is a 2D
MOT®, where it can be pushed along the non-confining axis into the science chamber. Further
sputtering of all metal surfaces with titanium from titanium sublimation pumps can achieve 23

minute vacuum lifetimes at room temperature '>°

. Titanium is very reactive so it is able to bind
with residual gas in the vacuum chamber resulting in very low pressures. Cryogenic cooling of the
vacuum chamber further reduces outgassing and can result in 100 minute vacuum lifetimes*°*. A
two-chamber design for our apparatus can greatly improve the vacuum lifetime.

Now, we have the scene set for observing quantum phenomena with arrays of individually trapped

atoms! In the next chapter, we will excite these atoms to the Rydberg state and observe their coher-

ent interactions.
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Coherent Rydberg Excitations of Cs

3.1 INTRODUCTION

Neutral atoms in optical tweezers have been used to study a range of quantum phenomena from
tunneling '** to spin-exchange interactions '*'. Both these studies required bringing two tweezers
very close to each other or merging two atoms into the same tweezer. A wealth of additional phe-

nomena can arise when these atoms have long-range interaction, and furthermore, if the geometries
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of these tweezer arrays can be varied. As we saw in the previous chapter, we have extensive capabili-
ties of creating arbitrary-geometry optical tweezer arrays. However, atoms have minimal long-range
interaction unless they are excited to highly polarizable Rydberg states, where there are (typically)
van der Waals interactions between the atoms. In section 3.2, we lay out some of the key properties
of Rydberg atoms and their interactions. Subsequently in section 3.3, we discuss the lasers required
to excite cesium atoms to the Rydberg state. In section 3.4, we present data exhibiting coherent
excitation of cesium atoms to the Rydberg state and the technical challenges involved in such an ex-
citation. Finally, in section 3.5, we probe the interactions between two cesium Rydberg atoms, and

set the stage for many-body experiments with Rydberg atom arrays.

3.2 RYDBERG ATOM THEORY

Rydberg states are highly excited electronic states of atoms. For alkali atoms, they are labeled as #.L;,
where 7 is the principal quantum number, L = §, P, ... is the angular momentum quantum num-
ber, 7 is the total angular momentum quantum number, where ] = L + S. Note that hyperfine
structure is typically negligible in Rydberg states. The energies of Rydberg states scale as roughly
—1/n?, given by the approximate formula

pe* 1

E, ;= — , (3.1)
* 8¢2h3c (n — )

where p is the reduced mass between the nucleus and the electron, e is the elementary charge, ¢ is
the permittivity of free space, / is Planck’s constant and c is the speed of light in vacuum. J,, ; ; is the

180

quantum defect "°° which depends on the atom and characterizes the effect of the core electrons of

the alkali atom on the valence electron. The quantum defect itself can be expanded into powers of

1/(n—2)?
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and subsequently fit to experimental data'#°.

The wavefunctions for these Rydberg states are separable into radial and angular parts. The an-
gular part, neglecting spin-orbit coupling, is given by spherical harmonics, and thus the matrix ele-
ments between these states for operators such as the dipole operator are given by Clebsch-Gordan
coefficients or Wigner symbols. The reduced radial wavefunction, #(r) = rR(r), for a hydrogen

atom, satisfies

(h2 &2 RHI+1) e

Toudr T R 47zer> “r) = Eulr) 6

To account for core electrons, the radial equation is modified to the following form **

1 Z(r) a, (/)
V(V):_47reo< ro 24 (l_e (/))>’ (3.4)

where «, is the core polarizability, 7. is a cutoff radius determined by a fit and Z;(7) is an effective

charge given by

Z)(r) =1+ (g = L)e ™ — r(az + asr)e” ™, (3-5)

where z is the nuclear charge, and a1, 2, a3, a4 are given by fits. This radial equation can be nu-
merically solved and luckily, packages like the Alkali Rydberg Calculator (ARC)*°® or PairInter-
action*** automate these calculations for us. In this thesis, we primarily use the ARC package to

perform calculations.
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3.2.1 SINGLE RYDBERG ATOM PROPERTIES

With these radial wavefunctions, we can calculate a slew of useful quantities, such as how the tran-
sition strength between states, the DC polarizability and the lifetime of Rydberg atoms scale with
principal quantum number. All these properties rely on the calculation of dipole matrix elements
and depend on the energies of the various states, obtainable via equation 3.2. We can use a semi-
classical argument to determine the scaling of the dipole matrix element with principal quantum
number.

For roughly determining how the size of the atom scales with principal quantum number, we
assume that the electron is in an orbit at a distance 7 from the nucleus. Equating the centripetal

force to the Coulomb force results in

mi_ _ & (3:6)
r 4mwegmr?’ >
from which we can see thatv %r Then, we apply semiclassical quantization of the angular
momentum
mor = nh, (3.7)
which results in 7 o 72. Dipole matrix elements between highly excited Rydberg states with A/ =
+1, are roughly proportional to 7, so they should exhibit a n? scaling as shown in figure 3.1a.
An external electric field couples to a dipole via the following Hamiltonian
Hpcsark = —d - E (3.8)

which is an odd operator in space. Thus, states of definite parity, i.e. with definite angular momen-

tum quantum number, have no first-order response to the field, since
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(nlm|Hp seark|nlm) = 0. (3.9)

The lowest-order response to an external electric field is quadratic, arising from 2nd order per-
turbation theory. The polarizability « is defined as the coefficient of this quadratic response in the

following way

1
AF = szEz (3.10)

where we note in slightly confusing notation that the £ on the left hand side means “energy” and the
E on the right hand side means electric field strength as in equation 3.8. The polarizability can be

calculated from second-order perturbation theory and thus has the form

Z <nlm|HDC5mk|n’l’m’>2

an~ (3.11)
Enlm - En’l’m’

n'l'm’
consisting of a squared matrix element and an energy denominator. The squared matrix element is
a dipole matrix element squared so it will be proportional to (n*)* = »*, while the energy denomi-
nator is proportional to 1/73 (since it is the difference or derivative of a energy which scales as 1/2?).
Thus, the polarizability should scale as n’, as shown in figure 3.1b.

The polarizability calculations in figure 3.1b were not perturbative in the form of equation
3.11, but rather involve a “full diagonalization” of the —d - E Hamiltonian, as a function of E.
Subsequently, the energy eigenvalues are fit to a quadratic dependence on £ at low fields. Since
these methods are numerical in nature, the state space is limited to only those states |#//’) with
|n' — n| <S,and/ < 20, where these values are chosen to ensure convergence.

The next important scaling we turn to is Rydberg lifetime. For a two level system, the sponta-

neous emission rate can be calculated from the interaction of this system with the electromagnetic
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Figure 3.1: (a) The transition dipole moment between Rydberg states 7.5; /, and 7P,
in units of ea,, where ¢ is the electron charge and 4, is the Bohr radius, as a function of
principal quantum number 7 for sodium, rubidium and cesium. Note that this is the full

transition dipole moment and is calculated on the stretch transition fromm;, = 1/2to
/

m, = 3 /2. The n* line is a guide to the eye. (b) The scalar polarizability of different #.5;
states in the alkali atoms sodium, rubidium and cesium. See the text for the details of the
calculation. The #” line is a guide to the eye.

field modes of vacuum **4, resulting in

w3

= —+
37meghc3

| {dlerlf) > (3.12)

Importantly, this spontaneous emission rate contains a »> dependence partially coming from the
density of states of vacuum modes and a | {¢|er|f) |* dependence. In a multi-level system, sponta-
neous emission can occur via equation 3.12 between the initial state and all states at lower energy.
For Rydberg states, the largest transition dipole moments exist between nearby Rydberg states (see
Figure 3.2a), whose energy spacings are much smaller than the typical optical frequency scales of
the lower principal quantum number states. Hence, somewhat counterintuitively, the lifetime gets
longer at higher Rydberg states, exactly due to the decreasing transition frequency with the nearby
states (and the frequency enters with a cubic dependence in the transition rate). One way to ob-

tain a scaling is to notice that for transitions to nearby states, » o 1/ 73, while the matrix element
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(iler|f) o< n?, resultingin T’ o< 1/7° and the lifetime 7 = 1/T proportional to 7°. However, direct
calculations indicate that this scaling only holds for so-called “circular” Rydberg states '°” which are
those with / = » — 1and only have limited decay pathways, since A/ = +1. The lifetime of these
states can approach several tens of ms, which is ideal for quantum computing applications 5°. The
lifetime of non-circular states such as / = 0 states tends to scale more like 7> due to effects from
transitions to a large range of principal quantum number states. These lifetimes were calculated by

summing up all the transition rates to all lower energy states and is shown in figure 3.3.
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Figure 3.2: (a) Dipole matrix elements between the 545/, state to P53, states in cesium,
rubidium and sodium. These matrix elements are much stronger between the nearest two
principal quantum numbers. The sodium, matrix element is a bit larger due to its smaller
quantum defect, indicating it being a “higher” excited state. (b) Dipole matrix elements
between the ground states of cesium (65} /,), rubidium (55} ;) and sodium (35; ) and their
Rydberg states. The high 7 scaling follows roughly 732 which is plotted as a guide to the

eye.

In addition to spontaneous emission, electromagnetic modes in space are often populated by
blackbody radiation photons, where the power density per unit frequency, area and solid angle, is

given by

BV(T>: 2 kT _ 1 (3.13)



a) Spontaneous Emission Lifetime for nS; b) Spontaneous Emission Lifetime for Circular States
T T - —— — = T T — ]
103k * Ma i 10°F " Any Alkali ',.‘
F « Rb P i | ns o
[ « Cs “" ] P
- - 4 v’
..... n3 i e
w 1074 3 =4 3 -
- F o ] 1 = -2 -
F R 3 107“ - =1
[} [ 1 9 -
= = .
B I oy 12 P
g 107°F e 42
i : 1 1074 =
105+ - e
[ 1 X . 1] 1 . . N |
10! 102 10! 102

Principal Quantum Number (n) Principal Quantum Number (n)

Figure 3.3: (a) The spontaneous emission lifetime for 7.5/, states. The 7> line serves as a
guide to the eye. (b) The spontaneous emission lifetime for circular Rydberg states, which
are states with /

n — 1. These scale with 7°, and in general are more longer lived than
their non-circular counterparts due to the fact that its decay channels are all to nearby states
with lower frequency differences. Note that in ARC’s model, the circular states are no
different between different alkali atoms, emphasizing that so far away from the core, the
number of core electrons and protons do not matter. In other words, these states are the
most hydrogenic, and are independent of exactly which alkali we are discussing. Thus, the
calculated lifetimes are the same for any alkali atoms.

Stimulated transitions due to blackbody radiation also affect the lifetime, especially for Ryd-
berg states, where the transitions start entering the GHz regime. We can include transitions (both
absorption and emission) stimulated by the blackbody radiation in our calculations. We consider
absorption up to 20 principal quantum numbers above the state of interest. We see from figure 3.4
that at higher 7, the effect of blackbody radiation is larger, and experiments have introduced cryo-

genics***

to mitigate this effect.
Another important matrix element that is useful to understand is the matrix element connecting
the ground state to an excited Rydberg state. This matrix element is relevant for the excitation of the

atom from the ground state to the Rydberg state. It scales roughly as 7~3/2 and is shown in figure

3.2b.
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Figure 3.4: (a) The lifetime of the 75; /; statesat 7 = 0 K (spontaneous emission lifetime)

compared to 7" = 300 K in sodium and cesium. We see that 300 K blackbody radiation is a
bigger effect at higher principal quantum numbers. (b) The lifetime of the 7.Ds /, states at
T'= 0Kand 7"= 300 K. The same qualitative trend exists for this state as the .5, , states.

3.2.2 INTERACTIONS OF RYDBERG ATOMS

The lowest order contribution to the long-range interactions between two atoms comes from the

dipole-dipole interaction

Vi(R) = 1 (#1'#2_3(#1-R)(#2'R))7 (3.14)

4wy \ R3 RS

where ¢, and g, are the dipole operators for atom 1 and atom 2, and R is the internuclear distance.
Note that for this to be valid, we assume that the electron clouds of the atoms do not overlap, so
that each atom is completely independent. At shorter distances, interactions between the electrons
and both nuclei lead to rich molecular physics that this model would fail to capture. Nonetheless,
this model is a good description for pairs of atoms at the micron separation level.

The full Hilbert space of our two atom system can be written in the pair state basis, where atom 1
is in the state |71/i71) and atom 2 is in the state |#2/572). For convenience, we will label states of atom

1 with a single Roman letter such as |2) and |4), and states of atom 2 with a single Greek letter such
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as |2) and f). The dipole-dipole interaction couples the pair state |; «) with all pair states |4; 8),
where z is dipole-connected to 4 and « is dipole connected to §, i.e. (a|x,|b) # 0and (2|x,|8) # 0.
In general, a full interaction matrix needs to be diagonalized, and software, such as ARC, will allow
the user to specify the bounds of the Hilbert space to consider, such as a minimum and maximum »
and / quantum numbers.

However, in many situations, and for gaining an intuition on the effect of the interaction, it is
useful to consider the effect of a single interacting pair state |; 8) that interacts with |4; «). In the

basis {|4; ), |#; 8) }, the Hamiltonian can be written as

0 Ug(R
H= dd( ) ) (315)
Uu(R) B3

where Ugg(R) = (a;2|V34(R)|b; B) is the matrix element for the dipole-dipole interaction
between these two states, and hd = E,p3 — E,; is known as the energy defect of the pair state. We

define the C3 coefficient through the relation

C3

Uu(R) = i

(3.16)

Thus, the C5 coefficient is proportional to the radial matrix elements (2|7|6) and («|7|8), which
can be calculated from the wavefunctions described previously. This Hamiltonian can be easily
diagonalized yielding the eigenstates and eigenenergies of the interacting system. The eigenenergies

are

4C
h29%R6

ho
Ei:7 1+4/1+ (3.17)

This energy shift associated with nearby interacting Rydberg atoms is the origin of the Rydberg

blockade, and has been used in the implementation of quantum gates and performing quantum
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simulation. Specifically, for an interaction strength V() (shift from a non-interacting pair state)
and drive Rabi frequency Q, the Rydberg blockade radius is the 7 such that V'(r) = Q. A cutoff

radius*°7 (also known as the van der Waals radius)

2 1/6
R, = (hz;z> (3.18)

separates two distinct regimes for this interaction energy. When R < R, then the second term
dominates the square root and the eigenenergy is proportional to C3/R>. Note that when & — 0,
R; — 00, and we are always in this resonant regime, where the interaction energy is proportional to
Cs/ R3. When R > R,, we can Taylor expand the square root and the energy shift is given to first

order by

8 _ G
hoR¢ R

(3.19)

where we have now defined the Cy coefficient as C3 /(1d). This 1/R® regime gives rise to the so-
called van der Waals interaction. From this analysis, we see that the van der Waals interaction simply
arises from the perturbative regime (R > R, or Uy4(R) < 9) of the dipole-dipole interaction.
However, when R < R, or § < Uyd(R), there is a “resonant” regime, where the interaction scales
as 1/R3. This resonant regime is the only regime at a Forster resonance, where & = 0. These reso-
nances can arise more easily in interactions between two different species and the energy defect can
be tuned with electric fields. Note that this resonance naturally occurs as an exchange interaction in
a single-species context between pair states |2; b) and |; ). This regime has been accessed in exper-
iments where the spin states are encoded in dipole-connected Rydberg levels as well as experiments
with molecular rotational states.

In real Rydberg atoms, there will be many pair states which interact with a particular state of

interest. If all interacting pair states enter perturbatively, a C¢ coeflicient can be calculated by sum-
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ming over all connected pair-states £ that are dipole-connected to |2; 2) in the following way,

2
Ce = Z @ (3.20)
- hoy,
However, the most accurate result for the interaction energy will require a full diagonalization. In
some cases, especially at high principal quantum number, different 1/R® branches from distinct pair
states may cross resulting in a “spaghetti” of levels at small distances.

The two-level model already yields intuition and is predictive of the long range interaction strengths,
where a single state is likely to dominate the interaction. First, we can deduce the sign of the inter-
action from the sign of the defect. If the defect is positive (negative), then Cy is positive (negative),
and the resulting shift is negative (positive). For a pair state consisting of the same S state in an atom
(|82, 781 /2)), the nearest strongly dipole connected pair state consists of going to two P states
with principal quantum number within 1 of the original principal quantum number, since this
yields the strongest dipole moments (see figure 3.2a). Namely, the pair state [P, (z — 1) P) will shift
the energy of |5} /5, 75} /,) the most. There are 4 possible fine structure components, and the de-
fects are shown in figure 3.5a. The defects in all cases are negative, indicating that the |zP, (n — 1) P)
state is lower in energy than the |S) 5, nS) /) state. This makes sense intuitively, since in a typi-
cal Rydberg ladder, going down in principal quantum number releases more energy than is gained
when going up in principal quantum number. When the defect is negative, the energy shift is pos-
itive and the interaction is then repulsive. This leads to the general rule of thumb that interactions
between the same species atom (in the same state) are repulsive. As we will see, it is easier to engineer
attractive interactions in a dual-species context in section s.2.

Second, we can deduce the scaling of the interaction strength with principal quantum number.
The C5 coefficient is proportional to a squared dipole moment. As discussed previously, the dipole

moment is proportional to #” so the C3 coefficient is proportional to #*. The energy defect is, to
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Figure 3.5: (a) The energy defect for a |nS)», 75, ,) state to a [nP, (n — 1) P) for all 4 fine
structure components in cesium and sodium. Fine structure is larger in cesium compared
to sodium, but in all cases, the defect is negative. (b) The result of a perturbative Cy calcu-
lation including states with principal quantum number within 1o of the initial state, and
within 100 GHz of energy for sodium and cesium. As a guide-to-the-eye, the 7t scaling is
plotted with gray dots. The Cj coefficient is negative, so we plot —Cj on this log scale. (c)
The result of a full diagonalization at a distance of 4.26p.m utilizing states with principal
quantum number within 10 of the initial state, and within 10 GHz of energy for sodium
and cesium. Once again, the gray dots represent a nlt scaling.

first approximation, at the scale of the energy level spacing at a particular 7, which scales as 1/ n.
Thus, the Cy coefficient scales as ', which is quite significant! The results of a perturbative calcu-
lation are shown in figure 3.5b, and are quite consistent with the #!! scaling from the simple scaling
arguments. The results from a full diagonalization are shown in figure 3.5¢, and also shows good

agreement with the »!! scaling. The rough dependencies of the quantities discussed in this section
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with principal quantum number is summarized in table 3.1.

Quantity Scaling Reasoning
Atom size n* Semiclassical argument
(r|d|7) n* Proportional to atom size
(gld|r) n=3? Calculation
AFE n—> | Rydberg energy spacing o< >
DC polarizability n’ Proportional to d*/AE
Circular Rydberg state lifetime | 7’ Proportional to 1/(d*AE?)
Typical Rydberg state lifetime n’ Calculation
C; coeflicient nt Proportional to d*
Cs coefhicient n't Proportional to C5/AE

Table 3.1: Scaling of important Rydberg atom quantities with principal quantum number
n. d refers to either the dipole operator or dipole matrix element depending on context. AE
refers to the energy spacing between nearby Rydberg states.

3.3 RYDBERG LASERS

Figure 3.6 shows the possible Rydberg excitation pathways we can use for cesium. Ideally, a single
laser is used to excite atoms from the ground state to the Rydberg state. However, a single photon
excitation requires a 319 nm laser. Furthermore, since the radial wavefunctions of the ground and
Rydberg state are very different, high powers are required for appreciable Rabi frequencies. High
power lasers and compatible optics at these wavelengths are technically challenging. Thus, two pho-
ton excitation has been predominantly used in the field.

In a two-photon coherent excitation, we typically connect two states (|g) , |7)) (between which a
dipole transition is forbidden) via an intermediate state |¢). The intermediate state is typically lossy
with loss rate I';, and thus to minimize loss, we detune from the intermediate state by an amount A.
The single photon Rabi frequency between |g) and |e) is Q. and between |¢) and |r) is Q.. Any
deviation of the summed laser frequency and the energy difference between |g) and |7) is denoted as

d. This scenario is depicted in figure 3.7.
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Figure 3.6: The possible transitions to use for exciting cesium to the Rydberg state. Fine
structure in cesium is significant and depicted.

If we are detuned far enough away from the intermediate state, it can be adiabatically elimi-
nated*3, and we can drive between the ground state and the excited state as if it were simply a two

level system. The effective Rabi rate of this process is given by

(3.21)
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Figure 3.7: The initial three level system describing a two photon excitation process from
the ground state |g) to the Rydberg state |7) via an intermediate state |¢). Upon adiabatic
elimination*? of the intermediate state, an effective two level system can be used to describe
the two photon process.

Each laser imparts an AC Stark shift on the state that they couple with magnitude Q2 /4A. Due
to the mixing with the intermediate state, each state now has some loss given by I'Q?/(4A?). No-
tice that since the effective Rabi rate is proportional to 1/A and the scattering rate is proportional
to 1/A?, the ratio of the two gets better at larger detuning. Thus, if one has infinite power (to com-
pensate the overall decrease in the Rabi frequency with detuning), then detuning further reduces

the scattering more. This model breaks down when one detunes so far that other intermediate states
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start coming into play. In systems of alkali atoms, these states are typically other hyperfine states,
while in molecules, other vibrational states can limit how far one can detune. At a fixed detuning,

the ratio of the Rabi frequency to the scattering (which comes from both beams) is

Q ge Q.

— . (3.22)
2 2
Qg + Qg

For fixed Qy, Q. should be equal to Q. in order to maximize the ratio of the Rabi frequency to
scattering. Under these considerations, the best conditions for obtaining coherent Rabi oscillations
from the ground to Rydberg state arise from using more power, which allows us to use larger de-
tuning and reduce scattering. Furthermore, we'd like to balance the two individual single transition
Rabi frequencies as much as possible.

The Rabi frequency comes from both the transition matrix element and the power of the laser.
The second leg of the two photon Rydberg transition has a smaller matrix element due to the large
mismatch in the size of the electron wavefunction. Thus, more power is required for this second
leg. The now-standard approach of obtaining higher Rabi frequency is to use the so-called inverted
scheme. Here, the first photon connects the ground state 75) /5 to the (7 + 1) P3 ), state, instead of
connecting 5] / to nP3, which is the standard D line transition. The advantage of this is that the
second photon which connects the intermediate P state to the Rydberg state is at a lower frequency
and for many atoms, it falls in the infrared range of the electromagnetic spectrum. For example in
cesium, this second leg changes from 509 nm to 1060 nm when using the inverted scheme. From a
technical standpoint, it is much easier to produce high power infrared light than green or blue light.
Thus, in cesium, we drive our two photon Rydberg transition with a 455 nm laser addressing the
transition from 65} /, to 7P; /,, and an approximately 1060 nm laser addressing the transition from
7P; 5 to the Rydberg state.

Coincidentally, another advantage of the inverted scheme is that the linewidth of the interme-
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diate state tends to be narrower reducing the intermediate state scattering. However, doppler ef-
fects tend to be worse in the inverted scheme. The doppler eftects are minimized in a two-photon
Rydberg transition when the beams are counter-propagating. In this case, a photon absorption
from both beams result in a momentum kick that partially cancels. However, the difference in the
wavelengths of the two beams results in a non perfect cancellation. This difference is larger for the
inverted-scheme compared to the standard scheme resulting in larger doppler shifts.

Now, we will discuss the lasers we use to drive the transition. Our 455 nm laser is a doubled Ti-

Sapphire laser from MSquared. The Ti-Sapphire laser is inherently low noise 67

and provides several
watts of power, making it an ideal source for Rydberg excitation. In our system, we pump the Ti-
Sapph with 15 W of 532 nm light from various sources” producing at maximum around 3.3 W of
910 nm. After doubling with a MSquared ECDX, we have about 1.4 W of 455 nm light. We no-
ticed that the doubling efficiency exhibits large thermal effects and we were rarely able to maintain
our maximum power output. To control the frequency and amplitude of the light, we use a double-
passed AOM (AA Optoelectronics MQ180-Ao,25-VIS) centered at 180 MHz, where we take care
to focus the beam into the AOM to achieve a fast rise time of around 10-20 ns. This AOM requires
a particular polarization to work most efficiently. We found a roughly 25% difference between the
diffraction efficiencies of S and P polarization. Thus, to ensure that the same polarization traverses
through the AOM on both passes, we use a Faraday rotator (Crystalaser FR-457-04) which rotates
a linear polarization by 45 degrees regardless of the direction of the beam propagation. The setup

is shown in figure 3.8. The polarization starts as horizontal, which is then rotated to approximately
45 degrees with a half waveplate. Then, it passes through the Faraday rotator which converts the

polarization to vertical. It traverses through the AOM twice maintaining its vertical polarization

before rotating to diagonal (but opposite the previous diagonal) after the Faraday rotator. The half

*Over the years, we really tried to use a MSquared Equinox to not much success. Our most reliable pump
ended up being a Coherent Verdi, which unfortunately could not survive a power dip.
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waveplate then changes this polarization to vertical which then reflects off the input cube.

' Crystalaser MQ180-A0,25-VIS
FR457-04 +180 MHz

=]
N2
Polarization
when traveling right \ '
Polarization
when traveling left /

Figure 3.8: The setup for frequency and amplitude tuning our 455 nm Cs Rydberg beam.
The AA Optoelectronics MQ180-Ao,25-VIS AOM requires a particular polarization, so
we use a Faraday rotator to perform the total 9o degree rotation (45 degree on each pass)
before the AOM. This 9o degree rotation allows us to separate the double-passed beam
from the incoming beam.

This light is then delivered to our experiment using an end-capped fiber from Schafter and Kir-
choft (PMC-E-400Si-3.5-NAo11-3-APC.EC-500-P). The output light is collimated on our experi-
mental table with a beam size determined by our target size at the atoms. For intensity stabilization,
the light is picked off by a beamsplitter and focused onto a photodiode. There is a shutter located
after the beamsplitter. The light is focused with a oo mm lens onto the atoms and combined with
various other beams at §89 and 852 nm. The detailed beampath is depicted in figure 3.9.

Our 1060 nm laser is a diode laser based on an Innolume gain chip (GC-1030-160-TO-200-

B) constructed commercially by Timebase (part number: ECQDL-200FC). We found that the
Timebase current driver that the laser came with was noisy, so we had to replace it with an Agendile
(CSs00) current driver. We still use the Timebase driver for temperature control. In our first exper-
iments, this laser directly seeded a fiber amplifier (we have used one from Azur Light Systems and
Precilasers). The fiber amplifier can in principle supply up to 5oW of light. After the fiber amplifier,

the light goes through a single-pass AOM (Neos 23080-2-1.06) in order to control the amplitude of
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Figure 3.9: The setup on our experimental table for our cesium 455 nm beam. A beam-
splitter pickoft onto a photodiode is used for intensity stabilization. Importantly, the
shutter is placed after the pickoft, so during the relatively long sample and hold period

(see details in text), the light does not impinge on the atoms. There is also a mirror with a
picomotor allowing for automated or remote realignment. Typically we use a beam several
mm in waist so that we obtain a spot of under so micron waist. The light is combined with
sodium OP and cesium counter-op Raman beams. For more general context, see figure 2.1

the light. We are limited in the amount of light we can use by the delivery fiber (end-capped from
Oz Optics) from our laser table to the experiment table. On the experiment table, the light is recol-
limated, picked off for intensity stabilization, and then shaped to a beam size of around a few mm.
After focusing through a 6oo mm lens, it impinges on the atom with a size of around 100 microns.
Both lasers need to be phase coherent with each other and frequency locked. To do this, we use a
monolithic optical cavity made with a ultra low thermal expansion coefficient material and high re-
flectivity mirrors. The system needs to be temperature stabilized to the zero-crossing of the thermal
expansion coefficient. The cavity is also held under vacuum to prevent pressure fluctuations from
changing the index of refraction of the air which can change the resonance frequency of the cavity.

The system was commercially manufactured by Stable Laser Systems.
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It is challenging for a single cavity mirror to have high reflectivity at such both 455 and 1060 nm,
which are quite different, so we instead coat the cavity mirrors at 910 nm, the pre-doubled wave-
length of the 455 nm light. Therefore, we need to pick off part of the 910 nm light to send to the
cavity for locking purposes.

The locking paradigm is a standard Pound-Drever-Hall (PDH) locking scheme*4, where a fiber
EOM is used to create the frequency sidebands. Special care needs to be taken to use dichroics to
combine the different wavelengths and mode-match them to the cavity. In order to be able to scan
the frequency of our lasers, in addition to using AOMs, we apply two sets of locking sidebands to
the EOM. We lock to a “large” frequency sideband via a set of “small” frequency sidebands. By
changing the large frequency sideband, the lock point can be varied despite the cavity resonance
being fixed. This is especially convenient when we want to change the intermediate state detuning

significantly. The details of the electronics and exact optics will be documented in a future thesis.

3.4 DRIviING COHERENT RYDBERG EXCITATIONS

Now, we are ready to drive coherent Rydberg excitations. In order to drive this two-photon tran-
sition coherently, we need to ensure that the Raman Rabi frequency is larger than the rate of any
decoherence or scattering processes. To maximize the Raman Rabi frequency, the lasers need to be
aligned well to the atoms. We now discuss how we align the two beams to the atoms.

The 455 nm beam addresses the 65} /, to 7P3, transition. Thus, when the beam is shined on
the MOT, it disrupts the cooling processes in the MOT and is able to destroy it. This provides us
with a coarse alignment tool, where the goal is to find the alignment that destroys the MOT with
the least amount of power. While this is not a perfect alignment to the atom, it does provide good
enough alignment to get an initial in sequence signal on atoms trapped in the tweezer. Since our

455 nm light only addresses the F = 4 hyperfine state, to blast atoms from the tweezer, we need to
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turnon a F' = 3 repump light typically on the standard D2 line. We can then find the alignment
that blasts the atoms in the shortest time possible. Another very sensitive method for aligning the
beam is to perform state preparation into F = 4, and then use the blue beam to depump atoms into
F = 3. A destructive hyperfine-state-selective measurement can then be used to maximize the rate of
depumping, which will be correlated to the best beam alignment.

For a more sensitive and quantitative probe, one can detune the laser by less than the ground
state hyperfine splitting of approximately 9.2 GHz. In this case, there would be a different scalar
light shift on the F = 4and F' = 3 state, leading to a measurable difterential light shift. This
light shift can be measured by a frequency measurement, where the |6S} /, F = 4, mr = 4) to
681/, F = 3, mp = 3) hyperfine transition frequency is measured with and without the blue beam
on. We are able to easily see shifts on the order of a few tens of kHz at a GHz blue detuned from the
681 /2, F = 4) to |7P3,, F = 5) transition. At shifts much larger than this, we begin to see signif-
icant depumping obscuring the frequency shift. An alternative method that allows us to measure
the light shift corresponding to larger blue powers is to perform a Ramsey measurement, where we
first startin |65y /5, F = 4, mp = 4) and then perform a 7/2 pulse on the 65 /», F = 4, mp = 4)
t0 |65y /5, F = 3, mp = 3) transition, creating an equal superposition of the two hyperfine states.
Then, the blue light is turned on for a variable amount of time, and due to the differential Stark
shift between the two states due to the blue beam, the two hyperfine components develop a rela-
tive phase. Applying a final 7/2 pulse (at the phase of the original 7/2 pulse) after the blue beam is
turned off and a measurement of the hyperfine state reveals the famous Ramsey fringes as a function
of time. The frequency of these fringes yields the differential light shift, and we have measured light
shifts of up to 3 to 4 MHz with this method. Note that the light shift also depends on the polariza-
tion of the light due to the relatively large hyperfine (on the order of tens of MHz) and fine structure
(on the several nm scale) of the excited state. Thus, the polarization can also be aligned through the

measurement of this light shift.
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While the blue beam is easier to align because it directly addresses the ground state, the IR second
leg is more difficult. Thankfully (see figure 2.10) Cs has large vector light shifts, so we can observe a
light shift of the |65} /5, F = 4, mp = 4) to |65}/, F'= 3, mp = 3) transition in the presence of the
IR light, as long as we ensure the light is circularly polarized. We can see tens of kHz of shift when
we provide several watts of IR to our atom. This is a difficult signal to observe upon first setup, so
we recommend the standard techniques of aligning the beam to other easier to align beams (such as
resonant light sources) or even sending resonant light down the same beam path and then account-
ing for chromatic shifts.

These two alignment methods also allows one to independently measure the single photon Rabi
frequencies for each of these lasers. In a typical experiment exciting to the |54S; /,) Rydberg state,
we find single photon Rabi frequencies of 2z x 80 MHz for the blue beam and 27 x 42 MHz for
the IR beam. Ata 27 x 1.06 GHz detuning, this results in a Rabi frequency of 27z x 1.58 MHz. We
have used Rabi frequencies ranging from 1 to 2.5 MHz, and detunings as close as 500 MHz.

To observe Rabi flopping, we need a method to detect whether an atom had been excited to the
Rydberg state. In our experiment, detection always measures the presence or lack of atom fluores-
cence. Thus, a single image can only reveal a single bit of information, which reveals whether a trap
holds an atom or not.

In the case of Rydberg excitations, the states we want to distinguish are |g), a ground state atom,
from |7), an atom in the Rydberg state. We will map the ground state to atom present and the Ry-
dberg state to atom absent. The way we are able to remove Rydberg atoms is to use the property
that the Rydberg state is anti-trapped by the tweezer light. Hence, strong tweezer light should re-
tain and trap a ground state atom but expel a Rydberg atom. We note that this effect requires us to
turn off the tweezer before performing any Rydberg excitation, since we do not want to suffer from
any tweezer antitrapping effects during the Rydberg dynamics. Furthermore, in addition to tweezer

antitrapping, we find that using a microwave pulse can also help expel Rydberg atoms. While the
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exact mechanism is unclear, it appears that the microwave may help drive and ionize the Rydberg
atoms. We find that this additional microwave pulse can help at the < 10% level, and is relatively
frequency agnostic. Thus, we use our microwave setup for ground state hyperfine manipulation of
cesium atoms, which can produce microwaves from about 7 —10 GHz. To summarize, our sequence
to perform Rydberg excitations is shown in figure 3.10. In brief, tweezers are lowered adiabatically
and then dropped during the Rydberg excitation to prevent the antitrapping effect of the tweezers
on the Rydberg atoms. Then, the blue light is pulsed on and oft to excite the atoms, while the IR is
constantly on during this entire period. Lastly, the tweezers are turned on along with microwaves to
detect the atoms.

There are two general types of error in this detection procedure. First, a false positive error’,
where a ground state atom has been lost, and is misinterpreted as a Rydberg atom. Second, a false
negative error, where a Rydberg atom has decayed to the ground state and is interpreted as a ground
state atom. False positive error can be measured in a release-recapture experiment, where without
any Rydberg excitation, the loss of ground state atoms can be determined as a function of time.

The detailed procedure for determining the false negative error is outlined as follows. We first define

three quantities:

* 1 — y,: False positive detection error where a ground state atom is detected as a Rydberg

atom.
¢ p: Rydberg excitation probability after a 7 pulse.
* ¢: False negative detection error where a Rydberg atom is detected as a ground state atom.

We determine 5, = 0.980(8) via a release-recapture experiment. To further determine ¢, we ad-

ditionally perform two experiments. In the first experiment, we apply a Rydberg 7 pulse and then

"Note that positive here refers to detection of a Rydberg atom.
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Ryd Blue ‘

Blue Shutter CLOSED OPEN

Ryd IR
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Figure 3.10: Our typical cesium Rydberg excitation sequence. The tweezers are adia-
batically lowered in about 100 s, before being shut off completely during the Rydberg
excitation process. The excitation is controlled by the first leg blue light, which requires
fast drive electronics. The fast drive is incompatible with our servo electronics, so we use a
sample and hold prior to the Rydberg pulse to perform some low frequency stabilization.
During this sample and hold period, a shutter is used to prevent the light from entering
our vacuum chamber while allowing it onto our stabilization photodiode. The second leg
IR light, in contrast, is controlled by slower electronics and its timing does not need to be
precisely determined. After the Rydberg excitation is performed, detection occurs by anti-
trapping the Rydberg atoms out of the trap. This is performed by pulsing on the tweezer
and using a microwave pulse.
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detect the ground state population 7,1 = 0.053(14). In the second experiment, we apply two Ryd-
berg 7 pulses and then do the same detection for the ground state population 7, = 0.86(1). With

the three quantities defined above, we end up with two equations:

70(1=p) +ep = ng (3.23)

;70(p2 + (1 —p)z) +2ep(1 — p) = ngp (3.24)

where the equations arise from carefully consideration all pathways of observing ground state
atoms. For example, the two terms in equation 3.24 arise from detecting a ground state atom suc-
cessfully and from a false detection of a Rydberg atom.

We then solve the above equations (containing two unknowns) to estimate . The errors in ¢ are
done by propagating the standard deviation of the known quantities 75, 7,1 and 7,,. This calibra-
tion procedure yields our estimate of the error, which is less than 0.015. We note that to achieve a
good calibration of 7, 7,1 and 74, the above experiments are repeated by more than 1oooo times.

With this detection procedure, we observe characteristic Rabi flopping in figure 3.11b. The Rabi
flopping clearly does not proceed forever, and begins to show an exponential decay envelope due
to decoherence. We can categorize decoherence processes into fundamental and technical sources.
Fundamental sources include lifetime of the Rydberg state (from both spontaneous and simulated
absorption/emission) and intermediate state scattering, which is determined by the current powers
and detunings of the lasers. These sources provide fundamental limits to our Rydberg excitation
under fixed two-photon excitation parameters. The lifetime limit can be improved by reducing the
amount of blackbody radiation, but ultimately will be limited by spontaneous emission.

Technical sources of decoherence include global effects such as laser phase noise, electric field
noise, as well as those at a site-to-site level such as beam inhomogeneity. These technical sources

can also include shot-to-shot fluctuations in time such as laser intensity noise. We now discuss our
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Figure 3.11: Comparison of the Rabi oscillations before and after applying the injection
lock technique to reduce the phase noise of the upper leg IR laser. Both datasets have some
error where Rydberg atoms are not properly detected and ground state atoms are lost.
Thus, both datasets have been normalized to exclude these errors. (a) Data before applying
the injection lock technique with a measured time constantof 7 = 3.3 us. (b) Data after
applying the injection lock technique with a measured time constant of 7 = 23.5 us.

mitigation efforts for all of these various factors.
Rydberg lifetime. We would like to work at higher principal quantum number Rydberg states

to increase the Rydberg lifetime. However, more highly excited states are more sensitive to electric

76



field (see Electric field noise point below) and also result in lower Rabi frequencies (at fixed laser
power) due to a smaller matrix element. Ideally with no electric field noise, and infinite laser power,
higher principal quantum number is preferred. Using a circular Rydberg state can also enhance the
lifetime.

Intermediate state scattering. As discussed in section 3.3, intermediate state scattering rate rel-
ative to coherent Rydberg excitation rate is minimized (for a fixed Rydberg Rabi frequency) when
the two beams have equal single photon Rabi frequency. Since the second leg has a smaller transi-
tion dipole matrix element, more power is required to achieve this condition. For us, we are power
limited by the upper leg, so more power can mitigate decoherence from intermediate state scatter-
ing.

Laser phase noise. Reduction of laser phase noise greatly improves the coherence time of Ryd-
berg Rabi oscillations with decay time constants of up to 20 us. Phase noise is a property of the laser
source and is also impacted by the locking of the lasers to the high-finesse ultra-low-expansion cav-
ity. Thus, it depends on the locking electronics and lock parameters. We find the best phase-noise
performance when the proportional gain of the PDH lock is as low as possible while being able to
maintain lock. However, servo-bumps arising from when the phase delay of the feedback loop re-
sults in positive feedback will always be present on the laser light. These bumps are mitigated when
one uses the transmitted light from the cavity, which has been filtered to the linewidth of the cavity.
Since our cavities are high-finesse, these linewidths are kHz scale. The main difficulty in using the
cavity-transmitted light is its low power (typically 100s of ¢W at most), which is limited by keeping
the built-up power inside the high-finesse optical cavity manageable. However, this light can be used
to injection lock a free-running diode, stimulating its emission into the frequency mode of the in-
jected light and thus inheriting its linewidth. This can boost the power into the ros of mW, which is
sufficient to seed a fiber amplifier. As far as we can tell, the fiber amplifying process does not intro-

duce any additional frequency noise. The details of this setup will be documented in a future thesis.
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The cleaned cavity-filtered light increases the coherence time from 3.3 to 23.5 s, as shown in figure
3.I1.

Electric field noise. Rydberg atoms have large polarizability and thus are quite susceptible to elec-
tric fields. As discussed in section 3.2, polarizability scales with 7, meaning that higher Rydberg
states as more susceptible to electric fields. Electric field noise resuling in detuning fluctuations that
have similar time scales to the Rabi frequency would cause decoherence. Our chamber consists of
a glass cell which is nominally a dielectric material, and thus can result in buildup of charge on its
surfaces. These charges, especially if they change dynamically, can affect the coherence of our Ryd-
berg excitations. We found empirically in our setup, that it is difficult to drive Rydberg transitions
to states with 2 > 60. Thus, we have mostly used » = 54 for the studies in this thesis. Turning on
UV LED:s that shine on our glass surfaces impacts the location of our resonance for higher 7 (such
asn = 66). We turn on 3 different UV LEDs impinging on the top, side and bottom surfaces of
our glass cell and keep them continuously on. We find that this stabilizes the electric field conditions
experienced by the atoms.

Beam inhomogeneity. At the moment, we drive our atoms with Gaussian beams, which per their
name, has a Gaussian spatial profile. This leads to Rabi frequency variation across our array if the
beam is too small. Thus, focusing the beam increases the peak Rabi frequency, while resulting in
more spatial inhomogeneity. An example of data where there is variation across the array is shown in
figure 3.12. We typically aim for a Gaussian waist size such that there is at most 90% Rabi frequency
variation across our array. Another technique to increase the homogeneity of our beam is to shape it
with an airy beam shaper (Asphericon ASM25-10-D-Y-355) or a SLM to create a tophat or plateau
like structure. However, we found the airy beam shaper to be difficult to work with. The beam’s
intensity profile as a function of the beam propagation axis is quite unintuitive and thus hard to
align. A SLM is a good solution, but is expensive for this task. We note that beam inhomogeneity,

for single atom data, only affects “coherence” on averaged quantities. In fact, for the plots shown in
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Figure 3.12: (a) The large test array of cesium atoms for observing site-to-site decoherence
effects. Note the large spacing eliminates the need for rearrangement to acquire data free
of interactions. We can use single atom data or average data in different spatial regions.
The Rydberg excitation beams traverse the array from left to right (or right to left, the two
beams are counterpropagating). Thus, the horizontal direction has smaller beam inten-
sity variation than the vertical direction. (b) Rabi frequency as a function of position in
the array of (a). The top of the array is experiencing lower Rabi frequencies, likely due to
beam misalignment. (c) The corresponding coherence times of these sites. The lower Rabi
frequency sites have larger coherence time, indicating the presence of intensity noise.

—
—

IS =) ©

o

Rabi Frequency (MHz)
Coherence Time, 7 (us)

5}

this chapter, we either use single-site data or an average of nearby sites so that the decoherence is not
explained by site-to-site variation. Depending on what one can measure, site-to-site variation may
be called decoherence, but since we have the resolution to resolve single sites, the effect can be nicely
isolated out. However, when it comes to many-body phenomenon, site-to-site variation plays an
important role.

Laser intensity noise. Intensity stabilizing a fast pulse (sub-microsecond) of our blue light is non-
trivial. The bandwidth of the intensity servos which feedback on AOMs are typically limited by
the AOM bandwidth. We find that using our servo to control the light results in slower ramps and
also oscillations in light intensity. Thus, we need to bypass the servo completely when performing
these Rydberg pulses and rely on fast modulation of the RF source. We have both used our home-
built DDS (which has a minimum pulse time of 500 ns) and our AWG (minimum pulse time 1.6 ns,

which is unachievable on an AOM) to drive this AOM. However, we'd still like to engage our servo
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for its shot-to-shot stabilization and control of the DC value. The servo helps stabilize intensity
noise from fiber coupling drifts or polarization drifts. To retain DC control while shutting off the
higher frequency control that results in slower pulses, we use a sample and hold circuit. This sample
and hold circuit is placed on the output of the servo before it reaches the control voltage input of the
mixer. When the circuit is on sample mode, the servo output reaches the mixer and active stabiliza-
tion is enabled. When the circuit is on hold mode, the servo will not be able to feedback to the laser
power. Immediately before the Rydberg pulse is required, we engage the servo (and put the sample
and hold circuit to sample mode) to hold the laser power at a certain value for 10 ms. The shutter is
closed during this period to not disturb the atoms. Near the end of this period, we switch the sam-
ple and hold circuit to hold mode, holding a control voltage input that corresponds to the power
setpoint. Further changes or pulse shaping on our Rydberg light is performed directly with the RF
power, and the shutter will be opened when the light is needed on our atoms. This technique is able
to stabilize our blue power to about 1%. We note that this method cannot stabilize fast frequency
fluctuations, where we need to rely on stable cavity parameters on our ECDX doubling cavity. Un-
like the blue laser, the Rydberg IR laser does not need to be turned on very quickly. It can stay on
throughout the pulse, since the actual atom dynamics are governed by the blue pulse. Thus, for this

laser, we use a standard intensity servo without any need for a sample and hold circuit.

3.5 MEASURING INTERACTIONS BETWEEN RYDBERG ATOMS

Now that we have characterized our single atom Rydberg excitations, we want to observe interac-

tions between our atoms when they are close to each other. As discussed in section 3.2.2, Rydberg
atoms typically have a 1/7° van der Waals interaction at the tens of MHz scale at 4 microns. Let’s

now consider a two atom system using a basis for our two atom states consisting of |g¢) , |g7) , |7¢) , |77).

With a laser drive (actually two-photons) at effective Rabi frequency Q and on resonant with the
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single atom |g) — |r) transition, the Hamiltonian is given by

hQ hQ hQ hQ
H= BN g0) (g7l + TS g0) (gl + ES lgr) (rr| + > rg) (rr| + Vo |7r) (|-

where 7, is the Rydberg-Rydberg interaction. Now, we make the following definition
+) = 7y + |re)).

With this definition, we can rewrite the Hamiltonian as

H =220 gg) (++ 2v2Q 1) (] + Vi ) (.

7
V20
7) +)
Q V20
9) gg)
[ o0

(3.25)

(3.27)

Figure 3.13: Comparison of the single atom and two atom states under a laser drive. In the
two atom case, only of the two states with a single Rydberg excitation is populated. This
state is populated at a /2 enhanced rate. The Rydberg state is shifted from the energy of

two independent Rydberg excitations by the interaction energy.
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What this Hamiltonian tells us is that with two atoms, because of the symmetry of the drive ad-
dressing each atom in the same way, the |gg) state is only coupled to one particular combination
of |gr) and |rg), namely the |+) combination. This coupling has an enhanced Rabi frequency of
V2Q. Now, when V,, = 0, this |+) state is subsequently coupled to | ), and the resulting dynam-
ics are equivalent to two independent Rabi flops. However, when V. > Q (distances where atoms
are within a blockade radius), we can assume that the |77) state is energetically forbidden to access,
and a residual two-level system between the states |gg) and [+) emerges with the aforementioned
enhanced Rabi frequency V2Q. Infact,a 7 pulse in this two-level system results in the creation of
an entangled state |+) which has been enabled by the interaction V.. Hence a signature of inter-
actions is to measure an enhanced Rabi frequency with s0% Rydberg population when atoms are
within the blockade radius and to otherwise (when atoms are far apart) obtain full contrast Rabi
oscillations with a slower frequency.

Figure 3.14 illustrates the aforementioned features. Panel a) compares the standard single atom
oscillations between the ground and Rydberg state, which occurs at a Rabi frequency of 2z x
1.05 MHz, with those oscillations of a two atom system. When two atoms are within a blockade
radius (i.e. V}, is shifted away by an energy much larger than a Rabi frequency), the state |gg) os-
cillates with the state % (lgr) + |rg)). Hence, with two atoms the Py, population should exhibit
full contrast oscillations and as explained above will oscillate with a v/2 enhancement in the Rabi
frequency. The Py, oscillations in the two atom case are fit to a Rabi frequency of 27 x 1.46 MHz.
Taking the ratio of the two oscillation frequencies in the two cases, we obtain 1.46/1.05 ~ 1.39,
which is not far from v/2. Figure 3.14b shows the other 3 measurement results when there are two
atoms, namely Py, Py and P,,.. As expected, P, and Py, only display half contrast oscillations, con-
sistent with populating the % (lgr) + |rg)) state. The Py, state is only minimally populated. Resid-
ual population in this state can result from finite interaction strength and imperfect blockade as well

as detection error, such as atom loss, which would be interpreted as Rydberg population. Further-
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Figure 3.14: (a) Comparing oscillations of a single atom with two atoms that are inter-
acting. The interacting atoms oscillate faster than the single atom indicating blockaded
oscillations as described in the text. By looking at Py, full contrast oscillations are allowed.
(b) The P,,, P,; and P,, populations when two atoms are loaded. Due to the Rydberg
blockade, only one Rydberg atom can be excited at a time. The presence of two Rydberg
atoms, P,,, indicate blockade violation, which are small at these interaction strengths.

more, any atom loss during the sequence will also encourage Rydberg excitation, due to the removal
of the blockade effect. In other words, when an atom loss event occurs, full contrast oscillations of
the remaining atom is allowed.

Observing enhanced frequency blockade oscillations is relatively clear evidence of interactions,
but it does not allow us to quantitatively measure the strength of the interaction. In fact, it is an
effect which is robust to the exact interaction strength and hence blockade phenomena have been
used in the implementation of high fidelity quantum gates''»*5%11413877:148:199:47 'Tq measure the
interaction strength, one can use a 7 pulse on two interacting atoms to obtain the state % (lgr) +
|rg)) followed by another 7 pulse, but at a different laser detuning (figure 3.152). This is achieved
with a frequency change in our double-passed AOM. If the laser frequency matches the one of the

first pulse, then atoms will return to the |gg) state. However, if the new laser frequency takes into
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Figure 3.15: (a) The measurement scheme for determining the Rydberg-Rydberg interac-
tion strength V,. A 7 pulse is used to bring atoms from |gg) to the |[+) state. The second
= pulse frequency is scanned across the |77) resonance. (b) An example of such a mea-
surement. When the detuning of the second pulse is the same as the first, the atoms are
returned to the |gg) state. Otherwise, when the frequency difference matches the interac-
tion V,,, the |r7) state is populated.

Figure 3.15b shows an example of such a measurement. A peak in the |gg) population is found
at o detuning (from the first pulse), while a peak in the |r7) population is found at approximately
11 MHz, which is the interaction strength of this particular pair of atoms. We note that at higher
interaction strengths, the resonance tends to be broader due to finite temperature eftects. Larger
interaction strengths correspond to smaller distances, where position fluctuations due to finite tem-
perature play a larger role in changing the interaction strength. The interaction measurement, and

its dependence on distance, is our best measurement of the atoms’ relative positioning. It can also
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track any differences in the z (axial) positioning of the atoms (discussed more in section 5.4). Along
with the numerically determined Cj value, these measurements provide a calibration of the relative

positions of the atoms.

3.6 SUMMARY AND OUTLOOK

In this chapter, we reviewed the properties of high principal quantum number states (Rydberg
states) and in particular discussed their sensitivities to external fields and their interactions. At prin-
cipal quantum numbers of 7 = 54, we can observe tens of MHz scale interactions at around 3.5-4
microns, which are reasonable distances for SLM created tweezer arrays. Realizing these proper-

ties in the lab requires coherent excitation of ground state atoms, which we achieved with a two
photon excitation via the 7P5 , state using lasers at 455 nm and 1060 nm. We have achieved Rabi
frequencies of up to 2.5 MHz, and coherence times of individual atoms of up to 20 us. These Rabi
frequencies require tight focusing, and the long coherence times require careful attention to control
all sources of noise, including DC electric fields, laser intensity and phase noise. With coherent exci-
tation in our toolbox, we can observe interactions between Rydberg atoms either through enhanced
frequency blockaded Rabi oscillations or through direct spectroscopy of the |r7) state.

The critique of Rydberg platforms, especially for the purposes of quantum computing, typically
revolve around the fundamental limitation of the Rydberg lifetime. Unlike molecules ®®¢3-13:10417¢
and trapped ions 38 for instance, which have long-lived interacting states, neutral atoms need to be
excited to high principal quantum number states in order to achieve usable interaction scales (rela-
tive to the lifetime). Thus, improvements focus on two fronts: increasing the effective lifetime of the
atoms and increasing the Rabi frequency which governs the Rydberg dynamics used in computing
and simulation applications.

As discussed in section 3.2, the lifetime of Rydberg states increase at higher principal quantum
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number. However, to use these states, precise electric field control is required. Our experiment cur-
rently lacks the in-vacuum electrodes required for this control. At these higher principal quantum
numbers, stimulated absorption and emission of blackbody radiation ** plays a larger role as well,

202,178

motivating the use of cryogenic setups 4% Another possibility is to make use of circular Ryd-

berg states 161,56

. Since they have the largest possible angular momentum for a given principal quan-
tum number, optical decay channels are suppressed leading to lifetimes at the milliseconds level.
Furthermore, these decay channels are in the microwave regime, where microwave cavities can be
built to further suppress spontaneous emission rates through modification of the electromagnetic
field modes of vacuum **7. Creating circular Rydberg states has been achieved with circularly polar-

46

ized microwave and RF fields** and arrays of circular Rydberg atoms have been trapped in repulsive

pondermotive traps created from hollow optical bottle beams 182

. These capabilities would need to
be integrated into our system, but have been demonstrated before.

In our typical experiments with cesium, other time scales come into play before the Rydberg
lifetime. For instance, in a two-photon transition, the intermediate state scattering poses another
limitation. This effect can be completely eliminated by using a single photon excitation, which is
technically challenging since it would be require a coherent 319 nm laser source. Electric field stabi-
lization, better beam uniformity and intensity stabilization will also help to increase the coherence
time, which is also shorter than the lifetime.

Increasing the Rabi frequency of the Rydberg beams allows for more coherent dynamics within
a coherence time. In our system, this can be achieved in various ways. Currently, our power for the
2nd leg IR is limited by the fiber delivery and not our fiber amplifier. We can switch out the end-
capped fiber for a photonic crystal fiber, with a larger mode field diameter. Another improvement
we can make is to use a SLM to shape our Rydberg beams into a tophat, utilizing our power more
efficiently while maintaining uniformity.

The quantum science of these two atom systems is relatively simple and well understood. How-
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ever, from chapter 2, we have developed all the techniques necessary to create large defect-free
tweezer arrays of many atoms. Observing Rydberg physics on these large arrays will be the focus

of the next chapter.
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Interacting Arrays of Rydberg Atoms -

Probing Critical Phenomena

4.1 INTRODUCTION

Tweezer arrays of Rydberg atoms have been used to study many models in condensed matter physics **

including SSH models 04 dipolar XY models®*, XXZ models**°, XYZ models **>*** and long-range
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Ising models 1974198248 - Confronted with this alphabet soup of models, we will briefly review what
these models are and then discuss their implementation in Rydberg systems.

An XYZ model has anisotropic spin-spin interactions in all 3 spatial directions

H= Z(]xx(i,j)Sfo +Jyy(l.7j)Sg‘/‘S;y‘ —i—]zz(z',j)SfS?) (4.1)
i<j

where 7 and ; are site labels and x, y and z label the spatial directions. When /., = J,,, the result-
ing model is called an XXZ model, where the interactions are isotropic in the two transverse direc-
tions. When /;; = 0,but/,, = J,, # 0, then the resulting model is called a XY model. When
Joo = Jyy = 0,and [, # 0, this is known as an Ising model. Note that for all of these models,
the strength coefficients /., /y and /. can have a non-trivial dependence in space. For example, XY
models often are found in systems with dipole-dipole interactions, where the dipole operator can
flip spin states. If the dipole-dipole interaction is the cause of /,, and Jyys then these coefficients
will haveal/ r; dependence. Hence, 2 XY model with this 1/ }’; distance dependence is known

as a dipolar XY model. The Ising model also typically is a nearest neighbor model only, namely
Jez(7,7) = Oforall 7, j that are not nearest neighbor. To be more explicit, one can also call this the
nearest-neighbor Ising model.

In addition to these two-body interaction terms, a “field” term can be applied that has the form

H= ZUxSf +-[)’Sg'/ +]zSzz‘)' (4-2)

For instance, a transverse-field Ising model has /; # 0,and /,; # 0. Lastly, the SSH model*'7 is a

lattice model with nearest-neighbor hopping of alternating strength

H=v Y (dapy+aaly)+o Y (alams+aal,) (4.3)
i=1,3,5,... i=2,4,6,...

89



where v, w are hopping strengths and 4; and aj are the annihilation and creation operators for a
particle on site 2. This model is one of the simplest ones that exhibits topological features '°

We now turn to the implementation of these models with tweezer arrays of Rydberg atoms. Ryd-
berg interactions have been described in section 3.2.2 and arise from diagonalizing the dipole-dipole
interaction in a pair-state basis that could involve an infinite number of states. Typically, these in-
teractions are in one of two regimes, a non-resonant 1 / -regime and a resonant 1 / .regime. Let’s
consider a spin-1/2 encoding where our two spin states are a ground state |g) and a Rydberg state
|7). In this basis, the Rydberg interactions are described by the operator 7,7, where n; = |r), (r|,.

This interaction, in the spin-language and encoding, acts like a SfSJ“ term. Adding a laser drive ata

particular detuning A and Rabi frequency Q) yields a long-range transverse-field Ising model

H= Z <hQ hAn,) + Z ;N (4-4)

where o} = |g), (7], + |r), {g],;and V; ~ 1 / -and arises from the long-range van der Waals
interaction. This Hamiltonian is one of the easier Hamiltonians to engineer, only requiring arrays
of atoms with Rydberg excitation.

Another encoding (basis) that we can use for our studies is a Rydberg-Rydberg encoding where
our two spin states are two Rydberg states, |7) and |#/), which are dipole connected. In this case,
the dipole-dipole interaction couples the |7/} pair state resonantly with the |//7) state leading to a

Hamiltonian of the form 3+

2(3 cos 91] 1)

H-Y "

i<j ’]

(cf o7 + o707, (4.5)

where d is the transition dipole moment between |7) and |//), 8;; is the angle between the r;; vector

and the quantization axis, and the o = ¢ = iz, are the raising and lowering operators in this spin-
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1/2 encoding. The raising and lowering operators essentially perform a resonant exchange from the
|7//) state to |/ 7) state. This dipole-dipole interaction is also anisotropic, which is illustrated with
the 3 cos® ﬁ,j — 1dependence. This Hamiltonian for a linear 1D chain, or a 2D system where the
quantization axis is perpendicular to the array, directly implements the dipolar XY model which has
been studied experimentally>*. However, an effect that needs to be accounted for is the residual van
der Waals interaction of |77) and |#/#/) which arises from off resonant coupling to other pair states.
These effects add additional ZZ terms in the Hamiltonian. Utilizing the dipolar interaction in this
basis with an arbitrary starting state requires site-selective excitation using microwaves between these

Rydberg states. Typically, this is achieved with site-dependent light shifts with a laser beam.

B
o

Figure 4.1: Geometry for implementing the SSH model with a Rydberg-Rydberg encod-
ing. The anisotropic nature of the dipole-dipole interaction leads to alternating interaction
strengths between atoms that form the chain. The two types of bonds are indicated in

black and red.

This dipolar XY model can be used to implement the SSH model . Consider atoms organized
in a way such that the distances between any nearest neighbor atoms is the same, but the angle be-
tween the vector connecting odd numbered atoms to the next even numbered atoms difters from
the vector connecting even numbered atoms to the next odd numbered atoms (shown in figure 4.1).
This can be achieved by first placing the atoms in a line and then shifting all the even numbered
atoms out of the row of atoms, resulting in a zig-zag shape. Then, due to the anisotropy of the dipo-

lar XY model, the couplings between nearest neighbor sites exhibit an alternating pattern due to the
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angular dependence of the dipole-dipole interaction.

98,226,85,53 where the

Another way to engineer the interaction is to use the idea of Floquet physics
Hamiltonian is periodically modulated at a timescale much faster than the time dynamics one wants
to observe. In this case, at these slower time scales, an effective Hamiltonian is implemented. In
the Rydberg case, microwaves driving between |7) and |#) can be applied periodically to effectively
change the basis of the instantaneous interaction and all the parameters of a XYZ Hamiltonian can
be controlled **°. Floquet engineering can also be applied in the |g), |7) basis to realize a modified
Ising interaction *#*.

A disadvantage of using a Rydberg atom in the encoding is the finite lifetime of these Rydberg
states. By changing the laser detuning, A, from the Rydberg state, one can control the admixture
or dressing of the Rydberg state into the ground state. This dressing of the ground state can thus
engineer interactions between ground state atoms but with longer lifetimes. Ensuring that the laser
mostly only dresses one of two hyperfine ground states yields a model, once again with ZZ-like in-

teractions. This technique is known as Rydberg dressing '*°5

. Despite the familiar interaction,
this scheme produces an interaction strength with a non-trivial dependence on distance. The dis-
tance dependence of the dressed-state energy arises from the distance dependence of the Rydberg-
Rydberg interaction itself. At distances where A >> 1y, changes in distance do not significantly
change the admixture of the Rydberg state in the ground state, but it does shift the energy of the
dressed state proportionally. However, when Vi > A, corresponding to lower distances, the |77)
state is shifted farther out of resonance and the admixture of the state rapidly drops even if the in-
teraction increases. The result is a relatively flat dependence of the dressed state energy as a function
of distance for small distances. The short-range behavior of this potential is known as a “soft-core”
potential. The dynamics of an Ising model with this soft-core potential has been experimentally

studied **5. Utilizing multiple Rydberg dressing lasers for both hyperfine states, one can engineer

XYZ Hamiltonians 3:>'5,

92



For the work in this thesis, we will use a ground Rydberg encoding of states and study the long
range transverse field Ising model of equation 4.4. In section 4.2, we discuss the salient features of
the model with a focus on the quantum critical point (Ising) present in this model. Sections 4.3
to 4.6 focus on our experimental efforts to probe the critical point in both one and two physical

dimensions.

4.2 THE LOoNG RANGE TRANSVERSE FIELD ISING MODEL USING RYDBERG ATOMS

Our goal is to study the ground state physics of this Rydberg model. We first consider a 1 dimen-
sional system consisting of all atoms in a line. As a thought experiment, let’s first consider what
happens when Q = 0, such that product states of |g) and |r) are eigenstates of the full Hamilto-
nian”. In this case, at large negative detuning, there is an energy cost to having Rydberg excitations.
Thus, the many-body ground state, |gg...), consists of all atoms in the ground state. As the detuning
increases towards positive detuning, Rydberg atoms lower the total energy of the state, encouraging
the presence of Rydberg atoms in the ground state. However, the distance dependent repulsive in-
teraction V;; between Rydberg atoms disfavors exciting nearby atoms to the Rydberg state. If the
so-called blockade radius includes nearest neighbors, then the ground state becomes ordered states,
\grgr...) or |rgrg...) that staggers the Rydberg excitations spatially, satisfying both the detuning and
interaction terms. We call the resulting states as Z, ordered states, since they only obey the symme-
try of translation by zwo lattice sites, instead of states that are fully translationally symmetric. As the
interaction increases, it becomes costly for even next-nearest neighbors to be in the Rydberg state
(i.e. the next-nearest neighbors are within a blockade radius). Thus, the ground state consists of so-

called Zj3 ordered states |ggrggr...), |grggr...), and |rggr...). In 2 dimensions, more interesting states

*This scenario is meaningless physically because the A term only arises from the laser drive. When Q = 0,
tuning A is impossible and non-sensical. Nevertheless, as a Hamiltonian, we can still theoretically consider its
g p y
properties.
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can arise in addition to the simple Z, checkerboard state as a function of the interaction strength.
Using arbitrary geometries, finding the ground state of this Hamiltonian at a particular blockade
radius results in a “packing problem”, where one wants to pack as many Rydberg atoms as possi-
ble while reducing any unwanted repulsive interactions from putting the atoms too close to each
other. In graph theory, this problem maps exactly to the NP-hard maximum independent set prob-
lem, and a Rydberg atom quantum simulator has been used to tackle this problem efficiently7>.
The experimental platform is prepared in the ground state and then a measurement is performed to

determine what is the densest packing of Rydberg atoms possible that obey the blockade constraint.

a) L = 4, open chain, Q=0 b) L = 4, open chain
10 10k
> —
% ]
‘; oF g ol
3 g
v c
I.ICJ wi
-10F =10
| | | | 1 | 1 1
-2 0 2 4 -2 0 2 4
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Figure 4.2: Exact diagonalization for the Rydberg model (equation 4.4) at a system size of
L = 4. Calculations are performed for a nearest neighbor interaction strength of 1.5 in ar-
bitrary units. The eigenenergies are plotted against the detuning, and the red line illustrates

the ground state energy. In (a), Q@ = 0 (which is nonphysical) for illustrative purposes,
while in (b), Q = 1.

Now, equipped with an understanding on the basic features of this Hamiltonian, we now need
to add the important effect of the £ % term. Without the drive term, the total excitation num-
ber E n; is a conserved quantity, and as a function of A, states will cross as shown in figure 4.2a.

z
In particular for a blockade radius that would lead to a Z, state, the ground state at large negative

detuning |gg...) will eventually cross with the Z; ordered states. However, with the drive term
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present, a gap opens and this crossing becomes an avoided crossing (see figure 4.2b). As the system
size grows (shown in figure 4.3b), this gap closes signaling the presence of a quantum phase transi-
tion '?"*3%2!> The location of the gap closing is known as the critical point. The quantum phase
transition is called such since our entire framework strictly describesa 7 = 0 phenomenon, i.e. it
is a ground state phenomenon. Classical phase transitions are driven by thermal fluctuations, while

quantum phase transitions are driven by quantum fluctuations caused by the non-commuting’ £¢%

term. The theory of quantum phase transitions can be extended to finite temperatures.

1.0
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Figure 4.3: (a) The energy gap between the first excited state and ground state of the Ryd-
berg model (equation 4.4) as a function of detuning A for different system sizes on a ring.

(b) Zoom in of (a)

At the critical point of a quantum phase transition, much like its classical counterpart, the corre-
lation time and subsequently the correlation length diverges, leading to scale invariance. A diverging
correlation length means that fluctuations exist across all length scales so the system looks the same,
no matter which scale the system is viewed at. Since the physics of our system must look the same
upon a scaling transformation, its properties must be described by self-similar functions, which have

the following property

fNon—commuting here means with respect to the other terms of the Hamiltonian. This leads to an effec-
tive Heisenberg uncertainty principle which disallows a simple ground state that is a product state.
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Abs) = b ) (+6)

for arbitrary 4 and some a. In other words, scaling a system’s coordinates by a factor b, results in the
exact same functional form, where we allow the y-axis or function result to be scaled as well by 4*.
Functions that satisfy this relation consist of power law functions f{x) = x*. A graphical depiction
of this special feature of self-similarity is shown in figure 4.4 contrasting a quadratic function with
an exponential function. At the two different scales, the quadratic looks exactly the same while the

exponential clearly changes shape.
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Figure 4.4: Comparing a quadratic function (power law) with an exponential at two dif-
ferent scales in (a) and (b). The shape of the exponential function changes dramatically
compared to the power law.

Another key feature of the critical point is universality *'+*#*, beautifully observed in 1945 5
showing the universality of the critical point of a liquid-gas transition across many different chemi-
cal compounds. In this system, the liquid-gas density difference o, — P becomes zero at the critical
point, but upon approach to the critical point, the density is a power law function of the deviation

from the critical point
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r E) (4.7)

P17 Py X <_T'c
with a so-called critical exponent . The temperatures and densities of 8 fluids near the critical point
were shown to collapse on each other when normalized with the non-universal critical temperature
T; and density p , i.e. when 7/ T; was plotted against p/p . A critical exponent of approximately
8 = 1/3 was found. The same critical exponent was found for a ferromagnetic-paramagnetic critical

102

point *°* and a critical point in a mixture of CC/4 and C7F14***. A simple explanation for univer-
sality is as follows: since the correlation length diverges, properties of the state cannot depend on
the microscopic details of the Hamiltonian but only on the symmetry and dimension of the system.
In these cases, a choice between two phases means that these critical point belong to the Z, Ising
universality class*#*.

The Z Rydberg phase transition also belongs to this universality class and its critical exponents
has been studied both in 1D *** and 2D7# in atom arrays previously utilizing the Kibble-Zurek

mechanism *>5*5*

. The Kibble-Zurek mechanism is a dynamical method that monitors the final
correlation length of the system as a function of ramp speed and gives access to the dynamical expo-
nent 2 and critical exponent ». If the ramp speed is infinitely slow, then the correlation length can
grow to infinity, but if it has finite speed, then correlations will only have enough time to build up
to a finite value. However, the scaling of the correlation length with ramp speed depends univer-
sally on the critical exponent combination zv. The Kibble-Zurek mechanism has also been used in

other quantum simulators such as trapped-ion systems 60,139

, atomic-gases” and superconducting
circuits7* to measure critical exponents.
In our work, we want to probe the critical point using a more direct method: namely prepara-

tion of the ground state at the critical point. We seek to directly observe power-law behavior of the

correlations of observables and spatial scale-invariance. It turns out for our system, there is a more
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powerful symmetry at play. The Rydberg model critical point exhibits conformal invariance, where
the system is invariant under conformal transformations which locally preserves angles. Thus, the
Ising conformal field theory (CFT) describes the low energy physics at the critical point®'*. The
Ising CFT is described by two primary fields, the & and ¢ fields, which can then be used to calculate
all critical exponents. These continuous fields need to be placed on a lattice, which depends on the
geometry, dimension and boundary conditions of the lattice.

In a 1D Rydberg atom array with periodic boundary conditions, the primary field 7, known as

the spin field, is represented, at leading order**", by the microscopic lattice operator

or = (=1)'(n: — (n)). (4.8)
In the quantum critical ground state, (7;) = 0 on each site, but its two-point correlator (7o}
decays as a power law,
—2AIP
{7005) ox 9 , (4.9)

where d;/a = g sin (%) is an effective spatial separation (chord distance) that accounts for the pe-
riodic boundary condition*'". The exponent of this power law, also known as 7, is twice the scaling
dimension, A" = 1/8, of the (1+1)d Ising CFT*.

The other primary field ¢, known as the energy field, can be similarly represented, at the leading

order in 1D, by a microscopic lattice operator "

giv1/2 = (n; + nip1) — (n). (4.10)

*(1+1)d is the conventional naming scheme for quantum phase transitions **'. Here, the two 1s refer to a
single spatial and time dimension.
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The two-point correlator (g /267 +1 /2) decays as a power law

<51/25j+1/2> X 3]'_2A;D ) (4.11)
where A" = 1, predicted by the (1+1)d Ising CFT.

Nicely, these microscopic operators for the CFT primary fields are entirely in the Z basis, allow-
ing for just measurements of the Rydberg population to be enough to experimentally measure these
correlations. The main novel result of our work will be to directly measure these scaling dimen-
sions via adiabatic preparation of the ground state wavefunction at the critical point. In section
4.3, we will detail how we prepare defect-free arrays in the geometries we want and how to prepare
the atoms for excitation. In section 4.4, we describe how to experimentally locate the critical point.
Next, in section 4.5 we measure a critical exponent in one dimension, consistent with theoretical
expectations, while overcoming the challenges brought upon by decoherence. Finally, in section 4.6,
we make measurements in two dimensions, where boundaries emerge as a major challenge but also

provide an opportunity to observe the physics related to boundary phase transitions.

4.3 EXPERIMENTAL PARAMETERS

For these experiments, we use cesium atoms. Critical exponents are most easily extracted in systems
with periodic boundary conditions*'". In 1D, this can be accomplished by arranging atoms in a
ring. The ring needs to be large enough so that interactions between farther neighbors are negligi-
ble. If these interactions are not negligible, then there will be a significant difference between the
geometry of a ring and true linear chain with periodic boundary conditions. Nevertheless, for all
our numerical simulations, we are able to place the atoms in their true locations and confirm that we
can still theoretically observe the correct critical phenomena.

We place the atoms on the ring such that the interaction strength is on average about 12 MHz.
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However, we measure a static interaction homogeneity (standard deviation/mean) to be 26% for a
2.4 atom ring and 20% for a 40 atom ring. The true interaction inhomogeneity can also be incorpo-
rated into numerical simulations. For 2D experiments, since we cannot easily create periodic bound-
ary conditions, we perform our experiments on rectangular geometries with open boundaries.

For our experiments, it is very important to create and use data from defect free arrays. We per-
form atom rearrangement as described in section 2.5. During rearrangement, we grab atoms using
AOD tweezers at approximately twice the trap depth of the static SLM tweezers. The AOD tweezers
are turned on and off in about 200 xs and moved at about 110 #m /ms.

We design our rearrangement algorithms to operate on grids. The sequence of atom moves and
ejections must be tailored to the geometry of the SLM tweezers. Each SLM array includes both
‘target’ sites belonging to the desired defect-free pattern and ‘reservoir’ sites supplying additional
atoms to fill unloaded target sites. In both 1D and 2D, we are careful to minimize the number of
grab and drop events (which can lead to loss) of the atoms.

1D rearrangement procedure. For our 1D experiments on a ring, we load additional atoms into
rows and columns of traps situated around and inside the ring to serve as a reservoir. This reservoir
is designed to maximize connectivity along a row/column, reduce redundancies, and enforce a min-
imum spacing between traps (see figure 4.5). The reservoir choice, and its subsequent success rate,
can be simulated. The simulation guides the reservoir design. While the AOD is capable of simul-
taneously producing multiple tweezers, we only use a single mobile tweezer to rearrange atoms on
aring. This minimizes atom heating due to beat-note frequencies of adjacent tweezers moving over
a non-uniform grid, which would otherwise cause trap depth modulations on the order of our trap
frequencies. The detailed rearrangement procedure is illustrated for a particular example in figure
4.5.

First, row by row, we shuffle atoms horizontally to columns that need additional atoms to reach

their targets (refer to figure 4.5a). Green arrows denote atoms that are moved in order to fill the
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Figure 4.5: Rearrangement procedure in 1D for a 40-atom ring. Blue squares denote loca-
tions of SLM traps, and orange circles denote the locations of atoms. Each target site on
the ring is associated with a reservoir row or column. The details of the procedure are in the
main text.

deficient red column. Orange arrows denote atoms that are moved to more central columns to con-

tribute more atoms to the next step. We note that if all columns have a sufficient number of atoms,
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this step can be skipped. Furthermore, not all rows will be moved. The result of such movements

is shown in figure 4.5b. Then, column by column (within the green rectangle in figure 4.5b), we
shuffle atoms vertically to their target sites, ejecting any unneeded atoms and also filling rows that
need additional atoms. Importantly all atoms are now in the central rows (see figure 4.5c) which will
be targeted in the next step. Next, row by row (within the red rectangle in figure 4.5c), we place the
remaining atoms into the target sites, while ejecting unneeded atoms. After the previous rearrange-

ment steps, a defect free ring (see figure 4.5d) is achieved.
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Figure 4.6: Rearrangement procedure in 2D for a 9x9 rectangular array. Blue squares de-
note locations of SLM traps, and orange circles denote the locations of atoms. (a) Row by
row, we shuffle atoms horizontally to columns that need additional atoms and eject unnec-
essary atoms (red arrows). Note that atoms in the final target region are moved as little as
possible (b) We move all atoms downward to the bottom of the array (c) After the previous
rearrangement steps, a defect free rectangular array is achieved.

2D rearrangement procedure. For our 2D experiments, we rearrange over a rectangular array.
Because of the regular geometry, atoms of a given row or column can be simultaneously rearranged
by AOD tweezers without low frequency beatnotes, allowing us to move atoms in parallel without
substantial heating. The detailed procedure is in the caption of figure 4.6.

Following rearrangement, we optically pump atoms to the ground state |65} /5, F = 4, mr = 4)

in an 8.8 G magnetic field. We perform 3D Raman sideband cooling to reduce the average motional
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quantum number 7 to less than o.1 '#4, taking approximately 100 ms. Following Raman sideband
cooling, we adiabatically lower the trap in about 100 us before turning it off completely during the
Rydberg excitation. Although releasing the atom from a lower trap depth results in lower kinetic
energy, the position distribution is wider resulting in greater sensitivity to static positional disorder.
However, at a higher trap depth, releasing the atom results in greater kinetic energy, so the atom will
move more during the Rydberg excitation. The optimal trap depth for release is numerically deter-
mined to be 27 x 1.4 MHz with radial and axial trap frequencies of 2z X 30 kHz and 27 x 4.7 kHz,
respectively, by minimizing the atom position distribution ¢, + 7, X #,,1,. during state evolution,
where o, and o, is the spread of the initial atom position and momentum upon trap release.

When the atoms are in the dark, we coherently excite atoms to the Rydberg state using a two-
photon transition via the intermediate state 7P3 5, with counter-propagating laser beams at 455 nm
and 1062 nm to the 545 /, state. The Rydberg excitation beams are shaped into elliptical Gaussian
beams to improve their intensity uniformity across the array, with (&, ®,)4ss = (87, 137) um and
(@y, a)},)logz = (64, 208) um at the position of the atoms. In a typical experiment, the powers of each
laser are chosen to achieve single-photon Rabi frequencies of (Qy4ss, Qi062) = 27 X (80, 42) MHz.
We operate at an intermediate state detuning of 1.06 GHz, and the two-photon Rabi frequency

ranges from 1 to 1.6 MHz. For details of the laser system, see section 3.3.

4.4 LoOCATING THE CRITICAL POINT

Before we can observe critical exponents at the critical point, we need to determine the location of
the critical point experimentally. First, it is important to note that at finite system sizes, different
metrics (such as location of the minimum gap between ground state and first excited state, maxi-
mum entanglement entropy, or maximum susceptibility %) for the critical point may differ from

each other. However, these metrics all converge to a single value in the thermodynamic limit. In 1D,
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and at our experimental system sizes larger than 24 sites, we find that all these metrics are reasonably
close, from the perspective of finding the right critical exponent. The critical exponent itself varies
smoothly but relatively quickly (at the 10% level with a 5-10% uncertainty in the critical point loca-
tion) as a function of the detuning. Experimentally, the easiest of these metrics to measure directly
is the susceptibility, or derivative of the Rydberg population with respect to detuning. Ideally, if
we can adiabatically prepare the ground state at every detuning, the average Rydberg population
will grow the fastest at the critical point. Thus, we perform the following experiment: we start with
all atoms (24 or 40 atoms in a 1D ring) in the ground state, which corresponds to the many-body
ground state at infinite negative detuning or when Q = 0. Then, we ramp up the Rabi frequency®
at a finite negative detuning. At larger negative detunings, faster ramps can be used, since the scale
that sets the many-body gap at these negative detunings is the detuning itself. However, starting

at larger negative detunings requires more frequency to be traversed to arrive at the final detuning,
thus requiring longer time for the ramp. A tradeoff between the two for small system sizes can be
found numerically, and the Rabi frequency ramp can be determined to be adiabatic by minimizing
the amount of Rydberg population after the ramp. After the Rabi frequency ramp, we use a lin-
ear detuning ramp, stopping at various points to make a measurement of the Rydberg population.
Characteristic data of the population as a function of the stopping detuning is shown with the red
dots in figure 4.7a.

The immediate numerical derivative of the raw data is very noisy, and thus the peak determined
from such an explicit derivative is not particularly robust and requires copious amounts of exper-
imental data. Thus, we need to use data processing tools such as smoothing (averaging together
nearby points) and interpolation (a polynomial fit of nearby points) to achieve robust results. The

4-step procedure is as follows:

1. Smooth the data for (#) as a function of A /Q using the Savitsky-Golay filter **4. A relatively

SWe choose to ramp up linearly for simplicity, but more complicated ramp profiles can be used.
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40-site ring, Ramp speed = 30MHz/us
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Figure 4.7: Exemplary dataset for determining the critical point location from a linear
detuning ramp experiment (in this case, 30 MHz/us). (a) Red circles: The raw data for
the measured Rydberg population as a function of detuning (in units of Rabi frequency).
Orange line: The data after processing with smoothing and interpolation. Blue line: The
results of a numerical simulation that takes into account decoherence and initial atom loss.
(b) Red circles: The numerical derivative of the measured Rydberg population. Orange
line: The numerical derivative of the smoothed and interpolated orange data from (a)
along with additional smoothing. Blue line: The numerical derivative of the simulation
blue line from (a). The green dashed vertical line shows the location of the critical point,
extracted from the peak of the orange line. The location is in good agreement with the one
determined from the numerical simulation (blue line).

small window size is chosen to retain local features.

2. Intepolate the smoothed data (orange curve in figure 4.7a), which increases the resolution of
determined critical point location, and allows us to better identify the critical point even if

we don’t take a data point exactly at the critical point.
3. Numerically differentiate with the central difference method to obtain the susceptibility.
4. Smooth the obtained susceptibility (orange curve in figure 4.7b) again with the Savitsky-
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Golay filter and identify the location of the maximum value as the estimate for the maximum
susceptibility for this dataset. In this case, we use a large window size for the filter in order to

achieve robustness to noise-induced oscillations.

In order to choose the correct parameters and to fine tune this procedure, we applied this exact
procedure to data from numerical simulations (blue curves in figure 4.7). The numerical results
had contained about 300 points in A /Q, but we only use about the 5o points we measure in ex-
periment. This procedure works well and the extracted maximum susceptibility, A,y is in good
agreement from the nearly exact one determined from numerical simulations.

To determine whether our ramp is adiabatic enough, and thus providing data that can be used
to estimate the critical point, we use linear ramps of different speed and measure A,y in each case
as a function of time¥. If the ramp is too fast, the system will not be able to follow the ground state
completely and the resulting Rydberg population will lag behind the ground state expectation*, as
shown in the red data in figure 4.8. A similar effect is expected for first preparing the ground state
at positive detuning (the antiferromagnet) followed by backward ramps at different rates. In this
case, the lag of Rydberg state depopulation (or ground state population) will result in a peak that is
shifted towards negative detuning as shown in the blue data in figure 4.8. The difference in the loca-
tions of these peaks for forward and backward ramps has been shown ** to display universal features
and can be used to extract the critical exponents z and ». Although we do not quantitatively deter-
mine these critical exponents from these measurements, we do observe the correct qualitative fea-
tures. Nevertheless our Ay, data as a function of sweep rate indicates that our slowest ramp speeds
are adiabatic enough for a reliable determination of the critical point. We note that our method
improves from previous approaches”# involving cubic polynomial fits, since our method does not
assume anything about the shape of the susceptibility curve. As can be seen in the blue simulation

data in figure 4.7, the theoretical susceptibility is not symmetric leading to a systematic bias in the

9The time maps linearly onto the detuning in a linear ramp.
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Figure 4.8: The extracted maximum susceptibility location, A . /€, as a function of linear
sweep rate. Squares show data for 40 atom rings, while circles show data for 24 atom rings.
Red data points indicate the extracted critical point, when performing forward ramps at
different rates. Blue points indicate the extracted critical point when first adiabatically
preparing an antiferromagnetic state (ground state at positive detuning) and then perform-
ing various backward ramps. For forward (backward) ramps, the maximum susceptibility

is found at higher (lower) detunings for faster ramps. The horizontal dashed gray line indi-
cates the location of the numerically calculated gap minimum location.

determination of the critical point using a cubic fit method. By using our slowest linear ramp data,
we determine the critical point on our 1D ring to be located at A,/ Q = 0.97(5), where the errorbar

is determined from bootstrapping (see Appendix A.2).
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4.5 ExTrRACTING CRITICAL EXPONENTS IN 1D

With our critical point now determined, we turn our attention to preparing the ground state at the
critical point. The challenge of adiabatic preparation to a critical state arises from the vanishing gap
(scales as 1/L) at the critical point. However, at our finite system sizes, we can make use of the finite-
size gap present in our system. To make the best use of our limited coherence times, we optimize the
detuning ramp profile by taking into account the instantaneous energy gap and going slower when
we have to and faster when we can aftord it. We call our ramp profile the local linear adiabatic ramp
(LILA).

Consider a system with the Rydberg Hamiltonian (equation 4.4) that is evolving in time accord-
ing to a time-dependent detuning A(#) that starts at A(0) = Ay. According to the adiabatic theo-
rem, the system will remain in the ground state of () at a later time ¢, provided that the evolution

of the Hamiltonian is slow enough to satisfy '#+5*%5

ke
A(?)

min

in, (4.12)

Here E, () denotes the time-dependent gap between the ground state and the first excited state of
2
the instantaneous H(#). Our goal is to maximize n[nnﬂ y(2), where y(¢) = %‘g for a fixed time 7,
(o,
which is realized when y(#) = yis a constant. Therefore, our task is to find a ramp profile A(z) that

fulfills the condition
)

E = y (4.13)

with two boundary conditions A(0) = Agand A(7) = A,. We solve this problem on a equal-
spacing discretized grid in detuning with N points. Weset Ay—g = Agand Ap—ny = A, and

(Agpy1 — Ap)T < 1, where T'is the total time. The corresponding time spacings can be solved for,
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and we obtain

T
Ay, = 7 ) (4-14)
Ez(Ag) /;0 1/E3(Ag)
ye— (4.15)
dA /;0 1/E3(Ap)

This formula allows us to numerically evaluate an optimal ramp profile A(#) given a known gap
profile £,(A), an initial detuning A and final detuning A, and a fixed total time 7.

However, this solution requires knowledge of the gap at all detunings, which can be compu-
tationally expensive. To reduce the computational cost, we approximate the gap profile as linear

around the critical detuning A,:

A~ A, (A = Ao). (4.16)

We can see from figure 4.3a that this is a decent assumption. This results in an analytic solution:

. E()AJ“FE[A()(T* l‘)

Ar) = .
(2) Pt E(T—1 (4.17)
EoE.T
A (4.18)

which is the optimized ramp profile that we call the LILA ramp. To determine this ramp, one now
only needs two numerically calculated values: the gap at the critical point and the gap at some initial
start detuning. The time is still a free parameter that can be used to ensure the adiabaticity of our
ramp.

Utilizing the LILA ramp and our experimentally extracted critical points, we can now prepare

critical states. We follow a similar procedure to locating the critical point which is summarized in
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Figure 4.9: Experimental scheme for measuring critical correlations via adiabatic prepara-
tion. (a) First, we rearrange stochastically loaded atoms into either rings or square arrays to
study 1D and 2D physics respectively. Raman sideband cooling is also performed on the
arrays to ensure atoms are in their ground motional state. (b) A schematic of the quantum
phase transition we are studying, which contains an Ising critical point. (c) The pulse se-
quence for an adiabatic preparation experiment. The detuning follows a LILA ramp. (d)
Example of readout of |¢) and |r) states after an experiment. Atom loss is interpreted as the
|7} state.

figure 4.9. The adiabatic preparation procedure is shown in figure 4.9¢, where we once again need
to first perform an intensity ramp to ensure adiabaticity followed by a frequency ramp that now
follows the LILA profile. Data arrives in the form of atom images (figure 4.9d), where Rydberg
atoms are interpreted as atom loss, indistinguishable from actual atom loss. Upon postselection
(detailed in appendix A.1) of reliable data, we obtain the ¢ field correlations as a function of chord
distance J; depicted in figure 4.10a (star data) at the critical point. While the initial decay of the
correlation appears to be scale-invariant and display power law decay, there is clearly a second non-
universal length scale at play at longer distances. This suggests the presence of a mechanism that
inhibits the formation of long-distance correlations.

To investigate this, we adiabatically prepare and characterize states away from the critical point,

keeping the total preparation time fixed. In the antiferromagnetic phase, one analytically expects the



a) b) 20.0
1 %Q::::{:::.::..\.\ 17.5¢
107 © R Sy 15.01
. o *\sﬁ* °e w
% A 12.5) + +
R Q .
§ . 3 100 [ 2x107
i §050 1 © folm =
© 2.0_20..2;\?// Q 7 5 go 1
= & T00 T35 @) » -~ -
it L %S >0 N
00 05 A}é_(z) 5 2.5 1 2 6-3 4 6
2L n . . e | 1 /|
107 = 10 0.0—35 12 14
5 AIQ

Figure 4.10: (a) The measured & field correlators (7977) as a function of chord distance J;
when performing the LILA ramp to different detunings. Darker shades of red indicate
turther detunings into the antiferromagnetic Z, phase. Data with stars indicate data at
the nominally extracted critical point. Shading indicates the errorbars for the correlator
measurement as determined from bootstrapping (see Appendix A.2). The gray lines cor-
respond to numerical simulations including the effect of decoherence. Inset: Schematic
of the various stopping points in which we take data as well as where the phase boundary
is located on a phase diagram of interaction strength (in units of blockade radius R, over
the lattice spacing ) and detuning (in units of Rabi frequency). The inset of the inset
depicts the calculated gap profile for our 24 atom system and experimental parameters. (b)
Extracted correlation lengths from the corresponding datasets in (a). The circular points
located in the antiferromagnet have correlation lengths extracted with a simple exponential
fit, depicted in the inset. For the critical point (star), the correlation length is fit from a
power law times exponential as discussed in the text.

correlator, (707;), to exhibit a plateau at large distances, corresponding to long-range order. How-
ever, as shown in figure 4.10a (dark red curves), we again observe the rapid decay of correlations; in
particular, we find that the o field correlator exhibits an exponential decay with length scale £/a =
12.0(13) (inset figure 4.10b). This raises the question: what is the microscopic origin of this length
scale?

There are two natural possibilities. First, despite our best efforts, the long-distance correlations
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Figure 4.11: (a) The growth of the order parameter (O) as a function of the different end
points of our LILA ramp. The green points represent our data with the shaded region
representing bootstrapped error bars (see Appendix A.2). The solid line represents the
order parameter expected from the numerical simulation of the ground state of the system
at these various detunings. The dotted line represents unitary evolution of the system un-
der our LILA ramp and experimental parameters elucidating non-adiabatic effects. The
dashed line represents a stochastic wavefunction simulation of our system including de-
coherence mechanisms. The vertical dotted gray line indicates the critical point location.
(b) The (ogo;) correlator when preparing a state in the paramagnetic phase. Circles rep-
resent data for a 24 atom ring, while squares represent data for a 40 atom ring (error bars
in shading once again). The dotted and dashed lines once again represent the results of
unitary and stochastic wavefunction simulations. (c) The same as (b) but for the prepara-
tion of a state in the antiferromagnetic phase. The 40 atom system begins to be limited by
non-adiabaticity.

could still be cut-oft by diabatic errors. Second, decoherence arising from the openness of our quan-
tum system could also limit the growth of correlations. To distinguish these possibilities, we con-

sider the order parameter

(0) = % > (), (4.19)
i,y

where N is the total number of atoms. Compared to the ground state expectation (solid gray curve,
figure 4.112), we find that the data (green circles, figure 4.11a) exhibit smaller values of the order
parameter, with a difference that becomes more pronounced after the critical point. Moreover, we

observe that time-dependent simulations (dotted gray line, figure 4.112), which account for non-



adiabatic errors, yield an order parameter that is quite close to the ground state value, indicating
that non-adiabaticity is not a dominant factor for these 24 atom systems. However, we can see the
effect of non-adiabaticity in larger 40 atom systems. In these systems, the larger system sizes result
in smaller gaps where adiabaticity poses a stricter constraint on our experiment. In preparation of
states in the paramagnetic phase (figure 4.11b), where the gap has not closed, non-adiabatic effects
are minimal. The ¢ field correlator for both 24 and 40 atom systems more or less lie on top of each
other. However, in preparation of states in the antiferromagnetic phase (figure 4.11c¢), we clearly see
that the correlators of the 40 atom system decays faster than the 24 atom system. This result is also
predicted from comparing unitary to stochastic wavefunction simulations. The details of how the
simulations are done are detailed in Appendix B. This suggests that for our 24 and 40 atom ring sys-
tems at the critical point, the length scale suppressing the correlations originates from decoherence.

To confirm our reasoning, we posit that the decoherence length scale (unlike adiabaticity) should
not depend on system size. The system size does not increase deleterious eftects like laser scattering
or phase noise. Repeating the adiabatic preparation experiment for a 40 atom system, we observed
that the 7 field correlator behaved similarly as the 24 atom system with short range power law behav-
ior followed by a second length scale which was consistent with the one observed for 24 atoms. Now
that we have determined the origin of the second length scale, the question turns to whether we can
still extract critical exponents from this non power law behavior at the critical point.

A broad theoretical understanding of quantum criticality in the presence of decoherence is still
being actively developed. A simple and likely scenario is when decoherence (or unitary noise) acts
similarly to a finite-temperature bath. This has previously been shown to be the case in a variety of
open and noisy quantum systems '°>7>*4>1747> ‘Then, one can gain intuition from known results

of quantum criticality at finite temperatures. For example, in a (1+1)d conformal field theory at
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finite temperature 7* 8, the exact form of the correlation function is

T —2AP
{7007) ox <smh(7rT])> : (4.20)

This has two key features that are generic to weakly-perturbed critical points: (i) power-law decay
at short distances, featuring the true critical exponents, and (ii) a crossover to an exponential decay
at long distances. This does not dictate the precise form of the correlation decay profile, but the
simplest function with the right features is C(7) ~ r~>2¢™" /¥. We note that a direct multiplication
by an exponential decay has previously been used to study the preparation of the Ising critical point
in the presence of noise”>.

Thus, we simultaneously fit our 24 and 40 atom correlator data to a decay profile of the form

1D
(o) x 577 ¢ (421

We extract a decoherence-induced length scale £; /2 = 13.273 7, which matches that observed

in the AFM (figure 4.10b). As depicted in figure 4.12, by accounting for this exponential decay,
we observe the characteristic power-law decay of critical correlations, with A’ = 0.127(37), in
excellent agreement with the CFT prediction of 1/8.

Our observations suggest that the principal effect of decoherence on quantum criticality is to
introduce a single length scale into an otherwise scale-invariant state”*. This provides a simple con-
ceptual framework for extracting the universal scaling dimensions from open quantum systems at
criticality. To investigate the generality of this framework, we directly tune the amount of decoher-
ence in our system, by either increasing the total ramp time (figure 4.13a) or the intermediate-state
scattering rate (figure 4.13b). From the adiabaticity perspective, increasing the ramp time is strictly

a positive eftect. However, we see a shorter decoherence length scale arising from the longer time
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Figure 4.12: The o field correlator divided by a fitted exponential length scale. The circles
(squares) represent the 24 (40) atom system. Shaded region represents the bootstrapped
error bars (see Appendix A.2). The exponential length scale and scaling dimension AP
are obtained from a simultaneous fit of both the 24 and 40 atom systems to a single scaling
dimension and length scale. Inset: The raw data before dividing out by the exponential

length scale. The solid pink line is a guide-to-the-eye for the expected power law decay of
the (1+1)d Ising model.

that deocherence is allowed to act. Intermediate state scattering can be increased by unbalancing the
Rabi frequencies of the two beams (see section 3.3). To hold effects from time constant, we change
both beam powers at the same time in order to maintain the same two-photon Rabi frequency. We
observe that with more unbalanced beams, the decoherence length scale indeed shortens.

In all cases, the correlations decay as in equation 4.21, but with different decoherence length
scales (figure 4.13a,b). Despite a relatively large range of values for £, the extracted scaling dimen-
sion remains unchanged. This is evinced by the collapse of the data onto the universal Ising CFT
power-law (across both ramp times and scattering rates) once £, is accounted for (figure 4.13¢).

With the scaling dimension of the ¢ field measured, we would have all the information of the
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Figure 4.13: Tuning quantum criticality in an open system. Markers (24-atom) with differ-
ent shapes are experimental measurements at the critical point under different experimental
conditions, with shaded regions denoting the 1-obootstrap errors. Error bars in fitted

£,/a include 1-o bootstrap error and fitting error. (a) o field correlation measurements at
two different ramp times. Upper inset: Fitted £,/4. Lower inset: Corresponding ramp
profiles. (b) o field correlation measurements at three different intensity configurations at
fixed Q. Upper inset: Fitted £,/a. Lower inset: A schematic showing the single photon
rabi frequencies 455 and Q¢ for each configuration. (c) Correlation measurements in
(a) and (b) divided by the exponential exp(—d;/£,), displaying a collapse onto a power-law
decay with an exponent of 2A " (solid black line), acquired via a simultaneous fit to the
power-law exponential model for all scenarios. The uncertainty in A]” includes both 1-¢
bootstrap error and fitting error.

Ising CFT by also measuring the scaling dimension of the ¢ field. However, the predicted scaling di-
mension for the ¢ field is AP is 1, which would lead to a fast decay exponent of —2. The measured
data is shown in figure 4.14. Without better measurement resolution, we cannot quantitatively ex-

tract this exponent. Qualitatively, the ¢ field correlator decays much faster than the o field correlator.
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Figure 4.14: Measurement of the ¢ field correlator (g J26j+1 /2) as a function of chord dis-
tance J; for 24 and 40 atom systems. The correlator quickly decays into the noise floor.

4.6  CRrITiCAL EXPONENTS IN 2D AND BOUNDARY EFFECTS

We now turn to the exploration of quantum criticality in two spatial dimensions. Working with a
square lattice and a blockade radius of R, /2 = 1.25 (figure 4.152), our model exhibits two phases
analogous to the 1D case: at low detuning, a trivial paramagnet, and at high detuning, a Z, checker-

7819 The transition between these two

board state that spontaneously breaks translation symmetry
phases is in the (2+1)d Ising universality classl. The CFT’s primary o field can be associated with a

microscopic operator residing on the lattice bonds (inset, figure 4.15a). Namely, between two neigh-

boring lattice sites at coordinates (x;, y;) and («;, y;), the operator is given by

gij = (*1)"1"“)’1'(711‘ - nj). (4.22)

I'This notation once again refers to two spatial dimensions and one time dimension.

117



a) b) (i) (ii)

S _ AQ=1.88 I
1.5} © Boundary 5 2 .-::::~3--__ : 2
kS " 9-11l--e-9---"%e- -0 Y ‘
o Bulk §: % N '_.____."7‘.0_. 0
1.4F @ % \&\\ -t +
Surface cut ‘ "‘ﬁ ! It °-® - IO (X) Irw
1.3+ i — e 2/Q=0.95 || RO N
T = Ordinary cut i <1071 =0. Fofofofotote]
= y _}ﬁ 1 S ° Ofge 5 Fotopopotote]
ng : bE ® ‘ﬁg& B ofofofototo]
1 ~ %o o e e
! af K ® X [ofototototo]
Zy 2 | Ordinary cut o °° TR EE il
- 13- _ oo xdlDEE @ o[ amq=o063 e A oS A
! A - o Fotopotototol
. 00 05 10 15 20 LYooy
L L L A1 © tolofololofo]
1 2 1 2 3 Fotototototod
Smn Ground population (o)

Figure 4.15: Probing critical Ising correlations and surface transitions in a 2D square lattice.
Circles (7 x 7), stars (7 x 7 at the critical point) and squares (9 x 9) denote experimental
measurements, with shaded regions representing 1-o bootstrap errors (see Appendix A.2).
(a) A schematic for the 2D phase diagram, adapted for finite system size. The shaded area
labeled boundary marks the region of a boundary-ordered phase with a disordered bulk.
Red stars indicate the location of the critical point along two different cuts. Gray dashed
line indicates A/Q = 1.5. Inset: The ¢ fields live on lattice bonds, both along the bound-
ary (purple) and within the bulk (orange). 9, denotes the Euclidean distance between two
nearest o fields. (b) o field correlation measurements around the critical point along the
ordinary cut, with measured ground state population (i) and ¢ field (ii) across the phase
transition. The critical spatial correlation is highlighted by the star marker. Inset: 2D phase
diagram schematic with markers indicating the measurements’ locations.

This field measures the “staggeredness” of a configuration. In a single checkerboard, the field is 1 on
all bonds, while in the other checkerboard, it is -1 on all bonds. We begin by utilizing our optimized
LILA ramps to prepare the ground state (on a 7 X7 array) at various detunings (inset, figure 4.15b).
Due to the odd-length, open-boundary condition geometry, there is a unique ground state in the
ordered phase with (¢) ~ +1 (panel (ii) in figure 4.15b), which exhibits a checkerboard pattern of
(n;) (panel (i) in figure 4.15b).

Next, we employ the same Kibble-Zurek-like procedure to experimentally locate the critical
point, finding A./Q = 1.03(11) (figure 4.16a). The (2+1)d Ising CFT predicts that correlations

p— ZD . . .
at the critical point should decay as (¢,0,) 3miA’ , where 9,,, is the Euclidean distance between
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Figure 4.16: (a) Peak location of susceptibility y along the ordinary cut at different sweep
rates with boundary and bulk analyzed separately. Gray dashed line marks the location
of gap minimum. (b) The measured critical 7 field correlation within the bulk exhibits a

power-law decay with an exponent of 2A,, shown by the orange solid line. The gray solid
line represents the ground state simulation using experimental parameters.

bond centers 7.2 and 7. Unlike in the 1D case, the 2D critical exponent A2? =2 0.518149 is not

known exactly, but has been estimated to high precision using conformal bootstrap techniques '>°.

We adiabatically prepare the critical ground state for both 7 x 7 and 9 x 9 square arrays. In this

setting, we are able to directly observe real-space power-law correlations unimpeded by decoherence

(figure 4.16b). This is enabled by two facts: (i) the larger scaling dimension causes power-laws to

manifest at shorter distances, and (ii) the previously-extracted decoherence length scale, £, ~ 13,

exceeds our linear system size. A simultaneous fit of both system sizes yields A2’ = 0.59(9); note

that in order to minimize boundary effects, we only include ¢ fields within the bulk (inset, figure

4.152). While our measured scaling dimension is slightly larger than the CFT prediction, it agrees

with ground state DMRG calculations. In fact, the correlation function matches the simulations

within statistical error for all distances; this suggests that the discrepancy with the CFT prediction is
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a finite-size effect.

We note that there are also very strong corner effects from the parity of the system’s length in 2D.
For odd system sizes, there is a unique classical checkerboard pattern in the AFM phase that ener-
getically satisfies both the Rydberg blockade condition and the positive detuning d, with Rydberg
excitations on all four corners. For even system sizes, there are instead two degenerate checkerboard
patterns, each with Rydberg excitations on two corners. The exact functional form of the correla-
tion decay in such a (2+1)d CFT with finite boundary conditions is unknown theoretically, and in
light of this, it is difficult to make quantitative claims about critical exponents even in numerics.

While we have focused thus far on bulk criticality, the boundary (and especially our open bound-
ary) itself can also exhibit rich physics in two dimensions. At R;/2 = 1.25, we observe that the bulk
and boundary order simultaneously (figure 4.16a)—a so-called ordinary transition>#>*+, However,
this is not the only possibility. In an alternative case, known as a surface transition, the boundary or-
ders independently prior to the bulk phase transition*'; for example, this is expected to occur when
Ry/a = 1.35 (figure 4.152) "7,

To investigate this, we prepare states at various detunings along both the ordinary (R, /2 = 1.25)
and surface (R;/a = 1.35) cuts depicted in figure 4.15a. This is achieved by changing the Rabi fre-
quency, which effectively changes the blockade radius. We measure the order parameter (equation
4.19), but now separately average over bonds either within the bulk, (O), or at the boundary, (0)s.
Note that the bulk and boundary are defined in the inset of figure 4.15a. Along the surface cut (fig-
ure 4.17b), the growth of (O) exhibits a discernible lag behind (0) g, particularly when compared
to the growth observed along the ordinary cut (figure 4.17a). This is consistent with the expected
surface transition''?.

The Ising CFT also has predictions for the decay of the two-point correlator ¢; ; (equation 4.22)
for the ordinary and surface transitions. As o;; is odd under the Z, Ising symmetry of the transition,

we should thus expect that asymptotically its decay is governed by the scaling dimension the most
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Figure 4.17: (a) and (b) The order parameter, analyzed separately for the bulk (<O)) and
boundary ((O)), is shown across the phase transition for the ordinary cut (a) and the
surface cut (b). Solid blue lines represent ground-state numerical simulations using ex-
perimental parameters. (c) and (d) Measured spatial correlations of the ¢ field along the
boundary (c) at the critical point for both cuts, and within the bulk (d)atA/Q = 1.5.
Dashed blue lines are ground-state numerical simulations with the experimental parame-
ters. Shaded regions in all data represent the error bar determined from bootstrapping (see

Appendix A.2).

relevant odd CFT field on the boundary. For the surface transition, this is just the scaling dimension
of the usual (1+1)d Ising universality class spin field, A:TD = 1/8. By contrast, for the ordinary tran-
sition the scaling dimension for the most relevant odd boundary field has instead been calculated via
conformal bootstrap to be much greater: Ay ; = 1.276(2) *+.

Now we examine the boundary correlations, (7,,7,) 9, in the experimental data at the ordinary
and surface critical points (stars, figure 4.15a). At the surface transition, (¢,0,)g exhibits a slower
decay with larger absolute values compared to the ordinary transition, which is in qualitative agree-
ment with the theoretical prediction. However, our ability to quantitatively determine this scaling
dimension is constrained by the presence of strong corner effects.

For contrast, we also analyze the bulk correlations (7,,07,) along A /Q = 1.5 (dashed gray, figure

4.152), which lies within the ordered phase for the ordinary cut, but should only have boundary
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order for the surface cut. Indeed, as shown in figure 4.17d, the ordinary cut exhibits a plateau in
the spatial correlations at large distances indicative of an ordered bulk, while the surface cut exhibits

rapidly decaying correlations, indicative of a yet to be ordered bulk.

4.7 SUMMARY AND OUTLOOK

We have seen that a driven Rydberg system using a spin-1/2 system encoded in the |g) and |7) states
implements a long range transverse field Ising model, where the transverse field strength and inter-
action strength can be tuned. Combined with a tweezer array, these systems can study many-body
physics in arbitrary geometries. In particular, we study the Ising critical point in a 1D system with
periodic boundary conditions (ring) and a 2D system with open boundary conditions via adiabatic
preparation of the wavefunction at the critical point. We were able to extract the correct critical
exponents in 1D by carefully accounting for decoherence. In 2D, we obtained a result consistent
with the predicted critical exponent, but open boundaries complicate the procedure. However,

the boundary of a 2D system can host distinct boundary phase transitions, which we were able to
observe qualitatively by modifying the blockade radius.

In principle, our procedure of locating the critical point and then performing adiabatic prepara-
tion of the critical state is generalizable to other systems. However, other systems, such as frustrated
ones, will present additional challenges. Let’s take for example the recent Z; spin liquid work **4,
where Semeghini et al. use quasi-adiabatic evolution to explore the many-body phases in their
geometrically-frustrated Rydberg array. In this case the transition points and critical behavior are
known theoretically, but the following general issues arise. First, due to frustration the energy scales
of excitations are smaller, and so adiabatic preparation is more challenging (within a Kibble-Zurek
framework, one needs slower dynamics to push the critical correlations out to long distances). Sec-

ond, the magnitude of the correlations are weaker, and the power-laws can be faster. The latter issue
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is because local operators create pairs of the topological anyon excitations, and so one needs to effec-
tively probe 4-body correlations, which have faster decay. Third, there are often competing phases
with expanded unit cells (i.e. valence bond solids), which necessitates larger system sizes, i.e. so thata
sufficiently large number of unit cells fits within the cluster.

Larger system sizes necessitate longer adiabatic state preparation times. This, in turn, requires
us to minimize decoherence in our system. A fundamental limit is the Rydberg lifetime, which can
be extended by using higher Rydberg states or mitigated through post-selection based on erasure
detection. Reducing intermediate state scattering can be achieved by increasing the intermediate
state detuning and compensating with optical power to maintain the Rabi frequency. Alternatively,
it can be eliminated by using a single-photon scheme.

In cases where the critical exponents are not known, benchmarking the experimental system at
small system sizes with known numerical results could be helpful for designing the adiabatic ramp
trajectory and understanding potential sources of decoherence. In terms of locating the critical
point, a similar approach to our current work, where peaks in susceptibility are extracted at different
sweep rates, could be adapted. This would require a careful analysis of convergence as a function
of sweep rate without prior knowledge of the critical point location. The Kibble-Zurek mechanism
also offers a complementary approach that can help verify at least some of the exponents we find
using our method.

Our work also lays the foundation for several other directions. First, producing larger square
arrays and improving coherence times should allow direct access to various boundary universality
classes (surface, ordinary, and extraordinary) in experiment. Second, bulk ground state physics is
enriched by the presence of geometric frustration: odd-length rings support a #-state in the or-

168

dered phase

, and in two dimensions one can find 3D XY critical points with an associated novel
extraordinary-log boundary universality class 169 55 well as transitions into gapless and topologi-

cal spin liquids *°*; each of these should be possible to study using the same adiabatic preparation
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framework. Finally, quantum critical states are expected to display rich dynamics when out of equi-

3,18 192

librium #>'°, including holographic signatures of emergent gravitational physics '?*. Such topics
have been extensively studied theoretically in (1+1)d CFTs. The extension to (2+1)d is non-trivial,

and would benefit greatly from experimental study.
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Dual-Species Tweezer Arrays of Rydberg

Atoms

5.1 INTRODUCTION

In the last chapter, we combined our capabilities of creating large defect-free atom arrays and co-

herent Rydberg excitations to measure the critical exponents of the Ising critical point. Another
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important unused capability of our apparatus is the presence of a second atomic species, sodium.
Born out of a former molecule apparatus, as detailed in chapter 2, we have all the machinery to laser
cool and trap large arrays of sodium atoms. Thus, our experiment is uniquely positioned to explore
the physics of dual-species atom arrays.

The main feature of dual-species atom arrays 209,200 jg independent addressability and readout
of the two atomic species. Having two different types of physical qubits results in crosstalk free ad-
dressing and measurement of each species individually. Sodium and cesium atoms respond to very
different frequencies, and thus, sodium atoms can be driven or measured completely independently
of cesium atoms and vice versa. This feature has already been used experimentally in ground state
atoms, where real time measurement of one species is used to sense the local magnetic field environ-
ment and thus correct for field-induced errors in the other species**°.

In section 5.2, we first highlight the key differences in the types of interactions that can be en-
gineered in dual-species atom arrays. Section 5.3 then describes our experimental efforts towards
developing Rydberg capabilities in Na atoms. Section .4 details our observation of interaction
between sodium and cesium Rydberg atoms. Lastly, section 5.5 describes future prospects of our

dual-species array for applications in both quantum computing and simulation.

5.2 INTERSPECIES INTERACTIONS -THEORY

The theory of interspecies interactions**'* for different species is exactly the same as single species
interactions that was laid out in section 3.2.2, which we briefly summarize here. The states that were
discussed in that section included pair states |#; «) and |b; 8) which were connected by the dipole-
dipole interaction and had an energy difterence 1o = E,3 — E,;, known as the energy defect. When
the dipole-dipole interaction (which depends on distance) is much stronger than the energy scale set

by the energy defect, then the pair states shift as 1/7°. Otherwise, when the dipole-dipole interaction
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energy is much weaker than the energy defect, the pair states exhibit a 1/7° shift. The sign of the

energy defect controls the sign of the shift. In the formalism of that section, the states |4; ) and

|b; B) were completely general, and could have come from different species! Thus, the formalisms

used to describe intraspecies and interspecies interactions are mathematically equivalent. However,

there are some new interesting features that arise in the dual-species case.
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We argued, on the basis of figure 3.5, that intraspecies Rydberg interactions tend to be repul-

sive. In the interspecies case, there is no natural reason to require the two states |) and |«) to be the
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same Rydberg state. This leads to a greater variety of interactions that can even change sign when
the defect changes sign. Holding the principal quantum number of cesium, 7c; fixed at s 4, figure
s.1a depicts the energy defect of the highest contributing state to the C4 as a function of the prin-
cipal quantum number of sodium, 7x,. The corresponding Cy is shown in figure 5.1b. We see that
the Cy exhibits a resonance, corresponding to when the energy defect is near zero. In fact, there are
highly interacting repulsive and attractive Cy coefficients, corresponding to when the defect changes
sign. The highest interaction strength occurs at zy, = 52, which is 2 less than ncs = 54. This
difference in 2 is close to the difference in quantum defects of Na and Cs of being about 3. At high
7Na» it appears the defect gets smaller again. However, the dipole moments between the pair states
that make up this defect are small, since the principal quantum number of sodium likely changes by
quite a bit to match the energy change in cesium. This results in a small C despite the small defect.
The interaction energy resulting from a full diagonalization along the ncs = 54 cutis shown in
figure 5.1d, showing good agreement with the perturbative Cg result.

Full diagonalizations are expensive calculations that require far more time than a perturbative Cg
calculation. Hence, we map out the entire two-dimensional landscape of interspecies interactions
only via the Cy coefficient and the results are shown in figure 5.1c. We see a huge variation in C
coefhicients, partially owning to the nll scaling. We note that the majority of Cy coefficients are quite
small when the principal quantum numbers of sodium and cesium are quite mismatched, leading to
large energy defects. Thus, it is quite easy to have weak interspecies interactions but relatively strong
intraspecies interactions. This is quite counterintuitive to simple classical reasoning, when the van
der Waals interaction are simply a function of the sizes of the atom, and not any sort of “matching”
of their sizes.

Engineering strong interspecies interactions relative to intraspecies one is more difficult. The
intraspecies interactions (between two same species atoms in the same state) have the benefit of

always having reasonable defects. Thus, high ratios of interspecies interactions over intraspecies in-
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teractions tend to occur at smaller principal quantum number. An alternative approach is to bring
the interspecies interaction into resonance with an electric (or magnetic) field. This is known as
a Forster resonance and has been experimentally observed in both the single-species **" and dual-
species contexts®.

This formalism can also be extended to dipole-dipole interactions between any two species with
a dipole moment, including polar molecules. In these cases, the dipole moment of a polar molecule
is typically far smaller than the transition dipole moment of a Rydberg atom. Thus, Forster reso-
nances are far more important in these molecule-atom systems and has been observed experimen-
tally*#211525" These resonances are utilized extensively in chapter 6, where we discuss a novel ap-
proach of speeding up molecular gates and performing non-destructive measurement on molecules

with Rydberg atoms.

5.3 NaRYDBERG ExcITATION

Figure 5.2 depicts the possible excitation pathways for exciting sodium to the Rydberg state. The
wavelengths in sodium are all shorter than cesium, indicating that the valence electron is more
bound in sodium compared to cesium. A single photon excitation, which would eliminate all inter-
mediate state scattering, requires a 241 nm laser, which is technically challenging. Even the so-called
“inverted” scheme (exciting from 35, to 4P5, in the first leg instead of to 375 /), where the sec-
ond leg laser is more in the infrared would require a 330 nm first leg laser. Due to these technical
challenges of a short wavelength laser, for sodium, we use the standard scheme of exciting the atom
from the 35, /, state to the 3P; /, state with a 589 nm laser, followed by a Rydberg excitation with a
laser at around 409 nm.

We create 5§89 nm by doubling 1178 nm light. Our 1178 nm laser is a commercial ECDL from

Timebase (ECQDL-200S_1178) that can output around 180 mW of light. It then is doubled by a
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Figure 5.2: The possible transitions to use for exciting sodium to the Rydberg state. Fine
structure in sodium is insignificant and not depicted.

waveguide doubler from NTT Electronics (WH-0589-000-A-B-C) to 5§89 nm, resulting in around
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10 mW of 589 nm light™. The Rydberg excitation is controlled by this 589 nm laser (the blue 409
nm is kept constantly on), so it needs to be pulsed on quickly. When we perform detuning scans, we
also change the frequency of this laser. Thus, this laser goes through a double-passed AOM before
being delivered to the experiment. On the experiment table, this laser is focused to around 300 m
on the atom plane resulting in a Rabi frequency of up to around 2z x S0 MHz. The 589 nm light is
o polarized to connect to a single state in the excited 3P5 /, state manifold after preparing the atom
into the |F = 2, mp = 2) stretched hyperfine state.

The 409 nm light needs to be high power and tunable. Thus, we use a TiSapph laser from MSquared
(pumped by a 1oW Sprout laser at 532 nm) that is then doubled by a commercial bowtie cavity
from Agile Optic. Due to the degradation of the TiSapph used to perform these experiments, we
have used at most 1 W of 818 nm light that is doubled to about 400 mW of 409 nm light. To pre-
serve as much of our 409 nm light as possible, we currently do not use an AOM and simple switch
the light on and off via a mechanical shutter before the delivery fiber. To handle high powers of blue
light, we deliver the light to the experiment table using a photonic crystal fiber. The light is focused
to approximately a so #m diameter, once again to maximize the power onto the atoms. The 409 nm
lightis o~ polarized in order to connect to the #5) /, state.

The two laser beams are frequency stabilized by locking to a ULE cavity (the same one as de-
scribed in section 3.3) which has been coated with high reflectivity at 1060 nm and 910 nm for the
Cs Rydberg lasers. Once again, to reduce the technical complexity of the coating, we lock the funda-
mentals (pre-doubled) wavelengths of both lasers, namely 1178 nm and 820 nm. To summarize, our
ULE cavity has been designed to have high reflectivity at 820, 910, 1060 and 1178 nm.

To align the 589 nm beam to the atoms, we can make use of the fact that this light does indeed

address the ground state, and we can use the same technique to align the beam as we do for the ce-

*This doubling efficiency can definitely be improved. We suspect some of the loss to come from fiber
coupling. However, the 589 nm transition has a large dipole moment, so we don’t need as much power on

this leg.
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sium 455 nm beam. We make use of the differential scalar light shift present between the /' = 2 and
F = 1 hyperfine ground states when the detuning of the beam from the ' = 2 state is smaller than
the ground state hyperfine energy scale of about 1.7 GHz.

The 409 nm beam alignment is trickier, since it does not directly address the sodium ground
state. In the case of cesium, we were able to align the second leg beam via large vector light shifts,
due to the large D1 and D2 line separation in cesium. In sodium, we unfortunately do not have the
same luxury, and vector light shifts are expected to be small. However, with a dual species apparatus,
we chanced upon a very nice feature. Our cesium atoms are actually pushed out with the combina-
tion of D2 line light at 852 nm and 409 nm. We hypothesize that this is due to the two beams pro-
viding enough energy to ionize the cesium atoms. Thus, for coarse alignment of the 409 nm beam,
we can attempt to destroy the cesium MOT with as little 409 nm power as possible. As a more pre-
cise target, we can also push single cesium atoms out of their optical traps, and place the cesium
atoms near sodium atoms. This signal is also particularly nice to use, since it can be time broadened
and is not frequency sensitive at all. Thus, the laser does not need be locked when performing this
alignment.

Another challenge for the beam delivery and alignment of this 409 nm beam is due to the re-
flective glass cell and viewport interfaces separating the vacuum chamber from atmosphere. As
discussed in section 2.1, these components were AR coated for the MOT wavelengths to prevent
background scattering during imaging. However, Rydberg excitation was not in the initial plans.
We measure an intensity transmission coefficient of approximately 5% per surface that is polariza-
tion independent for both the glass cell and viewport. This reflection not only reduces the power
that can be transmitted through the glass cell, but also creates deleterious interference eftects that
complicate alignment.

The two reflective surfaces that make up the glass cell support multiple reflections and transmis-

sions which can interfere (as shown in figure 5.32), when the angle of incidence is small or the beam

132



b) Black: t=3 mm, Blue: t=3.001 mm

‘“ MJ |

=
o
|

°
(o)
T

°©
o
T

©
»

Total Transmission

TRA n, [ny| ng

©
N

—

I
2 3
Incident Angle (6)

ol

Figure 5.3: (a) A ray optics model of our viewport or glass cell. An incident beam with
amplitude A impinges on the first surface with angle of incidence 4. Multiple (an infinite
number in this model) reflections and transmissions appear with amplitudes designated

by the thickness of the ray representing the beam. The thickness of the glass is given by z,
and the indices of refraction are 7; and 7, outside and within the glass respectively. (b) The
total transmission (of all beams) as a function of the incident angle at fixed wavelength and
reflectivity as a function of incident angle for two different thicknesses.

is large. When we model the incoming rays as plane waves, all beams interfere completely and the

intensity transmission function is analytically known to be 193,238

1
T=
1 + Fsin?(nkt cos(8))

(s.1)

where F = 4R /(1 — R)? is the coefficient of finesse which is related to the intensity reflection
coefficient, R, of a surface. # is the index of refraction of the material between the two surfaces, ¢
is the thickness of the etalon and & is the angle of incidence. This function is plotted in figure 5.3b
as a function of incident angle and for two different thicknesses. There are “resonances” of unity
transmission, but they are not stable to slight changes in thickness. The black and blue traces in

figure 5.3b plot the total transmission when the thickness differs by only a micrometer. At larger
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angles of incidence, the total transmission is a more rapidly varying function of angle.

One way to intuitively understand the resonances is to realize that for § = 0, the two coated
surfaces of the glass cell or viewport essentially form a (poor) optical cavity, known as a Fabry-Perot
etalon'?3. The optical cavity’s supported modes depend on the cavity length. As a function of inci-
dent angle, the effective cavity length can be changed to match the wavelength of the light exactly!
However, if one is to utilize these resonances to obtain perfect transmission through lossy surfaces,
the cavity length needs to be stabilized to the scale of the wavelength. This can be accomplished us-
ing monolithic spacers of low temperature coefficient of expansion materials, but is certainly not

expected for a generic viewport or glass cell.
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Figure 5.4: The beam intensity, as measured by a two photon excitation of trapped sodium
atoms, as a function of the position of a horizontal picomotor controlling the beam. The
three colors represent three different times of excitation. x-axis and y-axis units are arbi-
trary. The presence of hysteresis and slight differences in vertical alignment between the
different attempts causes a displacement in the x-axis between the different excitation
times.

Any interference effect would intimately depend on the exact cavity length (which can change

TThis is exactly what one tries to do when locking a laser to a high-finesse cavity.
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from temperature), frequency of the laser or incident angle, so we seek to eliminate any interference
and contend with the reduced transmission. This can be achieved by using a large angle of inci-
dence, where the different rays (which have finite extent in Gaussian beams), do not overlap and
interfere. Using these large angles, the beam intensity can be stable. An alternative understanding
of this effect arises from using equation s.1. It appears that larger angles result in a more rapidly
varying and unstable transmission. However, finite size beams contain a finite spread of incident an-
gles*. The transmission is then averaged over these incident angles, and due to the transmission’s fast
variation with angle, smaller beams sufficiently average over angles in order to have stable transmis-
sion. In fact, our first observation of this effect resulted from noticing these interference fringes in a
large collimated beam, but not in a focusing beam. In our experiment, we can send our beam either
through the viewport or the glass cell. Since the glass cell surface is much closer to the atoms (which
lie in the center of the glass cell) than the viewport, delivering the beam through that surface allows
for a larger angle of incidence.

Experimentally, we know our incident angle is large enough when we can see distinct peaks in
the beam intensity when we displace the beam along the direction of the incident angle. The ap-
pearance of distinct beams rules out interference effects. Figure 5.4 depicts a successful alignment
attempt at around 3 degrees angle of incidence. The key feature is the presence of multiple peaks
but only in one direction. Once we see all the peaks, we can align to the furthest (and thus high-
est intensity) peak. With the beams aligned, we are ready to observe Rydberg excitation of sodium
atoms.

In order to obtain the highest Rabi frequencies, we work at the close intermediate state detuning
of 120 MHz blue-detuned at the expense of higher scattering rates. We also choose a relatively low

Rydberg state, 385} /,. We load and trap sodium atoms into a large and sparse array to avoid any

Plane waves can have a single incident angle, but any finite size beam must be composed of a finite spread
of incident angles.
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Figure s.5: (a) The pulse sequence used to excite sodium atoms to the Rydberg state. The
Rydberg yellow beam controls the time of the dynamics, with the second leg 409 nm on at
all times. (b) Coherent Rabi oscillations between the ground and Rydberg state with Na
atoms.

interactions. Note that with a low Rabi frequency, the blockade radius is larger. After loading the
atoms, we optically pump them to the stretched |F = 2, my = 2) hyperfine state. Then, figure

5.5a shows the pulse sequence we use to excite sodium atoms from the ground state to the Rydberg
state. The sodium tweezer needs to be turned off before the Rydberg excitation, since it antitraps the
Rydberg state. The same antitrapping effect is used to push out Rydberg atoms for state detection.
Any finite sodium tweezer depth also causes a light shift on the Rydberg transition, which we have
observed in experiment. Once again, we note that the 409 nm light beampath only has a mechanical
shutter, so we use the 89 nm yellow beam to control the pulse time.

The resulting Rabi oscillations are depicted in figure 5.5b. These oscillations leave much room
for improvement. Firstly, the ground state population at# = 0 is not quite at 100%. This loss of
contrast arises from atom loss either from imaging or the tweezer ramp down. Both of these proce-
dures can be further optimized. Secondly, there is too much decoherence for high fidelity prepara-

tion of the Rydberg state. Higher fidelity can be achieved either through higher Rabi frequency or
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reduced decoherence. The decoherence can be mitigated by improving the phase noise of the 1178
nm diode laser. This can be achieved either in a similar way to the cesium 1060 nm laser via an in-
jection lock system or via feedforward '#">5° using the clean transmission of the optical cavity. The
scattering time scale under these experimental conditions is around 5 s, which is a major limitation
on the excitation fidelity. This can be improved by detuning further from the intermediate state,

but would require higher laser intensities at the atoms.

5.4 INTERSPECIES INTERACTION - DATA

With the successful excitation of sodium atoms, we can now combine this capability with our ce-
sium excitation capability. Exciting both atoms at the same time will allow us to observe interspecies
interactions between the two atoms and confirm some of the theoretical ideas outlined in section
5.2. An experiment to measure this interaction energy is described in figure 5.6. After a cesium
atom is excited to the Rydberg state, the location of the sodium resonance is measured.

The shift in the location of the sodium resonance when a cesium atom is excited compared to
when it’s not determines the Rydberg-Rydberg interaction strength. Figure 5.7 illustrates data ac-
quired with the scheme in figure 5.6. Figure 5.7a depicts the results when sodium is excited to the
S1S state and cesium is excited to the 545 state, a combination which is expected to interact strongly
(see figure 5.1d and surrounding discussion). The red and magenta curves show a clear difference
in the sodium excitation probability between when a cesium atom is present and excited (red curve)
and when a cesium atom is not subject to the excitation pulse. In particular, the sodium atom fails
to be excited in the presence of the cesium Rydberg atom due to the shift in the resonance location
caused by the Rydberg-Rydberg interaction. In the language of blockade, a cesium Rydberg atom
blockades the excitation of a sodium atom. Moreover, an additional advantage of our tweezer array

platform is the individualized imaging of each atom in the tweezer. Thus, to confirm that this ef-
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Figure 5.6: To observe an interaction between a sodium and cesium Rydberg atom, we first
excite cesium to the Rydberg state (by pulsing the blue 455 nm light on resonance for a 7
time), and then attempt to locate the sodium Rydberg resonance by pulsing the 5§89 nm
yellow light at different frequencies. Note that the other leg of the two-photon Rydberg
excitation is on throughout this entire procedure. The tweezers are also lowered during the
Rydberg excitation and detection is performed on both sodium and cesium atoms.

fect is coming from Rydberg physics, we can post-select our data in various other conditions. For
instance, due to our pre-experiment image, we can post-select on the presence of a cesium atom in
the array to begin with before the experiment commences. This dataset is shown in blue, and we
see that the sodium atom is excited in the exact same way as the magenta curve, when there is no ce-
sium excitation pulse. A more interesting post-selection can be performed on the state of the cesium
atom, which is also measured at the end of the experiment. The green curve is acquired when the
excitation pulse has “failed” to excite the cesium atom, and we observe the cesium atom as being in
the ground state at the end of the experiment. This failure of excitation can also be viewed as the re-
sult of a projective measurement of the cesium atom state. In this case, the sodium excitation curve
is equivalent to when no cesium excitation pulse is performed and when no cesium atom is present.
The aforementioned red curve is post-selected for the presence of and successful excitation of the

cesium atom. This is the only case which shows successful blockade of the sodium atom excitation.
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Figure 5.7: A measurement of the interspecies interaction according to the scheme in figure
5.6. The data shows the survival of sodium atoms (a proxy for sodium Rydberg popula-
tion) after an attempted 7 pulse as a function of frequency. For all figures, a legend for the
conditions different curves is provided in the lower right of b), all of which are acquired

via post-selection and are described in more detail in the main text. The atom geometry

for each dataset is pictured below the graphs. For each image, red indicates the locations of
sodium atoms, and blue indicates locations of cesium atoms. (a) Data for when the sodium
atom is excited to the 515 state and cesium atom is excited to the 54.5 state. The lack of
excitation in the red curve illustrates interaction between the two species (b) Data for when
the sodium atom is excited to the 39 state and cesium atom is excited to the 54 state.

The collapse of all 4 curves on top of each other indicates that the atoms do not interact
strongly in this configuration.

In these experiments, we measure the state of the cesium atom (which allows us to perform post-
selection and acquire cleaner datasets), but we remark that one does not need to measure the state of
cesium to observe the effects on sodium. In fact, the measurement of the state of the sodium atom
performs a projective measurement of the cesium atom state! The ability for an ancillary qubit to
non-destructively read out information about other data qubits is a key ingredient in many quan-
tum error correction schemes and is elaborated on in section 5.5. While the demonstration here is

not particularly useful, since the cesium atom is collapsed into a classical state and is easily readout
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on its own, an extension where a measurement can still result in an entangled state (of multiple ce-
sium atoms) is elaborated on in section 5.5.1. This procedure can also be used to readout the state of
a molecule (which is hard to readout on its own!) and is described in section 6.6.

One of the more non-intuitive results from section 5.2 was that the interaction strength (for a
fixed cesium principal quantum number) exhibited “resonances” as a function of the sodium prin-
cipal quantum number (see figure 5.1d). The interaction strength does not simply grow monoton-
ically larger as each atom orbital grows in size. Our experiment can verify this quantum mechanical
feature by exciting the sodium atom to a different principal quantum number. For a sodium prin-
cipal quantum number of 39S, the data are shown in figure 5.7b. When exciting sodium to this
non-interacting state, all conditions of the cesium atom result in the exact same sodium excitation

curve. The sodium is completely agnostic to the presence of or state of the cesium atom.
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Figure 5.8: Measurement of the excitation of the sodium atom to the 515 state when ce-
sium is excited to the Rydberg state or when it is not loaded in the atom geometry (red is
sodium, blue is cesium in the atom image) depicted below the graph. The excitation of the
cesium atom induces a shift in the resonance location of the sodium atom.
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While the observation of blockade may be sufficient for quantum measurement, a more quan-
titative analysis of the interaction strength can be far more useful for calibration of atom distances
or quantum simulation. However, at the large interspecies interactions present in the small dis-
tances of figure 5.7a, the interaction strength is difficult to measure. A technical constraint lies in
the bandwidth of our double-passed AOM which we use to scan the frequency. A more physical
limitation arises from finite temperature effects and static variation in the interspecies atomic dis-
tances, both of which result in a broadened interaction resonance. Thus, to reliably measure the
interaction strength at a particular distance, which can yield metrics such as the Cy coefficient, we
bring the atoms farther apart such that the interaction strength is around the MHz scale. Under this
condition, a resonance shift can be quantitatively measured and is shown in figure 5.8. While the
camera image of the atom locations do yield a calibration of the interatomic distance, an interaction
strength measurement is perhaps the most accurate determinant of the interatomic spacings (given
that we trust the theoretical interaction strength calculations). We have found that the measured
interaction strength disagrees strongly with the expectation from the camera image. We attribute
this discrepancy to axial displacement of our two arrays, which our camera is unable to distinguish.
In fact, this interaction measurement allows us to calibrate the axial displacement of a given pair of

arrays.

5.5 SUMMARY AND OUTLOOK

Through the work of the previous 4 chapters, the stage has been set for experiments involving dual-
species optical tweezer arrays capable of Rydberg excitations. Large sodium arrays can be created
and coherent Rydberg excitation has been achieved. Technical improvements largely center around
better control of phase noise of the 1178 nm laser and higher power for the 409 nm laser. In addi-

tion to using a 15 W pumped TiSapph laser, a glass cell change to one without AR coating would
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also greatly improve the intensity of 409 nm light on the atoms, which would increase the coher-
ence of a 7 pulse. Changing the glass cell would also eliminate complications, such as etalon, that we
had to contend with for this thesis. A new chamber is currently being designed, also equipped with
in-vacuum electrodes. In-vacuum electrodes can be used to either stabilize the electric field environ-
ment which can affect the Rydberg coherence time or tune the interspecies interaction to a Forster
resonance®.

Future scientific directions center around efforts in quantum computing and quantum simula-

tion. We now discuss each in turn.

5.5.1 FUTURE PROSPECTS IN QUuANTUM COMPUTING

For quantum computing, dual-species atom arrays naturally implement the two qubit classes typical
in quantum circuits, ancillary and data qubits 104 Tn our case, for instance, sodium atoms can be the
ancillary qubits while cesium atoms can be the data qubits. In addition to quantum circuits, read-
out of stabilizers in quantum error correcting codes®® typically require ancilliary qubits. For exam-
ple, in the standard surface code geometry 8o, ancilliary qubits are placed at the centers of plaquettes
consisting of data qubits with connectivity to the data qubits to efficiently read out the stabilizers.
Additionally, in a typical error-corrected quantum computer, multiple rounds of readout need to be
performed on the ancilliary qubits without disrupting the data qubits (other than through the mea-
surement result). Crosstalk free readout of the ancillary qubits can also be used to efficiently prepare
long range entangled states**”. Currently in single-species atom arrays, atoms need to be transferred
to spatially separated readout zones*”, which is slower than imaging in place. Furthermore, any leak
light of the resonant readout light can induce error in the data qubits.

The natural gateset for a dual-species atom array will likely be different from single species atom
arrays. In a single species atom array, the focus has been on performing gates with global driving

pulses, since the Rydberg lasers simultaneously address all atoms. Although challenging, multi-
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qubit gates have been successfully solved by carefully tracking the evolution phases of all relevant
qubit states '**7747, Furthermore, combining these global driving pulses with atom rearrangement
has led to quantum processors with all-to-all connectivity ** along with error correction*”. Com-
pilers***59 have also been developed specifically with these reconfigurable atom arrays in mind.
Nevertheless, free individual addressing of subclasses of atoms should add to the toolbox of available
gates and is easier to implement than global gates for the dual-species array. This is because global
gates will require pulse synchronization between the independent lasers driving the two species.

However, there are proposals to utilize global pulses for dual species atom arrays*’.
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Figure 5.9: Setup for a multi-qubit dual-species gate. A sodium atom (orange) is placed
between two cesium (blue) atoms. Each atom has two hyperfine ground states and a Ry-
dberg state. The protocol involves a 7 pulse on sodium, followed by a global 27 pulse on
cesium, and another 7 pulse on sodium. Ideally, the sodium Rydberg state blockades the
cesium Rydberg state, but the cesium Rydberg states do not blockade each other. (a) De-
picts the action of the protocol when sodium is in state |0). Here, all dynamics of cesium
are allowed. (b) Depicts the action of the protocol when sodium is in state |1). Here, the
dynamics of cesium are completely blockaded.

One of the first gate proposals ' ** based on Rydberg atoms actually has a natural implementation
in dual-species atom arrays instead of single species atom arrays. We summarize its working principle
here, and discuss its generalizations to larger systems. Consider two atoms, sodium (orange) and

cesium (blue) (see figure 5.9 but ignoring the right most cesium atom) within a blockade radius.
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The atoms have two hyperfine ground states |0) , |1) which form the qubit basis. Rydberg lasers
which connect only hyperfine state |1) to Rydberg states for each species are also available. Now, we

consider the following 3 step protocol.

1. Apply a 7 pulse on the sodium atom from hyperfine state |1) to |7).
2. Apply a 27 pulse on the cesium atom from hyperfine state |1) to |7).

3. Apply a 7 pulse on the sodium atom from |7) back to hyperfine state |1).

When the sodium atom is in state |0), steps 1 and 3 do not affect the state at all, and the 27 pulse
in step 2 succeeds with a 7 phase shift (negative sign) if the cesium atom is in state 1. When the Na
atom is in state |1), steps 1 and 3 result in a full 27 pulse on the Na atom, but step 2 fails due to the
Rydberg-Rydberg interaction shifting the cesium atom Rydberg state out of resonance. Thus, this
procedure implements the following gate [00) — |00) , |01) — —[01),[10) — — [10), [11) —
— |11), where the first atom is the Cs atom and the second atom is the Na atom. This can be notated
as |0) . (Ofna ® Zos — 1N, (Una © Lo and is an entangling gate.

This procedure can be extended to having multiple cesium atoms within a blockade radius of
sodium (protocol shown in figure 5.9). If we assume that sodium Rydberg atoms blockade cesium
Rydberg atoms, but the cesium atoms are far enough apart to not influence each other, then the two
cesium atoms act independently, and the implemented gate is |0)y, (0|x, @ ZcsiZcs: — |1, (Una @
IcsiIcs,, which maps the ZZ operator on the two cesium atoms to the sodium hyperfine state |0),
which can subsequently be read out. These assumptions apply in the ideal case, and figure 5.10 runs
asimple 3 atom (1 sodium, 2 cesium) calculation assessing the error due to extraneous interaction.
When the Na atom is in |0), it needs to allow for the cesium atoms to interact. Since it will never be
excited to the Rydberg state, the interspecies interaction is irrelevant here. Figure s.10a shows how

the fidelity depends on the intraspecies cesium nearest-neighbor interaction (the actual interaction
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a Na in state 0, No Na-Cs interaction b) Na in state 1, No Cs-Cs interaction
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Figure 5.10: Fidelity calculation for the protocol described in figure 5.9 and the text. (a)
Fidelity when the sodium atom is in state o as a function of the intraspecies cesium interac-
tion. The interspecies interaction is irrelevant for this fidelity. (b) Fidelity when the sodium
atom is in state 1 as a function of the interspecies interaction. Any intraspecies cesium
interaction actually increases the fidelity of this initial state of the protocol.

between the two cesium atoms in the scheme is smaller than this due to the distance dependence of
the interaction) in units of the Rabi frequency. When the sodium atom is in state |1), it needs to
blockade all cesium activity, so the intraspecies cesium interaction only assists in the fidelity of this
step. Figure 5.10b shows the gate fidelity as a function of the interspecies interaction in units of the
Rabi frequency. While this scheme has individual value as a gate, it can easily be extended to per-

form a ZZ measurement on two cesium atoms using a single sodium atom. Consider the following

procedure:

1. Prepare a sodium atom in the hyperfine state % (|0) + [1)).

2. Apply the aforementioned gate procedure implementing the operation |0)y, (0], ®

ZcsiZes, — | (Una @ Iesidcs, mapping the Zeg; Zes, operator value as a relative phase.

3. Read out this phase by performing a Hadamard operation in the hyperfine manifold of

sodium, and then projectively measuring the sodium atom in the |0), |1) basis.

145



State of Cesium atoms | Three atom state after step 2 | Final readout of sodium atom
00} 1000y — [100) )
|01) —|001) — |101) |0)
10) — |010) — [110) 10)
I11) |011) — |111) 1)

Table 5.1: The implementation of a Z¢, Z¢,, measurement on two cesium atoms by a
sodium atom. The three atom state after step 2 refers to the in-text enumerated mea-
surement procedure and the state is in the order of the sodium atom followed by the two
cesium atoms.

The way this procedure affects the four computational basis states of two cesium atoms is tabu-
lated in table 5.1. This measurement scheme can also be used to generate entangled states of cesium
atoms. For instance, if the product state 3(|00) + |01) + |10) + [11)) is prepared, a measurement
of the Z¢, Zcs, operator will prepare either the %(|OO> + [11)) or the %(|01) + [10)) Bell states
depending on the measurement result. This gate can be generalized to any dynamics on the cesjh

atoms, not necessarily just this ZZ operation. Other schemes involving step wise excitation have also

been proposed '5* and can be used for universal digital quantum simulation *3.

5.5.2 FUTURE PROSPECTS IN QUANTUM SIMULATION

For quantum simulation, dual-species Rydberg atom arrays provide a rich, controllable platform
naturally suited for studying bipartite lattices, where each part of the lattice can be filled by each
atom. In the ground-Rydberg encoding we have been using to implement transverse field Ising
models (see section 4.2), the dual-species atom array naturally implements, with global driving, the

Hamiltonian
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where the indices 74, 75 label sites with atom A and atom B, Q. 4, A 4 are the Rabi frequency and

detuning for the driving laser for atom A, Qp, Ap are the Rabi frequency and detuning for the driv-

B

ing laser for atom B, and V;-]M Vi

V;;B are the two intraspecies interactions and one interspecies
interactions. 4 of these parameters can be tuned easily and continuously with lasers. The contin-
uous tuning of these drive parameters can nominally place the two species in different regions of
their single species phase diagrams. The interaction terms can be tuned discretely with the choice
of Rydberg state and continuously using external fields. As discussed in section .2, while the in-
traspecies interactions tend to be repulsive, based on the choice of state, the interspecies interactions
can be attractive, which is a new feature compared to single-species atom arrays. The geometries of
the two lattices can also be freely tuned with individual spatial light modulators of both species. A
particular two ladder geometry with carefully tuned interaction strengths has been proposed for the
observation of emergent spacetime supersymmetry '4°.

In addition to ground state physics, dual-species atom arrays are well suited for dynamical ex-
periments. The individual addressability of a sublattice (with still a global drive) can quench the
system into a non-eigenstate with non-trivial dynamics. These ideas make these atom arrays ideal
for studying central spin models surrounded by a bath”" or studying defects in phases, where one
species can be prepared in a phase, but the other species is interspersed as an interacting defect. One

of the species can also be used as a probe for the other. For instance, species A can be prepared in a

particular phase (or state), and species B (which interacts with A) can be driven to investigate the
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spectrum of species A. Floquet engineering can also open possibilities for new Hamiltonians derived

from equation s.2.



Rydberg mediated quantum gates between

polar molecules

6.1 INTRODUCTION

In the last chapter, we focused on the possibilities of dual-species neutral atom arrays that interact

via promoting both species to the Rydberg state. Another possibility for obtaining interactions
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between particles in the array is to assemble the two atoms into a polar molecule, which have a per-
manent molecular-frame dipole moment. Polar molecules then interact with each other via the
dipole-dipole interaction. Tweezer arrays of ultracold molecules have recently been created primarily
via two methods: direct laser cooling and assembly of ultracold atoms'*?. Direct laser cooling takes

the approach of finding a special set of molecules®****

which contain nearly closed cycling transi-
tions. These transitions can cycle over a thousand photons or so with a reasonable number (around
10) of repump lasers. In this way, typical laser cooling techniques on atoms work reasonably well
for these molecules. These molecules are typically of the form MX, where M is an alkaline-earth-like
metal and X is an electronegative radical with a single unpaired electron. In the compound MX, one
of the two valence electrons in M forms a covalent bond with X, while the other is predominantly
located on the M atom. Thus, photon cycling of the electron on the M atom can be performed with
minimal energy transfer to the relatively uncoupled vibrational and rotational degrees of freedom,
since the electron never interacts much with the atoms that form X. Examples of such molecules
include CaF7'°* and CaOH ***, both of which have been loaded into optical tweezer arrays. MOTs
of SrF'®, YO 57 and SrOH 34 have been formed, and tweezer loading is the very next step.

Assembly of ultracold atoms into molecules starts from ultracold atoms, which can be reliably
created utilizing laser cooling techniques. Then, molecules can be created (utilizing the proper tech-
niques) from the atoms with minimal heating. Assembled molecules typically are formed from laser
coolable atoms, making bialkali molecules a natural candidate for such techniques. Molecules such
as Cs; ©2, KRb 1>, Rb, 3%, RbCs?'%'5¢, NaK '7"*>%, NaRb?°, NaLi'%° and NaCs?*? have been
formed in their ground states with high fidelity. Others containing alkaline earth atoms such as
Sty 37 have also been assembled while more esoteric combinations (FrAg's") are also actively being
explored.

Another benefit of the assembly approach is the convenient availability of a reservoir of atoms

without the need to introduce additional lasers or infrastructure. These atoms, as a quantum re-
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source, have been used to determine the successful creation of a molecule for purposes of rear-
rangement'77, and for the observation of interactions?”>'#5 between Rydberg atoms and molecules.
Given the development of Rydberg atom techniques detailed in this thesis and our group’s expertise
in molecular assembly, we are naturally poised to explore the prospects of a hybrid system consisting
of tweezer arrays of molecules and atoms.

In this chapter, we briefly highlight our expertise in forming ultracold molecules and propose
to use the atom-molecule interaction to enhance the capabilities of a molecule-based quantum
computer. Section 6.2 describes our efforts towards a generic all-optical path to the assembly of
molecules. Then section 6.3 summarizes the current prospects of using molecules for quantum
computing along with their current limitations. Section 6.4 details our main proposal to utilize
the interaction between Rydberg atoms and molecules to drive a faster sub-microsecond gate be-
tween molecules. Section 6.5 then describes a specific implementation in NaCs molecules utilizing
cesium Rydberg atoms. Section 6.6 extends our approach to the application of non-destructive
state-selective measurement of molecules using Rydberg atoms. Lastly section 6.7 details the com-

plications of our method when extending it to larger arrays.

6.2 A GENERAL ALL-OPTICAL APPROACH TO ASSEMBLING MOLECULES

Assembly of ultracold atoms into molecules has been one of the most reliable methods of creating
ultracold molecules with full quantum-state control. Due to the small interatomic distances present
in a molecule, a two-step assembly procedure is typically employed. The two steps help bridge the
large spatial wavefunction difference between two free atoms and a ground state molecule.

First, a weakly-bound molecule is created typically via a Feshbach resonance®* followed by stimu-
lated Raman adiabatic passage (STIR AP) to the rovibrational ground state. This approach has been

successfully used in both bulk gas ®»16213%219:156:171.96:229 3nd optical tweezers '3, Whereas the



STIR AP procedure is rather general, magnetic Feshbach resonances may not always be available.
These resonances typically arise from atoms that have magnetically sensitive states and can be an is-
sue for alkaline earth atoms. Furthermore, the magnetic fields at which these Feshbach resonances

are located may pose technical challenges.
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Figure 6.1: (a) The optical Raman transfer scheme from a free atom state in a harmonic
trap to a weakly bound molecule via a molecular intermediate state. (b) Rabi oscillations
between the free atom and weakly bound molecule state.

Here, we describe a general approach of forming weakly-bound molecules and its proof-of-
principle demonstration on our dual-species platform*##. The setup of our scheme is depicted in
figure 6.1a. This method creates a weakly bound NaCs molecule from a pair of sodium and cesium
atoms in a harmonic trap. The Raman transfer between the two states utilizes two laser beams that
are detuned from an intermediate excited state by a detuning A. The Rabi frequencies for the tran-
sition between the free atom (weakly-bound molecular) state and the intermediate state is Q, (Qy, ).
When the detuning is the largest energy scale of the system, the dynamics of the system can be de-
scribed by an effective two level system which was described in detail in section 3.3 for a ladder sys-

tem (when the intermediate state’s energy is in between the two other states). The mathematics is
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equivalent for our lambda system (when the intermediate state’s energy is higher than both of the

other states), where the effective Raman Rabi frequency is given by

Q.0
2A

Q=

(6.1)

While the AC Stark shift and the scattering rate nominally follow the same formulas as discussed
in section 3.3, this particular application has an additional layer of complexity, arising from the
small energy spacing (typically 10os of MHz) between the free atoms state (tweezer trap ground
state) and the weakly-bound molecular state relative to the intermediate state detuning. Hence,
there exists cross-coupling, where the laser beam meant for the free atoms state also couples to the
weakly-bound molecule state and vice versa. Assuming the power in each beam is the same, this

approximately doubles both the AC Stark shift and the scattering rate resulting in a Stark shift of

QZ
wAC = TK’ (6.2)
and a scattering rate of
QZ
I'= reﬁa (63)

where we have also assumed that Q3,, > , so that the contribution to the Stark shift and
scattering rate from the free atoms state is negligible. This assumption is quite valid, since the in-
termediate state is a deeply-bound molecular state, which has minimal overlap with the free atoms
state.

The ratio of the Rabi frequency (representing the coherent process) to the AC Stark shift is

a

WAC Qm

<1 (6.4)
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resulting in a strict requirement on the intensity stability of the drive lasers. Namely, if the drive
lasers fluctuate at the Q,/Q,, level, the Stark shift would shift the resonance about a Rabi fre-
quency amount leading to decoherence. The stark imbalance between the two coupling strengths
leads to these strict technical requirements.

To help increase the ratio Q,/Q,,, we need to increase the amplitude of the tweezer trap wave-
function at short distance. This can be achieved by using the highly interacting hyperfine state
combination**® |Fn, = 2, mp,, = 2, Fcs = 3, mp., = 3), which increases the Q,/Q,, ratio from
0.003 to 0.05. Note that this improvement not only relaxes the technical requirement of intensity
stability, but also increases the coherent coupling between the atom and molecule state.

To decrease excess scattering from affecting our molecule creation process, we use the tweezer
itself to drive the Raman transfer process. In particular, the tweezer may contain two frequency
components, and the transfer only occurs when the second component (controlled by an AOM)
is turned on. Additionally, since we are contending with excited molecular states, a wide range of
resonances can be driven by our laser. Thus, the laser needs to have a clean frequency spectrum. We
found much higher molecular creation efhiciency (through reduction of scattering) by filtering our
light with a 3D Bragg grating (Ondax 114-ER407-015) that has a full width half maximum of about
so GHz.

The result of our efforts is depicted in figure 6.1b where coherent oscillations between a free
atom and weakly bound molecular state are observed at a Rabi frequency of around 300 kHz. The
transfer efficiency is 69%. With a weakly-bound molecule successfully created, STIR AP can follow

to create a deeply-bound molecule for further study.
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6.3 QUANTUM COMPUTING WITH MOLECULES

142427, 101, 185,157:183 are 3 promising candidate system

Individually trapped ultracold polar molecules
for scalable quantum computing due to their long-lived internal states and intrinsic tunable inter-
actions. Long coherence times have been demonstrated for many molecular degrees of freedom, in-

cluding nuclear spin>'7*, rotation 3%>°345-17°

, and vibration '*?. Molecular-frame dipole moments
allow molecules to interact via the dipole-dipole interaction, which has been observed for molecular
gases prepared in opposite parity rotational states*****5. Early proposals of two-qubit gate schemes
required external fields to polarize the molecules. In these cases, field stability imposes a practical

66,241,103,

constraint to their viability 129, Recently, robust schemes with the potential for greater than

99.99% fidelity have been proposed. These schemes directly take advantage of the intrinsic dipolar

163,

interaction between two field-free molecular rotors, using a dipolar exchange '°*'°7 or energy shifts

created by the interaction 198 The former has been realized in optical tweezer experiments *+* 3,176
of molecules. However, the millisecond gate times in these schemes are long compared to what has

128 trapped ion 38 or trapped atom systems 1388977 A path to

been realized in superconducting
achieving molecule dipolar interaction strengths larger than a kHz by reducing molecular separation
to below the trap light wavelength in an optical tweezer system has been outlined, but is technically
demanding**.

We present an approach which uses an atom to speed up molecular two-qubit gate times by sev-
eral orders of magnitude. By transferring atoms to highly excited Rydberg states, they can be made
to interact with polar molecules (1-5 Debye) through the dipole-dipole interaction. When an atomic
transition is brought into resonance with a molecule’s rotational transition, the Rydberg atom can
mediate the interaction between molecules via its large transition dipole moment (~ 10 kDebye),

which amplifies this interaction by several orders of magnitude. This amplified interaction strength

can be used to implement Rydberg-mediated entangling gates between molecules. Because one
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of the most widely-used schemes to create ultracold molecules is association of the constituent

62,162,132

atoms , atoms are a readily available resource in many molecule experiments, making this

scheme feasible to implement.

6.4 DRIVEN EXCHANGE GATE
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Figure 6.2: Relevant level structure for a driven Rydberg-mediated exchange between two
molecules. (a) The relevant energy levels for the molecules (left and right) and the Rydberg
atom (center). The energy spacing between the computational basis states for the molecule
is fiwy, and the spacing between Rydberg states |7) and |R) differs from the molecule spac-
ing by AA. The excitation laser, which excites an atom from |g) to |r), has Rabi frequency
Q, and its detuning is denoted by 4. (b) The separation of the three-body Hilbert space
(12 states) into distinct subspaces. The blue lines indicate the Rydberg excitation laser
coupling, and the green lines depict the strong Rydberg-molecule interaction.

We first describe the fast entangling gate resulting from a Rydberg-mediated interaction between
two molecules. We consider a three-particle system, consisting of two molecules with an atom placed
in between them, as shown in figure 6.2a. To capture the essence of the gate, the molecules are
treated as two-level systems (|0) and |1)) which have a transition dipole moment ,,, between them.

In the atomic system, three states (|g) , |7) and |R)) are considered, where |g) is a ground electronic
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state of the atom, and |7) and |R) are opposite parity Rydberg states which have a large transition
dipole moment d, between them.
The interaction Hamiltonian arises from the dipole-dipole interaction *3"*3? between the parti-

cles separated by an interparticle spacing of a:

1
mﬁjmﬁﬁy+qﬁ+ﬁg+fﬁﬂﬁm@6+qﬁﬂ (6.5)

where o7 are the Pauli ladder operators for molecules in the basis {|0) , [1)}, and S are the Pauli
ladder operators for the Rydberg atom in the basis {|) , |R) }. The molecule-Rydberg interac-

tion and the molecule-molecule interaction are given by Vin, = d,ud,/(47eoa’) and Vg =
d2,/(32mega’), respectively. The ground state atom, |g), is far off-resonance, and does not partic-
ipate in the exchange interaction. Furthermore, we denote the molecular energy spacing as hwy,, and
the difference between the Rydberg energy spacing and the molecular energy spacing as hA. The
energy spacing between the atomic ground state and Rydberg state |7) is denoted hwg,.

In addition to the intrinsic Hamiltonian arising from the dipolar interaction, we add a drive of
the atom from [g) to |7) with Rabi frequency €, and detuning § = wp —wg, where wr is the angular
frequency of the laser. There are a total of twelve states, but the Hamiltonian is block diagonal in
the sectors {|0g0) , |070) }, {|0g1) , |071) , |1g0) , [170) , |0RO) }, {|1¢1) , [171) , |OR1) , [IRO)}, and

{|1R1)}. These sectors can be characterized by the number of dipolar excitations

1
nm:jﬁﬁ+ﬁf+ﬁﬁ) (6.6)

Neither dipole-dipole interaction nor laser driving couple between these manifolds, and the dynam-

ics within each sector are thus independent, with Hamiltonians given by:
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Nexe=0 — h ) (67)
Q2 9
—ho hRQ/2 Vigm/2 0 0
hQ/2 0 0 Vam/2  Vinr/2
Hyerr = | Viam /2 0 —hd  hQ/2 0 (6.8)
0 Viom/2 hQ/2 0 Vine/2
—hd  hQ/2 0 0
hQ /2 0 Var/2 Vine/2
Hnexczz = (69)
Vie/2 — RA Vim/2
Var/2 Viam/2 hA

We first explore the case where the laser detuning is zero (& = 0) and the Rydberg transition is
resonant with the molecule transition (A = 0). The gate is performed by driving the atom from the
ground state for a time 7 = 27/Q. At the end of the drive, the |0g0) state returns to itself with a
phase of —1. For this particular 7, it can be shown analytically, ignoring the much smaller molecule-

molecule interaction, that the entangling gate

-1 0 0 O
0 01 0
(6.10)
0 1 0 O
0 0 0 1

in the basis {|0¢0) , |0¢1) , |1¢0) , |Lg1) } can be realized for a specific Rabi frequency of the drive,

related to the molecule-Rydberg interaction by
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2
Q= mer/h (6.11)

where £ is an integer larger than o. For £ = 1, this corresponds to a Rabi frequency of \/g Vines
allowing this gate to take advantage of the fast molecule-Rydberg interaction. To understand equa-
tion 6.11, we analyze the § state 7.y = 1 manifold and 4 state 7. = 2 manifold separately.

Diagonalizing the Hamiltonian for the ¢, = 1 manifold (equation 6.8), when d = A = Vi, =

0, the eigenvalues 0, iQ /2, —hQ /2, —/F2Q? + 2V2 /2, \/h2Q? 4 212, /2 are obtained, and

the states of interest |0gl) and |1¢0) can be written in the eigenbasis

Ve N N S
-1/2 1/2
|0g1) = -1/2 ,|1g0) = 1/2 . (6.12)
__he __hne
24/ R2Q* 212, 24/ R2Q* 212
hQ hQ

2207212, /a7 212,

These two states only differ in the sign of their second and third component. In order to geta
swap between these two in the time evolution, we need the second and third components to flip
sign, while keeping the other components the same. After a time 7' = 27/, the first component
keeps its phase, while the second and third component flip their sign (acquire a 7 phase shift) due to
their phase evolution at a rate of QO /2. In this time, the fourth and fifth components need to acquire

a 27 (or multiple of 27) phase shift leading to the requirement

\/227
hQ—%:khQ

2

where £ is an integer. Solving this equation for Q yields the result in equation 6.11.
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We also need to verify that the Q found above also works in the 7#¢x. = 2 manifold. Diagonaliz-

ing the Hamiltonian of this manifold in equation 6.9 when § = A = Vp,, = 0, the eigenvalues

0,0, —/h2Q% + 2172 /2, \/h2Q? + 212 /2 are obtained, and the state of interest |1¢1) can be

written in the eigenbasis

Vier/ R2Q2+ 172

Q22172

Vie\/ B2Q*+ V2,
RO,
|1g1) = 5O (6.14)

V22 Q2412
hQ

\/ 2R Q2 +412

With the constraint found in equation 6.13, all 4 components will remain the same, and the state

is unchanged as needed.

The dynamics of this gate for # = 1 in each manifold is shown in figure 6.3. In the limit of large
k, corresponding to hQ) < Vi, the locations of these resonant exchange drives get closer together,
indicating a scheme robust to the exact drive Rabi frequency. In this limit, for the 7¢xc = 1 mani-
fold, the intermediate system consisting of {|071) , |0RO0) , [170) } can be diagonalized, where a zero
energy mode will emerge *#°. The two edge states |1¢0) and |0g1) will then be coupled through this
mode and their states can swap after a particular time of unitary evolution. In the 2 excitation mani-
fold, a zero energy mode in the {|0R1) , [LRO) , |171) } manifold is also created, but consists only of a
combination of the [0R1) and [1RO0) states which has no matrix element with the |1¢1) ground state.
Thus, no excitation is allowed and the system remains in the ground state with no phase accumula-

tion. The full landscape of the fidelity as a function of hQ/ Vpy, is shown in figure 6.4.
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Figure 6.3: Population evolution through the driven exchange gate, starting in (a) |0¢0),

(b) [1¢0), and (c) |1g1) for @ = +/2/3V;s/h. While molecule-molecule interaction is in-
cluded in the evolution, we note thatd, > d,,, such that it only introduces a perturbation
to the molecule-Rydberg interaction of magnitude < 107°.

6.4.1 CALCULATING FIDELITIES WITH RYDBERG DECAY

Before proceeding, let’s discuss how we calculate fidelities for this chapter. We use the following

definition for the gate fidelity 179"+
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Figure 6.4: Demonstration of driven exchange resonances at various integer , as defined
in equation 6.11. As £ increases, the resonances become closer and shallower, leading to
insensitivity to the exact drive Rabi frequency.

F=Ti(U;U}/n) (6.15)

where Uy is the gate unitary as calculated with no error sources, and # is the size of the relevant
Hilbert space. Uj is the unitary of the operation with the error of interest, and the matrix elements
(U;) 4,8 are generated by applying a Hamiltonian with the error to a state A and using the coefficient
of the resulting state B. For U; with no error, U; = U, and F = 1.

An error source, which fundamentally limits the performance of this gate, is the decay of the
Rydberg atom which facilitates our exchange between the molecules. Lifetimes at typical Rydberg
levels used for quantum information are approximately 100 us, and are discussed in more detail in
section 3.2. Typical Rydberg blockade gates skirt around this error by minimizing the population in
the Rydberg state, advantages that our scheme does not have.

This gate, by operating outside the blockade regime, allows the excitation laser to pump to Ry-
dberg levels and back faster than blockade based gates. The driven-exchange gate is therefore faster

and less error from decay can occur. This advantage is twofold, as the gate only uses one Rydberg
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atom, rather than two. In the NaCs with cesium system, decay limits the gate to a fidelity of 0.9997.

This number is calculated by adding non-Hermitian decay terms to our excitation-manifold

Hamiltonians:
0 0
Nexc=0 = Hnexc:O + ) (616)
0 —:ihl,/2
0 0 0 0 0
0 —il,/2 0 0 0
Hj?cxc:l = Hnexc:1 + 0 0 0 0 0 5 (617)

0O 0 0 0  —ihlg/2
0 0 0 0
0 —itl,/2 0 0
Nexc=2 = Hnexc:Z + 5 (618)
0 0  —ilg/2 0
0 0 0 —ihTx/2

where I, and I'g are the decay rates of the two chosen Rydberg levels.

6.5 IMPLEMENTATION IN NACs + Cs

We now consider the implementation of this gate in a system of ground state NaCs molecules and
cesium Rydberg atoms. The key requirement is to find a pair of Rydberg states that match the en-
ergy gap of a dipole-allowed transition in the molecule, typically a rotational transition. In NaCs,
the measured N = 0 to N = 1 rotational energy splitting is » X 3471.3203(7)MHz'7°. Since Ry-
dberg states are extremely sensitive to electric fields, and to a lesser extent, magnetic fields, external

fields may be used to tune these states into resonance. Formation of ground state molecules from

163



their constituent atoms is a well-established technique that has been successful both in bulk gasses
and in optical tweezers, and often relies on magnetic field control to access Feshbach resonances. A
Feshbach resonance at 865 G is used to form NaCs molecules**7, and at magnetic fields of this or-
der, Rydberg states can be tuned to be in resonance with the rotational transition in the molecule, as

shown in table 6.1.

B(G) | Transition(|r) — |R)) | A(MHz) | |4.|(D)
o 64Dy, — 63Ds), 126 | 6488
859.3 | 72Ps)03/2 — 71Ds sy | A0 | 11220
769.9 | S7P3/53/2 — S6Ds/33/, =0 4329
908.4 | 49P3/53/5 — 48D3/21/> ~0 1280

Table 6.1: List of possible Cs Rydberg states to use for a near-resonant interaction with the
NaCs N = O0toN = 1rotational transition at zero magnetic field and various magnetic
fields near the NaCs Feshbach resonance at 865 G. The notation used for the atomic states
are nl; ,,,, where the »; is particularly relevant for states at high magnetic field. For the high
field states, three different polarization options are listed. Dipole moments are calculated
with the Alkali Rydberg Calculator**®, and energy spacings include the quadratic Zeeman
shift.

To calculate Rydberg transitions at high magnetic fields and large principal quantum numbers,
we need to account for the quadratic Zeeman shift, which can be quite significant. The Hamilto-

nian for this effect is given by

2 p2

e B AB
HQZeeman = %(xz +)’2) = %}"2 Sln2 5, (619)

where @ is the polar angle'53°. In the basis |, /, /, m;), the matrix element

<”,a Zlajl) m],"HQZeeman‘”, 17]’; m]> (6.20)

isnonzerowhen/ = Jor/ =[]+ 2, and mj’ = m,. The diagonal contributions are relevant and

can shift energy levels significantly. These terms consist of a radial integral and an angular integral.
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The radial integral is performed for a state |2, /, j, m;) with the wavefunctions in the Alkali Ryd-
berg Calculator, which account for spin-orbit coupling**®. The angular integral is performed by
decomposing the state into the uncoupled |7, , m;, 5, m;) basis, where the matrix elements of sin® 8
in this basis are known analytically *°. These diagonal matrix elements are taken into account in the
selection of states in table 6.1.

The oft-diagonal contributions can mix different states, however they are only relevant when the
coupling strength is on the same order as the energy separation between the states. Fortunately in
cesium, the energy of the nearest states with // = / & 2 to the states of interest (|72P3 5 3 /») and
71Ds /5 5 /2)) are about an order of magnitude larger than the coupling strength between them. We
note that for higher Rydberg states, these contributions are likely to grow larger and a full diagonal-

ization may be required.

6.5. I MOLECULAR HYPERFINE AND ROTATION STRUCTURE

NaCs is a diatomic polar molecule, consisting of two alkali atoms, with a molecular-frame dipole
moment around 4.6 Debye " in the rovibrational ground state. The NaCs ground electronic state is
XS, where X is a conventional notation to label the state, superscript 1 indicates that the total elec-
tron spin state is a singlet” (i.e. the quantum number for operator § = Sy, + Sc; is 0, and Sn,, Scs
are electronic spin operators). Z indicates that the projection of the orbital angular momentum on
the internuclear axis is zero. This has to be the case, because this molecular state arises from a 3S Na
atom and a 6S Cs atom, both of which have no orbital angular momentum.

With the electron intrinsic spin and orbital angular momentum zero, the only angular momenta
in the problem are the nuclear spins for sodium (/n, = £; = 3/2), and cesium (I = I, = 7/2)

and molecular rotation N. The full Hamiltonian governing the molecular structure of the electronic

*The total spin is a good quantum number for deeply bound states, since the splitting between singlet and
triplet (§ = 1) is given by the Coulomb interaction, since the symmetry of the spin wavefunction translates
directly to the symmetry of the spatial wavefunction of the two electrons
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and vibrational ground state in the presence of an external magnetic (B) and electric field (E):

3(I; - N)? + 3(I; - N) — I2N?
H = B,N? ; 2 N-I;
+Z Q21(21—1)(2N—1) 2N +3) +ZQ

2

1
+alih—w B+ E-a-E—guN-B- > guy(1—o)L-B (6.21)
=1

where the first term is the rotational part of the Hamiltonian parameterized with the rotational
constant B,; the second term is the interaction between the nuclear electric quadrupole®7¢ and

the electric field gradient at the nucleus due to the electrons, which is parameterized by constants
eqQ1, egQ»; the third term is the spin rotation coupling parameterized by constants ¢y, ¢»; the fourth
term is spin-spin coupling parameterized by constant c4; the sth term is a DC Stark effect, which
includes the dipole moment, y; the 6th term is mainly used for calculating the light shift due to the
trap, and depends on the molecular polarizability tensor **7 ; the 7th term is a nuclear rotation-
magnetic field coupling parameterized by g factor g, and nuclear magneton ,;; the 8th term is a
nuclear spin-magnetic field coupling parameterized by g factor g; and a shielding factor ;. The

constants for NaCs are listed in table 6.5.1*

6.5.2. ANALYZING THE FIDELITIES AND ROBUSTNESS OF THE GATE

For the molecule, the states |0) = |my, , mi.,, N, mn) = |3/2,5/2,0,0) and 1) = |3/2,5/2,1,1)
are chosen to be the qubit states. To maximize dipolar interaction, we choose the resonant pair
72P553/>) and |71Ds /5 5 /) as our Rydberg states in a 859.3 G magnetic field. At1 gm separa-
tion, this state choice results in interaction strengths Vi, = 27 X 4.64 MHz, compared to the
molecule-molecule interaction strength of Vi, = 27 X 142 Hz.

A gate time of 263ns is achieved, with a fidelity of 0.9997, when accounting for the finite life-
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Parameter Value
B,(GHz) 1.739
¢qQ1(MHz) —0.097
¢qQ>(MHz) 0.150
c1(Hz) 14.2
c,(Hz) 854.5
¢(Hz) 3941.8
g 0
a 1.478
o 0.738
o1(ppm) 639.2
o>(ppm) 6278.7
uy(Hz/G) | 762.2593285

Table 6.2: The molecular constants of NaCs. The variable names are defined by the Hamil-
tonian in equation 6.21

times of 221 us and 118 us for the Rydberg states. This is four orders of magnitude faster than the
molecule-molecule gate time of 3.5 ms without the enhancement of the coupling via the Rydberg

atom.

HYPERFINE STATE LEAKAGE

Leakage to the many hyperfine states in the N = 0and N = 1 rotational manifolds needs to be
considered. The closest rotational excited states are in the same hyperfine state, but with different
mn, and are separated by only a few kHz. Exchange into these states is suppressed because the dipo-
lar interaction preserves the total magnetic quantum number®®. Excitation into a different mp of
the final molecular state would require an exchange to a different Rydberg state, which is highly
off-resonant at high magnetic field.

Another leakage channel is other hyperfine states in the ground and excited rotational state man-
ifolds, which at high field are separated by 1oos of kHz. Transitions to these states are allowed,

since the internal molecular Hamiltonian contains coupling between the nuclear spin and rotation
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Transition Detuning (kHz) | Relative coupling strength
10) = [1) 0 I
10) = 13/2,7/2,1,0) 475 0.022
|0> — ‘1/277/27171> 464 0.00033
1) —]1/2,7/2,0,0) 479 0.00005 5
Table 6.3: Possible states that may be accessed from the |0) = |my, my, N, my) =

13/2,5/2,0,0) and [1) = |3/2,5/2,1,1) computational basis states with a ¢ polarization
from N = 0to N = 1lat859.3 G. The energies of these transitions are also given, where a
positive detuning is a transition which has larger energy separation. The relative strength of
these transitions are also listed.

through the electric quadrupole moment>3©

. However, at high magnetic fields, these transitions are
suppressed, since the Zeeman term in the internal molecular Hamiltonian begins to dominate the
aforementioned mixing terms. The strongest polarization-allowed couplings to the states |0) and |1)
are enumerated in Table 6.3 along with their detuning from the primary |0) <+ |1) transition.

To account for this possible leakage, we perform a unitary simulation with an enlarged Hilbert
space including the extra states. For instance, the Hilbert space of the 7¢y.—1 manifold is given by
{|0R0) , |170) , [071) , |270) , |072) , [1¢0) , |0gl) , |2¢0) , |0g2) }. Then, the dynamics follow a
Hamiltonian that includes coupling to the extra state and also includes the detuning of the extra
state. To calculate the fidelity, the unitary U; in equation 6.15 is calculated for the computational
basis states {|0¢0) , |0g1) , [1¢0) , |Lg1) }. The effect of leakage into the unwanted |3/2,7/2,1, 0)
state caps the fidelity to 0.9996 at the current gate time.

Although coupling to unwanted states limits our fidelity, this coupling can also be used for a
hyperfine encoding of quantum information for enlarged coherence times °>'7*, similar to the
previously proposed iSWAP gate scheme in molecules 103 In particular, the hyperfine qubit states
|0p) = [0) = [3/2,5/2,0,0) and |1,) = [1/2,7/2,0,0) can be used, and a 7 pulse from |1,
to |1) starts the driven exchange gate. The gate then proceeds in the {|0y) , |1) } basis as described in

section 6.4, and finally the population from |1) is returned to the |1},) state with another 7 pulse.
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EXTERNAL FIELDS

>
=
[0 :
o == Rydberg Detuning (AA/Vpy)
L Drive Error (dQ/Q)
Laser Detuning (6/Q
0.90 . g ( / )

0.00 005 010  0.15  0.20
Fractional Change

Figure 6.5: Fidelity loss due to fractional errors in detuning and drive Rabi frequency for
k = 1. In this figure, 4Q) refers to the error in Rabi frequency of the driving laser.

We now analyze the sensitivity of this gate to various parameters. Since Rydberg atoms are ex-
tremely sensitive to external fields, especially electric and magnetic fields. Thee excitation laser can
also exhibit intensity and frequency error. Each source results in different errors in the Hamiltonian
parameters: field amplitude changes A and 9, laser intensity changes €), and laser frequency changes
J.

To understand the worst-case eftects of these errors, we simulate our gate evolution with a con-
stant error over the entire gate time. These results are presented in figure 6.5. The noise arising from
detuning is dominated by phase error, while intensity will change the population still in the Ryd-
berg state. At 3 mG magnetic field fluctuation, A changes by 27 x 5 kHz and d changes by 27 x 4
kHz, which gives a gate fidelity of 0.99998. To stay above 0.999, a fluctuation of up to 20 mG can
be tolerated. For electric field fluctuations around zero field, this tolerance is 2mV/cm.

One note to consider is that this system is most sensitive to excitation drive Rabi frequency, and
greater than 0.9999 fidelity requires greater than 1.94% stability. However, due to the dual-species

nature of the array, it is possible to measure the Rydberg atoms without measuring the correspond-
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ing qubits. This free measurement allows us to detect error-created Rydberg population and project
into the correct ground state otherwise. At 10% drive Rabi frequency error, this error detection

allows us to project from a 94.3% fidelity Hilbert space to a 99.9% fidelity subspace.

ADDITIONAL SOURCES OF ERROR

Since Rydberg atoms are typically anti-trapped by their tweezers, the trapping light is turned off
during Rydberg excitation. During this period, the atomic motional wavefunction ¥,(r, #) can

evolve and thus lead to a time-varying interaction strength given by

3
Vine (2) 47[20 /d [V, (r,2)|? r=rsE (6.22)

where 1, is a fixed position of a motional ground-state cooled and trapped molecule. The atomic
wavefunction is assumed to start in the ground state of a harmonic oscillator with trapping fre-
quency w = 27 X 80 kHz, and then evolved under a free-particle Hamiltonian. We recalculate
6.22 at each different time step and the time-dependent problem is solved with a Lindblad master
equation solver from the Quantum Toolbox in Python''7. The resulting gate fidelity is 0.99997.

Next, we consider van der Waals interactions in addition to resonant interactions. The degen-
eracy of the |OR) and |17) states leads to a strong resonant-exchange. In principle, off-resonant ex-
change processes exist for these states as well as for |[07) and [1R). This leads to a 1/#° van der Waals
interaction, which can affect the gate dynamics, especially when atom motion is considered.

The contribution from nearby pair states is given by V2 /4(AE), where Vyy is the interaction
strength and AE'is the energy gained or lost in the exchange process. We consider interacting pair
states with AE < bhx roo GHz%>!. In addition, we also include off-resonant coupling to the second
rotational state of the molecule.

Adding all these contributions at 2 = 1 um, the van der Waals interaction strength for each pair
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stateis Vygppror = b X 2.3kHz, Vg1, = b x 1.25kHz, Vg or = b X 863 Hz, Vygpir =
h x 2.84 kHz. These interactions can be calibrated away at a particular interparticle spacing by
carefully tuning the Rydberg resonance. If there are fluctuations in this interaction due to atom
motion, errors will be introduced into the gate. Since these interaction strengths are much smaller

than the MHz scale on-resonant interactions, they can be neglected.

6.6 NONDESTRUCTIVE MOLECULE DETECTION

Next, we turn to the challenge of state detection and measurement of molecular qubits.

In order to use molecules as part of a scalable quantum computing platform, it is also necessary
to implement reliable state preparation and measurement schemes for the molecules themselves.
Furthermore, detecting the state of the molecule nondestructively and projecting it into that state
is important for use in quantum error correction*** and measurement-based quantum comput-
ing**. Nondestructive state-sensitive detection of molecules, however, remains a major challenge,
since most molecules, including bialkalis, do not have closed cycling transitions, so direct imag-
ing of them is difficult. To detect bialkali molecules, they are dissociated into atoms, which can

162,132,219,156,171,96,129,229,

then be directly imaged *> '37. This technique is sensitive to the fidelity
of the dissociation process and is also destructive, so it cannot be used for rearrangement in opti-
cal tweezer systems '*7>75''5 which is important for realizing defect-free arrays of molecules. We
note that rearrangement has been realized for CaF, which has a closed cycling transition '*+*3. Re-
cently, rearrangement has been performed on bialkali molecules'77>'%? by detecting the presence
of an unformed molecule via its leftover atom, which can optically cycle photons. Nevertheless, in
these works, the atom can only be detected if the magnetoassociation step fails, but is not sensitive

to infidelity in the ground state transfer from the weakly-bound Feshbach state.

A general route to overcoming such detection challenges is to perform indirect detection through
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state-sensitive coupling of a molecule to another quantum system such as an atom 236,55,131,246,113 (5

250

an optical cavity *5° which can then be optically detected. Building upon these ideas and the frame-

work built in this chapter, we discuss a detection method of molecular states via a Rydberg atom.
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Figure 6.6: The relevant energy levels for a blockade based detection of the molecule. The
energy levels for the molecule and Rydberg atom individually are shown on the left, with
the two body states shown on the right. The dipolar interaction mixes the |0R) and [17)
states and results in an energy difference. The green (blue) arrows show the result of a laser
attempting to drive the [g1) —  |7) (|R)) transition, where the drive is off-resonant if the
molecule is in the [1) (]0)) state.

A hybrid system of molecules and atoms that can interact suggests the potential to perform non-
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destructive quantum state detection of the molecules via the atoms. Bringing a Rydberg atom tran-
sition into resonance with a molecular rotational transition as discussed in this chapter will create
an energy shift due to the molecule-atom interaction. Consider a pair of Rydberg states |7) and
|R) that are resonant with the N = 0to N = 1 rotational transition of a molecule, as shown in
figure 6.6. In the two-body basis, the states |0R) and |17) are coupled via the dipolar interaction
and acquire an energy splitting of Vp,,. Thus, in the presence of a molecule in state |0) (|1)), the
lg) — |R) (|r)) will be blockaded **, where |g) is a ground state of the atom, as long as the drive
power is much weaker than the interaction strength, AQ.grive << Vi

Using this energy shift, the state of a molecular qubitin 2 |0) + £|1) can be mapped onto the
hyperfine states of the atom. Consider two hyperfine ground states of the atom |go) , and |g1) that
can be selectively read out, where only state |g7) is coupled to the Rydberg states. The molecule is
detected by preparing the atom in state % (lgo) + lg1)), and then driving a 27 pulse from |g;) to
|R), resulting in the state %(zx 10) @ (|g0) — lg1)) + 811) ® (lg0) + |@1))). A Hadamard gate
can then be performed on the atom in the {|go) , |g1) } basis to obtain the state « [0g1) + 8]1¢0)-
A state selective atom measurement will then project the molecule into state |0) or |1). Repeated

measurements of this form allow for state tomography to determine the populations || and |4]*.

First Measurement ‘ Second Measurement ‘ Interpretation

‘go> | go> No molecule
20) 21) Molecule in |1)
lg1) - Molecule in |0)

Table 6.4: Interpretation of measurement results of the atom in the blockade detection
scheme. For an initial measurement result of |¢;) no further information can be gained
from a second measurement of the same atom-molecule system.

In the case where there is no molecule, this procedure results in an atom in state |gy), making it
indistinguishable from having a molecule in state |1). To distinguish these cases, the same detection

procedure can be performed again, but instead using a 27 pulse from |g;) to |7). If the molecule
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Figure 6.7: Two possible extensions of the molecule-Rydberg gate to larger arrays. (a) Using
optical tweezers, molecules can be transported to positions next to atoms. At these loca-
tions, the gate scheme can proceed without involving other molecules. If atoms are placed
far enough away, multiple gates can proceed in parallel. (b) Movable atoms can be placed
sparsely throughout the array to mediate interactions between molecules of interest. The
molecules that should not interact are placed in other rotational states, that are off resonant

with the Rydberg atom transition.

were present, this would result in the atom state |g1), in contrast to |go) if there were no molecule.
This second measurement can be used for post-selection on the data for a background-free measure-

ment of |3|?. The logic of this procedure is summarized in table 6.4.

6.7 EXTENSION TO LARGER ARRAYS

Extending the schemes in this chapter to larger arrays is non-trivial due to the Rydberg atom’s in-
teraction with other molecules or atoms in the array. The resonant Rydberg-Rydberg interaction,

which is enhanced by a factor of d; /dy,, is much stronger than the molecule-Rydberg interaction.
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Figure 6.8: In extending to larger arrays, neighboring molecules will affect the gate due to
interaction with the distant molecule. In a uniform array, fidelities of just above 0.999 can
be achieved

This interaction can only be suppressed by distance, which limits the number of Rydberg atoms
that may be used at the same time to entangle separate pairs of molecules. One possible method
of extending to larger arrays is to utilize the mobility of an optical tweezer platform, as has been

recently demonstrated for neutral atom systems**, selectively moving molecules to interact with
distant Rydberg atoms, as shown in figure 6.7a.

Another limitation is the interaction between a Rydberg atom and the next-nearest neighboring
molecule. Figure 6.8 shows the effect of this distant molecule on the gate fidelity as a function of
distance. A more robust method to ensure that only targeted molecules can interact with the Ryd-
berg atom is to take advantage of the many internal states of molecules, particularly other rotational
states, shown schematically in figure 6.7b. For example, if the Rydberg atom is made resonant with
the N = 1to N = 2 rotational transition, molecules can be stored in the N = 0 and N = 3 states
to avoid interaction with the Rydberg. It is critical for the non-interacting states to be oft-resonant
with the Rydberg atom, which is possible due to the unequal and large spacing between rotational

levels in molecules.
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The exchange rate of the gate is at the MHz level, so different hyperfine states in the same ro-
tational manifold of a 'S molecule may not be used to prevent interaction, as they are only off-
resonant by only tens of kHz. However, polarization ofters a constraint and allows hyperfine shelv-
ing starting from the N = 1 manifold. If the Rydberg atom transition from |r) — |R) is ¢t and is
resonant with the N = 0 to N = 1 transition then the |[N = 1, my = 0) and |N = 1, my = —1)
molecule states will not interact with the Rydberg atom and can store the quantum information of

non-interacting molecules.

6.8 SUMMARY AND OUTLOOK

By introducing Rydberg atoms into a molecular system, it is possible to realize both high fidelity
sub-microsecond entangling gates and nondestructive molecule detection. The large transition
dipole moments in Rydberg atoms are used to facilitate dipolar exchange between two polar molecules.
The gate only requires driving the Rydberg atom with a precise strength for a specific time and is
general for all polar molecules with dipole-allowed GHz scale transitions, including diatomic and
polyatomic species>*®**". We detailed an implementation of the scheme with the bialkali NaCs
molecule and cesium atoms, and analyzed its sensitivities to various experimental parameters, while
also taking molecular hyperfine structure into account. Nondestructive projective measurement
of the molecules can be performed via a blockade scheme, where detection ultimately occurs on
the atoms. Using the atom as an ancillary qubit to detect gate errors shows promise and warrants
further investigation.

When compared to purely molecular systems, the spontaneous decay and Doppler eftects of the
untrapped Rydberg atom limit the fidelity of gates in this scheme. These limitations are common to
Rydberg-Rydberg systems, but this scheme benefits from having only one particle subject to these

loss mechanisms during each entangling gate rather than two. Other benefits of using molecular
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qubits include relatively long coherence times of greater than s seconds in hyperfine states”°, and
of around 100 ms in the interacting rotational states*°. The molecule-Rydberg gates presented
here can also be natively combined with higher fidelity, but slower, molecule-molecule gates 163
depending on the application.

Molecules also offer a large number of internal states to selectively interact molecules in a larger
array. These internal states can also be used as qudits *>? or as lattice sites in a synthetic dimen-
sion*'®. For the case of a synthetic dimension using rotational states, the Rydberg atom can be
tuned to a particular rotational resonance enhancing excitation hopping between particular sites
in the synthetic dimension. Using physical displacement, the enhancement of hopping is spatially-
tunable and also allows for site-dependent interactions. Introducing neutral atoms into a molecular

platform adds to the toolbox of polar molecule systems, enriching their potential for quantum sci-

ence applications.
pp
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Conclusion

In this thesis, I have told the journey of how we converted our lab’s molecule-making apparatus into
a complete dual-species Rydberg atom apparatus. To that end, we have greatly increased the num-
ber of sodium and cesium atoms that can be trapped in our system to the hundreds using spatial
light modulators. Along the way, we have learned how to eftectively use such technologies and their
inherent subtleties. Working with a many-body system required capabilities to rearrange atoms to

particular locations and create defect-free arrays. Thus, we incorporated real-time feedback into our
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computer control systems. We employed an arbitrary waveform generator to drive acousto-optical
deflectors to perform the rearrangement task.

While one main thrust was to scale up our tweezer arrays, another thrust centered on gaining
Rydberg excitation capabilities on our apparatus. The technical challenge centered around adding
4 more lasers (and delivering them to the experiment) to our already packed experimental setup. We
also had to take extra care to characterize and mitigate any sources of laser noise that could affect our
Rabi coherence times.

We successfully implemented cesium Rydberg excitations with up to 20 s Rabi coherence times.
Using this capability, we took a dive into a quantum simulation experiment, probing critical physics.
Our adiabatic preparation method of the ground state wavefunction at the Ising critical point prop-
erly measured a o-field scaling dimension (in 1D) of AP = 0.127(37) in agreement with the expec-
tation of 1/8. However, this result was not simple to obtain, and we needed to account for the effect
of decoherence on our critical state preparation. We were pleased to find that decoherence could
be neatly described by an exponential length scale. This work thus laid out a general framework for
studying criticality in open quantum systems.

After our not-so-brief splash into critical physics, we returned to the task at hand of creating a
dual-species Rydberg atom apparatus. We brought sodium Rydberg excitation to fruition, despite
the technical challenges posed by our experimental apparatus. During the writing of this thesis, we
were able to observe, for the first time, interactions between sodium and cesium Rydberg atoms!
This observation is the first step to many exciting experiments in both quantum computing and
quantum simulation that are especially enabled with two atomic species.

Lastly, as an ode to the past, we combined our expertise in molecules with our newly acquired
Rydberg atom capabilities to craft a proposal where Rydberg atoms can be used to solve some of
the outstanding problems of molecule-based quantum computers. Our proposal lays out a scheme

to obtain sub-microsecond gates between molecules and also to perform non-destructive measure-
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ment on molecules using atoms. This hybrid system is also very natural for systems of assembled
molecules, where atoms are a plentiful resource.

For more details on all these points, please refer to their respective chapters, especially the sum-
mary and outlook sections at the end of each chapter. For now, I will close with some final, personal

thoughts.

7.1 FINAL THOUGHTS

While single-species neutral atom platforms>7"5%47-14% and molecule platforms'7¢'>°4 have made
great advances in recent years, I believe that the greater flexibility of a dual-species array will find

its use cases. If needed, all single-species techniques can easily be implemented, and yet the plat-
form can also take advantage of molecular assembly techniques to incorporate molecules into the
platform. Viewed in another light, a fully functional dual-species Rydberg atom apparatus adds
Rydberg capabilities to a molecule apparatus.

In quantum simulation, I believe the second species, and the tunable parameters it adds to the
Hamiltonian, can simulate a strictly larger class of systems. The main challenge is to find interest-
ing systems in nature to simulate. Here, I believe in the creativity of our theorist friends, and believe
that they will be quite pleased to play around with the Hamiltonians that our system can imple-
ment.

However, as experimentalists, it is our job to deliver a highly-capable and easy-to-use apparatus.
Although our retrofitted apparatus has been a fantastic platform to learn about Rydberg physics and
to investigate criticality, it has become clear to us that it is in need of upgrades. Being designed as a
molecule apparatus, it has gone quite far as a dual-species Rydberg apparatus! The most pressing
changes center around a vacuum system change, where we can increase the vacuum-limited lifetime

of our atoms, add electric field control and allow most of our Rydberg (especially for sodium) light
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to transmit through. Of course all our surrounding and supporting laser technologies are here to
stay! I would love to automate most laser tasks, such as laser alignment and laser locking, both of
which are huge time sinks and occasionally a drag on group morale. Automation requires an initial
time investment, but I strongly believe it will be worth it. The future is bright for our dual-species

atom array and two is always better than one!
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Data Processing and Analysis for Extracting

Critical Exponents

In chapter 4, we discussed experiments relating to preparing ground states at critical points and
measuring their correlations. In this appendix, we describe the data processing techniques we use
to ensure that our data is reliable and also how we obtain error bars for quantities that are obtained

in quite complex ways. These discussions are general and used for most of the data presented in

182



chapter 4.

A1 DATA POSTSELECTION

Critical correlations are very sensitive to experimental errors, especially missing atoms. In our exper-
iment, we post-select all our data on successful rearrangement. However, there is approximately 3%
loss per trap from the fluorescence imaging, and an additional 2% loss per trap from collisions with
the background gas during Raman sideband cooling, resulting in a total 5% loss per trap during state
initialization before performing our Rydberg experiments. This loss introduces unknown holes
into the perfect 1D ring or 2D rectangular array. The unknown holes in the perfect 1D ring actually
changes the boundary conditions of our system from periodic to open. These defects are hard to
distinguish from Rydberg atoms, which are also detected as loss. However, we note that when Ry-
dberg atoms are created in our sequences, they are more likely to be created at edges or where there
are fewer neighboring atoms. Thus, holes due to atom loss are more likely to have neighboring holes
that result from an atom being promoted to a Rydberg state. In our data analysis, this creates an
atom configuration which violates the so-called Rydberg blockade; namely, there appear to be two
or more Rydberg excitations within a blockade radius. To reduce the impact of loss on our data, we
postselect on snapshots that do not contain any blockade violations.

To justify the above approach, we confirm numerically that postselection of blockade-violating
snapshots does not bias our results. We first calculate the percentage of snapshots in the critical
state to contain blockade violations to be 8% (24-atom ring), 10% (40-atom ring), 35% (7 x 7 array),
and 52% (9 x 9 array). Although the percentage is high in 2D, the effect is smaller compared to 1D
where holes change the boundary conditions. We calculate the ¢ field correlation of both the entire
wavefunction and the portion that contains no blockade-violations. Comparing these two indicates

only a minor deviation, suggesting that blockade-violating snapshots do not contribute significantly
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Figure A.1: Data post-selection. Stars denote experimental measurements, with the shaded
region representing 1-¢ bootstrap error. Gray solid, dotted, and dashed lines indicate
ground (DMRG), unitary, and stochastic wave-function simulation results using exper-
imental parameters. (a) and (b) Ground state simulations with and without blockade
violation post-selection for 40-atom ring (a) and 9 X 9 rectangular array (b). (c) Raw mea-
surement of the critical o-field correlation with loss-inclusive simulations in the 7 X 7
rectangular array.

to this particular observable (figure A.1 a, b). Furthermore, we can account for atom loss in sim-
ulations by averaging over arrays with defects. These simulations agree well our raw data without
blockade-violation post-selection, verifying our understanding of the impact of holes on our critical
state (figure A.1 c). All data reported in the main text has been post-selected to exclude blockade

violations, with the exception of data used for locating the critical point via linear ramps.

A.2 BooTsTRAP ERROR BARS

Since the extracted quantities in chapter 4 can be rather complicated (for instance arising from
smoothing, interpolation and numerical differentiation), we use bootstrap methods*®° to estimate
errorbars. From N snapshots of a particular experiment, we sample N times with replacement. We
then proceed to calculate all observables, such as 7 field correlators, and perform all required fits.

We repeat this procedure for B (typically > 1000) bootstrap samples, and enumerate the calculated



values. The reported value for the quantity is then taken to be the mean of the bootstrapped values
with an errorbar given by the standard deviation. If the distribution of the bootstrapped values is
asymmetric, we report the median value as our best estimate of the quantity with an errorbar deter-
mined by the 15.8th and 84th percentile of the distribution. This procedure results in the asymmet-
ric errorbar in £, /a reported in the main text, extracted from the power-law exponential fits (figure
4.10b and figure 4.13a,b). For all quantities reported in this work, including A2”, A2” and £,/a, we

incorporate both the bootstrap and fitting errorbars.



Numerical Simulations for Critical Physics

The results in chapter 4 require many numerical simulations. These simulations roughly fall in 3
categories of increasing computational cost: ground state methods, unitary time evolution methods
and stochastic wavefunction methods. Ground state simulations are useful for understanding how
an ideal system would behave. Without observing the correct physics in ground state simulations,
one does not have any hope of observing the correct physics in an experiment. We use ground state

simulations to answer questions such as whether finite-size and boundary eftects are prohibitive.
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These simulation results are also the key for crafting our LILA ramps, which require the gap at the
starting detuning and the critical detuning. Unitary time evolution simulations are most useful for
determining the effect of non-adiabaticity on our results. If our achievable ramp times (account-
ing for decoherence) are not enough to ensure adiabaticity, then we know that the procedure could
not work. These are useful simulations in order to answer questions such as what are the largest-size
systems we could access before the gap closes too much. It also informs us when we might be able
to get away with a non-optimized, say linear, ramp. Lastly, stochastic wavefunction simulations are
used to incorporate effects of decoherence. These simulations help us validate our extraction proce-
dure of the critical exponent. The simulations described in this appendix were mostly performed by
Vincent Liu, but I include it here for completeness.

We utilize matrix product state (MPS) methods for all 3 categories of numerical simulations, us-
ing the finite-size density matrix renormalization group (DMRG) algorithm for ground state studies
and the two-site time-dependent variational principle (TDVP) method for time dynamics *°>*°"99.

To capture the openness of our quantum system, we perform simulations of its time dynam-
ics incorporating the two most relevant sources of single-body decoherence in our experiment,
intermediate-state scattering and Rydberg state decay. This is generically described by the Lindblad

master equation,

d ] 1
=i+ 3 (o -3 {do}). )

where p is the density matrix, / is the system Hamiltonian, and the ¢; are the jump operators de-
scribing the decoherence channels.
. . deca
We model the Rydberg decay process using the jump operators¢; > = /7 decay lg); /(7| for each
atom 7, where 1/y decay = /1A% psis the lifetime of the Rydberg state. To model intermediate-

state scattering, we first quantify the two-photon excitation process as a driving field Qpj,e =
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27 % 80.04 MHz from the ground state |g) to an intermediate state |¢) with a detuning & =
27x1.058 GHz, and a second driving field Qi = 27x42.3 MHz from |e) to the Rydberg state |7).
The intermediate state decays atarate y, = 27 X 1.23 MHz, which we then model with the jump
operators , /7, |g); ;(¢| for each atom 7. Next, we perform adiabatic elimination on the intermediate
state |¢), leading to an effective Lindbladian with a two-photon Rabi frequency Q = le“%;)m =
27 x 1.6 MHz and effective jump operators ;" = \/g (Qble [9), (¢ + Qv |g), ;(#]) for
each atom 7. The intermediate-state scattering process can be summarized using an effective rate
Veearr = % (Qfe + Qfx) = 1/70.69 us, which is of a similar timescale to the Rydberg lifetime.
We note that the presence of these two decoherence channels has a significant effect on the dynam-
ics of the system, which occurs within a time period of 7 us.

We implement open-system time evolution using the stochastic wavefunction framework, where
we stochastically generate quantum trajectories of the system to produce an ensemble of pure
states that can be averaged over to recover the behavior of the density matrix obtained using the

Lindblad master equation. Under decoherence, quantum state evolution is modified from the

Schrodinger equation such that the system evolves under a non-Hermitian effective Hamiltonian

Hg=H— % y c]T ¢; and, for every jump operator ¢;, the wavefunction |) stochastically “jumps”
to ﬁ with probability density (/] c]T ¢ |¥) in time. In our numerics, we average over O (100)
59

such trajectories per simulation.
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